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DIRECT OBSERVATION AND CHARACTERIZAIION OF DEFECTS IN MATERIALS
R. Sinclair

1. Introduction .

The purpose of the present article is to.ekamine various experimental

techniques whereby structural information may be obtained directlﬁ'about

defects in materials. This is an important subjett'as the properties of

perfect materials are modified by the faults thathre:presént. In order
to understand their resultant effects the defects mpst'be‘characterized

to as great a degree as possible, the procedures for which are rapidly

expanding as more detailed information is required. Obviously in a

short article it is impossible to cover in any detail the various tech-

niques. The approach taken here is to emphasizeftwo important factors:

the contrast mechanism by which faults are detected and the resolution

which is necessary to study them.

To indicate the optimum use of tiemany methods currently available,

~ the characteristics of various faults are firstly discussed (section 2)

together with the spatial scale over which they extend. Conventional
methods of defect observation are then reviewed in section 3 and their
approptiate applications outlined. Finally in section 4 a relatively

recent devéiopment of transmission electron microscopy is descfibed,

" the lattice or structure imaging techhique. As this method possesses
the capability of imaging the structure of most materials at the atomic

~ level it may yield more valuable information than may be gathered by

existing‘methods.



2. Lattice Defects

ﬁost materials are érystalline and it is convenient to describe
defects in terms of the lattice structure of crystals. They may be
categorized according to the number of dimensions over which they extend
(zero—dimensional; one dimensional etc.).‘ The distortion of the crystal
lattice generaliy occurs over a volume considerably greater than the
actual center of the individual fault and thus informaﬁion should be
obtained not only at the core but also in areas far reﬁoved from it.

The latter is more readily attainable except wheﬁ ultra-high résblution
techniques are applied. Figure 1 indicates the approximéte sizes of the
various faults.

There are several types of point or zero-dimehéional defects:
vacant lattice sites, 'self-interstitial atoms, substiﬁutional soluté'
atoms and interstitial solute atoms. Self point defécts, being equili-
brium defects, must always exisﬁ in a concentration dependent on the
ambient temperature, unless a non-equilibrium concentration is
introduced by quenching from a higher temperature or by knock-on
displacement damage in a radiation'environment. They are the smallest
faults (of the order of atomic dimensions) and conseqﬁéntly are the most
difficult to study directly. Their presence, however, can markedly -
affect afomic diffugion rates and hence time dependenﬁ proéesses in the
solid state(e.g. precipitation, coarsening, creep); propérties associated
with regular crysfalline periodicity can be modified (e.g.lelectrical,
magnetic properties) and their lattice strain may alter mechanical pro-
perties and their interaction with other defects.

Dislocations in the lattice are the one-dimensional defects. Their
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behaviour under stress provides the basis forvthe plasticity and toughness
of metals and tﬁeir.presence méy cause breakdown in eiectrical devices.
Along the line of the fault thef.may e#tend cohsidérabie.distances (e;g.
the width of the crystal in which they exist) but perpendicular

their dimensionsvare at the atomic level (see fig.'l).‘ Thus infbrmation
is more readily available about the dislocation lines rather than the
distortions very close to the dislocation core. .

Interfaces and stacking faults represent the two-dimensional lattice

defects. These may be free surfaces, grain or crystal boundaries and
interphase interfaces, with dimensions varying from small (~20A x 20A for
small precipitate interfaces), medium (~100p x 10Qu for grain boundaries)

toivery large (*ms x mms for surfaces and cracks). They . are relatiﬁely

straightforward tordetect aithough it is often the features which 0ccﬁr
in the third dimension which most affect the properties of the material
(and are the most difficult abéut which to obtain daté). The three
dimensional defects aré voids, second phése particles and inclusionms,
and these also‘may éxiét ovér a wide range of scale (with small precipi-

tates having a size of ~20A, inclusions often being ~iuvand voids ranging

vfrom ~100A to as large ASv~lmm). The effect of two and three dimensional

defects on properties is generally better understood as it is easier to

correlate the associated modifications with these 1arger'scale faults.

Information may be obtained on two levels; either about indivi-
dual defects and their effect on the crystal lattice or about the
mutual interaction and distribution of the faults. The latter is

known as the microstructure of the material and it is often possible to

identify the effects of various microstructures on the properties of
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components. To observe the microstructure it is only necessary to
detect, image and identify the appropriate faults ﬁhich exist, which
is an approach generally well-known to materialsvscientiSts; Details a-
bout their fine;scale structure is then generally not required. However, for
a more sophisticated understanding of the effect of a particular fault a
detailed chéracterization is necessary, often at the highest resolution
poséible. ‘Thusvthere are two principal philosophies behind defect
characterization of‘méterials both of which aré covered in the present
article. |

The range of use of the varioué investigative techniques is also
shown in fig. 1. 1t can be seen that optical microscopy is sufficient
for detail down to ~0.5u , that séapninglelectron microscopy is appro-
priate for ~1002'd¢tail but for extremely high resoiution in which_the
atomic lattice itself may be resolved, transmission'electron microscopy
or field-ion microscopy are required.

*
3. Review of Investigative Techniques

A. Optical Microscopy ' v : : o

In materials sciencg the optical method is mostvoften applied by
reflection of light from thebsurface of the specimen. .This surface is
suitably preparéd to reveal.the microstructure of the material (e.g. by
polishing and subsequént chemical etching). Céntrast arises from.the
varying intensity of reflected light across the surface, which may be

due to natural changes in reflectance caused by composition or structural

*For a more detailed account of the various experimental methods,

see for instance Phillips (1971).
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changes or by local changes of surface angle caused by preferential
etching. A schematic example is shown in fig. 2. Various techniques
such as polarized light microscopy, dark field microscopy etc. may be

used to enhance contrast or to produce additional effects (Phillips, 1967,

1971). The ultimate resolution is limited by the wavelength of visible

- 1light and is nofmglly'given by the Rayleigh criterion:

0.61X
NIA.

Resolution =

where X = wévelength and N.A. = numerical aperture.

As X ~ 0,5 and the maximﬁm feasibie aperture has N.A. ~ 1.4,
it is not possibleﬁto redﬁce the resolution below about 0.2yu. Thé
method is not applicable to gaining information about distortions in
the atomic'lattice, for detecting the fine scale-defects‘suéh as vacancies
or dislocations, unless they can be revealed by a large scale effect such
asvanetch pit (Thomas, 1973) nor fbr gaining crystallographic information.
HoWeﬁer, it is extremely useful for obtaining a low resolutioﬁ view of
microst:ucture_and shéuld precede more high resolution, speéialist tech-
niques‘to ensure_that the appropriate level bf examination is to be cho-
sen. It has found a wide range of use in materials science in the past
althoﬁgh the more detailed information currently rquired generally needs.
applicatipn of more sophisticated techniques.

A micrograph‘illustrating the application and limitaﬁion of optical
microscopy is shown in fig. 3 taken of a Cu-Ni-Fe alloy aged at 840°C
(Gronsky, 1974). The region where the interparticle spacing is larger

than that in the surrounding material has been created by an enhanced

precipitate coarseniﬁg at the grain boundary. This effect causes
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intergranular embrittlement of the alloy, whicﬁ otherwise could have
a homogeneous and very desirable microstructure. The scale of this
reaction is clearly shown by the micrograph but nb information is given
about whether a grain with a new orientation has been nucleated or
whether grain boundary migration has occurred. This may be obtained
by transmiséion‘electron microscopy and careful e#perimeﬁtation has
shown the latter to be the case (Grénsky and Thomas, 1975). Thus
information may be obtained about grain sizes, shapevand the distribu-
tion of ﬁhases in a material, but not aboutvtﬁeir felafive orientation
nor about details on a Qcale finer than “0-2~0;5U{

B. Scanning Electron Microscopy (SEM)

Elec:rons'possess several advantages over visible light in
forming an image of an object. They are light, negatively charged
particles a beam of which can be readily focussed by electromagnetic
lenses. Their de Broglie wavelength, dependent on théir energy, is
considerably lower, being 0.1223 at10keV and 0.037A at 100keV. This
impdsésvno limitation‘on the resolution of atoms (i.e; 23 reéolution),
the minimum resolutiqn being set by lens abérrations, microscope stability
and the mode of image formation. Electron microséopy is thus preferable
to optical microscopy for high resolution purposes.

In the scanning electron microscope an image is formed of the
specimen surface by the use of a fine electron beam. (Thqrnton, 1968;
Oatley, 1972; Hearle, Sparrow and Cross, 1972; ﬁolt, Muir, Grént and
Boswarva, 1974). Besides higher resolution severél further advaﬁtages
accrue from this technique. Firstly the depth of focus is increased

by about three orders of magnitude owing to a narrow angle of
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illumination. 'Secondly,.the instrument may be used in a variety of
operétional modes by which different signals from the specimen can be
processed. _Thirdly, x-ray or electron signals ipduced from the speci-
men by the ingident electron beam may be characterised to yield data.
on the local composition. Fourthly, crystallographic information may
be_obtained'ébdut the orientation from electron channeling patterns
(Booker, 1970;.Joy 1974) or about accurate local lattice faraméters
by use of Koséel patterns from emitted x-fays (Dingley and Steeds,
1974; Yakowitz, 1974).

