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ABSTRACT

High resolution transmission electron microscopy directly provides
an image of the spatial distribution of diffraction species within a
material. This capability extends real space metallurgical analysis to
the level of atomic dimensions and can be used td obtain both structural
and chemical infofmation about solid state phase transformations. 1In
the present article, emphasis is placea on the study of grain boundaries
in both metallic and ceramic alloys. Composition profiles within £ 105
of the boﬁﬁdary plane have been detected indicating soxgte enrichment
and the genesis of precipitation reactions. Microledges of one to two
atomic layers in height havevbeen imaged at interphase interfaces and

the presence of amorphous layers at grain boundaries in commercial



ceramic systems has been verified. A review is given of the methods
employed in high resolution electron imaging and the necessary develop-
ments for interpretable near—atomic resolution in close-packed materials

are indicated.

I, TINTRODUCTION

The interaétion between a épecimen and a beam of radiation can,
‘with suitable control over experimental conditions, provide a variety
of details about the atomic nature of matter. Fortunately when the
illuminatién probeAis a beam of electrons, the radiation which is
scattered by, or emitted from, a specimen may either be analyzed with
respect to its energy dispersion (spectroscopy) or focused to form an
image (imicroscopy). As a result, eiéctron spectroscopy and microscopy
have evolved as complementary techniques in materials science. The fact
thét they can both be performed within a single instrument, the trans~
mission electron microscope (TEM), has further promoted their tandem
application to a wide range of metallic and ceramic alloys.

In this paper particular emphasis will be placed on the ipformation
obtained from elastically scattered eléctrons,vizl high resolution
imaging and diffraction. Conventional methods of spectroscopic anaiyses
in the TEM (X—ray microqnalysis by STEM, energy loss spectroscopv) will not
be discussed,'but it will be shown how chemical information can be obtained
(indirectlY) from lattice parameter measurements_of'fringe spacings,
plane by pléne, i.e., to < 22 spatial resolution.

In its own right the technique of transmissioﬁ electron microscopy
has undergone astounding development 1in reoenf years and for this_ reason

it is belng considered separately during the present symposium. Because



of the unequalled precision of modern electron optics, it is now
possible to obtain a representation of the internal structure of a
specimen which contains more than routine morphological information and

in fact approaches the level of atomic resolution. With proper applica-

tion of the téchnique, highly detailed structural.a§ well as compositional
information cén be exfracted on an extremely localized scale, even. from
materials of commercial interest.

In the present paper, a brief instructional summary will be given
of the methods employed in high resolution elecfron imaging. A survey
will also be made of those recent applications of the technique which
have led to fundamentai breakthroughs in current understanding of.
metallurgical and ceramic systems. In this area, particular emphasis
will be placed on an example of intensive interest tb spectroécopists
and microscopists alike: the study of internal boundaries within
crystalline materials. Finally an assessment will be made of the future

directions for high resolution studies in materials science.

IT. DESCRIPTION OF TECHNIQUE -

A.‘ Background

Conventional image formation in the TEM is achieved by magnifying
either the transmitted beam, to form albright fieldv(BF) image, or omne
of the diffracted beams, to form a dark field (DF) image. The machanisms
responsibie for contrast under these conditions have been understood and
utilized for quite some time (Thomas, 1962; Heidenreich, 1964; Hirsch
et al., 19655, Nevertheless single beam imaging offeré relatively
little information about the fine structure of a specimen due to its

highly restricted sampling of recciprocal space.



According to Abbé's theory (Born and WQlf, 1975), the complete
diffraction pattern appearing at the back focal piaﬁé of an objective lens
is acfually a mapping of the Fourier transform éf the specimen. Maximum
informafion about the specimen should therefore bé obtained byv allowing_
all bf these beams to interfere and form an image; i.e., another Fourier
transform. Unfortunately this process is only bossible for avperfect
objective lens of infinite aperture. Real electrdn optical systems
intfoduce modifications in both amplitude, due to a finite aperture size,
and phase, due to lens aberrations, of fhé intenéity distributions at the
back focal plane (Co&ley, 1975).

The phase distortion of a beam located at g from the optic axis

is described by a function (Misell, 1973),

_ _ 27 A4g4

2.2 |
- Az} zg ) Eq. (1)

where Cg is tﬂe spherical aberration'coefficient and Az the extent of
defocus of the objective for an electron wavelength, A. Note that it
is possible to some extent to lessen thebeffects of spherical aberration.
by adjusting the focus setting of the objectivé léné (Scherzer, 1949).
In general the information contained within a particular beam g; will be
faithfully transferred to:the imége only when itsvcorresponding phase
factor, exp (i X(g1)), is near unity. For this reason the variation of
exp (i x(g)) over all reciprocal space, known as the contrast transfer
function (CTF), gives an indication 6f the imaging capabilities of an
objective lens.

With most electron-optical systems currently in_use, the transfer
of high spatial frequencies poses considerable problems. The reason
for this is Lﬁe rapid oscillatory flucfuatlon of thé CTF at large

“values of g (small interatomic spacings). As a result it is very
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difficult to resolve fine structures below 3,5A point-to-point separation,
and even if such detail is resolved, its relationship to the actual
atomic arrangements within the specimen cannot be interpreted in any

straightforward way.

B. Procedures
In spite of these limitations, when viewing crystals with large
unit cells it is still possible to retain on the order of 100.beams within

"structural

the objective éperture and produce correspondingly detailea
images" (Cowley and Iijima, 1972; Allpress and Sahders, 1973). The
extent to which these images actually represent specimen structure is
determined on the basis of image computations using the dynamical theory
of electron scattering (Skarnulis, et al., 1976). Agreement between
experiment and theory in these studies has been excellent and has
fostered confidence in the interpretation and extended application of
structural iﬁaging (Bursill and Wilson, 1977).

Unfortuhately these limitations are most restrictive in the case of
nearly all'commercially important materials, i.e., close-packed ceramic
and metallic alloys. Consequently it is rarely possible to férm a
lattice image of these specimens using any higher than first order
reflections, and usually no more than two beams at‘a time. The resulting
images consist of a set(s) of fringes ﬁormal to the operating diffraction
rector(s) which represent a‘particular set of atomic planes.

The most popular method (Dowell, 1963) of lattice fringe imaging
incorporates two beams which, by changing the angle of illumination, are
made to travel Symmetrically with respect to the optic axis (Fig. 1).

By this procedure, the magnitude of the phase distortion function

(Eq. (1)) for the transmitted beam (0) located at -g/2 from the optic

.
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axis is made equal to that for the diffracted beam (g) located at +g/2
from the optic axis. Therefore neither spherical aberration nor extent

of defocus affects the in-focus image. This is an extremely useful
characteristic of the "tilted illumination" technique which has enabled
fringes of less than 13 spacing to be resolved (Sieber and Tonar, 1975) and
currently offers the best chances of success for detailed images of close--
packed structures.

