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Preface

Science-led or Design-led? Two approaches to materials teaching

Most things can be approached in more than one way. In teaching this is especially true. The way
to teach a foreign language, for example, depends on the way the student wishes to use it—to read
the literature, say, or to find accommodation, order meals and buy beer. So it is with the teaching
of this subject.

The traditional approach to it starts with fundamentals: the electron, the atom, atomic bonding,
and packing, crystallography and crystal defects. Onto this is built alloy theory, the kinetics of
phase transformation and the development of microstructure on scales made visible by electron and
optical microscopes. This sets the stage for the understanding and control of properties at the mil-
limeter or centimeter scale at which they are usually measured. The approach gives little emphasis
to the behavior of structures, methods for material selection, and design.

The other approach is design-led. The starting point is the need: the requirements that materials
must meet if they are to perform properly in a given design. To match materials to designs requires
a perspective of the range of properties they offer and the other information that will be needed about
them to enable successful selection. Once the importance of a property is established there is good
reason to ‘drill down’, so to speak, to examine the science that lies behind it—valuable because an
understanding of the fundamentals itself informs material choice and usage.

There is sense in both approaches. It depends on the way the student wishes to use the information.
If the intent is scientific research, the first is the logical way to go. If it is engineering design, the sec-
ond makes better sense. This book follows the second.

What is different about this book?

There are many books about the science of engineering materials and many more about design.
What is different about this one?

First, a design-led approach specifically developed to guide material selection and manipulation.
The approach is systematic, leading from design requirements to a prescription for optimized material
choice. The approach is illustrated by numerous case studies. Practice in using it is provided by
Exercises.

Second, an emphasis on visual communication and a unique graphical presentation of material
properties as material property charts. These are a central feature of the approach, helpful both in
understanding the origins of properties, their manipulation and their fundamental limits, as well as
providing a tool for selection and for understanding the ways in which materials are used.

Third, its breadth. We aim here to present the properties of materials, their origins and the way
they enter engineering design. A glance at the Contents pages will show sections dealing with:

e Physical properties
o Mechanical characteristics
e Thermal behavior



X Preface

o Electrical, magnetic and optical response

e Durability

e Processing and the way it influences properties

e Environmental issues

Throughout we aim for a simple, straightforward presentation, developing the materials science as
far as is it helpful in guiding engineering design, avoiding detail where this does not contribute to
this end.

And fourth, synergy with the Cambridge Engineering Selector (CES)'—a powerful and widely
used PC-based software package that is both a source of material and process information and a
tool that implements the methods developed in this book. The book is self-contained: access to the
software is not a prerequisite for its use. Availability of the CES EduPack software suite enhances
the learning experience. It allows realistic selection studies that properly combine multiple con-
straints on material and processes attributes, and it enables the user to explore the ways in which
properties are manipulated.

The CES EduPack contains an additional tool to allow the science of materials to be explored in
more depth. The CES Elements database stores fundamental data for the physical, crystallographic,
mechanical, thermal, electrical, magnetic and optical properties of all 111 elements. It allows inter-
relationships between properties, developed in the text, to be explored in depth.

The approach is developed to a higher level in two further textbooks, the first relating to mechan-
ical design?, the second to industrial design’.

" The CES EduPack 2007, Granta Design Ltd., Rustat House, 62 Clifton Court, Cambridge CB1 7EG, UK,
www.grantadesign.com.

2 Ashby, M.F. (2005), Materials Selection in Mechanical Design, 3rd edition, Butterworth-Heinemann, Oxford, UK,
Chapter 4. ISBN 0-7506-6168-2. (A more advanced text that develops the ideas presented here in greater depth.)

3 Ashby, M.F. and Johnson, K. (2002) Materials and Design—The Art and Science of Material Selection in Product
Design, Butterworth-Heinemann, Oxford, UK. ISBN 0-7506-5554-2. (Materials and processes from an aesthetic
point of view, emphasizing product design.)
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Exercises

Each chapter ends with exercises of three types: the first rely only on information, diagrams and
data contained in the book itself; the second makes use of the CES software in ways that use the
methods developed here, and the third explores the science more deeply using the CES Elements
database that is part of the CES system.