The regidn'near the specimen is shown schematically in fig. 4.
The fine.electron beam penetrates the sample to a depth of about
a micron depending onvthe“applied voltage and specimen material. Three
emitted electron signals are produced.n These are thé high energy
incident elgctronswhich are back-scattered with no energy loss, low
energy secondary electrons which can only éscape from a region very
close to thg,surface(within about 100&) and the Auger electrons

(MacDonald s 1975) which have low energy characteristic of‘étoms in

‘the area irradiated. These signals may be collected and processed

séparaﬁely. The incident beam is scanned across the specimen and the
collected signél will vary in intensity in accordance with the parti-
cular features of the examined area. The signal is disﬁlayed in
synchronization on a cathode~ray tube (CRT) éo that an image is
obtained of the total area scanned. The magnification achieved is
simply the ratio of CRT area to the scanned area on the sample.

As an alternative to examining the emitted electron signal, the

current passing through the sample to earth may be utilized in image
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formation. Since this is the difference between the incident and
emitted currents the contrast is readily interpretable. 1In study-
ing semicondgctor devices, a biassing voltage may also be applied to
the specimen and the contrast from thé specimen CQrfent utilised in
plotting the current flow in the device. This application is an
important diagnostic tool ;n the semiconductor industry. In addition,
emitted eleétromagnetic radiation (x-rays, or visible lightiin the
éase of cathodoluminescent materials (Holt, 1974))ca§ be used wiﬁh
suitable detectérs to fo;;Athe image. SEM is obviousiy‘an extremely
versatile technique especially when one also considérs instrumental
variables such as #bpl;ed voltage (5 - 50 kV).electroﬁ probe size,v

scanning speed, specimen tilt and collector anglé} For in situ studies,

hot, cold, deformation and environmental stages are available.

Contrast ariseé from the variation of the examined signal with
the topography and chemical composition of the'speciﬁen surface. The
most common operatibnal mode in materials sciencé'is the emissive
mode whereby tﬁe secondary emitted eléctrons are collected. The-
intensity of this signal is réughly proportional to sec 9 (Oatiey;
1972), where 0 is the angle of beam incidence, and so the brightness
of the image varies according to the local éurfacé inclination. As
only a small depth is examined, a picture is obtainedvof the specimen
surface. The eye is sensitive to relatiVely small differenées in
brightness (and can detect the appropriate contrast) but 1s less
sensitive to larger scale differences. Although the image may repre-

sent very large intensity differences from one region to another, the



eye reduces this to roughly what would be perceived from an optical
micrograph of the surface under diffuse lighting conditions (Oatley,
1972). 'Thus we can interpret the image fntuitively as we would a high
magnification optical picture, wi%h the contrast'ofﬁen being more
marked (as in fig. 5). The considerably increaséd depth of field
allows detailed-examination of highly complex materials. This is also
exemplified by fig. 5 in which it may be apprecia;ed that even parts
of the relatively flat expoxy matrix would be out of focus in #n’
-optical picture whereas the carbon fibres standing proud :of the sur-
‘face are quite dramatically shown in the scanﬁing micrograph.

The intensity of the back-scattered electronﬂbéam varies with both
inélinétion‘and average atomic number of the illuminated region (the
secondary current is relatively insénsitive to atomic number) so that
by collecting these higher energy electrons inforﬁation is obtained
about both topography and chemical compositioﬁs. As the elect;ons
come from a lérger volume of material the clariti of the picture is
redpced éompared to the emissive mode. A polished specimeh surface
may be used for qualitative information in the image about composition
aloﬁé. Conversely, the specimeﬁ current image (phe differeﬁce between
incident aﬁd total emitted currents) also yieldsvinformaﬁion about both
aspects of the'éample. |

It 1is evidenf that the resolution limit is set roughly-ﬁy the
probe size since the signal is processed from a region instantaneously
irradiated by the electron beam. In commerciél instruments possess;ng
a tungsten, thermionic emission source this is about 1002, redﬁcing

to about 50& in the best circumstances (Broers, 1969). Although



- further reduction in probe size is possible electron oﬁtically the
commensurate decrease in image intensity makes recording times pro-
hibitively long. A source with higher brightnesé can overcome this
difficulty. Praétical resolutions of. ~253 are_expectgd for a 1anthamuﬁ
hexaboride emitter and a resolution of about 34 ma& be achieved with a
field-emissidnvsourcé (Muir, 1974; Crewe, 1974; Veneklasen, 1975).
However, despite these possibilities, it is doubtful whether this
resolution capability is desirable for ‘scanning electron microscopes,
especially when one considers the increased expenSerf-the more refined
systems; Thé primary purpose of the instrument is to view ;he surface
of the specimen from which information may be obtained about the effect
of the iarger scale faults. Images'may be formed in appropriate cir-
cumstances of the'underlying finer scale defects such as dislocations
and stacking faults (Clarke, 1971; Stern, Ichinokawa, Takashima,
Hashimoto and Kimoto, 1972; Joy, Thompson, Booker and Andersen, 1974)
but are inferior to those obtained by transmission eiectron-microscopy.
It would seem more worthwhile to utilize the technique in its optimum
range (1004 - 100u) rather than attempt to compete with transmission
eleétron systems wheré the latter are superior. -

In materials science SEM finds a widescale application, for
instance in the study of fracture surfaces (e.g. fig. 6), eutectic and.
composite materials, electrodeposition and oxidationvprocesses, sinter-
ing and complex.three dimensional structures such as textile materials.
The effect of magnetic fields on the emitted electrons'alloﬁs contrast

from magnetic domains and the effect of electrical fields permits
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‘examination of semiconducting devices in operation. . (For examples, seé
references in this section ahd élso Lifshin, Morris and Boloﬁ, 1969), the
proceedings of the IIT confereﬁces (Johari, 1968f1975) and for a bib-
‘liography Jdﬁnson 1975). It is anvinvaluable investigative tool; pro-
viding superior information to the’optical microscope and éomﬁlementary
information tb ﬁhe transﬁission electron microséopef* |

C. Transmission Electron Micfoscopy (TEM)

The principle of image formation in the transﬁission electron
microscobe involves magnifying the image produéed in an electron beam . .
which has passed through a thin foil specimen of the material. (Hirséh,
Howie, Nicholson, Pashley and Whelan, 1965; Amelinckx, Gevers, Remaut and
Van Landuyt, 1970; Thémas, Fuirath;and Fisher, 1972; Glauert;“ i972; 1974;
Siegel énd'Beamah, 1975). The resolution depends on the sfabiiiﬁy of the
lens and sourcé voltage supply, mechanical stability of the micréscope
coluﬁn,réhromatic_and spheric31 aberration (particularly of the objeétive
lens which forms the first image of the sampie). Currently available
microscopes poéséés'a guaranteed line resolution of <2A with &hich it
is possiblé tobimage atomic planes in alloys and individual atoms in
ceramié materials. Micrographs cén be taken in a magnification rgnée'

. of 102-106 times, overlapping with the effective scales of optical and
'scanninglmiérOScopy.but also achieving atomic 1eve1 resolution. Thus
on the same'specimen.it is'pbssible to characterize micréstructure and

to obtain detailed information about individual defects. Furthermore,

the electron diffraction pattern of areas 1-100u in diameter can be

* A comparison of the three techniques has been given by.Heagle, 1972.
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obtained in a straightforWardvmanner to provide standard éryStallographic
data and to aid in the interpretation of the electron.image. The
technique is prqbably the most important one for the diréct characteriza-
tion of defects in mateéials.
There are three main modes_of image formation {fig. 7):

(1) ©bright field imaging, whereby an aperture is positioned in the back
focal plane of the objective lens to allow the eleétroﬁ beam transmitted
through the sample to form the imége; |
(i1) dark field imaéing, in which a beam diffracted by the crystal may
be employed. This beam'may‘be chosen by suitable positioning of the ob-
jective apertﬁre ﬁut for highest resolution the illumination is tilted
with respect to the specimen so that the diffracted beam is parallel to
the optical axis of the microscope (fig. 7b);

(1i1) léttice,or structure imaging, which méy be produced by allowing
tfansmitted and diffracted beams to form the image using a suitably
large objective aperture.

fhe diffraction pattern may be observed by focussing thé microscope
intermediate-leﬁs on the back focal plane of the objegtive lens rather
t@an oﬁ the image plane. -

.Contfast arises from several sources. '"Mass thickness" or "structure
factor'" contrast occurs'owing to‘differing electron absorozion in adjacent
parts of the specimen. This is particularly useful in twc-phase materials
where chemicai composition variations may cause corresponding variations
of electron scattering power or may give rise to foil thickness variations

by differential electropolishing behavior during sample preparation.