In practice lattice imaging génerally requires thin specimens which
have been oriented in a strong (s = 0) Bragg condition for the imaging
beams. These beams are symmetrically positioned with respect to the
optic axis and surrounded by an objective aperture, All focusing and
astigmatism corrections must then be made at high magnification on the
area of interest. Finally the image is often recorded using a through-
focus series on photographic film. For convenience of operation the
microscope éhould be equipped with a high brightness source, high effi-
ciency séreén phosphor and/or image intensifier; andlhigh vacuum. .Once
an image has been successfully produced, additional instrumentation,

e.g., a microdensitiometer or optical diffractometer (Gronsky, et al.,
1976) may also prove helpful in image analysis. Examples of the utili-~

zation of each of these methods are described in the following sectioms.

III APPLICATIONS

A. Structural Information at ‘Atomic Plane Resolution

Many of the early studies utilizing lattice imaging for quantitative
analysis of metallurgical problems involved crystal lattice dislocations
(Komoda, 1966; Parsons and Hoelke, 1969; Phillips and Hugo, 1970). 1In
these investigations, measurements were made of spacing perturbafions

surrounding terminating fringes and were related:through isotropic



elasticity theory to the core width, core strain and long range matrix
strains associated with dislocations. Such studies were also applied

to crossed lattice images (Parsons and Hoelke, 1970) to examine the effects
of lattice strain on atomic positions. However it was later demonstrated
(Cockayne, et al., 1971), both experimentally and through contrast
calculations, that an inclined lattice dislocation may produce either one
or three terminating fringes in a two beam image, depending upon the
direction (%g or —g) of the operating reflection, Only when the dislo-
cation line was oriented end-on with respect to the electron beam was a
single fringe termination produced. These results demonstrated that
extreme care must be taken to assure a one~to-one correspondence between
terminating fringe profiles and matrix dislocatioqsn

Subsequent research on dislocation strain fields was carried out
using specimené prepared under rigid geometrical constraints (Phillips
and Wagner, 1973) in order to assure the required end-on dislocation
configuration. In other defect studies, Phillips (1972) successfully
used lattice imaging to reveal microtwins of 3 atom plane thicknesses
in silicon, as well as the occurrence of highly regular periodic struc-
tures in incoherent twin boundaries. It was also observed (Parsons,
et al., 1970) that in ion-bombarded Ge, damaged rggions exhibited no
fringe contrast suggesting a lack of cr?stallinity, while similar
defects in Cu were found to have a complex strain field detected only
in the lattice image mode (Howe and Rainville, 1972).

By providing detail which supersedes the resolution capabilities of
other experimental techniques, lattice imaging has considerably enhanced
the characterization of phase transformation behavior. Following the
direct observation (Parsons et al., 1970) of G.P. zones in Al-Cu by this

method, a quantitative assessment of zone size, density and displacement
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field Qaé Subsequentlyvpérformed at the atbmiévlevel (Pillips, 1973) and
more recéhtly extended through fhe precipitatioﬁ sequence (Phillips, 1975).
This 1atter studyrfevealed a c0ntinudus structure progression from G.P.
zones througﬂ o' precipitation, allowing ideﬁtification of each phase.by
its characteristic fringé spacing even when such evidence in the electron
diffraction batterﬁs was questionable, Similéf Qpplications to a Cu-~Be
alloy (Phillips and'Tanner, 1973) ﬁermittedraﬁaiYéis of monolayer G.P.
zones by {200} lattice images in Spite of a Véfy strong {110} tweed
contrasf; When utilized in an examination of ﬁhe omega transformation
in Zr-Nb, lattice imaéing furthermore éonfirmed thé.existence of three
subvariants within a previously identified single omega variant, (Chang
g£~gl.,-l976)band led (Kuan and Saés, 1977) to.the formulation of a new
model for a linear, oﬁega-like defect in these‘materials.

As shown by these studies, thé most obvious advantage of high
resolutibn.electron microscopy is the enhanced structural detail which
it can provide, enabling real space crystallogféphy to be performed on
even the most complex materials (Cowley and Iijima, 1972). Because the
microscope is operated in a transmission mode,:this type of informatiéh
can furthermore be extracted from the vicinity of internal interfaces
withou£ the ﬁeed for fracturing the specimen to expose the appropriate
boundaries.  Hence it is possible to study directly the‘atomié configura-
tions at intact interfaces which are responsible for both the physical
and mechanical behavior of materials. Such inférmation is vitally impor-
tant in the'analysis of phase fransformation béhavior, i.é., the structure
of the reaction front, and in the deformation behavior of polycrystals,
i.e,, the structure at and near grain boundaries. Each of these points

will be treated below, in particular for ordering and martensitic trans-



formations, and for grain boundary-related problemsvin'bqth metallic
and ceramic alloy systems.

1. Ordering Reactions

A fruitful area of application for high resolution electron imaging
has been the study of short range order (Sinclair.and Thomas,.l975) and w
ordering (Dutkiewicz and Thomas, 1975) in a number of alloy systems.
For these investigations, experiments afe designed to permit the imaging
of the ordered superlattice planes‘as well as the fundamental lattice
planes, when they coexist within the specimen. Thé>most successful
imaging technique has been to combine the trénsmitted;.first order
superlattice, and first order fundamental reflections along a systematic
row within the objective aperture (Sinclair, et al., 1975). The illumin-
ation is also tilfed to align the superlattice reflection on the optic
axis, Because this situation results in a focusfdepgndent image (eq. 1),
calculations must also be performed to ensuré accurate image interpret-
ation (Sinclair, et al., 1975; Dutkiewicz and Thomas, 1976). These poiﬁts
are illustrated below for the Mg-Cd systems (Sinclair and Dutkiewicz, 1977).
The ordering reaction in bulk Mg3Cd results in the transformation of |
a disordered hcp lattice tovthe hexagonal DOyg strpcture. This sequence
is éltered however (Dutkiewicz and Sinclair, 1976) for very thin foils,
wherein an orthérhombic B19 structure may evolve from either the hep or
DOig phases. Utilizing the lattice imaging technidue outlined above,
highly detailed information has been obtained on the nature of both ' v
the order-disorder interface and domain boundary structure in this
material, |
At the proper imaging condition, the interface bétween ordered and
disordered regions of the matrix should be distinguished by a transition

from superlattice to fundamental fringe character. This condition was



<Fig. 2>
<Fig?l 3>

<Fig. 4>

obtained for partially ordered Mg3Cd and as shown in Fig. 2; indicates
that the interface is not a sharé.bne;' Instead ﬁhere appears to be a
diffuse profile in degree of order over a distaqcé of'*S to 252, as in-
dicated by the variation in fringe visibility'af the interface,

In addition, lattice imaging has revealed the presence of interfacial
dislocations at the boundary'between-larger ordéred domains (Fig, 2) and
the disordered matrix. Superlattice fringes (at'bottom of Fig. 2) norm-—
ally becoﬁe bifurcated upon crossing the interfaqe, and for the case of
complete céherency, should merge continuously.wi;h the fundamental fringes
(at top of Fig. 2), However the arrowed (001) sﬁperlattice fringe in
Fig. 2 transforms to a single (0220) fundamental fringe, indicating thaf
an extra (002) atomic plane exists in the ordered phase and terminates
at the interface. Hence the interfacial dislocation at this region is
characterized by a fundamental lattice, not a supeflattice, vector.

