PROFILES & PERSPECTIVES

Order in Disorder: Stanford Ovshinsky Talks of His
Materials, Methods, and Machines

You may not see Stanford Ovshinsky listed
under inventors in the Yellow Pages of Troy,
Michigan’s telephone directory. But you will
find his name at various places in the White
Pages listed as chair or president or CEO of
companies he founded. But truly, he is an in-
ventor—an inventor of materials. His materi-
als are something special: disordered or amor-
phous structures, “freed from the tyranny of
crystalline periodicity” as he said. He has been
developing these materials for over three
decades from what has now become a common-
place material—amorphous silicon—to more
exotic complex metal hydrides for batteries. He
also discovered uses for them: photovoltaics
from silicon and powered vehicles from metal
hydrides. As though these accomplishments
were not enough, he tries to convince the skep-
tics by building production facilities to turn
these materials into products. Stan Ovshinsky
with his wife Iris and his scientists form a
compact team of inventors. Stan said it is diffi-
cult to separate their contributions. But Iris is
more forthcoming. “Stan always thinks of the
new ideas and new materials,” she said. And
the ideas keep flowing. Despite their many
decades of being in this business, retirement, it
looks, is not on their agenda.

We were not sure from where to start our
interview. Stan helped us by whisking us
away into his research and development and
manufacturing facilities. The machines he
designed, the products he made, and the col-
leagues he works with, all spoke for him in
their own ways. After the tour, when we still
insisted on talking with him, he was surprised.
“Wasn't that enough?” he questioned. But we
wanted to learn more about what made him
enter the field of materials, the challenges he
faced, and the friends he made en route. On a
sunny and an incredibly beautiful day, Stan,
with Iris sitting nearby, spoke to us in the
course of an excellent mid-eastern lunch.

Stan, tell us of your earlier years and how you
entered the materials field.

I am from Akron, a quintessential
industrial town in Ohio. I worked in the
farmlands of Ohio and in its factories and
was educated in the public libraries of
Ohio. I was always interested in all things
science then. Nature did not create scien-
tific disciplines, nor divide science, but
humankind did. I feel if you can prove
your ideas using scientific methods, you
can pursue any discipline. I first came to
Detroit as an inventor, machine builder,
and director of research with a great
interest in neurophysiology.
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Neurophysiology? .

Yes, neurophysiology. I was then inter-
ested in machine automation and it was
then part of “cybernetics”—a term that
has long been forgotten. I thought intelli-
gence was not the usual IQ stuff but an
ability to learn, adapt, and change. I
wanted to put this logic into machines. To
learn more about how human beings
think, I started attending meetings in neu-
rophysiology. In one such meeting I
heard a speaker making an astounding
statement that nerve cells were mere
empty bags. I felt there had to be more to
it than that. I wondered whether it was
the surface of the bags that mattered.

How did disordered materials come into the
picture?

The interesting thing about the nerve
cells is the disorder on the surface.
Surface is a disordered state with dan-
gling uncoordinated and unusual bond-
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ing configurations. It was not a fashion-
able idea then to model nerve cells as dis-
ordered materials, as everyone was mod-
eling them in a transistor analogue of a
circuit being switched on and off. Iris,
with her PhD in biology and biochem-
istry, understood my interest in the disor-
dered state of the nerve cell surfaces and
helped me to model the process. It was
then I started getting interested in disor-
dered materials.

We see disorder on the surface of mate-
rials because all bonds are not coordinat-
ed, but I wondered what would be the
properties of a bulk material if it were
totally disordered; whole bulk turned into
all surface, if you like. In multi-elemental
alloys, disorder can also be a composition-
al one. I came up with the term intermediate
order to describe some of these materials
that are between short- and long-range
order. It is difficult to apply quantum
mechanical band theory calculations to
describe these materials. Perhaps we
should describe them more locally on the
basis of coordination from the bonding of
nearby atoms and configurations they
form. The disordered materials thus pro-
vide a flexibility unavailable in crystalline
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materials, where the coordinations are all
frozen and neighbors determined.

What were your first disordered materials?

Transition metal oxides and then
chalcogenide glass. I invented two types
of switching, the Ovonic threshold switch
and the Ovonic memory switch. The lat-
ter used a reversible structural phase
change from amorphous to crystalline.
[He points to the oscilloscope on his
counter.] After some 30 years, this former
switch I fabricated still works well,
though I keep replacing the oscilloscope
that displays the switching action.