"Diffraction" contrast arisés because ° the’
intensity of the transmitted and diffracted eiéctrqn beams is altered
locally near a defect. For instance if the specimen is oriented for
high electron tfansﬁiSsion-(i.g. light'ﬁrea in bright field, dark in dark
field) the lattice distortion caused by adislocation may bfing the atomic
planes ﬁearby'iﬁto an orientation where strong diffréctibn.caﬁ tﬁké.
place, with the Bragg condition locally sétisfied. .Thié region will
appear dark against the bright backgfound in the bright field image and
vice vers# in the dark field image. A diSIOCation line thus appears as
a dark line in the.TEM bright field image. A similar contrast’meéhanism
operates for other lattice defects whichhgive risg to lattice distor-
tions (e.g. intefstitial and vacancy loops,'coheréntAprepipi;ates); A
grain boundary is readily recognised by changes of contrast_arising'
from the different orientations of the adjacent crystals. Stacking
faults produce contrast as the crystal periodicity is disturbed rela-
tive to surroundingvperfect crystal and they appeér as a series of
fringes or dark lines parallel to the intersection of the fault with
the specimen surface. Second phase particles are fevealed by the mass
thickness or structure'factor-contrast outlihed above, buﬁ préferably
they are studied in dark field by placing the aperture around a reflec~
tion ofiginating from the second phase itself. Only the particles
then appear bright in the dark fiéld image.r It is clear that one,
two and three diménsional lattice defects readilyuproduce cha?acter-
istic contrast effects in TEM which can be studied at extremely high

resolution (down to ~5K); This is the principal reason why the technique
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is so powerful for 'studying the microstfucture of materials.
Interpretation of the precise contrast from lattiée defects in TEM
is a complex subject requiring detailed understanding of the dynamical
theory of electron diffraction‘(see Hirsch et ai.-1965,Brown, 1971). How-
evér, by systematic experimentation it is possible to uniquely ideﬁtifythe
character of the fault. The habit of the fault (i.e. the line of a
dislocation, thé'plane of a stacking ‘fault or grain:bahndary, the shape
of a precipitate) may be found by trace analysis, with the specimen
orientation established from the diffractionvpatternvqf the area of
interest. A three-dimensional view of the microstructure ﬁay'be obfained
by a stereo pair of micrographs of the same area. The nature of the
fault (e.g. Burggf’s vector of a dislocation, displécement'vector of
a stacking fault, misfit of a coherent particle)vis'found by a series
of contrast experiments perférmed on the same area of fhe foil. The
specimen is generally oriented close to "two beam diffracting conditions"
(i.e. oﬁly one diffracted beam, g, has high intensity and is close to
the Bragg conditioﬁ) and the behaviour ﬁf the defeqt image contrast in
this and in a éeries of such diffracting conditons ié carefully recorded.
. By suitable choice of g the character of the fault may be found. For
example the Burger's vector (é) of a dislocation may be dgtermined.by
finding conditions under which the dislocation image‘disappears (or

possesses weak contrast). This occurs when g.b = 0 i.e. the Burgers

vector is perpendicular to the operéting reflection. Figure 8 shows
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the variation of contrast of interfacial dislocations in partially
coherent preeipitates in a Cu-Mn-Al alloy in differeht diffracting
conditions. .Figure 9 shows hoﬁ suchlexperiments can be used to identify
a fault in a more complex material,vin this case liehium iron spinel."

In addition to defect Characterieation more detailed information
about faults may be derived>with,the aid of computer.simulaeion.
Applicafion of dynamical electrdﬁ diffraction theory'for.interpreta-
tion of contreet is well established (Head, Humble, Clareborough, Mofton
and Forwood, 1973). It is possible then te adjust parameters describ-
ing the defect'(e.g. lattice distortions near a dislocation) until exact
fit is found between the simulated aﬁd'experimentel image. A detailed
model qurthenﬂbevfeund‘for the configuration of the iattice.defect itself.
Fufther refinement is possible due to recent advances in image‘formation.
The»image width of a fault is often much greater than the true width (e.g.
disioéatidn images are ~100& wide whereas we envisege a dislocation core
as being only ~3 atomic diameters wide). It can be considerably reduced
by imaging'nof conventionally in strong two beam conditions, but by |
forming either a dark field image using a weakly diffracted beam (the
‘'weak beam method (Cockayne, Ray and Whelan 1969, Cockayne,'l974)) or
by takiné a bright field micrograph with a high order reflection close
to the Bragg‘condition (Goringe, Hewat, Humphreysvand Thomas, 1972). |
Dislocation images can thus be redueed to about lsﬁyand a much clearer
picture of the defect is revealed (e.g. fig.9f,10). Accordingly, a more
satisfactory model 6f the fault can be used for the simulated image (e.g.

Cockayne and Vitek, 1974). It may be noted that this approach for
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finding suitable defect models is subject to the limitations imposed
by approximations in the appropriate theories. A more satisfactory
method is direct imaging of the atomic lattice, as described in section
4,

Most materials can now be thinned sufficiently for transmission of
100kV electrons (either electrolytically (metals), chemically, by
cleavage or by'ion bombardment (ceramics)). A raﬁée of specimen stages
is available for in situ studies, as for SEM, and thekincreasing
availability of high voltage instruments (up to 1.5MeV commerciall&)
allows more sophisticated experimentation (Swann,.Humphreys and Goringe, .
1974). Not”only can thicker samples be examined, which is useful for
materials difficult to thin and for experiments on foils which are
more representative of bulk materials (e.g. Butler and,Swann; 1975),
but an environmental stage can also be incorporated due to ahe greater
space between thé objective lens pole pieces. Thus it is now possible
to stady solid-gas reactions in the microscape in aICOntrolled atmos-
phere at high temperature (e.g. Flower and Swann, 1974) and phase
transforﬁations in materials which would degrade in the normal vacuum
of the microscope (e.g. van der Biest, Butler and Ihomas, 1975).. |
‘Furthermone,_the high energy electrons are capable of displacing atoms
from their latticé sites so that in situ radiation daﬁage experiments'
are also possible (Makin, 1971; Laidler and Mastel, 1975).

In summary the current applications of TEM include complete
characterization of one, two and three dimensional lattice defects,
study of phase transformation processes either in selected samples

or in situ in appropriaté high temperature stages, phase analysis
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of complex_méterials' from electron diffraction patterns, crystallo-
graphic anél&sis of defects and transformation processes, environmental
reactions énd fadiafion damage. chh of the desiréd information
concerning ﬁhe relatioﬁship of structure and propéftigs of matefials
may be gained from TEM.

D. Scanning Transmission Elécﬁron Microscdpy (STEM)

The scanﬁing transmission electron microscope coﬁﬁines various
advantageé of the transmission and scanning microséépeS'(Crewe, Wall
aﬁd Wélter, 1968; Crewe, 1974; Cowley, 1975; Thoﬁpson, 1975; Créwe,
Langmore and Isaacson, 1975). A thin sample is used (as for TEM), a
fine beam is scanned across the specimen  (as for SEM) and the trans-
mittéd elect;ons are collected and processed for display on a CRT
in synchronizatibn‘with the scannéd incidenf beam (heﬁce STEM); Under

normal circumstances the contrast in the image is identical to that in

TEM if a small enough collector angle is'used, according to the princi-

" ple of reciprocity (Cowley, 1969). Thus, it is possible to image defects

at high resolution directly in the STEM. Standard electron diffraction

pétterns may'also‘be-obtained by. rocking the beam on the spgcimen and
becausg of the small probe size extremely small areés can be selected
fo; analysié (~30A diameter compared tq ~1u diameter for TEM (Geiss,
1975a). | | |
Sevéfalﬂcémmercial TEM's have atféchments to éllow conversion to
STﬁM'pperation but their resolution is limited to about 30A by the pfobe
size aﬁd thermionic sdurce brightness. By use of a field emission elec-
fron sourcé the probe size can be reduced to ~3A with high iﬁtensity.
Consequently the resolution achieved can be similar to tha; of present

TEM and with higher accelerating voltages it is predicted
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that resolutions lower than 1A will be attained (Crewe, 1974). One of
the first commercial STEM with field emission source has recently
been announced (Banbury, Drummon& and Ray, 1975) with 3.12 lattice
fringes of silicon readily resolved (fig. 11).

