" David Brandon and Wayne D. Kaplan

Microstructural
Characterization
of Materials

Second Edition

. WILEY




Microstructural
Characterization
of Materials

2nd Edition

AT

E2009000102

John Wiley & Sons, Ltd



Copyright © 2008 John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester,
West Sussex PO19 8SQ, England

Telephone (+44) 1243 779777

Email (for orders and customer service enquiries): cs-books@wiley.co.uk
Visit our Home Page on www.wileyeurope.com or www.wiley.com

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, scanning or otherwise, except under the terms of the
Copyright, Designs and Patents Act 1988 or under the terms of a licence issued by the Copyright Licensing Agency

Ltd, 90 Tottenham Court Road, London W1T 4LP, UK, without the permission in writing of the Publisher. Requests to the
Publisher should be addressed to the Permissions Department, John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester,
West Sussex PO19 8SQ, England, or emailed to permreq@wiley.co.uk, or faxed to (+44) 1243 770620.

Designations used by companies to distinguish their products are often claimed as trademarks. All brand names and
product names used in this book are trade names, service marks, trademarks or registered trademarks of their respective owners.
The Publisher is not associated with any product or vendor mentioned in this book.

This publication is designed to provide accurate and authoritative information in regard to the subject matter covered. It
is sold on the understanding that the Publisher is not engaged in rendering professional services. If professional advice or other
expert assistance is required, the services of a competent professional should be sought.

The Publisher and the Author make no representations or warranties with respect to the accuracy or completeness of the
contents of this work and specifically disclaim all warranties, including without limitation any implied warranties of fitness for a
particular purpose. The advice and strategies contained herein may not be suitable for every situation. In view of ongoing
research, equipment modifications, changes in governmental regulations, and the constant flow of information relating to the
use of experimental reagents, equipment, and devices, the reader is urged to review and evaluate the information provided in the
package insert or instructions for each chemical, piece of equipment, reagent, or device for, among other things, any changes in
the instructions or indication of usage and for added warnings and precautions. The fact that an organization or Website is
referred to in this work as a citation and/or a potential source of further information does not mean that the author or the
publisher endorses the information the organization or Website may provide or recommendations it may make. Further, readers
should be aware that Internet Websites listed in this work may have changed or disappeared between when this work was
written and when it is read. No warranty may be created or extended by any promotional statements for this work. Neither the
Publisher nor the Author shall be liable for any damages arising herefrom.

Other Wiley Editorial Offices

John Wiley & Sons Inc., 111 River Street, Hoboken, NJ 07030, USA

Jossey-Bass, 989 Market Street, San Francisco, CA 94103-1741, USA

Wiley-VCH Verlag GmbH, Boschstr. 12, D-69469 Weinheim, Germany

John Wiley & Sons Australia Ltd, 42 McDougall Street, Milton, Queensland 4064, Australia

John Wiley & Sons (Asia) Pte Ltd, 2 Clementi Loop #02-01, Jin Xing Distripark, Singapore 129809

John Wiley & Sons Ltd, 6045 Freemont Blvd, Mississauga, Ontario L5R 4J3, Canada

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may not be available
in electronic books.

Library of Congress Cataloging-in-Publication Data

Brandon, D. G.

Microstructural Characterization of Materials / David Brandon and Wayne D.
Kaplan. — 2nd ed.

p. em. — (Quantitative software engineering series)

Includes bibliographical references and index.

ISBN 978-0-470-02784-4 (cloth) — ISBN 978-0-470-02785-1 (pbk.)
1. Materials-Microscopy. 2. Microstructure. I. Kaplan, Wayne D. II.
Title.

TA417.23.B73 2008

620.171299-dc22 2007041704

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

ISBN 978 0 470 02784 4 (cloth)
ISBN 978 0 470 02785 1 (paper)

Typeset in 10/12 pt Times by Thomson Digital, India
Printed and bound in Great Britain by Antony Rowe Ltd, Chippenham, Wiltshire



Microstructural Characterization of Materials

2nd Edition



Preface to the Second Edition

The last decade has seen several major changes in the armoury of tools that are routinely
available to the materials scientist and engineer for microstructural characterization.
Some of these changes reflect continuous technological improvements in the collection,
processing and recording of image data. Several other innovations have been both
dramatic and unexpected, not least in the rapid acceptance these tools have gained in both
the research and industrial development communities.