When I wrote a paper about this
switching phenomenon in chalcogenide
glasses and published it in Physical Review
Letters in 1968, it evoked its own share of
controversy. But 20 years later, this paper
became one of the five citation classics in
the history of Physical Review Letters.

What made you form a company?

You are talking about Energy Conver-
sion Devices, the company I formed with
Iris? Our whole company is based on
materials. We are really a different kind
of company. In 1960, when Iris and
started the company, we wanted to devel-
op device technologies to help solve prob-
lems of our society. We were really inter-
ested in using materials for effecting ener-
gy and information transformation. We
felt that they are actually the opposite
sides of the same coin, and the coin is
made of materials [taking a coin and flip-
ping it on the table in front of us].

When Iris and I formed a company
“Energy Conversion Devices,” our first
product was phase-change materials as a
switching device. But commercial devel-
opment and manufacture of devices from
this alloy took almost a decade, and only
in 1972 we were able to license optical
data storage disk technologies to other
companies.

The usual complaint one hears about disordered
materials is that they are not stable in a control-
lable way. Did you have any such problems?

No, these materials have been stable for
more than 30 years now. One of our
licensees, Matsushita, has been fabricat-
ing these devices since 1991. Last year,
our licensees introduced CD-RW [read-
write] disks of 650 Mbytes capacity and
the next product will be a 2.6 Gbyte DVD-
RAM disk. The optical memory industry
has chosen our materials to be the basis
for these very high capacity rewritable
disks. Chalcogenide is a mouthful, but
phase change is easy to say! Hitachi talks
of a growing market of 30 million DVD-
RAM in the year 2000.
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Have you tried making semiconductor meno-
ries from these materials?

Oh yes! We have fabricated semicon-
ductor nonvolatile memories as well. We
have been able to achieve multibit data
storage in chalcogenides. The thin films
can be incorporated in semiconductor sili-
con using magnetron sputtering and pho-
tolithography. I see a great future for
these devices as they are miserly in
power consumption and can be easily
fabricated into multilayer architecture. It
offers a dynamic range for data storage. I
see applications for these in cryptology.

We hear of a company you have formed with
General Motors for manufacturing batteries
for cars. How did it come about?

We were in the battery business many
years back. Our nickel metal hydride bat-
teries for consumer product applications
are a big business. Last year’s production
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was over 600 million batteries and this
business is still growing. All significant
manufacturers of this battery have our
licenses. It was this performance that led
us to the development of batteries for
electric vehicle applications. Their
ruggedness, high energy density, and
high power made us enter this challeng-
ing development. Instead of using pure
metal, we have been successful in devel-
oping compositionally disordered alloys
that have very large hydrogen storage
capacity, and the results are very impres-
sive. The U.S. Advanced Battery Consor-
tium (USABC) chose us to pursue the
development of the batteries for electric
vehicles. Our battery pack today has
achieved a fuel economy equivalent of
over 105 miles per gallon of gasoline! We
have also fitted the batteries for motor
scooters that can go about 70 miles on a
single charge. We even have bicycle bat-
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teries to assist pedaling uphill.

If you really want to change the world it
is necessary to work with people who have
changed the world. Do you remember that
tongue-in-cheek quote about what is good
for General Motors is good for America?
We needed a vehicle for changing the
world, and we saw that in General Motors.
General Motors has a sincere interest in
going to the next century with electric ve-
hicles and hybrid systems. We thought that
they would be our ideal partners. But
remember we are not a division of General
Motors; we are a separate and independent
joint venture called GM Ovonic. General
Motors recognized from the beginning that
our culture was flexible and we could
work well with them, For us also it was a
challenge. We had to learn to work with a
giant organization with its own bureaucra-
cy, work culture, and people who may not
be sensitive to our way of thinking. But
thanks to Bob Stempel, who was the chair
and CEO of General Motors, and is now
chair of ECD and our Ovonic Battery Com-
pany, we are making the transformation
from a research company to a battery man-
ufacturing company. A four-passenger
electric car equipped with Ovonic batteries
has gone 375 miles on a single charge!
Since we have an engineered material, we
will be able to go much further than that if
necessary.

Don’t you think the batteries are still very
heavy? And we don’t seem to have a Moore’s
Law-like relationship for batteries?

