JENGINEERING |#
S MATERIALS & |
=~ PROCESSES|

DESK REFERENCE




Engineering Materials
and Processes Desk
Reference

I

E2009000247

Amsterdam - Boston - Heidelberg - London - New York - Oxford
N . Paris - San Diego - San Francisco - Sydney - Tokyo
ELSEVIER Butterworth-Heinemann is an imprint of Elsevier

;]

Sy

L |00



Butterworth-Heinemann is an imprint of Elsevier
Linacre House, Jordan Hill, Oxford OX2 8DP, UK
30 Corporate Drive, Suite 400, Burlington, MA 01803, USA

First edition 2009
Copyright © 2009 Elsevier Inc. All rights reserved

No part of this publication may be reproduced, stored in a retrieval system or transmitted in any form
or by any means electronic, mechanical, photocopying, recording or otherwise without the prior written
permission of the publisher

Permissions may be sought directly from Elsevier’s Science & Technology Rights Department in Oxford,
UK: phone (+44) (0) 1865 843830; fax (+44) (0) 1865 853333; email: permissions@elsevier.com.
Alternatively visit the Science and Technology website at www.elsevierdirect.com/rights for further information

Notice

No responsibility is assumed by the publisher for any injury and/or damage to persons or property

as a matter of products liability, negligence or otherwise, or from any use or operation of any methods,
products, instructions or ideas contained in the material herein. Because of rapid advances in the
medical sciences, in particular, independent verification of diagnoses and drug dosages should be made

British Library Cataloguing in Publication Data
A catalogue record for this book is available from the British Library

Library of Congress Cataloging-in-Publication Data
A catalog record for this book is availabe from the Library of Congress

ISBN: 978-1-85-617586-9

For information on all Butterworth-Heinemann publications
visit our web site at elsevierdirect.com

Printed and bound in the United States of America

0910111110987654321

Working together to grow
libraries in developing countries

www.elsevier.com | www.bookaid.org | www.sabre.org

ELSEVIER  BOOKAID  q,phre Foundation




Engineering Materials and Processes Desk Reference



Note from the Publisher

This book has been compiled using extracts from the
following books within the range of Materials and Process
Engineering books in the Elsevier collection:

Furlani, E.P (2001) Permanent Magnet and Electro-
mechanical Devices, 9780122699511

Ashby, M. (2005) Materials Selection in Mechanical
Design 9780750661683

Smallman, R. E. and Ngan A.HW. (2007) Physical
Metallurgy and Advanced Materials, 9780750669061
Asthana, R. et al (2006) Materials Processing and
Manufacturing Science 9780750677165

Messler R.W. (2004) Joining of Materials and Structures,
9780750677578

Ashby, M. and Jones, D. H. (2005) Engineering Materials
2 9780750663816
Crawford, R.J.
9780750637640
Mills, N. (2005) Plastics 9780750651486

(1998)  Plastics

Engineering,

The extracts have been taken directly from the above
source books, with some small editorial changes. These
changes have entailed the re-numbering of Sections and
Figures. In view of the breadth of content and style of
the source books, there is some overlap and repetition
of material between chapters and significant differences
in style, but these features have been left in order to

retain the flavour and readability of the individual
chapters.

End of chapter questions

Within the book, several chapters end with a set of
questions; please note that these questions are for ref-
erence only. Solutions are not always provided for these
questions.

Units of measure
Units are provided in either SI or IP units. A conversion
table for these units is provided at the front of the book.

Upgrade to an Electronic Version
An electronic version of the Desk reference, the Engi-

neering Materials and Processes e-Mega Reference,
9781856175876

e A fully searchable Mega Reference eBook, providing all
the essential material needed by Engineering Materials
and Processes Engineers on a day-to-day basis.

e Fundamentals, key techniques, engineering best
practice and rules-of-thumb at one quick click of
a button

e Over 1,500 pages of reference material, including over
1,000 pages not included in the print edition

Go to http://www.elsevierdirect.com/9781856175869
and click on Ebook Available

-
& =



Professor Michael Ashby is Royal Society Research
Professor at Cambridge Engineering Design Centre. He
has been associated with the Engineering Design Centre
since its inception, as one of the three Principal In-
vestigators. He previously held the post of Professor of
Applied Physics in the Division of Engineering and Ap-
plied Physics at Harvard University. He is a member of
the Royal Society, the Royal Academy of Engineering and
the U.S. National Academy of Engineering. He was also
the Editor of Acta Metallurgica and is now Editor of
Progress in Materials Science.