Apart-from the micrpdiffraction capability of STEM there are

several other advantages over TEM. Firstly an imagé'can be obtained
idn the CRT at magnifications up to 20 x 106 timeé, and relatively
rapid exﬁqsures taken at this level, compared to ;ypical maximum TEM
magnificatiohs of 0.5 -1x 106 times on the final viewing screen.
Secondly chromatic aberration does not limif resélution from thick
specimen areaé as it does in TEM at similar applied voltages (80-120#V)
because there are no lenses after the specimeﬁ. -The inelastigally‘
scattered electfons can be separated from the unscattered beams prior
to image processing to improve the image contrasﬁ.' This yields a
considerable increase (ébout five fold) in the specimen thickness

thét can be examined at high resoluﬁion which is comparative to the
‘'gain achieved by high voltage TEM (e.g. fig. 12). Thirdly the energy
loss spectrum from the specimen is readily available in the STEM and
may be obtained with a commercial instrument wheréas energy loss
analysis in TEM is confined to a few prototype instruments. Fourthly,
energy dispersion analysis of characteristich-rayé produced by the
electron irradiation (for composition determination) is also readily
available on the STEM, as it is for SEM. Fifthly, the gun chamber of a |
emission STEM must operate at an extremely good vacuum (10-11 torr)
so that the specimen may also be maintained in good vacuum with a

corresponding very low contamination rate.
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The advantages of a STEM instrument over a coﬁveﬁtional TEﬂ appear
to be significant. However, the cost is correspondingly greater.and
so it seems that defect characterization will continue to be performed
on TEM, with STEM remaining a specialist instrumeﬁt‘fbr the next few
years. Ultimatély, it is predicted that work currently carried out
on TEM will be taken over by STEM. | |

E. X-ray Microscopy* (Topography)

As the wavelength of x-rays is coﬁsiderably lower (A ~ 13) than
that for optical iight it might be expected that x—fay microscopy
(often known és_x—ray topography) would also improve the}resolution
poséible for defect studies. However, it is extremely difficult prac-
ticélly to focus x~rays in the same way as light or eléctroﬁs for the
following reasoﬁs, Firstly, their refractive indéx is close to unity"
for all materials and they are rapidly absorbed. Hencg the'design of
optical~type lénses with low aberrations is not possible. Secondly,
being electromagnetic radiation their beam path is7uﬁaffected by
électrostatic or magnetic lenses. Fufthermore, the detection and
informational display of x-rays is less efficient tﬁan for light or-
electrons so thét instantaneous information about sémple areas would
not be possible with current technology. X-ray microscopy is the;efore
confine& either to diréct one-to-one images which may be'énlargéd

photographically from high resolution photographic film or tomagnifications

*The information which may be derived indirectly from analysis of

diffracted x-ray beams is not considered in this article.



-20-

of upvto 100 timés with various geometrical arrangements. The
best resolution possible is about 1u which is on tﬁe same scale as
optical microscopy.

The reason_that‘x—ray microscopy is used is that direct micrographs
can be takeh,'at low magnification, of latticé defects in large areas
of bulk materiais. Optical microscopy relieé on indirect methods such
as etch pitting for information about finer scale defeéts such as dis-
locations; ‘However, the x-ray image is comparable to the electron image,
with similar confraét for dislocations, stacking faults,'vacancyfloops,
low anglé bouﬁdaries, etc. (Young, Baldwin and Sherill, 1967; Authier,
1970; Lang, 1970; Wu and Armstrong, 1975). Dislocations for instance
appear as a black line in incident beam images but lack of resolution
limits the line width to a minigum of about 2y (c.f. dislocation
imaée widths as narrow as 15A may be produced by TﬁM; éee section 3C).
It is impOrtaht to realize that x-ray microscopy does noﬁ,_and can
not, compete with transmission electron microscopy fsr high resolution
detail.' Its advantage comes from the ability to produce a picture of
the defect distribution in bulk sized specimens, confined t6 those
cases where low.defect densities.are'expected, for example silicon
siﬁgle crystals for semiconductor deQices. (An estimate shows that
for a dislocation image width of 10u, individual dislocations will

-not be resolved if their population density is greater than 106 cﬁs—z

).
Micrographs may be taken in the back-reflection (Berg-Barrett)'mode

or the transmission'(Lang) mode for thin‘saméles (see Lang, 1970;
Armstrohg and Wu, 1973) and the picture may be recorded éhdto-
graphically or by diffractometer methods. An example showing.dis-

locations in silicon is illustrated in fig. 13. Thus for specialist
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applications, most notably examination of crystals for electrical
devices, the x-ray microscopy method may be preferred for general
examination over optical or electron microscopy; although for detail
on a high resolution level the latter would be utilised. .

F. Field Ion Miérdscopyv(FIM)

A technique which can resolve individual atoms deserves consideration
as a tool for studying lattice defects. The field ibn microséope (Muller
and Tsong, 1971) forms an image of a highly curved, approximateiy.
hemispherical surface of metals and where this surface is parallel
- to ﬁigh index planes in the lattice (e.g. {420}, {531} ) the individual
more widely spaced atoms (23& sepération) can be discerned. Image
formation occurs by the ionisation of a suitable gas (H, He, Ne, Ay)
at positions on the positively charged surface where atoms protrude,
generally the outermost atoms on a plane layer (e,g, fig. 14). The
newly formed positive.gas ions are then attradted away from the specimen
to a fluorescent screen at ground potential or more commonly to an
image intensification system. The resultant image is approximately
a stereographic projection of the surface magnified by the ratio of
tip-screen distance to tip radips, typically 106-107 times, A series
of sections can be studied by removal of a controlled amount of material,
atom by atom or plane by plane, on raising the tip voltage to the level
where the specimen atoms themselves are attracted away (field—evapora—
tion) thus giving a three dimensional view of the sample. In the high
inde# pole regions a columm of material (*20—402 in diameter) may be

‘examined atom by atom.
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Cdntrast can occur on two levels: at the atomic level either by
preferential gas ionisation over one atomic speéies inkanballoy (i.e.
a brighter image spot (e.g. fig. 15))or by preferential removal of
atom species;.at a lower level by higher or lower ionisation (hence
image brightness (e.g. fig. 16))at the defect or by mddification of

the crystallographic nature of the image;

The techgique isva highly effective one for studying atomic dis-
tributions but still remains a specialist research tool which does not
appear to be readily available. There is no profitable industry behind
FIM and hence ins£rumenta1 development is slow and confined to prototype
instruments and the number of competent users is also correspondingly
low. Only a very small statistical sample can be analysed And often
it ié not possible"to gain an adequate perspective of microstructure.
The correiationvdf structure and properties is more readily obtéinéd by
TEM, SEM and optical microscopy, and these latter‘techniques find more
wide scale use as they can be emplbyed to solve immediate problems which
may arise in the production of components as Weil'as.providing a basis
for understanding the fundamentals of materials science.

Several further difficulties arise in applying FIM. Although the
specimen may bé»studied atom by atom, the image of thé,atom positions
is diétorted from the trué lattice positions by the extremely high
electrical.field; Thus the distortion of the crystal lattice near
defects may not be studied. Secondly, most of the area of the image is
taken up by the characteristic low index pole rings. Information caﬁ
easily be lost between these rings (or plane ledges), which are typically

~20Z apart, and thus atomic detail is not achieved in these areas.
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Thirdly, the specinen must be able to achieve and sustain a high
electrical field at its surface and therefore must be a gooddelectrical
-conductor. Tnis confines_most studies to metals, although not all
(e.g._Al, Mg,»Zn, Ti) can withstand the high electrostatic.forces on
the tip during operation; Fourthly, crystallographic informationisuch
as orientation relationshlps may be found after detailed analysis but
- are often more readily available from techniques involv1ng diffractlon
Neyertheless, if a problem in materials science requires a solution

at”tne atomic level, a well-chosen experiment by FIM is often superior
to conventional methods. It is the only tool which can currently

image, as a matter of routine, individual point defects in metals.
rThis capability has proved useful in studying the distribution of
vacancies and interstitials after radiation damage (O'Connor and Ralph,
‘1972; Robinson, Wilson and Seidman, 1973) and in determining atomic
arrangements in dilute alloys (Gold and Machlin, 1968), in order-disorder
systems (Berg, Tsong and Cohen, 1973) and.in orderedrprecipitates
(Sinclair,vLeake and Ralph, 1974) (e.g. fig. 15). The images of non-
dilute alloys (e.g. complex steels) are difficult to interpret.due to
the dieruption of the characteristic ring pattern by the behaviour

of the various atomic species Bbch to field evaporation and_ionisation.