Instructor’'s manual

The book itself contains a comprehensive set of exercises. Worked-out solutions to the exercises are
freely available to teachers and lecturers who adopt this book. To access this material online please
visit http://textbooks.elsevier.com and follow the instructions on screen.

Image Bank

The Image Bank provides adopting tutors and lecturers with jpegs and gifs of the figures from the
book that may be used in lecture slides and class presentations. To access this material please visit
http://textbooks.elsevier.com and follow the instructions on screen.

The CES EduPack

CES EduPack is the software-based package to accompany this book, developed by Michael Ashby
and Granta Design. Used together, Materials: Engineering, Science, Processing and Design and CES
EduPack provide a complete materials, manufacturing and design course. For further information
please see the last page of this book, or visit www.grantadesign.com.
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2 Chapter 1 Introduction: materials—history and character

1.1 Materials, processes and choice

Engineers make things. They make them out of materials. The materials have
to support loads, to insulate or conduct heat and electricity, to accept or reject
magnetic flux, to transmit or reflect light, to survive in often-hostile sur-
roundings, and to do all this without damage to the environment or costing
too much.

And there is the partner in all this. To make something out of a material you
also need a process. Not just any process—the one you choose has to be com-
patible with the material you plan to use. Sometimes it is the process that is the
dominant partner and a material-mate must be found that is compatible with
it. It is a marriage. Compatibility is not easily found—many marriages fail—
and material failure can be catastrophic, with issues of liability and compensa-
tion. This sounds like food for lawyers, and sometimes it is: some specialists
make their living as expert witnesses in court cases involving failed materials.
But our aim here is not contention; rather, it is to give you a vision of the mate-
rials universe (since, even on the remotest planets you will find the same ele-
ments) and of the universe of processes, and to provide methods and tools for
choosing them to ensure a happy, durable union.

But, you may say, engineers have been making things out of materials for
centuries, and successfully so—think of Isambard Kingdom Brunel, Thomas
Telford, Gustave Eiffel, Henry Ford, Karl Benz and Gottlieb Daimler, the
Wright brothers. Why do we need new ways to choose them? A little history
helps here. Glance at the portrait with which this chapter starts: it shows James
Stuart, the first Professor of Engineering at Cambridge University from 1875 to
1890 (note the cigar). In his day the number of materials available to engineers
was small—a few hundred at most. There were no synthetic polymers—there
are now over 45000 of them. There were no light alloys (aluminum was first
established as an engineering material only in the 20th century)—now there are
thousands. There were no high-performance composites—now there are hun-
dreds of them. The history is developed further in Figure 1.1, the time-axis of
which spans 10 000 years. It shows roughly when each of the main classes of
materials first evolved. The time-scale is nonlinear—almost all the materials we
use today were developed in the last 100 years. And this number is enormous:
over 160000 materials are available to today’s engineer, presenting us with a
problem that Professor Stuart did not have: that of optimally selecting from
this huge menu. With the ever-increasing drive for performance, economy and
efficiency, and the imperative to avoid damage to the environment, making the
right choice becomes very important. Innovative design means the imaginative
exploitation of the properties offered by materials.

These properties, today, are largely known and documented in handbooks;
one such—the ASM Materials Handbook—runs to 22 fat volumes, and it is one
of many. How are we to deal with this vast body of information? Fortunately
another thing has changed since Prof. Stuart’s day: we now have digital informa-
tion storage and manipulation. Computer-aided design is now a standard part
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Figure 1.1 The development of materials over time. The materials of pre-history, on the
left, all occur naturally; the challenge for the engineers of that era was one of
shaping them. The development of thermochemistry and (later) of polymer
chemistry enabled man-made materials, shown in the colored zones. Three—
stone, bronze and iron—were of such importance that the era of their
dominance is named after them.

of an engineer’s training, and it is backed up by widely available packages for
solid modeling, finite-element analysis, optimization, and for material and
process selection. Software for the last of these—the selection of materials and
processes—draws on databases of the attributes of materials and processes, doc-
umenting their mutual compatibility, and allows them to be searched and dis-
played in ways that enable selections that best meet the requirements of a design.