Dr. Rajiv Asthana is a Professor of Engineering and
Technology at the University of Wisconsin-Stout. He is
the author or co-author of three books and 132 refereed
journal and conference publications, and book chapters.
He has served on several committees of the American
Society for Materials and has been a Visiting Scientist at
NASA Glenn Research Center, and a scientist with the
Council of Scientific & Industrial Research (India),
among other institutions. He has received multiple
awards, including the ASM-IIM Lectureship of Ameri-
can Society for Materials, and the U.S. National Acad-
emy of Sciences/NRC COBASE Research Award.

Professor Roy Crawford is Vice-Chancellor and President
of the University of Waikato, New Zealand. His previous
positions include Director of the School of Mechanical and
Process Engineering and the Polymer Processing Research
Centre at Queens University Belfast and Professor of
Mechanical Engineering at the University of Auckland. He
has given keynote lectures, courses and seminars all over
the world and has published eight books and over 350 re-
search papers. He is a Fellow of a number of professional
and academic organisations and was elected to the Asso-
ciation of Rotational Moulders Hall of Fame.

Dr. Edward P. Furlani is currently a senior scientist in the
research laboratories in the Eastman Kodak Company.
He is also Research Professor in the Institute for Lasers,
Photonics and Biophotonics at the University at Buffalo.
Dr. Furlani has extensive experience in the area of ap-
plied magnetics. He has authored over 60 publications in
scientific journals and holds over 140 US patents.

Dr Robert Messler, after 16 years in the materials in-
dustry, served as Technical Director and Associate Di-
rector of the Center for Manufacturing Productivity at
Rensselaer. He joined the faculty as Associate Professor

and Director of the Materials Joining Laboratory, and
served as Associate Dean for Academic & Student Affairs
for the School. He has authored four technical books in
welding and joining, and over 140 papers in diverse areas
of materials engineering. He has received numerous de-
partmental, School, Institute, and national awards.

Dr. Nigel Mills was Reader in Polymer Engineering in the
Metallurgy and Materials Department, earning honorary
status after retirement, and chairman of the British
Standards committee for motorcycle helmets. He pre-
viously worked for ICI Petrochemical and Polymer
Laboratory in Runcorn. He has published many papers on
foam and polymer properties and applications and
authored the Polymer Foams Handbook.

Professor Ray Smallman, is Emeritus Professor of Met-
allurgy and Materials Science and honorary senior re-
search fellow at the University of Birmingham. He spent
his early career with the Atomic Energy Research Es-
tablishment in Harwell, UK. He is now President of the
Federation of European Materials Societies and was
prominent in its development. He has served on many
committees and councils of various associations and re-
ceived the Acta Materialia Gold Medal for his ability and
leadership in materials science.

Dr. Ashok V. Kumar is Associate Professor in the De-
partment of Mechanical Engineering at the University of
Florida. His main research focus is the broad area of
computational methods and design optimization.

Dr. Narendra B. Dahotre is a Professor with joint
appointment with Oak Ridge National Laboratory and
Department of Materials Science and Engineering of the
University of Tennessee-Knoxville. He is also a senior
faculty member of the Center for Laser Applications at
the University of Tennessee Space Institute-Tullahoma.
He is author of two technical books and editor/co-editor
of 14 books. He is author of over 125 reviewed technical
journal articles.