Some useful high resolution information has been obtained about

dislocations by FIM (e.g. Smith Page and Ralph, 1969; Taunt and Ralph,‘
1974; Seidman & Burke, 1974) but so few dislocations appear in an image (one-
every few specimens) that reliable statistics are rare and it is more
convenient to scan thin areas in TEM and.image in weak beam or high

order bright field conditions for high resolution detail (section 3C).
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Grain boundary topography may be obtained at a resolution of about 5&:
and the ﬁechﬁique appears quite promising in this fieid. Finding a
suitable grain boundary is tedious and may be aided by high voitage TEM

(Smith,Smith, Taylor, Goringe and Easterling,v1974), but very little of the
grain boundary.aréa can be mapped in detail (e.g. albOOK X 500&). The
statistical sample may alwéys_be questioned when the analysis is.exﬁrap-
olated to explain_bnlk behaviour (Murr, 1975), 5ut_a quite detailed
picture of boun&aries can be built up. In analysié 6f three dimensional
,defeéts, the method is particularly useful where there is a high defect
number density (e.g. fig. 16). FIM can often yield information about
homogeneous reactions (e.g. homogeneous nucleation (Driver and Papaziah,
1973), spinodai decomposition (Sinclair et al 1974) and ordering‘(Tauﬁt and
Ralph, 1974)) which may be lacking in conventioﬁal_methods due to lack
of resolution or overlapping of fine detail (FIM is a surface technique).
Chemical data can also be dérived about very small regions by use of an
atom probe FIM (Muller, Panitz and MacLane, 1968) in which individual
atoms can be identified.’

Thus the technique is extremely useful in obtaining atomic detail
about radiation damage, grain boundaries and phase traﬁsformation
processes. Its role would best‘appear to be complementary to the.other
techniques to pfovide specialist detail which is not a§ailable from the
alternative.methods. |

G. Methods of Local Chemical Composition Determination.

The localized segregation of the constituents of a material will
affect its properties to an extent depending on the scale of the effect

and the property under consideration. For inétance, segregation or
i : ‘
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clustering aﬁ.the atomic level will.affect electricél properties to a
lérger degree than it would fracture touéhness; 'Conversely'grain boundary
éegregation and precipitation éoﬁmonly affects toughness bﬁt need not be
congidered for electrical devices made from large single crystais. Thus,
chgnicgl investigétion on a wide range of scaie is desired‘by ﬁhe matér-
ials scientist. Amongst the various investigative;techniques.for direct
defect observatién described above,modificatidns pf the basic approach .
also allowé local chemical composition to be established in known areas
and these methods will be described briefly in this section.
(1) Optiéal Methods

The contrast obtained in polished and etched specimens can often
‘indicﬁte‘compdsition differences on a scale within the limit of the
.optical microscope. It is not pbssible, however, to establish quantita-
' tively the deéree of segregation nor to idgntify particular phases which
may be preéentwithout recourse to other techniques. Thus, optical
mic;oscépy may be used as an indicator but not when detailed information
15 required;

(11) SEM Methods

The largé amount of sﬁacé available near the specimen in the. scan-
ning e1ectron mode allows the positioning of de#ectorSYSuitable for
idéntifying characteristic emitted radiation. The inéideﬁt electfon
beém excites electrons in the atoms of the speéimen to higher | energy
states. On subsequent decay to lower energies either charaqteristic
electromagnetic radiation (x-rays) or characteristic_(Auger) electrons
are emitted. The signals can be processed to determine either quantita-

tively the amount of various species in the area examined or to yield
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a picture of the distribution of a particular‘speciés.

The characteristic x-rays may be analysed for_wavelength.using a
crystalspecfromeCerarrangement or directly for energy using an energy
dispersion aﬁalyser (Belk, 1974; Philibert and Tixier, 1975). The
former has superior characterizing resolution although with recent techno-
-logical advances in detector systems (e.g. lithium drifted silicon diode
detectors) this advantage is lesé marked and the two are comparative at
high x-ray energies (~1& wavelength).(Gedcke, 1974; Kandiah; 1975). The
latter is superior in efficiency of detection and may be prefefable for
scanning microscbpf applications. Elements next to each other in the
periodic table can generally be distinguished but fhe analysis of lighter
elements is still difficult. For quantitative aﬁalysis it is preferable
to obtain, from“suitable standard specimens, the vﬁriation of character—.
istic x—réy intenéity with material content near the range of interest
and for optimum quantitative data purposeQbuilt electron probe micro-

~ analysis equipment should be used.

Tﬁé'practical spatiél resélution is set by the size of the region
from which x-rays are emitted; which depends on the probe diameter, inci-
dentelectron energyand the constitution of the_regioﬁ‘from whichvexcita
occurs. A sufficiently high intensity x-ray signal must be produced so
that in commercial instruments probe diameters are ﬁdt usually sméller
' than lu. The x-rays also originéte from a depth of this order so that
volumes ~1612¢ms3 may typically be analysed. The analysis. of small
particleé should be treated cautiousiy as penetration of the beam through
the pafticle to the underlying matrix may cause errors in the composi-

tion determination.
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Auger elegtrons are most éfficiéntiy excited ﬁy iow_enefgy incident
electrons (e.g. 1-5 kV) compared:with the higher energies favorable for .-
 x-ray éxcitation. The penetration of the electron probe is low and energy

loss of the Auger electrons on exit from the sample réstricts analysis to
.surface'layers‘of the specimen (~10K depth). The Spafial resolution is
similar to the other electron probe techniques (Machnald, 1975) and
thus the volume ahalysedis sﬁallerthan for x-ray detecﬁion. This is
advantageous for studying the'comﬁosition at surfaces e.g. fracture sur-
faces may be analysed for the presence of deleterious constituents which
may be in too low a concentration for deﬁéctioﬁ by other means. A three
‘dimensionél_analysis can be performed.bj stripping the original surface
By ion sﬁuttering, although eventually this will iead to a £ough surface.
The efficiency of Auger'électron production does not fall off With
atomic numbér  as rapidly as x-ray production so that this method is
~ superior for analysing light elements. One disadvantage is the necessity
(énd expense) of extremely good vacﬁum at the specimen in order to
ensure minimal sufface éoﬁtamiﬁation so that the true surface is being
éxamined.'

(iii). Transmission Electron Methods

Fdr higher.resolutibn analysis it is necesséry.to utilise trans-
mission methods. However, the incorporation of detectors for emitted
radiation in fEM is considerably more difficultldue to 1ack of space
near the specimen and very.few TEM instruments take advahtage of tﬁe
characteristic‘radiations. The commercially available electron micro-
scoée with microanalyser (EMMA -4) péssesses an optimum resolution of

about 0.1u. Alternatively, it 1is possible to study the transmitted
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electron beam to establish the spectrum of energies due to interaction

of electrons with the elements of the crystal through which the beam hés
passed. Tﬁe energy loss is dependent upon the species wiﬁh which inter-
action has occurred and thus can be usea for chemical énalysis. The
spatial resdlution can be reduced to ~1003 by suitable choicé of slits to
select the transmitted electrons.v An example of a'éomparisén of electron
velocity énalysis with an EMMA analysis of the saﬁe‘specimen areavis
shown in fig. 17. A disadvantége of electron energy or velocity analysis
is that only low atomic number elements haQé narrow énergy loss peaks
and are suitable for such analysis (e.g. Al,.Mg, Be)._ Thus superior
resolution is gained at'tﬁe expense of being able to. study only a few
"model" systems. Also an energy loss analyser for TEM is not widely
avallable and.the technique is also confined to a few profotype instrﬁ—
ments.

Cdnversely STEM insﬁruments can readily be designed to include
provision for both x-ray and energy loss amnalysis. Furthérmore, the
ineléstically scattered electrons may be Separated from the unscattered
beam a;d utilised in image forma;idn. As the probe size is also con-
siderabiy smaller than fo; conventional SEM it seéms th#t improved reso-
lution for analysis will be possible with STEM. ‘The versatility of
STEM indicates that it could be an exciting development in the micro;
analysis field.

(1v) Direct Atom Analysis

Atoms removed from the surface of a specimen may be suﬁsequently

analysed.by a mass spectrometer for identification. This is the principle

of secondary emission analysis whereby ions are removed by bombardment of the
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sémple with a béam of positive ions (Casﬁaing, 1975). The resultant ion signal
may be directly characterized or focussed and a particular element chosen.
to form an 1magebshowing the distribution ofvthis species. The resolu-
tion is ~0.5u, slightly supérior to conventional eleétron probe.methods;
and in princiﬁlé 1t'isfpossible to analyse for any'glément or isotope.