The present text follows the guidelines laid down for the first edition, exploring the
methodology of materials characterization under the three headings of crystal structure,
microstructural morphology and microanalysis. One additional chapter has been added,
on Scanning Probe Microscopy, a topic that, at the time that the first edition was written,
was very much a subject for active research, but a long way from being commonly
accessible in university and industrial laboratories. Today, atomic force and scanning
tunnelling microscopy have found applications in fields as diverse as optronics and
catalysis, friction and cosmetics.

It has proved necessary to split the chapter on Electron Microscopy into two chapters,
one on Transmission techniques, and the other on Scanning methods. These two
expanded chapters reflect the dramatic improvements in the resolution available for
lattice imaging in transmission, and the revolution in sampling and micro-machining
associated with the introduction of the focused ion beam in scanning technology.

The final chapter, on Quantitative Analysis, has also been expanded, to accommodate
the rapid advances in three-dimensional reconstruction that now enable massive data sets
to be assembled which include both chemical and crystallographic data embedded in a
frame of reference given by microstructural morphology. Not least among the new
innovations are orientation imaging microscopy, which allows the relative crystallo-
graphic orientations of the grains of a polycrystalline sample to be individually mapped,
and atom probe tomography, in which the ions extracted from the surface of a sharp
metallic needle are chemically identified and recorded in three dimensions. This last
instrument is a long way from being widely available, but a number of laboratories
do offer their services commercially, bringing three-dimensional analysis and
characterization well below the nanometre range, surely the ultimate in microstructural
characterization.

It only remains to note the greatest difference between the present text and its
predecessor: digital recording methods have all but replaced photography in every
application that we have considered, and we have therefore included sections on digital
recording, processing and analysis. This ‘digital revolution’ has crept up on us slowly,
following the on-going improvements in the storage capacity and processing speed for
computer hardware and software. Today, massive amounts of digital image data can be
handled rapidly and reliably.
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At the same time, it is still up to the microscopist and the engineer to make the critical
decisions associated with the selection of samples for characterization, the preparation of
suitable sections and the choice of characterization methods. This task is just as difficult
today as it always was in the past. Hopefully, this new text will help rather than confuse!

Most of the data in this book are taken from work conducted in collaboration with our
colleagues and students at the Technion. We wish to thank the following for their
contributions: David Seidman, Rik Brydson, Igor Levin, Moshe Eizenberg, Arnon
Siegmann, Menachem Bamberger, Michael Silverstein, Yaron Kauffmann, Christina
Scheu, Gerhard Dehm, Ming Wei, Ludmilla Shepelev, Michal Avinun, George Levi,
Amir Avishai, Tzipi Cohen, Mike Lieberthal, Oren Aharon, Hila Sadan, Mor Baram, Lior
Miller, Adi Karpel, Miri Drozdov, Gali Gluzer, Mike Lieberthal, and Thangadurai
Paramasivam.

D.B.
W.D.K.



Preface to the First Edition

Most logical decisions rely on providing acceptable answers to precise questions, e.g.
what, why and how? In the realm of scientific and technical investigation, the first
question is typically what is the problem or what is the objective? This is then followed
by a why question which attempts to pinpoint priorities, i.e. the urgency and importance
of finding an acceptable answer. The third type of question, how is usually concerned
with identifying means and methods, and the answers constitute an assessment of the
available resources for resolving a problem or achieving an objective. The spectrum of
problems arising in materials science and technology very often depends critically on
providing adequate answers to these last two questions. The answers may take many
forms, but when materials expertise is involved, they frequently include a need to
characterize the internal microstructure of an engineering material.

This book is an introduction to the expertise involved in assessing the microstructure of
engineering materials and to the experimental methods which are available for this purpose. For
this text to be meaningful, the reader should understand why the investigation of the internal
structure of an engineering material is of interest and appreciate why the microstructural
features of the material are so often of critical engineering importance, This text is intended to
provide a basic grasp of both the methodology and the means available for deriving qualitative
and quantitative microstructural information from a suitable sample.