Dr. D.R.H. Jones is Emeritus Professor in the Mechanics
and Materials Division at the University of Cambridge, UK

Professor A.H.W. Ngan is a member of the Mechanical
Engineering Department at the University of Hong Kong.
In 2007, he was awarded the Rosehain Medal and Prize
by the Institute of Materials, Minerals and Mining, UK,
and in 2008, he was conferred a higher doctorate (DSc)
by the University of Birmingham.

vii



Section 1
1.1
1.2

Section 2
2.1

Section 3
3.1

Section 4
41
4.2
4.3
4.4
4.5

Section 5
5.1

Section 6
6.1

Section 7
7.1
7.2
7.3

Section 8
8.1

Section 9
9.1

Section 10
10.1

AUthor BIographies . . . ... oo vii

INTRODUCTION. . . o 1
Introduction to Engineering materials . . . . ....... ..ottt 3
Science of materials behavior . .. ... ... 13
MATERIALS SELECTION . .. .o 49
A At S SOOI, ~ o o i i 05 5 8 8 8 5 5 5 S 8 e e m e n e 51
PROCESSES AND PROCESS SELECTION . . ..o o oo 67
Processes and process selection . ............t it 69
METALS: ¢ ¢ ¢ 5 0 mm5 5 55 0itmmn o o b v mimmimie o v e v o o e s o 5 8 S S 55 5 e e e o e 97
Introductionto Metals . .. ... .. . 99
Metal SEEUCTURGS.. . 5 ¢ x5 w0 0500055505 5 85 8 6 5 5 5 8 mmmr om0 i 0 8 8 5 5 6 5 & 8 b 107
Equilibrium constitution and phase diagrams . . .. .............. 115
Physical properties of metals .. ........... ... i 121
Mechanical propertiesof metals . . . ... ... ...t 157
PRODUCTION, FORMING AND JOINING OF METALS . . . .. oo 223
Production, forming and joiningof metals. .. ............ ... ... 225
O I ) 235
Light alloys . ... .. ... 237
PLASTICS . . 245
Introduction to plastics . . . .......oo it 247
General properties of plastiCs . . . .. .. ...ttt 261
Processing of plastics . . . .. ...t 287
CERAMICS AND GLASSES . . . ..ot 341
Ceramics and glasses . . . .. ..o vttt 343
COMPOSITE MATERIALS . . . . oo 349
Composite materials . . . ... ... . . 351
MAGNETIC MATERIALS . . .. oo 411
Magnetic materials ... .......... ... . 413



CONTENTS Vi

Section 11 NANOMATERIALS . . ..o 447
111 Nanomaterials ... ... ... oo 449
Section12 JOINING MATERIALS . ... ... 495
12.2 Joiningmaterials . . ....... ... .o i 497



Section One

Introduction







Introduction to
Engineering materials

Steels
Cast irons
Al-alloys

Metals
Cu-aloys
Zn-alloys
Ti-alloys

Zirconias

Soda glass

Glasses

Silica glass
Glass-ceramics

Hybrids

Segmented structues

Lattices
Weaves

Borosilicate glass

PE; PP; PET,

Aluminas PC, PS, PEEK
Silicon carbides PA (nylons)
Ceramics Composites Polymers
. o Sandwiches
Silicon nitrides Polyesters

Phenolics
Epoxies

Isoprene
Neoprene
Butyl rubber

Elastomers

Natural rubber
Silicones

EVA

1.1.1 Introduction and synopsis

Materials, one might say, are the food of design. This
chapter presents the menu: the full shopping list of
materials. A successful product—one that performs
well, is good value for money and gives pleasure to the
user—uses the best materials for the job, and fully
exploits their potential and characteristics. Brings out
their flavor, so to speak.

The families of materials—metals, polymers, ce-
ramics, and so forth—are introduced in Section 1.1.2.
But it is not, in the end, a material that we seek; it is

a certain profile of properties—the one that best meets the
needs of the design. The properties, important in
thermo-mechanical design, are defined briefly in Section
1.1.3. It makes boring reading. The reader confident in
the definitions of moduli, strengths, damping capacities,
thermal and electrical conductivities and the like, may
wish to skip this, using it for reference, when needed, for
the precise meaning and units of the data in the Property
Charts that come later. Do not, however, skip Sections
1.1.2—it sets up the classification structure that is used
throughout the book. The chapter ends, in the usual way,
with a summary.