This is not true. There is so much
progress even in batteries. In semiconduc-
tors we talk of the density of electronic
states and in batteries we talk of density of
chemically reactive sites. By developing
disordered structures from carefully cho-
sen elements, it is possible to improve the
performance of batteries. Remember, we
have come a long way from the classic
lead acid batteries increasing both the
capacity and specific power density. In the
next generation of batteries we have
achieved specific energy of 95 Wh/kg,
and, based upon planned improvements
in advanced materials, we believe we can
increase the specific energy to as much as
120 Wh/kg.

Will the battery-operated car cost more?

The cost will come down when there is
large-scale manufacturing and the
demand picks up. Look at the cost of cell
phones? They almost give them free now!
The social forces are important. If we are
concerned with pollution, battery cars
will have to come and I guarantee you the
price will become affordable.
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You talk like an entrepreneur.

I have to be one. I found it difficult to
be just a research scientist. Iris and I are
practical revolutionaries. If you are work-
ing with companies you find they are so
compartmentalized. Those in research are
separate from those in production. And
often they don’t even meet. We wanted
no barriers, so our inventions should see
their fruition in marketed products.

We have to look into the
total efficiency: energy spent in
producing single crystals,
‘amount of material, and the
area of materials we can use as
photovoltaic generator.

How comfortable are you working in the two
worlds: pursuit of knowledge and pursuit of
wealth?

[Laughs] First of all, I don't know what
the pursuit of wealth is. Our wealth is in
patents, about several hundred patents.
But Wall Street doesn’t put value on
patents. They value only quarterly earn-
ings! The value of our Ovonic Battery
Company has been set at $150 million by
several Japanese companies buying a
small percentage of its stock. But wealth
has not been our driving passion. It's very
difficult for anybody who has short-term
thinking, as many financial institutions
have, to understand what it takes to build
new industries. And I want to tell you,
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we are very serious about building new
industries. Building profitable industries
and creating employment is what we
must all do to our society.

What does it take?

Courage, perseverance, and being
right. Any one of them is not enough. We
cannot afford failures, as we are not a
large company like IBM and Xerox who
can afford to gamble on unproven tech-
nologies. They spend millions and some-
times can take hits. We have to be suc-
cessful every time,

[Iris intervenes] People find Stan’s con-
ceptualization of a new idea to be so dif-
ferent from others. Innovative people
may start with “A” and go to “D,” then
filling in “B” and “C.” Stan leaps from
“A” to “P,” and then fills in every letter in
between. People often said Stan has one
foot on the ground and one foot in the air,
but when he takes his foot in the air and
puts it down, it is on solid ground.

[Stan continues] So when we have new
ideas, the company policy is to validate
them. Without validation, we don’t move
forward. This goes for me and for every-
one else who works here. Talking is no
good, alone. It is this that made us beat 60
large companies who were competing for
the automobile battery development con-
tract [USABC].

Will good engineering make a good material?
No. You have to have a scientific base
for developing the material. When we
chose complex metal hydrides, we knew
it would be difficult to model the process
with quantum mechanical calculations.
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The d and f orbitals are not easily amena-
ble for such quantum mechanical calcula-
tions. Instead we used the periodic table
and understanding of orbitals and bond-
ing. Intuition helps, but alone is not ade-
quate. We use the periodic table so fully in
our labs that you will see them hanging
on the walls of every office. [And we did.]
[After Stan Ovshinsky stops to shake
hands with one of his workers who walks
by, he tells us]: Do you know that we once
counted over 35 nationalities in our work-
force? Some learned to speak English on
the job. Many came at a young, impres-
sionable age, and excited about being
treated as a partner in a firm. All were
eager to learn and advance their ideas.
Did you notice a large number of women
running our factories? We don’t limit our
talent pool. We are lucky to have the
brightest scientists, engineers, and work-
ers. And believe me, the turnover is very
small. I tell every one of our people, when
they ask for advice about how to repre-
sent the company outside, to act as the
CEOs of the company. We have 60 or 70
PhDs in the company and they all have to
be chemists, physicists, and materials sci-
entists, regardless of their education.

We would like to take you back to your work
on the development of disordered materials.
Did you feel there was a crisis of confidence in
scientific establishments when you first talked
of these materials?