Ocher.signifiCantkatomic level features héﬁe been oﬁserved in fully
ordered Mg3Cd, particularly at domain boundaries. The lattice image in
Fig. 3 shows a rotation domain boundary (RDB) in the fully ordered
material which is seen to be atomically flat and approximately one
atomic diameter in width. Notably there is also a step (arrowed) in the
interfacé, which is exactly one unit cell dimenéioﬁ (5,32) in height.
This obéefvation suggests that domain growth méy‘prOCeed by a ledge
mechanismf The passage of these ledges along the interfaée,can increase
the size of one domain at the expense of its adjacent domain by the lateral
motioﬁ of their shared boundary.

Further evidence for this effectvis shown in Fig. 4, where the macro-
scopic‘curvature of the RDB is obviously produced -by the arrowed facets.

It is important to point out that such ledges were never observed to be
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more than a singie unit cell in height, obviousiy beyond the resolution
limit of conventional dark field imaging techniques.

2. Martensitic Reactions

Martensitic reactions are of great significance technologically,
e.g., in steels and shape-memory alloys. 'Whilst much has been written
about the ph?nomenology of the transfqtmation»little is known in detail
about martensite nucleation, growth, structure of‘the interfaces or what
controls the nature of the inhomogeneous shear(slipvor twinning). Clearly
much can be learned by applying lattice imaging andvhere an example-is
shown of the potential of this technique for studies of complex dual-
phase ferrite martensitic steels developed for improved strength;
weight applications (Koo and Thomas, 1977(a)). These steels have excel-
lent strength and formability and information is negded oﬁ the nature of
the ferrite/martenéite interfaée apd also on the comﬁosition (i.e.,
solute disfribution) of these phases. Lattice imaging is especially
difficult because of the astigmatism corrections needed due to the ferro-
magnetism in steels (Koo and Thomas, 1977(b)).
<Fig. 5> Fig. 5 shows the ferrite (o)-martensite boundafy in a transformed

specimen of an Fe-27Si-0.1%C alloy-after quenching from the two phase

(oo + y) field at 850°C. The imagé was producéd ijcombiningi the trans-
mitted beam with the closely spaced 101 reflections of both the b.c.c.

0 phase and the b.c.t. martensite, under tilfed iliumination conditions.
It is seen that the tetragonality of the martensite has induced a slightly
larger interplanar spacing which is reflected in the measured variation of
fringe spacing recorded on the micrograph. From this result the carbon
content of fhe martensité phase was estimated to be ~0.3%. Thus the
lattice imagihg provides chemical information (Seqtion III B) here which

cannot be obtained by other methods.
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Thé mdst sigﬁificéﬁt featufe of fhis imagé ié the high degree of
continuity:of'atomic structure across ﬁhe a/martensife interface and the
direct in&ic§tion of structuralIdiscontinuities.(arrowed) at.the boundary.
The former'dbsérvation can be exblaiﬁed as a iocélized manifestation of
‘the Kufdjﬁm9§—Séchs (K-S) orientation relatiohship at elevated tempgratures.
In this:pase the high temperature gustenite (f) (l;1) planes should
parallel ﬁﬁe (101) planes of the ferfite,»sucﬁ-th;t during the transfor-
mation .to mértensite, (111)Y bgcomes (iOl)margéﬁ;ite parallel -to (101),.

"Althoggh they haven't yet been énalyzed in detail, the arrowed fringg
.terminations in Fig. 51indicate the presence ofyacéommodatioq defects
 at-the boundary. An exact assessﬁent of such'défeéts in this and the Y/
martensife‘fransformation interféce'iS-bf particular interest in this
field, and progress is currently being made iﬁ applications of high reso-
 lu§ion imaging to thié problem in shape-memory martensitic alloys, e.g.,
Ti-Ni (Sinclair, 1977).

3. Grain Boundaries in Alloys

Grain boundaries are known to catalyze a Qide'Qariety of solid state
phase transformations which drastically affect'meﬁallurgical properties.
The study of grain boundariés and.the reactions which'théy influence has
traditionally required transmiésion electron miéroscopy,,but has recently
(Gronsky, 1976) incorporated the high resolution technidues described
Aabove. Oﬁé area of'particular interest has been'ﬁhe relaﬁionship between
grain bouﬁdéry strﬁcture and grain boundary-preéipitation, where the
finest detailsof'boundary structure must be diSéérhed apd completely
characterize&. o

An example is given by the plane ﬁatching (PM) modei of grain boundary
structure, which was originally proposed. by Pumphfey(l972) in order to

explain certain transmission electron microscopy*bbéervations of periodic
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contrast features atvgréin boundaries. The basicvpremise of this model
is that the matching of a set of close-packed planes across a grain bound-
ary results in a low energy configuration. Since the matching is brought
about by a periodic array of defects, it is responsible for a character-
istic structure within the boundary.

Subsequent applications (Pumphrey, 1973) of the PM model to the

description of grain boundary structures have met with success. Never-
o 7/
theless each of these studies has had to rely heavily upon indirect
Y

-

evident (viz., electron diffraction/;ﬁformation) due to the limited

: ‘ . 7 .
spatial resolution 6f the involved TEM techniques. ' Recently however an

exact verification of plane matching conditions at a'gfain Boundary has
been obtained (Gronsky and Thomas, 1977(a)) utiliéing high resolution
electron microscopy. Thevproof'iS‘based upon a direct image of the mis—
matched atomic planes.

Periodicst;ucturalfeatures observed within graiﬁ‘boundariggﬂpy TEM
are given a simple optical rebresentation in the PM theory. 1Idealizing
the set of mismatched atomic planés on both sides of a boundary as a
pair of optical gratings, the boundary region itself is depicted by‘their-
overlap (Fig. 6). Consequently the observed linear contrast features at
the boundary may be visualized as a Moité effect.

" In general the spacings dy and dz of the two misoriented lattices
need not be the same, and as shown in Fig. 1, when rotated by an angle ©
the' overlapping gratings give rise to a Moiré fringe pattern (Hirsch,

et al., 1965) of characteristic spacing:

)

(dl + d2 Zdld2 cos B8)
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Furthermbre, the rotation angle (p) between the Moiré fringes and the

fringes of grating 1 may be computed as:

. d, sin O . : .
sin p = 1 Eq. (3)

(d,2+ d,2- 2d,d, cos §)1/2

2 12

In order to test the theory, an Al1-9.5 at? Zﬁ'élloy was fabricated
and aged td_éncourage grain boundary precipitation. Regions of precipitate/
matrix interfaces at grain boundaries (satisfying dl # d2) were surveyed
and imaged in a tilted iliumination mode. The objective aperture included
only one strongly diffracted beam from each of the fegions to be imaged
as well as the transmitted beam. |

The lattice image shown in Fig. 7(a) is an example of the type of
micrograph used for analysis. Diffraction conditions are shown in Fig. 7(b).
The figure includes simultaneous images of the (200)‘ planes from matrix
[1],the (1120) planes of the rhombohedrally distorted Zn-rich precipitate
(P;,énd the (200) planes (at much lower visibility)-from matrix [2].