1.1.2 The families of engineering
materials

It is helpful to classify the materials of engineering into
the six broad families shown in Figure 1.1-1: metals,
polymers, elastomers, ceramics, glasses, and hybrids. The
members of a family have certain features in common:
similar properties, similar processing routes, and, often,
similar applications.

Metals have relatively high moduli. Most, when
pure, are soft and easily deformed. They can be made
strong by alloying and by mechanical and heat treat-
ment, but they remain ductile, allowing them to be
formed by deformation processes. Certain high-
strength alloys (spring steel, for instance) have ductil-
ities as low as 1 percent, but even this is enough to
ensure that the material yields before it fractures and
that fracture, when it occurs, is of a tough, ductile
type. Partly because of their ductility, metals are prey
to fatigue and of all the classes of material, they are the
least resistant to corrosion.

Engineering Materials and Processes Desk Reference; ISBN: 9781856175869
Copyright © 2009 Elsevier Ltd; All rights of reproduction, in any form, reserved.
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Figure 1.1-1 The menu of engineering materials. The basic
families of metals, ceramics, glasses, polymers, and elastomers
can be combined in various geometries to create hybrids.

Ceramics too, have high moduli, but, unlike metals,
they are brittle. Their “strength” in tension means the
brittle fracture strength; in compression it is the brittle
crushing strength, which is about 15 times larger. And
because ceramics have no ductility, they have a low toler-
ance for stress concentrations (like holes or cracks) or for
high-contact stresses (at clamping points, for instance).
Ductile materials accommodate stress concentrations by
deforming in a way that redistributes the load more evenly,
and because of this, they can be used under static loads
within a small margin of their yield strength. Ceramics
cannot. Brittle materials always have a wide scatter in
strength and the strength itself depends on the volume of
material under load and the time for which it is applied. So
ceramics are not as easy to design with as metals. Despite
this, they have attractive features. They are stiff, hard, and
abrasion-resistant (hence their use for bearings and cutting
tools); they retain their strength to high temperatures; and
they resist corrosion well.

Glasses are non-crystalline (“amorphous”) solids. The
commonest are the soda-lime and boro-silicate glasses
familiar as bottles and ovenware, but there are many
more. Metals, too, can be made non-crystalline by cooling
them sufficiently quickly. The lack of crystal structure
suppresses plasticity, so, like ceramics, glasses are hard,
brittle and vulnerable to stress concentrations.

Polymers are at the other end of the spectrum. They
have moduli that are low, roughly 50 times less than
those of metals, but they can be strong—nearly as strong
as metals. A consequence of this is that elastic deflections
can be large. They creep, even at room temperature,
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meaning that a polymer component under load may, with
time, acquire a permanent set. And their properties
depend on temperature so that a polymer that is tough
and flexible at 20°C may be brittle at the 4°C of
a household refrigerator, yet creep rapidly at the 100°C
of boiling water. Few have useful strength above 200°C.
If these aspects are allowed for in the design, the ad-
vantages of polymers can be exploited. And there are
many. When combinations of properties, such as
strength-per-unit-weight, are important, polymers are as
good as metals. They are easy to shape: complicated parts
performing several functions can be molded from
a polymer in a single operation. The large elastic de-
flections allow the design of polymer components that
snap together, making assembly fast and cheap. And by
accurately sizing the mold and pre-coloring the polymer,
no finishing operations are needed. Polymers are corro-
sion resistant and have low coefficients of friction. Good
design exploits these properties.

Elastomers are long-chain polymers above their glass-
transition temperature, T,. The covalent bonds that link
the units of the polymer chain remain intact, but the
weaker Van der Waals and hydrogen bonds that, below
Ty, bind the chains to each other, have melted. This gives
elastomers unique property profiles: Young’s moduli
as low as 107° GPa (10° time less than that typical of
metals) that increase with temperature (all other solids
show a decrease), and enormous elastic extension. Their
properties differ so much from those of other solids that
special tests have evolved to characterize them. This
creates a problem: if we wish to select materials by
prescribing a desired attribute profile (as we do later in
this book), then a prerequisite is a set of attributes
common to all materials. To overcome this, we settle on
a common set for use in the first stage of design, esti-
mating approximate values for anomalies like elastomers.
Specialized attributes, representative of one family only,
are stored separately; they are for use in the later stages.