The atom-probe field-ion microscope is capable of analysing single
atoms chosen from a FIM.image by timing the flight of the ioﬁ ﬁetWeen
specimen and détector. fhe composition of extremely tiny'régions can be
obtained (e.g. Goodmén, Brenner and Low (1973)found the composifion of
Cu-rich C.f. zones during the initial stages of prééipitation in
an Fe—Cuvalloy);. As the statistical sample is normaliy small (~103-104
atoms analysed) the e;periment must be chosen Carefully'if the results are
to be projected_aS'representative of the bulkvof the'ﬁatérial; but for
studies of ver&‘fine scale segregation pheﬁomena in metals this is obviously
an extremely ﬁowerful technique. | |

4. Lattice and Structure Imaging

Current transmission electron microscopes p&sséss the éapability
of 28 11nere$olution and 3.54 point—to-point_résoiuﬁion. Thus by suit-
~able chbice of imaging conditions it 1is possiﬁle.to‘;ﬁage directly“the |
fcrystalliné lattice itself. An inéreasing améﬁnﬁ of research has been
' 'devotéd_ ovef the past five yéars to estéblishing the conditions under
‘which lattice images can be satisfactorily and readily interpféted iﬁ
terms éf the real lattice of the specimen. The_advances thch have been

made aﬁd some applications of the technique will be illustrated in this

séction.‘
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Two types of image are taken at present: one dimensional lattice

fringe images and two-dimensional lattice structure images. In the one

dimensionallimage,electron reflections perﬁéndiculér to the desiréd
_imaging planes ére strongly excited by sqitably til;ing the specimen and
infofmation.ié derived from only one set of atomic planes in thé crystal.
This technique provides useful infqrmation about me;als and other clbse—
packed structures where it is difficult to obtain répresentative two-
dimensional imagesf The structure image may be taken of more complex
matérials with la?ger unit cell dimensions. The iﬁterpretable resolution
limit is only ;3.52 point-to-point at present.(set'by the combination of
incident bgam di&e:gence and spherical aberration of the objective lens
(0'Keefe and Sanders, '1975)) and thus this approach is only apbropriate
for complex structures.

The experimental variables which affeét tﬁe lattice image aré now
well established (Ailpress and_Sanders; 1973; Lynch, Moodie and d'Keefe,
1975; Sinclair, Schneider and Thomas, 1975) .. They are:

i) The number of electron beams allowed through the‘objéctive
aperture to form.the image. For satisfactory structure images a minimum
number of about 20 reflections is thodght necessary for periodic images
(Lynch et al, 1975). As the size of the objective apefturg, and sé number
of chosen beams, increases the spherical aberration of the objective lens
cauéeé too great a phase shift with respect‘to the transmitted beam and
eventually loss of resolution is eﬁcountered.' An objective aperture of
40—50u.diameter is typically employed. Many ﬁeams from all directiéns in the
crystél are used in image formation, with the diffraction pattern normally

‘get close to a low index zone orientation. At appropriate microscope
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settiﬁgs‘the imagé répfésents a projection of tﬁe elegtron.density iﬁ the
- specimen and may Be_intérpreted accordingly (Co&ley and Iijima,:1972;
0'Keefe, 1973). in fringe images only two or three_beams are utilized,
although for metals it is intereéting that this reqhires.a similar aperture
size to that used for complex strucfufe imaging.

i1) The'orientatién bf‘the specimen. .As outliﬁed above, a systeﬁatic
row of refiectidns is used for léttice.imageé whereas a complete zone
is utilized in'struCture imaging. It ié important to be very close
to an exact Bragg reflecting condition for the former (Hirsch et al, 1965;
Sinclair et al, 1975) andAto the exact zone axis in the latter case
(I1jima, 1971, 1973; Cowley and Iijima, 1972).

ii1) The objective lens setting. The lattice image is essehtially -

a phase contrast image formed by interaction of electron waves with various

amplitudes and phases. Because of the spherical aberration of the objective
lens electron beams off the optical axis of the ﬁicroscqpe suffer a phase
delay with respect to the central beam which méy be cbuhféféctéd'by

defocus of the .objectivevlens f;om‘the true Gaussian focus plane. 'The
amount of defécus (optimum defocué condition (Scherzer, 1949))depends for
each microscope on the spherical aberration/coefficient. lFof the JEM

100B used by Iijimé the optimum defocus is 9002 (Cowley and Iijiﬁa, 1972).
For the Philipé EM301 used by the'presentbauthor for superlattice imaging

in Cu3Au the value is 3004 underfocuéb(Sinclair et al, 1975). The exact
setting must be found for each case by appropriate éalculations or in

practice by chéosing the most suitable image from a through-focus

séries of miérdgfaphs.

.
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iv) Séecimen thickness. By increasing the thickness of a TEM
specimen thg intensity of transmitted and diffracted electron beéms is
affected. Thus certain thicknesses afg oétimum‘for‘suitable images and
ﬁhese may be found by the éppropriate calculations or by inspection of
the 1magé of wedge-shaped specimens. For structure images foiis 51002
thick are,preferred‘although an idéntital image may be obtained at
much greater ;hicknesses (e.g. in H-szosvthe imagebat 500-800A thick-
ness 1is identical”to that in the thin sub-lOOZ area (Fejes, Iijima and
Cowle&, 1973). For two beam fringe imagés, the optimum thicknesses
occur at &g/4, 353/4, 58g/4, etc-.(€g~= extinction distance of the
reflection) with the fifst being the best (Phillips, 1971). It is
desirablevtherefdre to have thin, high quality foils for_lattice'
imaging, which may be prepared from bulk in the normal way (see sectioﬁ
3C) or, for metals, preparéd to the optimum thickness‘by vapour deposi-
tion techniques (Sinclair et al, 1975).

Various other considerations are also important. The mechanical,
electrical and thermal‘stability of the microscope must be_extfemely
good to allow ZZ'resolution, especially since exposure times up to |
60 seconds may be'reduired. Specimen drift (e.g. due to heating or.
chargipg in the intense electron beam) must be minimised and the material
should not degrade in the beam (this is a serious problem‘in imaging
organic materials at high resolution). The contamiﬁation rate should
be low. The objective aperture should be positioned carefully to
reduce any effect it may have on the electron beams and it should
preferably be of the thin film type which suffers low contamination. It

is also extremely important to correct the astigmatism of the objective



lens as carefully as possible. This should be done on the area

under examination and should be recorrected after any changes of

specimen poSition, orientation or even objective aperture,location.

Finally;'it.should be emphasized that the'interpretation of the
images and the:determination of qptimum experimentai conditions is
_best apprdached py theoretical image simulation. 'Ecr structure images,
phase grating multifslice calculations are preferred whereas for the simp-
ler fringe images the Bloch wave method of dynamicaiieiectron diffraction
theory may be utilized. In this way ambiguous or incorrect interpreta-
tion may pe avoided.
C A. Ceramits'
| Fringe imaging was applied to examine defects in ceramics before

the higher resolution structure imaging was attempted (e.g. Allpress

and Sanders, 1972). Information was obtained about planar defects in

the NbZOS-WO3 and Nb205 TiO systems which are present to accommodate
non-stoichiometry from crystallographically simpler structures. Else~
where fringe images_have been used in studies of phase transformatiqns in
orthopyroXene (Vander.Sande and.Kohlstedt, 1974; Champness and Lorimer,
1974).and defects in'hexagonallferrites (Van Landuyt, Amelinckx, Kohn

and Eckart, 1973, 1974). However, the most important work en ceranics
has come from structure imaging.

At the appropriate underfocus the structure image can be interpreted

in terms of a projection of the charge density of the material (Cowley
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and Iijiﬁa, 1972); jThus in metallic oxidee the projection of metal
atom rows appears dark on the image whilst tows ef'oxygen atoms appear
light. Metal atoms too close to one another fer resolution appear as
darker regions than those which can be resolved by the microscope.
The image is eseentially a charge density map of theestructure. An
example of this correlation between the eiectron structure image of"
Tiszloo29 and_;he projection. of the struceurelas established.by x-ray
diffraction is shown in fig.lBa,bahdthat for a siiicate (beryl) in
fig. 18d. Other materials so imaged include various Ti, Nb and W oxides
(Iijima and Allpress, 1973, 1974), silicates (Buseck and Iijima, 1974),_
wustite (Iijima, 1974), perovskite polytypes (Hutchison and Jacobson,
1975), and tournaline (Iijima, Cowley and Donnay, 1973). :The correlatien
between.the etructure and projected images indicates thaf structure
determination itself is possible 1f a'reasonable basis of the'structure
is known. Examples whereby ambiguities of x-ray structures were
resolved in va:ious tetragonal tungsten bronze type materials in the
Nb205-W03 sys;em have been described by Iijima and Allpfese (1973, 1974).
The advantage of using a direct technique such as microscopy to
view defects is that their nature end distribution can be observed
directly on a pictﬁre; The further advantage of structure and fringe
imaging is that the atomic arrangement at the defect can be seen.  An
example of the effect of a planar defect on the atomic arrangement in -
H—Nb (Iijima, 1973) is shown in fig. 19. The change of stacking
sequence is quite clear and a shift of the fault plene is also revealed

at the atomic level. Point defects in Nb12029 and Nb O54 (Iijima,

‘Kimura and Goto, 1973, 1974) are shown in fig. 20a,c. A model for the
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lqefect based on local changés of metal atom positioning is showﬁ in
fig. 20d for the latter. vIt is interesﬁingﬂ th#t after a few minutés
irradiation under the electron beam these defects can be méde to
' disappear (fig. 20b), although in somevcases they reappeér in different
parts of the:image (Iijima et al; 1974). This indiéates that tﬁe.dark
spots. are very likely to be point'defects which can .be induced.tb_
diffﬁs; by beam heafing‘or irradiation. Thus the structure imaging
'-téchniqué is‘cépable of imaging even point defects.in‘materials aﬁd
gives much unequivocal data on the character of defgcts‘in ceramics.