Using the highly visible.fringes in grain [1] as a magnification
standard, their spacing (2.02&) was.meaéured from enlarged micrographs to
within + 0.0lﬁ. By comparison the precipitate fringes were found to be
spaced by 2.09 + 0.01A.

The rotation angle 6 between matri# (1] and precipitate (P) fringes
was determined from both 1attice image and SAD (Fig. 7(b)) measurements

to be 9.2 + 0.1°. Applications of the Moiré formulae allowed the measured

" spacing (d) and rotation angle (p) of the boundary structural lines then

to be compared with the calculated values (see also Fig. 1), as follows:

12.4 + 0.2A

d meas. = 12.2 + 0.58  d calc.

p meas. = 106.5 + 0.5° p cale. = 107 + 1°



<Fig. 8>
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The results are in excellent agreement. At ;his level of resolution,
tilting experiments failed to reveal the presence of any other structural
lines within the boundary region.

The structﬁral.néture of the apparent Moiré fringes is revealed‘in
Fig. 8 which is a high magnification image of the boundary region in
Fig. 7(a). Here it is seen that continuity of mismatch is observed within
the high density Moiré bands as evidehcedby the presence of tefminating
fringes (arrowed). These tefminations furthermore éuggest that mis-
orientation diélocations with a Burgers Veé;or equal fo the interplanar
spacing may be associated with the miéfit lines, in exact agreement with
the ?M theory.

4. Grain Boundaries in Ceramics

The properties of many ceramics, particularly the mechanical and
electrical properties, are élso largely influenced by their grain bound-
aries. These regions are of further interest sincé most ceramics are
fabricated from powders by either sintering or hot pressing, both of which
depend critically on the grain surfaces and boundaries. Despite their
importance however little is kndwn about them and even compared with our
knowledge of grain boundaries in metals.the study of éeramics at high
resolution is very much in its infancy.

A common microstructural feature of many important ceramics, par-

‘ticularly those formed by a solution-reprecipitation process or by liquid

phase sintering, is that they consist of a mixture of one Or more c;ystal—
line phases and an additional "wetting'" phase. When these ceramics are
examined by optical microscopy the Wetting phase appears to have a near-
zero contact angle with the other phase(s) and thishobservation has led

to the commonvassumption that the grains of the crystalline phase(s) are

encompassed and separated by the "wetting'" phase. Whether or not it does
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indeed Qét the grains to form a continuous gréin bouﬁdary film is of great
importance in relating macroséopic propertiesrtovthe observed microstruc-
ture in order to improve the materials.

Two materials of cén;emporary interest stqnd out as examples in

which a grain boundary film plays a crucial role in determining their

properties; hot-pressed silicon nitride and the sintered ZnO based

varistor material. In both a continuous intergranular film has been

invoked to understand their behavior and high resolution electron imaging
has subsquentially been used to detéct énd determine the distribution of
the intergranular film. Electron imaging in the‘transmission electron .-
microscope has proved to be the onlyvtechnique capable of directly deter-
mining\wheﬁher an intergranula; film is present at a particular grain
boundary, éven fhough the film width may only be é few atomic layers
thick. |

a) Silicon Nitride

Dense silicon nitride is a strong polyphase ceramic and is a leading
candidate for high termperature applications, sdch as in gas turbines
(Burke, et al., 1974). It can be produced/fabricated by hot-pressing
silicon nitride powderé with a suitable sintering flux, such as magnesia,
yttria, or ceria. However one of the barriers pfeventing its adoption at
present is that its mechanical properties are severely degraded at
ﬁemperatures exceeding 1300 * 100°C; the exact temperature being depen-

dent on compositional effects such as impurities and second phases. This

~is illustrated by Fig. 9 taken from the work of Lange (1974) in which

the flexural strength of two commercial forms of silicon nitride, HS110

and HS130, are plotted against temperature. The HS5110 is an early mater-

ial containing relatively large proportions of glass forming constitutents
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whereas the AS130 material is more recent and contains fewer impurities.
Recent work (Lange, 1977) in the Si3N,-Mg0-Si0, system has shown that the
high temperature stréngth also depends oﬁ the Mg0/Si02 ratio.

The strength degradation has.generally'been attributed to the presence
of a glassy phase located between the silicon nitride grains, which at
elevated temperatures rapidly decreases in viscosity with increasing tem-
perature, flows and allows the grains to slide past one another (Kossowsky,
et al., 1975; Lange, 1974; Lange, 1975). The glass is thought to be formed
from the magnesia fluxing aid, the silica unavoidabiy present on the
silicon nitride starting powders and the calcia impurities in the silicon
nitride.

Because of its determining influence,several invéstigators have sought
to detect and analyze the intergranular film by Auger electron spectroscopy,
transmission electron microscopy and intermal friction measurements.

Auger electron spectroscopy of inter-granular fracture surfaces
combined with sputter etching indicates that Ca, 0, Mg are concentrated
within about 50—1OOK.of the grain boundaries (Kossowsky, 1973; Powell and
Drew, 1974). By making up a material with a composition similar to that
obtained fromvﬁheir Auger work, Pdwell and Drew concluded that the grain
boundary film was probably.a magnesium-calcium silicate having a softening
temperature of approximately 1200°C. However in boﬁh sets of experiments,
the information was obtained from an area of fracturé surface of typically
3mm2--a total of approximately one million grainsf_ High temperature
internal friction measurements carried out by Moshér,_gg_gl., (1976) on
commercial érades of silicon nitride demonstrate that viscous losses.occur
above ~800°C. Assuming that the glass is a magnesium-calcium silicate,

the measured damping losses would be accounted for by a glassy layer
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perhaps 50—100& thick. However, as with the Auger electron spectros-
copy reéuits, the measurements are averaged over mahy grain boundaries,
in this case over the entire volume of the material.

Although these experiments have yielded valuable evidence for the
existence of the glassy phase at the grain boundaries, they are based upon
techniques that are insensitive to the spatial distribution and 1oc§tion
of fhe phase, In order to determine where the giassy phase is in the
microstrucfure,zadirect imaging technique with'high spatial resolution
is required.'

Examination of three commercial silicon nitrides hot-pressed with
MgO (HS110, HS130 and NC132) shows that the glassy phase is inhomogeneously
distributed and in some regions large pockets of it can be seen commen-—
surate in size to the silicon nitride grains. Thick layers separating.
grains can aléo be seen in some regions, as in Fig. 10. 1In genéral however
the glassy phase is confined to the three grain junctions, as is dramatic-
aily revealed in the lattice fringe image of Fig. 11. Here the lattice .

fringes in the upper and lower right grain can be clearly seen, together

with the extent of the phase A at the triple grain junction. The lattice

fringe image aléo demonstrates that the phase decreases in thickness

away from the junction but does not disappear altogethér. Instead it forms
a thin intergranular film ~8% thick between the ﬁpper and lower,right
grains. (The grain at the lower left appears very dark since it is in a
poorly transmitting orientation, but the Moiré fringes at B indicate that
;t is also crystalline.) Also in the figure, it can be seen that the
overall shape of the phase, presumably the minimum eﬁergy configuration,

is formed by interplanar high ledges in the interface. Unfortunately

with the present state of the art it is not possible to ascertain whether
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the phase is amorphous or crystallipe because it is too small for inter- -
pretating diffraction information. ﬁowever, the ''granular' texture of
the image suggests that it is amorphous (ifthére was simply a hole at
the grain junction then the region would be featureless).