If you travel by foot, bicycle or car, you take a map. The materials landscape,
like the terrestrial one, can be complex and confusing; maps, here, are also a good
idea. This text presents a design-led approach to materials and manufacturing



4 Chapter 1 Introduction: materials—history and character

processes that makes use of maps: novel graphics to display the world of mate-
rials and processes in easily accessible ways. They present the properties of
materials in ways that give a global view, that reveal relationships between
properties and that enable selection.

1.2 Material properties

So what are these properties? Some, like density (mass per unit volume) and
price (the cost per unit volume or weight) are familiar enough, but others are
not, and getting them straight is essential. Think first of those that have to do
with carrying load safely—the mechanical properties.

Mechanical properties

A steel ruler is easy to bend elastically—‘elastic’ means that it springs back
when released. Its elastic stiffness (here, resistance to bending) is set partly by
its shape—thin strips are easy to bend—and partly by a property of the steel
itself: its elastic modulus, E. Materials with high E, like steel, are intrinsically
stiff; those with low E, like polyethylene, are not. Figure 1.2(b) illustrates the
consequences of inadequate stiffness.

The steel ruler bends elastically, but if it is a good one, it is hard to give it a
permanent bend. Permanent deformation has to do with strength, not stiffness.
The ease with which a ruler can be permanently bent depends, again, on its
shape and on a different property of the steel—its yield strength, o,. Materials
with large oy, like titanium alloys, are hard to deform permanently even though
their stiffness, coming from E, may not be high; those with low oy, like lead,
can be deformed with ease. When metals deform, they generally get stronger
(this is called ‘work hardening’), but there is an ultimate limit, called the tensile
strength, o, beyond which the material fails (the amount it stretches before it
breaks is called the ductility). Figure 1.2(c) gives an idea of the consequences of
inadequate strength.

So far so good. One more. If the ruler were made not of steel but of glass or
of PMMA (Plexiglas, Perspex), as transparent rulers are, it is not possible to
bend it permanently at all. The ruler will fracture suddenly, without warning,
before it acquires a permanent bend. We think of materials that break in this
way as brittle, and materials that do not as tough. There is no permanent defor-
mation here, so o, is not the right property. The resistance of materials to
cracking and fracture is measured instead by the fracture toughness, K;.. Steels
are tough—well, most are (steels can be made brittle)—they have a high K.
Glass epitomizes brittleness; it has a very low K. Figure 1.2(d) suggests conse-
quences of inadequate fracture and toughness.

We started with the material property density, mass per unit volume, symbol
p. Density, in a ruler, is irrelevant. But for almost anything that moves, weight
carries a fuel penalty, modest for automobiles, greater for trucks and trains,
greater still for aircraft, and enormous in space vehicles. Minimizing weight has
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Figure 1.2 Mechanical properties.

much to do with clever design—we will get to that later—but equally to choice
of material. Aluminum has a low density, lead a high one. If our little aircraft
were made of lead, it would never get off the ground at all (Figure 1.2(e)).

These are not the only mechanical properties, but they are the most import-
ant ones. We will meet them, and the others, in Chapters 4-11.

Thermal properties

The properties of a material change with temperature, usually for the worse. Its
strength falls, it starts to ‘creep’ (to sag slowly over time), it may oxidize,
degrade or decompose (Figure 1.3(a)). This means that there is a limiting tem-
perature called the maximum service temperature, Ty, above which its use is
impractical. Stainless steel has a high T,,—it can be used up to 800°C; most
polymers have a low Ty, and are seldom used above 150°C.