Hybrids are combinations of two or more materials in
a pre-determined configuration and scale. They combine
the attractive properties of the other families of mate-
rials while avoiding some of their drawbacks. Their
design is the subject of Chapters 13 and 14. The family of
hybrids includes fiber and particulate composites, sand-
wich structures, lattice structures, foams, cables, and
laminates. And almost all the materials of nature—wood,
bone, skin, leaf—are hybrids. Fiber-reinforced compos-
ites are, of course, the most familiar. Most of those at
present available to the engineer have a polymer matrix
reinforced by fibers of glass, carbon or Kevlar (an
aramid). They are light, stiff and strong, and they can be
tough. They, and other hybrids using a polymer as one
component, cannot be used above 250°C because the
polymer softens, but at room temperature their perfor-
mance can be outstanding. Hybrid components are
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Class

Property Symbol and units
General Density p (kg/m® or Mg/m®)
Price Cm ($/kg)
Mechanical Elastic moduli (Young’s, shear, bulk) EGK (GPa)
Yield strength ay (MPa)
Ultimate strength oy (MPa)
Compressive strength ac (MPa)
Failure strength of (MPa)
Hardness H (Vickers)
Elongation e (-)
Fatigue endurance limit ge (MPa)
Fracture toughness Kic (MPa.m'’?)
Toughness Gic (kd/m?)
Loss coefficient (damping capacity) n (-)
Thermal Melting point Tm (C or K)
Glass temperature Ty (C or K)
Maximum service temperature Tonax (C or K)
Minimum service temperature T (C or K)
Thermal conductivity A (W/m.K)
Specific heat Cp (J/k1g.K)
Thermal expansion coefficient « K™
Thermal shock resistance AT (C or K)
Electrical Electrical resistivity Pe (Q.m or pQ.cm)
Dielectric constant &4 (-)
Breakdown potential A (10° v/m)
Power factor P (-)
Optical Optical, transparent, translucent, Yes/No
opaque
Refractive index n (-)
Eco-properties Energy/kg to extract material E (MJ/kg)
CO04/kg to extract material CO, (ka/kg)
Environmental resistance Oxidation rates Very low, low, average,
Corrosion rates high, very high
Wear rate constant Ka MPa~"

+ Conversion factors to imperial and cgs units appear inside the back and front covers of this book.

expensive and they are relatively difficult to form and
join. So despite their attractive properties the designer
will use them only when the added performance justifies
the added cost. Today’s growing emphasis on high per-
formance and fuel efficiency provides increasing drivers
for their use.

1.1.3 The definitions of material
properties

Each material can be thought of as having a set of attri-
butes: its properties. It is not a material, per se, that the
designer seeks; it is a specific combination of these at-
tributes: a property-profile. The material name is the
identifier for a particular property-profile.

The properties themselves are standard: density,
modulus, strength, toughness, thermal and electrical
conductivities, and so on (Tables 1.1-1). For complete-
ness and precision, they are defined, with their limits, in
this section. If you think you know how properties are
defined, you might jump to Section 1.1.5, returning to
this section only if need arises.

General properties

The density (units: kg/m?) is the mass per unit volume.
We measure it today as Archimedes did: by weighing in
air and in a fluid of known density.

The price, Cy, (units: $/kg), of materials spans a wide
range. Some cost as little as $0.2/kg, others as much as
$1000/kg. Prices, of course, fluctuate, and they depend

5




on the quantity you want and on your status as a “pre-
ferred customer” or otherwise. Despite this uncertainty,
it is useful to have an approximate price, useful in the
early stages of selection.