In addition to demonétrating that the glassy phase is predominately
located at multiple grain junctions, lattice fringe imaging has also shown

that a substantial proportion of the grain boundaries examined are devoid

of any intergranular film. An example of this is Fig. 12. 1In this micro-

graph the lattice fringes are continuous right up to the boundary where

they merge with the fringes from the adjacent grain, indicating that no
intergraular film is present. The origin of the light band at the boundary
is not clear but it is most probably a result of preferential grain bound-
ary etching. in micrographs such as these the structure of the boundary
itself can.also be seen, for instance as the terminating fringes in the
boundary. (These can be seen most easily by viewing the micrograph
obliquely.) |

Taken together, these and many other observations (Clarke, 1976;
Clarke and Thomas, 1977) shbw that a continuous grain boundary phase does
not exist at robm temperature as has been envisaged. However these two
contrasting views may be reconciled by recent theoretical work* which
shows th3at a gléss located only at triplegrainjﬁnctions at low temperatures
will penetrate between grains within seconds at high temperatures by a
stress promoted solution-reprecipitation mechanism.

Following the identification of the detrimental role played by the
magnesia additive in forming a glassy phase, it was found that superior
high temperature strengths céuld be obtained by using yttria as a fluxing

aid in place of the magnesia (Fazza, 1973). Subsequent investigations
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by Rae, et al.(1975) explained the effectiveness of the yttria as being
primarily due to the formation of an yttrium-silicon oxynitride,
YZSi(Sizo3N4), which is stable in inert atmosphéres to about 1600°C.
However, although the use of yttria instead of.MgO clearly leads to im-
pfoved'high‘temperature properties, the‘silicon nitride still suffers a
degradation in strength. In order to determine whether theré is a micro-
structural origin éf this strength degradation, a silicon nitride hot
pressed with 10 m/o Y903* has been examined by both electron microscopy
(Clarke and Thomas, 1977) and by X-ray microanalysis ﬁsing an electron
microscopé (Geiss and Clarke, 1977).

Two phases are apparent at relatively low magnifications, siliqon
nitride and the yttrium-silicon oxynitride. The felative amount of the
oxynitride phase variesvlocally in the microstructure. In regions where
it has a low volume fraction, it is located principally at the three
and four grain junctions, whereas in those regions where it occupieé
a high volume fraction it surrounds the siiicbnrhitride grains. In these
cases, such as in Fig. 13, the silicon nitride grains are well Facetted
with a {1010} habit. Observations such as thesé suggest strongly that
the material densifies by a solution;reprecipitation mechanism.

Closer examination of th@<material; however, reveals that an inter-
granular phase is present as a thin intergranular film (10-70K) between
the silicon nitride and yttrium-silicon oxynitride grains, No film is
detectable at boundaries between silicon nitride grains. What the phase
consists of is at the present time a matter of conjecture since it is
too narrow to produée interpretable diffractioh information. However, if
it is an equilibrium phase, then according to a récently published phase

behavior diagram (Lange, et al., 1977) it should be YSiO9N, the nitrogen

- analog of pseudo-wollastorite.
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.The detection of such a thin film demonstrates the vital role that
electron imaging can play in complementing other techniques of microstruc-
tural analysis. Without knowing that such a film was present, inter-
pretations of dépth profiling Auger electron spectroscopy or secondary
ion mass spectroscopy analysés could lead.to véry misleading conclusions.

.

Lattice fripge images of the intergranular region also provide

clues as to the mechanism of densification, as can be séén‘in Fig. 14.

Here the junctions between a yttrium-silicon oxynitride grain, B, and

_two silicon nitride grains, A, in one of which the lattice fringes can

be seen, are imaged. The intergranular phase, C, can clearly be seen to

the left of the grain B and somewhat less evidently to the right. Apart

‘from the presence of the intergranular film the striking feature of the

silicon nitfide grain boundary to the left is the presence of ledges,

one interplanar spacing high. These micro¥iedges, present at the inter-

faces between crystallihe grains and intergranular phases, have proved

to be common in all of the materials having an intergranular phase

(Si3Ny, MgSiAION, BeSiN and ZﬁO),lindicating thét they are of widespread

significance and possibly are the siteé at which crystallizafion occurs.
One -of the adVantages Qf using the electron microscope to study the

structure of materials is that elemental information can also be obtained

with the same basic equipment; This is a rapidly expanding reseafch area

and involves detecting and analyzing the X~rays produced in the sample

by the‘electron beam (Wells; 1974). Various schemes have been developed

to perform X-ray microanalysis of regions a few hundred angstroms across

. and are now sold by the microscope manufacturers. One technique is par-

ticularly suited to obtaining both diffraction patterns from areas as

o .
small as 25A across and X-ray microanalysis from areas of a few hundred
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angstroms (Geiss, 1975(a); 1575(b)) wusing a conventional transmis-

sion microscope. This utilizes a condenser-objective lens configuration

. : B ]
- and has been successfully utilized in the microanalysis of 100A diameter

régions of a yt ria hot-pressed silicon nitride (Geiss and Clarke, 1977(b)).
Using this equipment, prelimiﬁéry X~-ray microanalysis has revealed

that the yttria hot-pressed silicon nitride i$ much more cdmplex chem-

icélly than indicated by conventional X-ray powder-diffraction. In par--

ticular the yttrium-silicon oxynifride phaseAié not pure, and can contain

a vériety of impurity elements. This is illustrated in Fig. 15 with a

spectrum taken from a_region of yttrium-silicon- oxynitride grain approx-

imately 300b& in size.‘ In addition to the yttrium and silicon which should

be pfesent, there are also substantial proportions of Fe, Mn, W, Cr and

Cu (the copper peaks are fluorescence from the copper microscope grid

on which the sample was mounted in the microscope). None of these elements

"are detected in the silicon nitride grains. The really interesting infor-

mation as far as the ceramicist is concerned is that the actual impurity
elements and their relative proportions change across the oxynitride
grains, with dramatic changes occuring within distances as sﬁall as 150%.
These and similar findings reported elsewhere by Geiss and Clarke (1977(b))
sﬁpport thevsuggestion of Rae, et al., (1975) that since the oxynitride
phase is isoétructural with the melilite silicates‘it should dissolve
impurity elements, but these are the first observations as to the scale
of distributioﬁ of the dissolQed elements.

