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Transmission electron micrograph of antiphase boundaries in
rutile.



PREFACE

IT 1s now well established that the properties of metals are
determined by the presence and behaviour of the defects they
contain. These defects include precipitates, cracks, grain
boundaries, dislocations, stacking faults and impurity atoms,
the theoretical aspects of which have been treated in several
books in recent years. There is however, a gap in metailurgical
literature for a book suitable for students which deals with the
practical techniques of studying defects in metals. It is hoped
that the present book will at least partly fill this gap.

The book is primarily written for students of Metallurgy and
Materials Science at Universities and Colleges of Advanced
Technology, although it is hoped that practising metallurgists
will find it useful. Since a comprehensive treatise on metal-
lography would require the writing of several books, we
decided to plan the present volume on three main principles:
(1) to describe metallographic methods rather than observa-
tions; (2) to devote more space to recent methods than to
well established ones. It is for this reason that our treatment
of, for example, conventional X-ray techniques is by no means
detailed; and (3) to consider in more detail the theories which
lead to the experimental determination of quantities hitherto
unknown, such as stacking-fault energy, Burgers vector, etc.

Finally, we would like to thank many colleagues who have
helped during the preparation of this book, particularly those
who have supplied original prints of micrographs. Due
acknowledgement is given at the appropriate places in the text.

X



“If they wos a pair o’ patent double million magnifyin’
gas microscopes of hextra power, p'raps I might be
able to see through a flight o’ stairs and a deal door;
but bein’ only eyes, you see, my wision’s limited”

(SAM WELLER-Pickwick Papers)



CONTENTS

PREFACE

1.

I1.

I11.

REFLECTED LIGHT MICROSCOPY

Introduction

Specimen preparation

The reflected light microscope

Defects of lenses

Methods of increasing the resolving power of
an objective

Examples of the contrast observed with
reflected light

Suggestions for further reading

HiGH TEMPERATURE MICROSCOPY
Introduction

Long working distance objectives
Typical hot-stage experiments
Suggestions for further reading

SURFACE TOPOGRAPHY

The importance of surface topography
observations

Oblique illumination

Opaque stop and phase contrast

Interferometry

Examples of surface topography

Suggestions for further reading

\%

14
18

19
19
20
23
28

29
31
34
40
46
52



Vi

IV.

VL

VIIL.

CONTENTS

THE POLARIZING MICROSCOPE
Polarized light

Examination of anisotropic surfaces
Other uses of polarized light microscopy
Suggestions for further reading

. X-RAY METALLOGRAPHY

Introduction

White and characteristic radiation

The Laue conditions

The Bragg law

The structure factor

The Laue method and orientation determination

Powder method and the accurate measurement of
lattice parameters

Appendix to Chapter V
The reciprocal lattice and the reflection sphere
Vector notation
Diffraction

Suggestions for further reading

SPECIALIZED X-RAY DIFFRACTION TECHNIQUES

Introduction

Preferred orientation

Wire textures

Sheet textures

Small-angle X-ray scattering

Micro-probe analyser

The observation of dislocations by X-ray
diffraction contrast

Suggestions for further reading

ELECTRON Microscory — .
ELECTRON MICROSCOPE

Electron wavelength

The electron microscope

33
53
56
59
61

62
62
62
63
65
67
71

76
81
81
84
85
88

89
89
89
90
92
99
100

103
106

107
107
108



VIII.

IX.

CONTENTS

The electron gun and condenser lens system
Specimen assembly

Lens defects

Control of focusing and magnification
Bright- and dark-field images

Selected area diffraction

Resolution

Recording the image

Microscope attachments

Preparation of specimens

Replica techniques

Thin metal foil techniques

Suggestions for further reading

ELECTRON Microscory —11.

CONTRAST THEORY
Introduction
Diffraction of electrons by perfect crystals
Electron diffraction by an imperfect crystal
Suggestions for further reading

ELECTRON Microscory —I11.
INTERPRETATION

Introduction

Analysis of selected area diffraction patterns

Interpretation of additional features on S.A.D.

patterns

Indexing crystallographic features on
micrographs

Contrast from dislocations and the g. b
analysis

Stacking fault contrast and the displacement
vector

Measurement of the stacking fault energy

Nature of prismatic dislocation loops

vii
111
113
114
115
117
119
125
125
128
130
130
131
135

136
136
137
144
147

148
148
148
154
160
163
170

172
178



viii CONTENTS

Dislocation densities
Precipitation phenomena
Heating-stage experiments
Cooling-stage experiments
Suggestions for further reading

X. METALLOGRAPHY AT THE ATOMIC LEVEL
Field-ion microscope
Applications
Neutron diffraction
Suggestions for further reading

INDEX

184
185
192
194
196

197
197
201
202
208

209



CHAPTER 1

REFLECTED LIGHT MICROSCOPY

INTRODUCTION

Metallographic examination is usually carried out with the
aid of reflected light in order to investigate the nature and
distribution of phases in metallurgical specimens, as well as
to examine such lattice features as grain boundaries, slip bands,
twins and cracks.