Mechanical properties

The elastic modulus (units: GPa or GN/m?) is defined as
the slope of the linear-elastic part of the stress—strain
curve (Figure 1.1-2). Young’s modulus, E, describes re-
sponse to tensile or compressive loading, the shear
modulus, G, describes shear loading and the bulk mod-
ulus, K, hydrostatic pressure. Poisson’s ratio, », is di-
mensionless: it is the negative of the ratio of the lateral
strain, ¢, to the axial strain, €1, in axial loading:
&2

v = ——=
€]

In reality, moduli measured as slopes of stress—strain
curves are inaccurate, often low by a factor of 2 or more,
because of contributions to the strain from anelasticity,
creep and other factors. Accurate moduli are measured
dynamically: by exciting the natural vibrations of a beam
or wire, or by measuring the velocity of sound waves in
the material.

In an isotropic material, the moduli are related in the
following ways:

B 3G B E B E
1+ G/3K - 2(1 +w) - 3(1 - 2v)
(1.1.1)
Commonly v = 1/3 when
=%E and K=E (1.1.2a)
Metals |
g = -- Oy
o
R
1]
©
o [T
17 ;
o .
D 4,'[—Slope E=o/¢
! ,0.2% offset
¥

Strain e = dL/L

Figure 1.1-2 The stress-strain curve for a metal, showing the
modulus, E, the 0.2 percent yield strength, gy, and the ultimate
strength, o,.
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Elastomers are exceptional. For these » = 1/2 when

G:%E and K>E (1.1.2b)

Data sources like those described in Chapter 15 list
values for all four moduli. In this book we examine data
for E; approximate values for the others can be derived
from equation (1.1.2) when needed.

The strength o, of a solid (units: MPa or MN/m?)
requires careful definition. For metals, we identify oy
with the 0.2 percent offset yield strength oy
(Figure 1.1-2), that is, the stress at which the stress—
strain curve for axial loading deviates by a strain of 0.2
percent from the linear-elastic line. It is the same in
tension and compression. For polymers, o¢ is identified as
the stress at which the stress—strain curve becomes
markedly non-linear: typically, a strain of 1 percent
(Figure 1.1-3). This may be caused by shear-yielding: the
irreversible slipping of molecular chains; or it may be
caused by crazing: the formation of low density, crack-
like volumes that scatter light, making the polymer look
white. Polymers are a little stronger (=20 percent) in
compression than in tension. Strength, for ceramics and
glasses, depends strongly on the mode of loading
(Figure 1.1-4). In tension, “strength” means the fracture
strength, o¢. In compression it means the crushing
strength o, which is much larger; typically

g, = 10 to 15 o (1.1.3)
When the material is difficult to grip (as is a ceramic), its
strength can be measured in bending. The modulus of
rupture or MoR (units: MPa) is the maximum surface stress
in a bent beam at the instant of failure (Figure 1.1-5).
One might expect this to be the same as the strength
measured in tension, but for ceramics it is larger (by

}’( Brittle: T << Ty (Polymers |

o
I - .
w Limited plasticity: T = 0.8 Ty

1}

©

@ /

() o, Colddrawing: T=Tg
)

Viscous flow: T >> Tg

1% strain
[
Strain € = 8L/L

Figure 1.1-3 Stress-strain curves for a polymer, below, at and
above its glass transition temperature, Tg.
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Of (compression)

o .
<\( Compression
Ty

1]

© Ao F
» ™

»

o Slope E=ole
n

—

Ot (tension)
Tension

Straine = 6L/L

Figure 1.1-4 Stress- strain curves for a ceramic in tension and in
compression. The compressive strength o is 10 to 15 times
greater than the tensile strength a;.

a factor of about 1.3) because the volume subjected to
this maximum stress is small and the probability of
a large flaw lying in it is small also; in simple tension all
flaws see the maximum stress.

The strength of a composite is best defined by a set
deviation from linear-elastic behavior: 0.5 percent is
sometimes taken. Composites that contain fibers (and
this includes natural composites like wood) are a little
weaker (up to 30 percent) in compression than tension
because fibers buckle. In subsequent chapters, of for
composites means the tensile strength.