Thus from these investigations usiqg electron imaging two possible
explanations for ﬁhe degradation in strength of,ﬁhevyttria hot-pressed

silicon nitride can be proposed. One is the presence of an intergranular

film which at high temperatures may soften allowing grain sliding to occur,
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as has been suggesced for the magnesium'hot—pressed material. The other
is that the presence of large quantities of impurities in the yttrium-
silicon oxynitride lowers the eutectic tempcrature,again allowing grain
sliding to take place above a critical temperature.

b) Zinc Oxide Based Varistors

Metal oxide varistors are a class of semiconductor devices that
exhibit very nqn—linear.current—vqltage characteristics, and which have
found‘widespread use as electrical circuit protectors against transient
voltagc surgés (Matsuoka, 1971; Harndcr,_gg_gl., 1972). The commercially
available varistors ére fabricated by sintering zinc oxide powder with
bismuth oxide and a number of other addicives, the exact compositions
being propriety information.

Normally pure zinc oxide behaves as an insulator and can be made
conducting only by altering the stoichiometry, forvinstance, by adding ex-
cess zinc (Heiland, et al., 1959). However by adding small quanticies of,
for instance, bismuth oxide the materialexhibits non-Ohmic electrical
conéuction. This extraordinary behavior has prompted.several workers to
icvestigate its origin in order to optimize it'(Morris, 1973; Levinson and
PBilipp, 1975; Bernasconi, et al., 1976; Morris andeahn, 1975). Most
have postulated the presence of a highly resistive continuous intergranular
layer separating the zinc -oxide grains, and acting as an electrical
barrier. Based on the presence of the layer, Lc&inson and Philipp (1975)
have been éble to explain the non-linear I-V characteristics in terms of
‘Schottky current and Fowler-Nordheim tunneling.

| However, experiﬁents by Morris and Cahn (1975) investigating the
Zno—BiZO3 system, a prototype for the commercial material, indicate that

a continuous grain boundary film does not form around the zinc oxide grains



<Fig. 16>

-23-

and hence cannot account for the varistor behavior of the material. Firstly,
by using aé little as 0.008 m/o Bip03, which should be barely sufficient

to coat the grains, varistor behavior was exhibited. Secondly, they
observed that the BiyO3 phase appearéd at‘thréé and four grain junctions
with a dihedral angle of'approximately 60°——c1eafly too high an angle for
it to wet the zinc-oxide grains and form a continuous grain boundary film.
Thirdly, both Auger spectroscopic analysis andvion‘séattering'spectroscopié
analysis of fracture surfaces indicate that although the grain boundary

is strongly enriched in Bi, it drops off rapidly over a distance of no
greater than 20&. This distaﬁce correépbnds to the estimate of the upper
limit to Gibbs absorption for pure Bij03 on zinc oxide, thereby indicating
that an absorped layer, and not a film, is present on the grains.

The situation has been further clarified by High resolution electron
imaging (Clérke, 1977) of a commercially avéilable Zn0 varistor incorpor-
ating Bizb3, CoO, MnO, Cr,03 and Sb,03. Thesé:qbservations show that the
Bi203lrich'phase is localized at the three and(four grain junctions and
in many cases can be seen to terminate abruptly; as in Fig. 16,'and as
found (Morris and Cahn; 1975) in the prototype material. In these cases
the dihedral angle formed by the contact with thé zin; oxide grains is
non—zero,bin the range of 12-85°.. The variation is attributed to both
the possible compositional variationbin the BisO3 rich phase from one

location to the next and any surface energy anisotropy of the zinc oxide.

Furthermore in many of these boundaries, grain boundary dislocations

may be observed, by their strain contrast, away from the three grain
junction. Their presence is again indicative of there being no inter-

granular film, a conclusion that is supported by lattice fringe imaging

of the boundary.
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A relatively thick film is seen at some grain boundaries, as has
<Fig. 17> been revealed in the lattice fringe image of Fig. 17, but this is unusual.
Preliminary work suggests that the formation of the intergranular film has
a crystallogfaphic origin, since it only occurs at boundaries that are
both straight and delineated by a basal plane in 6ne of the adjacent
grains (Clarke, 1977). This is clearly an area worthy of further inves-
tigation since it enables the microscopic aspects‘of wetting to be studied

for the first time.

B. Compositional Analysis

An additional advantage of high resolutibp électron imaging is the
opportunity it provides for localized compositionél énalysis. In contrast
to the spectroscopic (X-ray microanalysis) or micfodiffraction techniques
described above, this method relies exclusively on fhe imaging mode, and
is, in principle, capable of spatial resolutions at the atomic plane level.

The techﬁidue is based on the application of Végard's Law (assuming
a linear relationship between lattice parameter and solute content).
Measurements are made of fringe spacing variations which are produced by
changes in interatomic spacing due to a composition variation in the
specimen. When a measurement standard is present in the lattice image,
e.g., a region of single phase or pure material with a well established
lattice parameter, then it is possible to measure composition profiles
on the same lattice image to witﬁin less than 1% error. Such measurements
can be made from a scaling of direct photographic ‘enlargements, from peak-
to~-peak distances on microdensitometer traces across the negative, or
from optical diffractograms of the negative. The experimental accuracies
of each of these methods afe compared elsewhere (Sinclair and Thomas, 1977)

and their application to the detection of localized composition profiles’

follows.
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1. Spinodal Decomposition

Although the theory describing the spinodal transformation process
is essentially complete (Cahn, 1968) there are serious deficiencies in the
area of experimental chéracterization. Conventional methods, e.g., X-ray .
diffraétion, resistivity measurements and trangmission electron microscopy
lack the spatial resolution necessary for a ciose examination of the decom- -
position process; thgfefore, the accuracy of existing theories cannot be
tested. At present, a major area of interest is the measurement of local-
ized compositipn‘amﬁlitude (as well as wavelength’ és a function of aging
time. The:only experimental method capable of“prbviding acceptable levels
of resolution for this study is lattice imaging_elect;on microscopy
(Gronsky, et al., l975).v By monitoring the interplanar separation reflected
in the lattice image, small excursions ih‘composition and corresponding
atomic lattice modulations can be directly observed. This technique fur-
thermore has the potential for revealing the full range of harmonics
present in the modulated lattice. These harmqnics are inevitably averaged
out and thereforé undetected by other téchniqueé.

The micrograph shown in Fig. 18 ﬁas taken from a Au-77 at.% Nfspecimen
aged for.21 hours at 150°C. It displays both the fine lattice fringe per¥
iodicity of the (200)planes and the coarse variatioh in image contrast
which is typical of a modulated microstructure iﬁaged under two-beam con-
ditionms. - Direct measurement of the coarse backgfound contrast yields an
average composition wavelength (A) of 31 54.

A plot of lattice fringe spacing against distance normal to a refer-
ence fringe is présented in Fig. 19. Each point n (n =‘132,3;..) on this
plot represents fhg average of raw data points-n to (n + 4) taken from a

microdensitometer trace of the negative. The error bars indicate the



<Fig. 20>

<Fig. 21>

-26-

standard deviafion introduced by the averaging process. The periodicity
of the modulation from an extended analysis of this‘tybe, averaged over
12 wavelengths, is 29 * 8&, at an amplitude of < 10%.