There are two ways of approaching materials characterization. The first of these is in
terms of the engineering properties of materials, and reflects the need to know the
physical, chemical and mechanical properties of the material before we can design an
engineering system or manufacture its components. The second form of characterization
is that which concerns us in this book, namely the microstructural characterization of the
material. In specifying the internal microstructure of an engineering material we include
the chemistry, the crystallography and the structural morphology, with the term materials
characterization being commonly taken to mean just this specification.

Characterization in terms of the chemistry involves an identification of the chemical
constituents of the material and an analysis of their relative abundance, that is a
determination of the chemical composition and the distribution of the chemical elements
within the material. In this present text, we consider methods which are available for
investigating the chemistry on the microscopic scale, both within the bulk of the material
and at the surface.

Crystallography is the study of atomic order in the crystal structure. A crystallographic
analysis serves to identify the phases which are present in the structure, and to describe
the atomic packing of the various chemical elements within these phases. Most phases
are highly ordered, so that they are crystalline phases in which the atoms are packed
together in a well-ordered, regularly repeated array. Many solid phases possess no such
long-range order, and their structure is said to be amorphous or glassy. Several
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quasicrystalline phases have also been discovered in which classical long-range order is
absent, but the material nevertheless possesses well-defined rotational symmetry.

The microstructure of the material also includes those morphological features which
are revealed by a microscopic examination of a suitably prepared specimen sample. A
study of the microstructure may take place on many levels, and will be affected by
various parameters associated with specimen preparation and the operation of the
microscope, as well as by the methods of data reduction used to interpret results.
Nevertheless, a/l microstructural studies have some features in common. They provide an
image of the internal structure of the material in which the image contrast depends upon
the interaction between the specimen and some incident radiation used to probe the
sample morphology. The image is usually magnified, so that the region of the specimen
being studied is small compared with the size of the specimen. Care must be exercised in
interpreting results as being ‘typical’ of the bulk material. While the specimen is a three-
dimensional object, the image is (with few exceptions) a two-dimensional projection.
Even a qualitative interpretation of the image requires an understanding of the spatial
relationship between the two-dimensional imaged features and the three-dimensional
morphology of the bulk specimen.

Throughout this book we are concerned with the interpretation of the interaction
between the probe and a sample prepared from a given material, and we limit the text to
probes of X-rays, visible light or energetic electrons. In all cases, we include three stages
of investigation, namely specimen preparation, image observation and recording, and the
analysis and interpretation of recorded data. We will see that these three aspects of
materials characterization interact: the microstructural morphology defines the phase
boundaries, and the shape and dimensions of the grains or particles, the crystallography
determines the phases present and the nature of the atomic packing within these phases,
while the microchemistry correlates with both the crystallography of the phases and the
microstructural morphology.

This text is intended to demonstrate the versatility and the limitations of the more
important laboratory tools available for microstructural characterization. It is not a
compendium of all of the possible methods, but rather a teaching outline of the most
useful methods commonly found in student laboratories, university research departments
and industrial development divisions.

Most of the data in this book are taken from work conducted in collaboration with our
colleagues and students at the Technion. We wish to thank the following for their
contributions: Moshe Eizenberg, Arnon Siegmann, Menachem Bamberger, Christina
Scheu, Gerhard Dehm, Ming Wei, Ludmilla Shepelev, Michal Avinun, George Levi,
Mike Lieberthal, and Oren Aharon.

D.B.
W.D.K.
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1

The Concept of Microstructure

This text provides a basic introduction to the most commonly used methods of microstruc-
tural characterization. It is intended for students of science and engineering whose course
requirements (or curiosity) lead them to explore beyond the accepted causal connection
between the engineering properties of materials and their microstructural features, and
prompt them to ask how the microstructures of diverse materials are characterized in the
laboratory.

Most introductory textbooks for materials science and engineering emphasize that the
processing route used to manufacture a component (shaping processes, thermal treatment,
mechanical working, etc.) effectively determines the microstructural features (Figure 1.1).
They note the interrelation between the microstructure and the chemical, physical, and/or
mechanical properties of materials, developing expressions for the dependence of these
properties on such microstructural concepts as grain size or precipitate volume fraction.
What they do not usually do is to give details of either the methods used to identify
microstructural features, or the analysis required to convert a microstructural observation
into a parameter with some useful engineering significance.