Strength, then, depends on material class and on mode
of loading. Other modes of loading are possible: shear, for
instance. Yield under multi-axial loads is related to that in
simple tension by a yield function. For metals, the Von
Mises’ yield function is a good description:

(61 = 02)* +(02 = 03)° + (73— 01)* = 207 (1.1.4)

[Modulus of rupture}

LL Force F
o rb l Deflection &
5 ! )
L b / L
omar= 3L~ woR
t
Deflection &

Figure 1.1-5 The MoR is the surface stress at failure in bending.
It is equal to, or slightly larger than the failure stress in tension.

where a1, 07, and o3 are the principal stresses, positive
when tensile; o1, by convention, is the largest or most
positive, o3 the smallest or least. For polymers the yield
function is modified to include the effect of pressure:

(01— 02)* + (02 — 03)% + (03 — 07)?

2
= 20?<1 +%)

where K is the bulk modulus of the polymer, 8 = 2 is
a numerical coefficient that characterizes the pressure

dependence of the flow strength and the pressure pis
defined by

(1.1.5)

1
p= —5(01 + 02 +03)

For ceramics, a Coulomb flow law is used:

O'I—BO'Z =C (116)
where B and C are constants.

The ultimate (tensile) strength, o, (units: MPa), is the
nominal stress at which a round bar of the material,
loaded in tension, separates (see Figure 1.1-2). For brittle
solids—ceramics, glasses, and brittle polymers—it is the
same as the failure strength in tension. For metals, duc-
tile polymers and most composites, it is larger than the
strength, oy, by a factor of between 1.1 and 3 because of
work hardening or (in the case of composites) load
transfer to the reinforcement.

Cyclic loading not only dissipates energy; it can also
cause a crack to nucleate and grow, culminating in fatigue
failure. For many materials there exists a fatigue or
endurance limit, o, (units: MPa), illustrated by the Ag —
Nt curve of Figure 1.1-6. It is the stress amplitude

R Rs s SR
[Endurance limit|

A, haF
) N
N |
©
o L
= |
a
£
&
% Endurance limit
g ------- AGe -------------------------- 4
@ e
1 1 1 1 1 1 ;
. 8
1 Cycles to failure, N 10

Figure 1.1-6 The endurance limit, Ags, is the cyclic stress that
causes failure in Ny = 107 cycles.




Ag below which fracture does not occur, or occurs only
after a very large number (Nf > 107) of cycles.

The hardness, H, of a material is a crude measure of its
strength. It is measured by pressing a pointed diamond or
hardened steel ball into the surface of the material
(Figure 1.1-7). The hardness is defined as the indenter
force divided by the projected area of the indent. It is
related to the quantity we have defined as o¢ by

H=30¢ (1.1.7)
and this, in the SI system, has units of MPa. Hardness is
most usually reported in other units, the commonest of
which is the Vickers H, scale with units of kg/mm?. It is
related to H in the units used here by

H
iy = 10
The toughness, Gic, (units: kJ/m?), and the fracture
toughness, Kjc, (units: MPa.m'/? or MN/ml/Z), measure
the resistance of a material to the propagation of a crack.
The fracture toughness is measured by loading a sample
containing a deliberately-introduced crack of length 2¢
(Figure 1.1-8), recording the tensile stress o. at which
the crack propagates. The quantity K;¢ is then calculated
from

Kic = Yo./mc (1.1.8)
and the toughness from
Kic

where Y'is a geometric factor, near unity, that depends on
details of the sample geometry, E is Young’s modulus and

'Hardness

Load P
T
]
R
b

Projected
/ area A

Projected area A
Figure 1.1-7 Hardness is measured as the load P divided by

the projected area of contact, A, when a diamond-shaped
indenter is forced into the surface.
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Figure 1.1-8 The fracture toughness, K., measures the re-
sistance to the propagation of a crack. The failure strength of

a brittle solid containing a crack of length 2c is K¢ = Y(a.//7c)
where Y is a constant near unity.

v is Poisson’s ratio. Measured in this way Kjc and G)c
have well-defined values for brittle materials (ceramics,
glasses, and many polymers). In ductile materials a plas-
tic zone develops at the crack tip, introducing new fea-
tures into the way in which cracks propagate that
necessitate more involved characterization. Values for
Kic and Gjc are, nonetheless, cited, and are useful as
a way of ranking materials.