Sateilites are clearly visible about the (400) spot in the electron
diffraction pattern (Fig. 20(a)) which records the tilted illumination
imagihg condition used to form this lattice image.” The corresponding
optical diffraction pattern (Fig. 20(b)) identicaliy reproduces all essen-
tial diffraction effects, viz., the intense high angie.and weak low angle
satellites symmetrically positioned along <100> fecipiocal lattice direc-
tions about <h00> fundamental lattice reflections. The difference in
satellite intensities is due to the ;symmetrical (Ni—rich) alloy composition.
Complementary analysis of satellite spacings reveals that both diffraction
patterns are also in excellent quantitative agreemenf{ As determined from
the electron diffraction patterns, A = 29:&3&, while from the optical
diffraction patterns, A = 29;-2&.

Optical microdiffraction was also performed on this specimen using
an aperture diameter less than the wavelength (Gronsky, et al., 1976).
Fig. 21 depicts.the result for an aperture equivaleﬁt,to ~204 diameter‘
at the specimen pléne. By moving the apertﬁre in ?10&‘increments, an ob-
vious variation in diffraction spot spacing is prqduced. In this case not
only is the local wavelength rapidly recorded, but the local amplitude
variation is captured as(well. It is émphasized tﬁat the microdiffraction
lcapabilities 3demonstrated,by this éxample represent aﬁ improvement by
three orders of magnitude (Sinclair, et al., 1976) over that attainable
in conventional transmission electron microscopy. |

Together these methods provide information onithe composition variation

essentially at an atom-plane to atom-plane level. Highér accuracies can
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of coursé be anticipated for aﬁplications to materials ha§ing a large
difference in component lattice parameters, as is the case with the,Au—Ni
system (Aa= 147%). However recent results have indicated a successful
application (Wu; gg;gl.,-l977) of the technique to a commercial Cu-Ni-Cr .
alloy, where the difference in lattice parameters:of the spinodal product
is = 1%. .

2. Grain Boundaries

The ability fo detect highly localized comPOSitionai variations is
a very desifable characteristic for experimental'étudies of grain boundaries.
In curreﬁt‘analyses of grain boundary precipi;atioh reactions (Gronsky and
Thomas, 1977(b)) by lattice imaging, fringe specing measurements have
given clear.indicationsvof compoeition profilee'in the grain boundary vi-
cinity with high precision. These results have been useful in identifying

the involved reaction mechanisms and the particular role of grain boundaries

"in the precipitation processes.

Fig. 22 is an example of a lattice image of a grain boundary precip-

itate in an Al-9.5 atTXZH.alloy aged 30 mins. .at 180°C. The boxed region

- in (a) is shown enlarged in (b), indicating the region on which composi-

tional analysis was performed. Fringe spacings were measured within both
matrix (top) and precipitate (bottom) areas, atxincreasing distances from

the grain boundary. The results are presented in Fig, 23, each point

‘indicating the average spacing of ten fringes, with a representative error

bar shown on the first datum point.

This plot clearly indicates a decreasing fringe spacing as the bound-
ary (dottediline) is approached from either side. It euggests that a
solute gradient exisgs within bofh the matrix and the precipitate, and

that the concentratien changes rapidly over a distance of only SOK.
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This technique also demonstrates high sensitivity for analysis of
the earliest stages of growth, as shown in the next figure. The grain
boundary regiéh running diagonally in Fig. 24(a) is .imaged under the dif-
fraCtioncoﬁAitions-shown in Fig. 24(b). An apparent thickening of the
grain boundary region is observed, reaching a ma%imum width of ~SSK.

At highe% magnification (Fig. 25) the fringesrproduced by the (111)
planes of thé upper grain are clearly visible. In.adaition there are lower
visibility ffinges within the ;hickened grain boundary region which are
rotated cléckwise at a small angle from the matrix ffinges. Using the
2.334 spacing of the (111) matrix planes as an_iﬁtéfﬁal magnification stan-

dard, it was found that the matrix lattice fringe spacing is constant to

o .
- +0.02A measurement error. On this basis, the fringes within the boundary

region have avspacing of 2.36 tv0.0ZK. The rotatibn:angle is 2.8 + 0.1°.
Both spacing and angle agree qualitativeiy with the giffuse splitting seen
in the electron difffaction pattern of Fig. 24(b); however no quantitative
evaluation can be made from the pattern alone. |

These resuits indicate that the larger spacingfringes actually repre—
sent a solute-enriched region independent of either bordering grain. The
presence of very weakvrqtational Moiré fringes found only within this region
(outlined by white slash marks in Fig. 25)_further suppo;ts this descrip-
tion. The spacing and rotation angle of the Moiré battern agree to within
diffraction spot measurement error (”30% for this pattern) with the calcu-
lated values expected from the interference of theiimaged second phase
fringes and those 1attice>p1anes giving rise. to the arrowed diffraction
spike in Fig. 24(b) originating from the lower gréin.

On the’basié of its difference in interplanar spacings and rotation
angle, the Zn;rich region was found to preserve iﬁs’identity‘down to a

thickness of ~6 to 83. The total length of grain boundary exhibiting second
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second phase fringes was found to be 1500&. This was also the approxi-
mate length over which the boundary coincided with the trace of the (200)
planes of the upper grain, and suggests an orientation dependence which

could not have been detected by alternative techniques.

IV FUTURE DIRECTIONS

THe work presented here represents only an initial step towards the
complete atomic characterization éf materials. Tﬁe most desirable pro-
gression of such research should lead to the atfainment of strﬁctural ;
images similar to those that are currently being‘used to explore the atomic
arrangements in mineralogical specimens (Iijima and Allpress, 1974). As
pdinted out in section II, this requires only a élight improvement in the
contrast transfer characteristics of present day eiectron optics.

The resolution limit (Ax) determining the finest level of specimen
detail which can be directly interpreted in terms of the atomic structure

of a specimen is roughly given by (Cowley, 1975),

ax = 0.6 ¢/ 4N3/4 Eq. (4)

indicating that although some advantage will be realized by improved lens
design (deqreésed'Cé), much greater benefit will emerge from the.attain—
ment of stable, high accelerating voltages (decreased A) in transmission
electron microscopy.
‘With this incentive, high voltage, high resolufion electron microscopes

are currently being constructed in Europe and Japan, and a 500 kV machine

at the Univérsity of Kyoto hés already successfully demonstrated its capa-
bilities in atomic resolution (Krivanék, et al., 1977). Unfortunately the

cost of such instrumentation has no precedent in this country for materials
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science research funding, and will require a consolidated effort for its
acquisition and continued development (Thomas, et al., 1976). As this
instrumentation becomes available however, interoretable images of individ-
ual atoms and their environments can be routinely utilized in the solution

of materials problems, -

V. SUMMARY AND CONCLUSIONS

The applications of high resolution imaging presented in this ;rticle
illustrate a new dimension in electron microscopy which has only recently
come of age. With proper care, modern TEM's can be made to produce images
of this quality using specimens that are prepared>by conventional tech-
niques; however the interpretation'of fine detail in high resolutioo images
rquires an accurate knowledge of specimen thickness and orientation, as well
as the major microscope parameters (CS, A), and operating conditions.