Yes, of course. I remember at one time
when I talked at a Gordon conference
about disordered catalysts. There was a
noticeable chill. It was then fashionable to
think clean surfaces as necessary for reac-
tion sites—the opposite of what we want.
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Today we have separate sessions at confer-
ences on disordered catalysts! It takes time,
perseverance, and results to bring people
to a new way of thinking. That's why we
separated ourselves from the idea of being
a part of an establishment and not letting
that drive us in any way. And we have
been fortunate in having wonderful associ-
ations with some of the outstanding acade-
mics in the field of disordered materials.
For example, I really enjoyed working with
Hellmut Fritzsche of the University of
Chicago, and the late David Adler of MIT

-
Stan has one foot on the
ground and one foot in the
air, but when he takes his foot
in the air and puts it down, it
is on solid ground.

[Massachusetts Institute of Technology]. So
I can’t say we've been persecuted by scien-
tific establishments. Scientific institutions
are what I said before, hard to change. I
didn’t want to waste my time trying to
change scientific institutions. In science,
either you are going to be proven right or
wrong, and that’s perfectly okay. Some of
our greatest supporters now were our
greatest skeptics. Scientific institutions, in
time, will respect the truth.

You seem to have had an excellent relation-
ship with Sir Nevill Mott, the Nobel Prize
recipient in physics.

I first met Sir Nevill Mott in 1967 in San
Francisco when some friends introduced
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me to him, and said we would get along
fine. I then said to Nevill, as I said to you
this morning, “let us not talk now, but see
the work; and later, we shall discuss.” He
became very interested in disordered
materials then, and 1 feel happy that later
he acknowledged me as responsible for
provoking his interest in disordered
materials. His later work on the modeling
of disordered structures with well-
defined mobility edges is really an out-
standing contribution. For Mott’s Nobel
Prize celebration I sent him a bottle of
champagne and I recently saw that pho-
tograph in a volume. We went to his 90th
birthday celebration. He was very gener-
ous in his acknowledgment. He gave a
wonderful talk there and acknowledged
me as the one who influenced him most
in his pursuit of disordered materials.

Turning back to your industrial connections,
you seem to have sold a number of your
patents to Japan and also have a joint venture
with Canon?

Yes, we have a number of agreements in
both photovoltaics, nickel hydride batteries,
and for memory disks. In Japan they
respect my work in the science of disor-
dered materials and they are creative in
manufacturing products. If there were no
Japan, the world would have to invent one.
They have an industrial culture of a very
high quality and an obsession for creative
manufacturing. I am global-oriented in that
I want to see manufacturing of useful
developments flourish everywhere. Talking
about East Asia, I think the problems they
face are temporary. I'm sure Korea will rise
from its temporary setbacks. Koreans are
very, very hard working. I think the world
today needs more jobs, in Europe and else-
where. We can do this only by building
new industries, and that is why innovative
entrepreneurs are important. Governments
don't really build industries.

We saw your photovoltaic plant. It is very
impressive, but do you think amorphous mate-
rials can be competitive against PV crystalline
silicon? Their efficiency seems so much better.
You seem to take photovoltaic efficien-
cy as a single and sole criterion. What
about the amount of material? You need a
lot of thickness to absorb the sunlight in a
single crystal. In amorphous silicon it is
possible to absorb the sunlight in a frac-
tion of a micron with multijunctions. We
have to look into the total efficiency: ener-
gy spent in producing single crystals,
amount of material, and the area of mate-
rials we can use as photovoltaic genera-
tor. We have already set up a manufac-
turing plant with an annual capacity of 5
MW. What did you think of the plant?
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It seems to us like a continuous casting plant
in any metallurgical industry.

Yes, the continuous manufacturing line
you saw is based on a proprietary deposi-
tion process and gas gate design that pre-
vents contamination by dopants and other
impurities down the line. It is so different
from silicon chip manufacturing facilities
with all of the clean rooms, etc., and still,
as efficient. Five megawatts is really noth-
ing. Even a run-of-the-mill coal-fired plant
produces 1,000s of megawatts. If we want
to make an impact, we must produce at
least 100 megawatts of photovoltaic
power. If I had money for such a plant, I
would build one now. We would then
have ushered in a new energy revolution.
In 1980, I invented PV shingles, which we
are now manufacturing along with metal
roofs to make every part of a home recep-
tive to photovoltaic generation [showing
us a video of U.S. President Clinton
appreciatively examining a photovoltaic
shingle]. With larger production and
wider dissemination, we should be able to
bring down the cost to an ideal $1/W. We

would then be seeing many gigawatts of
power from solar energy.