The loss-coefficient, n (a dimensionless quantity),
measures the degree to which a material dissipates vi-
brational energy (Figure 1.1-9). If a material is loaded
elastically to a stress, omay, it stores an elastic energy

per unit volume. If it is loaded and then unloaded, it
dissipates an energy

& ]
A
IR =
Il f i
© ; !
. .
N 1
& ,
) y/// - AU
/// 2nU
y
Strain e = dL/L

Figure 1.1-9 The loss coefficient n measures the fractional
energy dissipated in a stress—strain cycle.



Introduction to Engineering materials

AU = ¢ade

The loss coefficient is

AU
_ 1.1.10
T= 520 ( )

The value of n usually depends on the time-scale or
frequency of cycling.

Other measures of damping include the specific
damping capacity, D = AU/U, the log decrement, A (the
log of the ratio of successive amplitudes of natural vi-
brations), the phase-lag, 6, between stress and strain, and
the “Q”-factor or resonance factor, Q. When damping is
small (7 < 0.01) these measures are related by

D A 1
= — = tand = —

=5 == 3 (1.1.11)

n

but when damping is large, they are no longer equivalent.

Thermal properties

Two temperatures, the melting temperature, T,,, and the
glass temperature, T, (units for both: K or C) are fun-
damental because they relate directly to the strength of
the bonds in the solid. Crystalline solids have a sharp
melting point, T,,. Non-crystalline solids do not; the
temperature Ty characterizes the transition from true
solid to very viscous liquid. It is helpful, in engineering
design, to define two further temperatures: the maxi-
mum and minimum service temperatures Tpay and Tiin
(both: K or C). The first tells us the highest temperature
at which the material can reasonably be used without
oxidation, chemical change, or excessive creep becoming
a problem. The second is the temperature below which
the material becomes brittle or otherwise unsafe to use.

The rate at which heat is conducted through a solid at
steady state (meaning that the temperature profile does
not change with time) is measured by the thermal con-
ductivity, A (units: W/m.K). Figure 1.1-10 shows how it
is measured: by recording the heat flux g (W/m?) flowing
through the material from a surface at higher tempera-
ture T to a lower one at T, separated by a distance X.
The conductivity is calculated from Fourier’s law:

4T (T -Ty)
1= IR x

(1.1.12)
The measurement is not, in practice, easy (particularly
for materials with low conductivities), but reliable data
are now generally available.

When heat flow is transient, the flux depends instead
on the thermal diffusivity, a (units: m?/s), defined by

[Thermal conductivity|

1 T2
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x
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(0]
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Temperature gradient (Tq— T5)/X

Figure 1.1-10 The thermal conductivity A measures the flux of
heat driven by a temperature gradient d7/dX.

A

a=—
pCp

(1.1.13)

where p is the density and C, is the specific heat at
constant pressure (units: J/kg K). The thermal diffusivity
can be measured directly by measuring the decay of
a temperature pulse when a heat source, applied to the
material, is switched off; or it can be calculated from 2,
via equation (1.1.13). This requires values for C,. It is
measured by the technique of calorimetry, which is also
the standard way of measuring the glass temperature T,

Most materials expand when they are heated
(Figure 1.1-11). The thermal strain per degree of tem-
perature change is measured by the linear thermal-
expansion coefficient, a (units: K~! or, more conveniently,
as “microstrain/C” or 107°C~!). If the material is ther-
mally isotropic, the volume expansion, per degree, is 3a.
If it is anisotropic, two or more coefficients are required,
and the volume expansion becomes the sum of the
principal thermal strains.

| Thermal expansion|
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Figure 1.1-11 The linear-thermal expansion coefficient «
measures the change in length, per unit length, when the sample
is heated.