To date the advantages of high resolution elecrron imaging have been
revealed ineaWidejvariety of metallic systems, providing insight into the
mechanisms of such phase transformations as ordering; spinodal decomposi-
tion, grain boundary precipitation, and the martensitic reaction. Struc-
tural discontinoities in interphase interfaces (atomic plane ledges) and
grain boundaries (plane matching defects) have been identified with high
precision, and compositional variations on an atomic scale have been detect-
ed, including solute segregation within ~1OZ of a grain_boundary.

In the study of ceramics, primary effort has been directed toward tho
detection of thin iotergranular films with notable success. Atomic dimen-
tion microledges havé also been revealed in crystallization interfaces,
polytype boundaries.and transformation fronté, and oompositional variations

near grain boundaries have recently been recorded in lattice images of a
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Magnesium Sialon. It therefore appears that thevtechnique holds equal
promise for analyses of the fundamental mechanisms of crystallization, phase
transformations, diffusion and solute segregation in ceramics as well as
metallic alloy systems.

In the near future, high voltage, high resqlution electron microséopy
will ﬁake possible interpretable atomic resolution in these and most other
commercial materials, allowing direct visualization of the arrangement of
atoms in solids. Once this capability has been achieved, it will be ex-
tremely useful to be able to identify -the atoms comprising the imaged
strucéure, uniquely and individually. Such a development must then be made

the next goal in the dual micrdscopic—spectroscopic characterization of

materials.
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FOOTNOTES

1. Page 18. F. F. Lange, private communication.

2, Page 19. Kindly supplied by F. F. Lange, Science Center, Rockwell

International.
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. FIGURE CAPTIONS

Ray diagram for the two-beam tilted-illumination method of lattice

imaging.

. Lattice image of partially ordered Mg3Cd showing the order-disorder

interface. The gradual transition from fundamental lattice fringe

type indicates a degree of order profile at the interface. A

%
misfit dislocation at the interface is also indicated, stemming

. from the presenée'of an extra fundamental lattice plane within

-the order domain.

‘Lattice image of a rotation domain bouhdary in fully ordered

B19 Mg3Cd, showing the interface to be highly planar apart from

the presence of a single unit-cell-high (5.38) ledge (arrowed).

Lattice image of a rotation domain boundary showing the presence
of several steps (arrowed) of unit cell (5.3&) height in the

curved interface.

Ferrite-martensite boundary in a transﬁofmed Fe-27S1i-0.17%C alloy.
The lattice image was produced by combining the transmitted beam
with the closely spécéd 101 feflectioné of both'phaées, and the
tetragonality of the martensite is directly recorded in the fringe

spacing variation.

Optical'aualogue for the plane matching model. The Moiré pattern
of spacing d is produced by overlapping gratings dj and dj
misorientated by 6. The angle betweeﬁ the Moiré bands and the

fringes of grating 1 is p.
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(a) Lattice image of the (200) planes from grains [1] and [2]

as well as the (1120) planes from the grain‘boundary précipitate
[P] which they border. The fringes seen in the lowér.grain.are
spaced 2.02& apart in this A1-9.5 at.% Zn alléy.

(b) Diffraction conditions used (a).

Enlargement of the interphase boundary in'Fig.b7 (fringes in
lower grain have a spacing of 2.022). Open arrows indicate.

terminating fringes in optically dense regions.

Flexural strength vs. temperature for HS-110 and HS-130 hot-
préssed Si3N4 (specimen configuration, weak direction; crosshead

speed, 0.02 in./min.)."

T.E.M. image of commercial silicon nitride hot-pressed with MgO.

Thick intergranular layer is indicated at "P'".

Lattice image of a three-grain junction in silicon nitride showing
the location of the amorphous phase "A". The fringe spacing in

[+] L .
both grains is 6.6A, and the amorphous phase is seen to extend

’ o
between the grains to a thickness of ~8A.

Lattice image of a grain boundary in silicon nitride showing

the absence of any intergranular film. The (idTO) interplanar

spacing imaged in this micrograph is 6.6&.

Microstructure of yttria-fluxed material showing facetted
silicon nitride grains with a {1010} habit amidst the yttrium-

silicon oxynitride phase.

Lattice image of the junction between a vttrium-silicon oxynitride

grain; B, and two silicon nitride gralns, A, The arrowed micro-
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Fig. 14 ledges are possible sites for initiation of crystallization.

Fig. 15 X-ray spectrum from a region of a yttrium-silicon oxynitride

grain approximately 3000& in size.

Fig. 16 Triple grain junction in a commercial ZnO varistor. The dark
region at the junction is the Bi03 rich phase which does not
extend along the boundary,'as evidenced by the presence of

grain boundary dislocations (arrowed).

Fig. 17 Lattice image of the same varistor material as in Fig. 16 above

showing an unusually -thick intergranular film, P.

Fig. 18 Lattice image of a spinodally decomposed Au-77 at.% Ni alloy
aged 21 hrs. at 150°C. Note both the fine scale periodicity of
the (200) lattice planes and the coarse periodicity of the

composition modulation.

Fig. 19 Plot of fringe spacing as measured from a microdensitometer
trace normal to the fringes in Fig. 18. Each point n (n=1,2,3...)
represents the average of measurements n to (n+4). The average

wavelength indicated by this process is 29183.

Fig. 20 Comﬁarison of (a) the electron diffraction pattern corresponding
to Fig. 18, and (b), the optical diffraction pattern taken from
the lattice image negative. Satellites (s) about the fundamental
reflections (f) agree in both spacing and relative intensities

for the two patterns.

Fig. 21 Results of an optical microdiffraction analysis of Fig. 18
wherein an aperture equivalent to ~202 at the specimen plane

was translated across the negative normal to the fringes in
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o .
in ~10A increments. A periodic variation in spot spacing
rather than satellites (central image) is produced because the

B -]
aperture diameter is less than one composition wavelength (~29A).

Lattice image of a grain boundary precipitate in an Al-9.5 at.7
Zn alloy shown at low magnification (a) and in an enlargement
of the boxed region(b). The spacings of the fringes within

the upper grain and the precipitate are shown in Fig. 23.

Plot of fringe spacing vs. distance taken from Fig. 22(b) at

increasing distances from the grain boundary (dotted line).

Each point represents the average of ten measurements (an error
bar is indicated on the first point) and clearly shows a gradient

which can be related to the composition variation.

Low magnification micrograph of a grain boundary region (a)
in an Al1-9.5 at.% Zn alloy with the corresponding diffraction
conditions (b) for lattice imaging. An apparent thickening of

the boundary (up to ~551&)'1‘.3 observed.

Higher magnification image of Fig. 24(a), showing the (111) planes
of the.upper grain af 2.3310.023 spacing, as well as the fringes
within the boundary region at 2.36%0.02A spacing. The Moiré

pattern (outlined in white) further attests to the Zn enrichment

at the boundary.
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