B..Metals |

In metallﬁfgy, in which the crystal structures are simpler, much
of the in;grest has centered around aéplication of the method té defect
and phése Efénsformétion studiés. Considerable exéitément wasvaroused
a; the fifst direct lattice fringe image of a dislocation whereby‘a '
terminating atbm plane was surrounded by planes distérted from theif
natural pqsition‘(e.g. fig. 21afr§m Phillips and Hugo, 1970). 'If was
supposed'that plane distortions could be measured diregtly from the
image. HoweQé:; Cockayne, Parsons and Hoelke (1971) showed thaf, since
very few_diéldcations lie Rarallel to the imaging planes, the inclination
of fhe dislocation line will contribute stronglyvto ﬁhe observed ffinge
PQSitions. ‘FtOm simulated images it wés learned.that.£hete is not in
general a one-to-oné correspondence between fringe and atom planei
positions in such circumstances. It can be seen for instance in fig.'Zl
that the fringe distortioﬁs>are ﬁot symmetricallwith resﬁect.to the
. terminating fringg, with greater disruption of tﬁe image on the right;'

whereas the atomic plane distortions should be symmetrical about an

i
t
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1soiated dislocatien. Thus one must be extremely‘cautious'in choosing
faults for aﬁalysis by lattice imaging. Care must also‘be taken over
other electron optical effects, such as fginge bending at the edge of
thih foils, the causes of which are outlined by Hirseﬁ et al (1965).
Nevertheless, it is becoming clear that, as in structure images, if the
fault lies parallel to the imaging planes .then fringevimages may be
associated with atoﬁic piane'positioné (for a disloeationvthis may be
ensured by a perfectly symmetrical lattice fringe ﬁattern about the |
terminating fringe (Cockayne, 1975)) as in Fig. 21b, and that lattice
imaging may be utilized for studying defects in appropriate circumstances.

The superior information a?ailable from lattice imaging of alloys
‘over coﬁventional imaging modes is illustrated by fig.j22 which
compares ;he lettice image and superlattice dark fieidiimage’of an
antiphase boundary (APB) in ordered NiaMb. In the.laﬁter the boundary
is revealed as a black line on a.white_beckground, in some regions ~ZOK
thick. The translation at the APB must be determined by series of
various dark field micrographs. However, the lattice image can’be
taken as representing the positions of the Mo plane of atoms, which
occur every fifth plane in the superlattice with the other planes being
"~ all Ni. The continﬁity of the fringes (atomic planes) is shown to
ﬁitpin an atomie diameter of the fault. From calculétions_of the fringe
vigibility with degree of long range order it is establiehed‘tﬁat little
change in degree 6f‘erder occurs up to the APB. Itvcan be seen directly
that the left-hand side is shifted upwards by the two-fifths of the
superlattice spacing (i.e. two fundamental 1attiee planes) with respect

to the right and that there is a local change of spacing (and hence
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composition) where the boundary bééomes parallel td the imaging planes
(arrowed). Considerably more information i; present‘in'the lattice
"image which is nét available,from'the éonyenfional microg:aph.

| A lattice imagé'of fully ordered-ﬁgSCd is shown ip'fig. 23, in
which the domain structure and seﬁerai:faults are‘clearly.revealed.
The orientation of each domain is shown directly and the very flat
#rystallographic nature of the domain interfacés is 1illustrated. A
further comparison of the lattice and dark field image is shown in
fig. 24 for partially ordered MgSCd. The bright areas in the super-
lattice dark field imagé repreSenf ordered regions, the dark regions are
disordered. In the lattice image this is revealed by differences in
fringe spacings with double periodicity in the ordered material (Rocher,
‘Dutkiewicz and Thomas, 1975; Sinclair and Dutkiewicz, l975); In some
regions ribbons of ordered material are present in which the interface
shows a slighﬁ‘ﬁending. The lattice image reveais wh&Ithis oécurs (fig.
25). There are discrete unit cell high sﬁeps at ;he interface which are
‘not fevealé& in the dark field image.- This suggeéfs that the mechanism
of ordering in thié alloy is one of movement of these stepé acr§ss the
interface and this would also account for the flat domain boundafies
found in the fully ordered alloy (fig. 23). Again it can Be Appre;iated'
vthat superior information is available-in thevléﬁtice‘image. |

To date, the technique has been used to study dislocatiqns and

twins in various metals and semiconductors (Phillips; 1971) radiation
- damage in copper (Howe and Rainville;-1972) precipitation and single
atom layer G.P. zone>formation in Al-Cu (Parsons,'Rainvillé and'Hoelke,

' 1970; Phillips, 1973, 1975) and Cu~Be (Phillips and Tanner, 1973). The
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interest of our group has been in studying short-réhge order (Sinclair
and Thomas,.1975) ordering reactions and defecfs in ordered alloys
(Sinclair et al 1975; Sinclair and Dutkiewicz, 1975; Dutkiewicz and
Thomas, 1975) and Spinoaal decomposition proceéSes (Gronsky, Okada,
Sinclair and Thdmas,.1975); As in studies of ceraﬁics fheiteChnique is
superior to Cdﬁvéhtioﬁal imaging for yielding informatipﬁ at the atomic.
level.

c. Amorphous Materials.

Interpretation of the structural nature of amorphoné:materials haslien
ambiguous since it was found that the diffraction pattern showed diffusepeéks
at well-defined angqlar positioqs. Renewed intergSt iﬁ tﬁis probleﬁ
has come from laﬁtice imagiﬁg of such materials. Rudee:and Hdwie (1972)
formed images using the transmitted beam plus part of the first diffuse
ring and found regioné ~14A in diameter in amorphous Si and Ge films
possessing regular f:inges.' These they interpreted as smail crystallites
existing in the predpmingntly irregular structure.  However, more récenf'
experiments (Herd and Chaudhafi, 1974) on a range of aﬁorphous films has
indicated that their result was an imaging artifact afisiﬁg from lens
astigmatism on tilting the electron illumination and that the extent of
coherently scétteriné regions is 562. If was concluded that the random
network model is more appropriate for describing amorpﬁoué structures.
This latter conclusion has also been drawn from independent microdiffrac-
tion experiments on specimen areas ~3OZ in diameter using a STEM (Geiss,
v1975b). It may be noted that tﬁese experiments illustrate the care that

must be taken over interpretation of lattice images.
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5. Summary and Conclusions

A wide.range‘of investigative methods are availaﬁle for studying
and characterising defécts in materials. Theée rangé from direct
visual obsérvafiéﬁ down to the resolution of in&ividual atoms by
ﬁransmiésion electron microscopy or:field-ion microscopy.  Mos£,stfucture
characterization laboratories are equipped with optical, SEM and TEM
facilities and these offer the capabilityvof studying éach'of the various
"crystél deféctsv ’ (c.ﬁ fig. 1). These techniques‘should be regarded
as cogpleﬁentary rathef than directly éompetitive én& the approach »1
ﬁaken'éy the invéstigator should be cafefull& considered”accordihg |
to the problem to be solved.

For futuré trends it seems:that direct lattice”iméging by TEM
will Prdve extremely useful for obtaiﬁing information‘about fine~scale
detail of defécts which is not currently available. .Fﬁrthér direc;,
conventional informaﬁion about microstructure and defect characteristics
is also available at lower resdlutuion in the same instfument. The
scanning transmission electron microscope also appears a considerably
more versatile instrument than the conventional transmission microscope
and if the cost becomes competitive much basic reseafdhvmay well be
tfaﬁsferred to this mode. In any event the materials scientiét has a wi§e
scope in charécferising the defects which afféct’tﬁé propergies of |

materials.
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Figure Captions

Figure 1. A schematic diagram.showing the scale over which the varioﬁs
lattice defec;s extend and the usefhl_range of the investigative
techniques.

Figure 2. A séhematic représentation of the origin of some contrast effects
in optical microscopy of polisﬁed and etched specimens.