This book covers three aspects of microstructural characterization (Table 1.1). First, the
different crystallographic phases which are present in the sample are identified. Secondly,
the morphology of these phases (their size, shape and spatial distribution) are characterized.
Finally, the local chemical composition and variations in chemical composition are
determined.

In all three cases we will explore the characterization of the microstructure at both the
qualitative and the quantitative level. Thus, in terms of crystallography, we will be
concerned not only with qualitative phase identification, but also with the elementary
aspects of applied crystallography used to determine crystal structure, as well as with the
quantitative determination of the volume fraction of each phase. As for the microstructure,
we will introduce stereological relationships which are needed to convert a qualitative
observation of morphological features, such as the individual grains seen in a cross-section,
into a clearly defined microstructural parameter, the grain size. Similarly, we shall not be

Microstructural Characterization of Materials - 2nd Edition  David Brandon and Wayne D. Kaplan
© 2008 John Wiley & Sons, Ltd.
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I-ngincering

Propertices

Figure 1.1 The microstructure of an engineering material is a result of its chemical
composition and processing history. The microstructure determines the chemical, physical
and mechanical properties of the material, and hence limits its engineering performance.

satisfied with the microanalytical identification of the chemical elements present in a
specific microstructural feature, but rather we shall seek to determine the local chemical
composition through microanalysis. Throughout the text we shall attempt to determine both
the sensitivity of the methods described (the limits of detection) and their accuracy (the
spatial or spectral resolution, or the concentration errors).

In general terms, microstructural characterization is achieved by allowing some form of
probe to interact with a carefully prepared specimen sample. The most commonly used
probes are visible light, X-ray radiation and a high energy electron beam. These three types
of probe, taken in the same order, form the basis for optical microscopy, X-ray diffraction
and electron microscopy. Once the probe has interacted with the sample, the scattered or
excited signal is collected and processed into a form where it can be interpreted, either
qualitatively or quantitatively. Thus, in microscopy, a two-dimensional image of the
specimen is obtained, while in microanalysis a spectrum is collected in which the signal
intensity is recorded as a function of either its energy or wavelength. In diffraction the signal
may be displayed as either a diffraction pattern or a diffraction spectrum.

All the instrumentation that is used to characterize materials microstructure includes
components that have five distinct functions (Figure 1.2). First, the probe is generated by a

Table 1.1 On the qualitative level, microstructural characterization is concerned with the
identification of the phases present, their morphology (size and shape), and the
identification of the chemical constituents in each phase. At the quantitative level, it is
possible to determine the atomic arrangements (applied crystallography), the spatial
relationships between microstructural features (stereology), and the microchemical
composition (microanalysis).

Qualitative analysis Phase Microstructural Microchemical
identification morphology identification
Quantitative Applied Stereology Microanalysis

analysis crystallography
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PROBE SOURC'|

lieht. X-ravs or electrons
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scanning (I'V) & digitized systems

INAGE INTERPRETATION

Figure 1.2 Microstructural characterization relies on the interaction of a material sample
with a probe. The probe is usually visible light, X-rays or a beam of high energy electrons.
The resultant signal must be collected and interpreted. If the signal is elastically. scattered
an image can be formed by an optical system. If the signal is inelastically scattered, or
generated by secondary emission the image is formed by a scanning raster (as in a television
monitor).

source that is filtered and collimated to provide a well-defined beam of known energy or
wavelength. This probe beam then interacts with a prepared sample mounted on a suitable
object stage. The signal generated by the interaction between the probe and the sample then
passes through an optical system to reach the image plane, where the signal data are
collected and stored. Finally, the stored data are read out, processed and recorded, either as a
final image, or as diffraction data, or as a chemical record (for example, acomposition map).
The results then have to be interpreted!

In all the methods of characterization which we shall discuss, two forms of interaction
between the probe and the specimen occur (Figure 1.3):

1. Elastic scattering, which is responsible for the intensity peaks in X-ray diffraction
spectra that are characteristic of the phases present and their orientation in the sample.
Elastic scattering also leads to diffraction contrast in transmission electron microscopy
(TEM), where itis directly related to the nature of the crystal lattice defects present in the
sample (grain boundaries, dislocations and other microstructural features).

2. Inelastic scattering, in which the energy in the probe is degraded and partially converted
into other forms of signal. In optical microscopy, microstructural features may be