SPECIMEN PREPARATION

The specimen for microscopical examination is cut from the
bulk metal sample and mounted either in cold-setting plastic
or in thermo-setting bakelite using a metallographer’s conven-
tional mounting press. The surface to be examined is then
ground by hand on a metal file until a suitable flat is obtained,
and then on emery papers of decreasing coarseness from 320
grade down to 640 grade. To prevent over-heating, this
operation is usually carried out under water or paraffin with
the specimen held in such a way that each successive grinding
operation is made at right angles to the one before it, and the
specimen is not transferred to a new emery paper until the
scratches produced by the previous paper have been removed
by those of the one in use. A further necessary refinement of
the grinding procedure is to wash the specimen carefully with
water between successive papers to prevent coarse grit from
being carried on to less coarse papers. After grinding on the
finest grade emery paper, the specimen should be washed in
water and then in alcohol, dried with a hair dryer, and finally
polished on a selvyt cloth impregnated with an abrasive
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(alumina or- diamond powder) held in a liquid suspension
(water or paraffin). Polishing abrasives of various particle
sizes from 10 microns down to i micron are commercially
available, and the best results are obtained using a series of
cloths each impregnated with abrasive of successively finer
grade. In almost all cases, a circular motion of the specimen
on the selvyt cloth is recommended and is usually accom-
plished by carrying the selvyt cloth on a mechanical polishing
wheel similar to that used by jewellers for lapidary work.

The mechanical polishing treatment involves the removal of
surface projections of decreasing coarseness as the sequence
file — emery pdpers —> polishing wheel proceeds, which
takes place by means of friction between the projections and
the grinding or abrading medium. By its very nature, this
mechanism produces both heat and plastic deformation in the
surface layers of the specimen. In some cases this heat and/or
deformation are undesirable, since it alters the thermal and
mechanical history of the specimen under examination, but for
the majority of specimens the affected surface layers are
removed by etching, and hence the surface finally examined is
representative of the bulk material.

Chemical and electrolytic polishing methods have been
developed for certain metals and, provided a satisfactory
surface can be produced, are usually to be preferred to mechan-
ical polishing since the problem of surface damage is avoided.
These methods of polishing are of special importance in
electron microscopy and will be dealt with later.

THE REFLECTED LIGHT MICROSCOPE

Figure 1 is a ray diagram showing the formation of an image
in the compound microscope. The basic components are two
convex lenses, called the objective and eyepiece respectively.
The object under examination O, is placed in front of the objec-
tive at a distance greater than its focal length £,, but less than
2f.. A real inverted and enlarged image /,. is formed at a dis-
tance greater than 2f, from the objective on the side remote
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from the object. The distance between the objective and the
eyepiece is made such that image /, is at a distance of less than
f. from the eyepiece, where f, is the focal length of the eyepiece.

Objective front Objective back  Eyepiece front Eyepiece back
focal plane focal plane focal plane  Eyepiece focal plane
(0]
= ! N
[ X -
| — —
| T ===
| B ST o
f2 B
e

F1G. 1. Ray diagram showing how the image is formed in a compound micro-
scope.

The eyepiece forms a virtual, upright and enlarged image I, of

I,, and it is this final image I, which is seen by the eye.

With low-power objectives the working distance (i.e. the
space between the front surface of the objective and the speci-
men when the latter is in focus) is large enough to allow light,
from a lamp held nearby, to illuminate the specimen. This is
known as oblique illumination and is useful in the examination
of surface projections (see Chapter I11). The working distance
is small for high-power objectives and it becomes necessary
to illuminate the specimen with light passing vertically down
through the objective. The principle of vertical illumination is
illustrated in Fig. 2 where light from a source is reflected down
through the objective by a half-silvered plane mirror held at
an angle of 45° to the axis of the microscope. In some micro-
scopes the half-silvered mirror is replaced by a right-angled
glass prism which is offset from the axis of the microscope.
Light reflected by the specimen and gathered by the objective
passes through the half-silvered plane mirror to form the image
which is viewed with the eyepiece. '

A microscope cannot function properly unless the specimen
is correctly illuminated; referring to Fig. 2, so-called *critical
illumination’ is achieved in the following way.
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Image of
light source
'
(]
Iris No.2 Iris No.i
!
l Uniform
light source
Holf-silvered
mirror l
Condenser
Objective
Specimen

F1G. 2. Vertical illumination of a metallographic specimen.

1. The image of a uniform light source is formed at the
specimen surface. The student should check that this is so
by removing the microscope eyepiece and adjusting the
position of the condenser lens until a sharp image of the
lamp filament can be seen.

2. The aperture of No. 1 iris diaphragm is adjusted until it
is just too big for the image of its outline to be seen when
looking down the microscope. Under these conditions,
the illuminated area on the specimen is controlled so that
areas of no interest, e.g., the mounting medium, are not
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illuminated and cannot scatter light into the objective,
thereby “‘glaring” the image.

3. The aperture of No. 2 iris diaphragm is now decreased
until only the area of interest can be seen. This effects an
aperture control on the objective and ensures that the
least possible amount of the less accurate part of the lens
is used.*

For photographic work a more intense light source is

Fi1G. 3(a). Metallographic photo-microscope. (Courtesy of
Reichert.)

*N.B. The quality of a lens is inferior at its outer edge than near its centre.
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required. In Fig. 3(a) is shown a commercially available photo-
microscope, and in Fig. 3(b) a ray diagram, to illustrate how the
specimen under examination is illuminated and how the rays
reflected by the specimen are received on the photographic
plate.

F1G. 3(b). Light path through the microscope shown in
(a). 1 lamp filament. 2 condenser. 3 filter. 4 aperture-
iris diaphragm. 5 deviating system. 6 field-iris dia-
phragm. 7 central diaphragm. 8 diverting mirror of
opaque illuminator. 9 objective. 10 specimen. |[1
diverting prism (swung out). 12 visual eyepiece tube
(not used). 13 camera shutter. 14 photographic eye-
piece. 15 diverting mirror of camera. 16 ground glass
screen or photographic material (plate or film).

The most important component of the microscope is the
objective, the chief function of which is to collect the maximum
quantity of light coming from any part of the object. The numer-
ical aperture (denoted by N.A.) of the objective is a measure
of the light gathering power and is defined as

.

N.A. = usin 6,