- Figure 3. Optical micrograph of 69.3%Cu 19.47Ni il.3ZFe aéed for 150 hrs.
at 840°C showing the effect on the microstructure of enhanced
precipitate coafsening at grain boundaries (courtesy of R.
Gronsky, 1974). |

Figure 4. A schematic representation of the area near the specimen in

| the scanning electron microscope.

figure 5. Scanning electron micrograph (secondary emission mode) of
a fractured carbon fibre-epoxy composiﬁe. The protrusion
6f 8y diameter fibres from the epoxy matrix is vividly
revealed owing to. the large depth of field of the SEM. Small
holes which weaken the fibres can be seen in several cases.

| (courtésy of D. R. Clarke, 1975, private communication).
Figure 6. SEM fractographs (secondary emission mode) Qf Fe 4%Cr 0.4%C
‘ martensitic steels. (a) Conventionally heat treated material
with large prior austenitic grain size (~300n) suffers
quench-cracking and fails by an intergranular mechanism,
as clearly shown by the fractograph. (b) The fraéture
toughness may be increased by nanonventiOnal heat-treatments
which give rise to a material which undergoeé ductile

traﬂsgranular failure with a dimple-like fracture surface.

l
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Figure 8.

Figure 9.
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(coﬁrtesy of B.V. Narasimha Rao, 1975; B.V. Narasimha Rao and
G. Thomas, 1975)).

Schematic representation of the imaging mpdes in transmission
electron'microscopy: (a) bright field,imaging, (b) dark field
imaging with tilted illumination, (c) lettice imaging with
tilted 1llumination. | |

Bright field electron micrographs (aec) and corresponding

‘selected area electron diffraction pattern (d) of Cu, cMng oAl

aged for 104 minutes at 300°C. The network of lines represents
dislocations at the precipitate-matrix interface in the alloy;.
With'the'operating reflection g =’(200), (020) (b,c) one set

of dislocetions is revealed, whereas Both sets appear in the
image when g = (220). These and similer‘contrast experiments

show that the Burger's vectors of the dislocations are of the

type'§<100>._(Courtesy of M. Bouchard, R.J. Livak and G.

2
Thomas, 1972).

A series of high voltage (650kV) transmission electron

‘microscopy contrast experiments is shown to establish the

nature of a stacking fault in lithium iron spinel. The

fault (described by avdisplacement vector R) gives risehto

a phase change of 7 in the electron waves as evidenced by

the symmetry of the stacking fault fringes. It goes out of
contrast (c,e,f) when §.§_= zero or ieteger, whereas the
bounding partial dislocations disappear when g.b = 0 (e).

The fault vector is thus found to be R = t%[Oil], the Burger's

vectors of the partial dislocations have b ='%[Oill'and the
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Figure 10.

Figure 11.

Figure 12.

Figure 13.
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fault plane is (011). The images, however, cannot distin-

guiSh.between extrinsic and intrinsic m-faults in this

material (i.e. whether material has locally been "inserted" or

"removed" from the structure) and direct lattice imaging
would be necessary to establish this aspect:of the fault.
In_aQAition, by comparing (c) and (f) it‘cén'be seen that
the dislocation image widths are decreased by imaging in

high order bright field conditions (f). (courtesy of R. K.
Misﬁra, 1975; for method, see van der Biest and Thomas, 1974).

A comparison of the conventional bright field image (a) -

and the weak beam dark field image (b) of ion-implantation

damage in silicon. The morphology of the radiation damage
is much clearer in the weak beam image (courtesy of.K.
Seshan, 1975; Seshan and Washburn, 1972).

Lattice image of the (111) planes in silicon as resolved
by a commeréial scanning transmission electron microscope
(Couf;esy of I.L.F, Ray, 1975, private communication; see
also Banbury et al, 1975).

Scanning transmission electron micrographvof dislocations
imaged in a thick area of a silicoﬁ specimen. (courtesy of
I;i.F. Ray,'1975, private communication).’

X-ray micrographvof dislocations in a silicon single crystal

(courtesy of E. Meieran, 1975, private communication).



Figure 14.

Figure 15.

Figure 16.
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Schematic diagram showing the origin of the charactefistic
ring pattern in field-ion micrographs of méﬁals. The curved
seétion is an isopotential contour and atoms.close to this
section are imaged.

A field-evaporation sequence showing the stripping, a few
atoms at a time, of a (420) plane in a partially ordered Yy'
precipitate in Ni 147Ti, aged for 4 hours at 600°C. Alter-
nate rows of atoms are Ni and Ti, the latter appearing
brighfer and being more susceptible to 1ﬂeld evaporation.

A nickel atom misplaced in a titaniﬁm atom site is indicated

in (d). (See Sinclair et al, 1973).

Field-ion ﬁicrograph (a) and corresponding stereographic

- map (b) of Ni 14ZTi aged to peak hardness (500 hours at 600°C).

Figure 17.

Figure'18.

The bright regions are Yy' precipitates which are revealed in
a characteristic distribution, aligned periodically in <100>

directions. (See Sinclair et al, 1974).

A comparison of the determination of the Cu distribution
near a grain boundary in an aged Al-Cu alloy by electron

velocity analysis (a) and electron microscopy with micro-

analysis, EMMA (b). (courtesy of D. Doig, J. W. Edington

and M. H. Jacobs, 1975).

>A comparison of the structure image (a) of Ti'zN'blOO29 with

a projection of the structure (b). The unit cell indicated
o . -]
in the latter has dimensions a = 28.5A, ¢ = 20.5A and is

composed of two layers (dark and light lines) of metal atoms
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in oxygen tetrahedra (shaded squares). The corresponding
electron diffraction pattern is shown in (¢) with a circle

indicating the size of the objective aperture. (courtesy of

J. M. Cowley and S. Iijima, 1972).

- (d) A similar comparison for the structure image of beryl.

Figure 19.

.Figure 20.

(courtesy of P. R. Buseck and S. Iijima, 1974).

(a) Structure image of H-Nb20 showing displacement defects.

5
The ﬁnushal black dots in the overlapping region of two defects
(in the rectangular box) can be explainediby é éuperpOSition

of>the two different arrangements of structural blocks shown

“in (b) and (c). (courtesy of S. Iijima, 1973).

Structure images showing point defects in Nb12029 (a) and

Nb22°54 (¢). After a few minutes.electrbn beam irradiation

of the former, the black dots representing the defects can
be seen to have disappeared (b). A proposed model for the

origin of the black dots in Nb is shown in (d).

22%4

(courtesy of S. Iijima, S. Kimura and M. Goto, 1974).

Figure 21.

(a) A lattice fringe image of a dislocation in‘germanium.
A terminating fringe is clearly shown but the asymme;ric dis-

tortion of fringes indicates that the dislocation line is

not parallel to the,imaging planes'and that fringe positions

may not be interpreted as representing directly the lattice
plane positions (courtesy of V.A.’Phillips and. J.A. Hugo,

1970);



Figﬁre 22,

Figure 23.

Figure 24.

-54.
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(b) Lattice image of an edge dislocation in gerﬁanium, with
symmetrical fringe distortion about the terminating fringe
indicating that the dislocation line is parallel to the
imaging planes. The fringe distortions in this case should
represent lattice plﬁne distortions in the‘crYStal (courtesy‘

of Phillips and Wagner, 1973).

‘A comparison of the lattice image (a) and conventional

sﬁperlattice dark field image (b) of an antiphasé boundary in

4Mb. Information in the 1atticé iﬁage is given

concerning the positions of atomic planes right up to the

ordered Ni

bbundary, the degree of order in the vicinity of the boundary,
the nature of the fault and any 1ocalvcompositi§n changes (as
in the position indicated). Such detailed information is not
available in thé dark field image.

A lattice image showing the distribution of domains.in
ordered MgSCd. It can be seen that rotational domain boun-
daries and translational antiphase boundaries (as at a) are
smooth at an atomic level in this allof. (courtesy'of J.

Dutkiewicz, 1975, private communication).

A comparisdn of the lattice image (a) and superlattice
dark field image (b) of partially ordered Mg3Cd. Ordered
regions possess twice the fringe periodicity of disorde:ed
regions in the lattice image. An exact correspondence
between the two is clear, with more detailed information

present in the former (see fig. 25). The corresponding



diffraction pattern is shown in (c) with the smqller Eircle
showing the objective aperture used for the dark fiéld'image'
(b) and the larger circle that the for lattice image (a).

(courtesy of J. Dutkiewicz, 1975, private communication){

vFigure 25. A detail of the lattice (a) and dark field,(bj images shown in
' f1g. 24. The dark field image reveals thin ribbons of
ordered material which show some ;urvatﬁre.' The lattice
image indicates that this is due to unit cell high'steps
in the interfacebetween ordered and disordéred material.
 Im a&ditiqn to the higher résolution, iﬁforméﬁidn.abodt local
degree:of order can also be 6btained from the lattice image
o butbnot_from the dark field image..(courtesy of J. Dutkiewicz;

1975, private communication).
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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