Apart from your complaint about the Wall
Street and financial institutions not empa-
thizing with the process of innovation and the
time it takes, did you face other problems,
such as selling your wares?

[Turning to V.S. Arunachalam, who is an
Indian citizen] My great regret is not being
able to convince my friends in India that
solar photovoltaics is the answer to their
chronic electric power scarcity and that
India should also consider electric-pow-
ered scooters and cars. You seem to have
inherited the crippling bureaucracy from
the British. I would dearly love to see a far
wider application of photovoltaics in India
and China. And that would bring the econ-
omy of scale I am looking for.

You seemed to have moved forward to collabo-
rate with the Russians. How is this collabora-
tion going?

I presented one of my earliest scientific
papers in Russia and later in the Ukraine,

which was part of the Soviet Union then. I
could not then work with the Russian sci-
entists because of their State control and
politics. Now we have partnerships with
the Russians both for manufacturing
materials for batteries and photovoltaics.
The Russians’ metallurgical competence is
outstanding, and we are working closely
with them in developing and manufactur-
ing the complex metal hydrides we need
for batteries. They have very large eco-
nomic problems today, but I have great
respect for their professional competence.

It was time for us to end the interview. As we
shook hands with Stan and Iris, Stan mused of
his feelings for science and manufacturing.
“Science is a noble profession,” he said, “and it
is made visible by products we manufacture, by
the jobs we create, and the friendships we build.”

We left Stan Oushinsky there, with his
dream of yet another invention, and solving
another problem for society.

The interviewers were
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Down to the Last Detail!
Microscopy from Plenum Press

ADVANCED COMPUTING IN ELECTRON
MICROSCOPY
by Earl J. Kirkland
Computer image simulation of CTEM and STEM images —
includes a CD-ROM!
0-306-45936-1/260 pp./ill./1998/$72.50

FLUORESCENCE MICROSCOPY AND
FLUORESCENT PROBES
Volume 2
edited by Jan Slavik
“A great source for state-of-the-art research grade material.”
—Optics & Photonics News, on Volume 1
0-306-46021-1/proceedings/296 pp./ill./1998/$95.00

NEAR-FIELD NANO-OPTICS
From Basic Principles to Nano-Fabrication and
Nano-Photonics
by M. Ohtsu and H. Hori
An in-depth examination of near-field optical science and technology.
A volume in the series Lasers, Photonics, and Electro-Optics.
0-306-45897-7/approx. 400 pp./212 ill./1999/$forthcoming

TRANSMISSION ELECTRON MICROSCOPY
A Textbook for Materials Science
by David B. Williams and C. Barry Carter
“Useful information abounds...the treatment is up-to-date.”
—NMicroscope

0-306-45247-2/hardcover/756 pp./611 ill./1996/$95.00
0-306-45324-X/softcover (4-volume set)/756 pp./611 ill./1996/$55.00

JOURNAL OF COMPUTER-ASSISTED
MICROSCOPY

Editor-in-Chief: Stanley M. Dunn
Founding Editor: John C. Russ

“Concentrate[s] on computer applications that do not normally appear
in books on the latest microscope techniques.” —Nature
Subscription: Volume 11, 1999 (4 issues)

Pick up a FREE sample copy at the MRS meeting!
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Fatigue of Materials

Second Edition

S. Suresh

This revised and updated second edition of a highly successful book

provides an authoritative, comprehensive and unified treatment of the
mechanics and micromechanisms of fatigue in metals, nonmetals and

composites. The author, a leading researcher in the field, discusses the
principles of cyclic deformation, crack initiation and crack growth by

fatigue, covering both microscopic and continuum aspects.

1998 658 pp. 0-521-57046-8 Hardback  $90.00
0-521-57847-7  Paperback  $44.95

An Introduction to the Mechanical
Properties of Ceramics

David J. Green

This is a comprehensive introduction to the mechanical properties of
ceramics, and will introduce the reader to current concepts in the field.
It contains problems and exercises to help readers develop their skills.
This volume is designed primarily as a textbook for advanced under-
graduates in materials science and engineering. It will also be of value
as a supplementary text for more general courses and to industrial
scientists and engineers.

Cambridge Solid State Science Series

1998 347 pp.  0-521-59087-6
0-521-59913-X

Cellular Solids
Structure and Properties
Second Edition

Lorna J. Gibson and Michael F. Ashby

This book summarizes current understanding of the structure and
mechanical behavior of cellular materials, and the ways in which they
can be exploited in engineering design. Cellular solids include engi-
neering honeycombs and foams (which can now be made from poly-
mers, metals, ceramics and composites), as well as natural materials
such as wood, cork and cancellous bone.

Cambridge Solid State Science Series
1997 528 pp. 0-521-49560-1

$80.00
$34.95

Hardback
Paperback

Hardback  $120.00

Fibrous Materials
K. K. Chawla

This book is about the processing, microstructure and properties of
materials in fibrous form. The range of fibrous materials covered spans
natural polymeric fibers, synthetic polymeric fibers, metallic fibers,
and ceramic fibers. Chawla explains the fundamentals in a clear and
concise manner and describes important advances in the production
and control of microstructure in high stiffness and high strength fibers.
Cambridge Solid State Science Series
1998 310 pp. 0-521-57079-4 Hardback  $85.00
Shape Memory Materials

K. Otsuka and C.M. Wayman, Editors

This book presents a systematic and up-to-date account of all aspects
of shape memory materials, from fundamentals to applications, making
it a comprehensive account of the field. Starting from the basic prin-
ciples of the martensitic transformation, the basis of the shape memory
effect and the superelasticity of alloys, the book describes the mecha-
nisms and possible applications of the two phenomena. Also discussed
are the characteristics, fabrication techniques and thermomechanical
treatment of various shape memory alloys, emphasizing Ti-Ni and
Ti-Ni-X (with X being Cu, Fe etc.) alloys.

1998 298 pp. 0-521-44487-X Hardback = $85.00
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Phthalocyanine Materials

Synthesis, Structure and Function

Neil B. McKeown

This book describes the various types of molecular and polymeric
phthalocyanine materials. These include crystals, thin film fabrication
including molecular epitaxial deposition and the Langmuir-Blodgett
technique, composites, liquid crystals and self-assembled materials.
The fundamental optical and electronic properties of these materials
are explained and their potential in nonlinear optics, optical data stor-
age, electronic sensors, xerography, solar energy conversion, nuclear
chemistry, molecular magnetism, electrochromic displays and hetero-
geneous catalysis is evaluated.
Chemistry of Solid State Materials 6
1998 212 pp. 0-521-49623-3 Hardback  $74.95
Texture and Anisotropy

Preferred Orientations in Polycrystals and their Effect on
Materials Properties

U. F. Kocks, C. N. Tomé, and H. R. Wenk, Editors

This book is about the measurement and analysis of textures, the pre-
diction of polycrystal properties from measured textures and known
single crystal properties, and the prediction of the development of
texture and the ensuing anisotropic properties during elastic and plastic
deformation. It also gives an overview of observed textures in metals,
ceramics and rocks, while balancing theoretical concepts and experi-
mental techniques.

1998 688 pp. 0-521-46516-8

Hardback  $100.00

Surface Analysis of Polymers

by XPS and Static SIMS

D. Briggs

This in-depth treatment of the instrumentation, physical bases and
applications of x-ray photoelectron spectroscopy (XPS) and static
secondary ion mass spectroscopy (SSIMS) contains a specific focus on
the subject of polymeric materials. The author describes the techniques
and applications of XPS and SSIMS. He also includes details of case
studies, emphasizing the complementary and joint application of XPS
and SSIMS in the investigation of polymer surface structure and its
relationship to the propetties of the material.

Cambridge Solid State Science Series
1998 212 pp. 0-521-35222-3

Hardback  $69.95

Phase Equilibria, Phase Diagrams

and Phase Transformations

A Thermodynamic Basis

Mats Hillert

This textbook deals with the theoretical basis of chemical equilibria
and chemical changes and emphasizes the properties of phase diagrams.
The author takes into account the dramatic changes in the methods of
applying thermodynamics caused by the development both of computer
operated programs for sophisticated equilibrium calculations and of
extensive databases containing thermodynamic parameter values for
individual phases from which all thermodynamic properties may be
calculated.

1998 554 pp. 0-521-56270-8
0-521-56584-7

Hardback
Paperback

$110.00
$44.95
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40 West 20th Street, New York, NY 10011-4211
Call toll-free 800-872-7423. Web site: http://www.cup.org
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