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HIGH RESOLUTION TECHNIQUES AND APPLICATION TO NON-OXIDE CERAMICS

David R. Clarke

Department of Materials Science and Mineral Engineering
University of Californis, Berkeley, California 94720.

ABSTRACT

The microstructure of ceramic materials can now be observed
directly at the atomic level by using high resolution electron microscopy.
These techniques are described in detail and the type of new information
that they are revealing about the structure of ceramics is illustrated
with examples drawn ffom investigations of hot-pressed silicon nitrides,

sintered silicon carbide and a ""Sialon" system.






I. INTRODUCTION

It is now practicable to examine the microstructure of ceramics
directly at the atomic level., This exciting development has become possible
with the use of high rvesolution electron microscopy coupled with the
ability to prepare suitable specimens for such work. Already a wealth of
new information about the structure of ceramics has been revealed. The
purpose of this paper is two-fold: firstly, to describe the technlques of
high resolution electron microscopy (including both the fundamental
principles and the practical steps involved); and secondly, to illustrate
the impact of high resolution electron microscopy on the study of ceramics
with examples from a sevies of investigations into non-oxide systems. The
particular examples presented are drawn from investigations into (i) the
detection of intergranular phases in hot pressed silicon nitride, (ii) the
mechanism of the phase transformation in silicon carbide and (iii) the
crystal structure refinement of s phase in the prototype '"Sialon" Si-Al-0~N
system.

IT. HIGH RESOLUTION ELECTRON MICROSCOPY TECHNIQUES

The term high resolution electron microscopy has been applied to a
wide variety of microscopy techniques such as weak beam dark-field imag-

(2) (3)

ing(l)9 high ovrder bright field imaging and strioscopic imaging , but
here it is rvestricted to methods that provide images in which either the
crystal lattice planes or the projection of the individual atoms in the
crystal are recorded. The former has come to be known as lattice fringe
imaging and the latter as structure imaging.

Although the technique of lattice fringe imaging was first demon-

strated in 1956, when Menter observed the 124 spacing (201) lattice planes
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in platinum phthalocyanine( , 1ts application to materials science in
general and to cevamics in particular has had to await the development of
microscopes having a line resolution of about 2R, Also, in common with
other attempts to apply electron microscopy to ceramics, it had to awailt
the introduction of specimen preparation by don beam thinning pioneered
in this country by Tighe(s)e Now it has reached the point where any
skilled microscopist, with access to a high resolution microscope, can
apply the technique. For this reason, the fundamental factors affecting
contrast in the lattice image, the optimum experimental conditions and
the practical steps taken to cobtain the lattice image are described in
the following sections.

(1) Fundamentals

In this section the fundamental factors that determine both the
formation and contrast of lattice images will be discussed on the basis of
the optical principles involved.

The formation of both lattice fringe images and lattice struc-
ture images can be understood in terms of the Abbe diffraction theory of
imaging<6)s Although this was originally developed to describe image
formation in the optical microscope it is equally applicable to imaging

7)

in the electron microscope. Its deﬁails( are beyond the scope of this
presentation and therefore a simplification based on geometric optics is
discussed here.

Fig. 1 is a schematie vray diagram often used to describe image
formation in the optical microscope, which can also equally be used to
degcribe the formation of a lattice fringe image in the transmission electron

microscope. A parallel beam of electrons is incident on a thin foil speci-

men which is located just above the objective lens. The crystal lattice
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planes in the foil diffract the incident illumination, according to Bragg's
law, into a number of orders or beams (five in Fig. 1). The action of

the objective lens is to focus these to points at the back focal plane

where a moveable aperture is positioned. Some of the diffracted beams

(two in this case) are allowed to pass through the aperture so that they

can optically interfere to form a fringe pattern on a screen or photographic
plate located at the image plane. The fringe pattern formed has the same
periodicity as the spacing of the diffracting planes in the crystal, but
enlarged by the imaging lenses of the microscope.

This mode of microscopy, in which the image is formed by the recom=-
bination of a number of diffracted beams is known as ''phase contrast micros-
copy" since the contrast is influenced by the relative phases of the dif-
fracted beams interfering with one another. Despite its simplicity this
model vepresents approximately the essential features of lattice imaging,
provided that the specimen is thin enough that the electron beam under-
goes only kinematical scattering in the sample.

Two types of phase change occur. The first is that which would be
introduced by a perfect lens and is merely due to differences in geometric
path length. The second type is introduced by the aberrations of the
lens and results Iin an alteration of the path lengths. Since these
effects agve additive, they can be discussed separately.

The geometric phase difference is controlled, as seen from Fig. 1 by
the angle of the diffracted beam to the optic axis of the microscope. This
may be altered by either changing the spacing of the lattice planes or by
tilting the incident illumination. TFor instance, in the schematic dia~-

gram the two beams selected by the objective aperture, the transmitted
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beam, O, and the first diffracted beam, g, both travel paths of the same
length because the incident beam is tilted by BB (Bragg angle). Thus they
are exactly in phase and interfere constructively.

The effect of the spherical aberration of the objective lens is to
introduce a phase delay of

-2 4
A Cse

8)

to a beam diffracted by an angle of 0 to the optic axis The phase

delay is proportional to the fourth power of the angle 6, and does not
depend on the sign of the angle. Thus, for beams equally inclined to the
optic axis but in opposite directions, as in Figure 1, the phase delays

caused by sgpherical aberration cancel. This is the basis of the tilted

(9

illumination two beam method originally introduced by Dowell to obtain

high resolution fringe images, and remains today as the principle method
used to reveal atomic detail in metals and close-packed cervamics with
presently available 100 kV electron microscopes.

The relative phases may alsco be altered by the objective lens focus

(8)

(Af) according to the expression
m AL eza

A

In practice, this phase change is used to compensate for the effect of
spherical aberrvation and an optimum value of defocus can be defined at

which the phase delay produced by both spherical aberration and lens

' (10)

defocus is minimised For conventional 100 kV electron microscopes

having spherical aberration coefficients of about 1.8 mm the optimum
defocus when performing many-beanm structure imaging with axial illumina-

o (7)

tion is approximately 200A .
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Consideration of the Abbe theory and of the simple geometric ray
diagram enables a statement to be made about the information contained in
the image. According to the theory, if the potential field created by the
atomic distribution in the specimen is expressed as a Fourier expansion, the
amplitude of a diffracted beam, g, is related to the gth Fourier compon-
ent of the potential distribution. Ideally then, by recombining together
all of the diffracted beams an image with complete fidelity will be formed.
However, in practice as only a limited number of beams, determined by the
positioning and angular size of the objective aperture, are used to create
the image, it will only contain the spatial information having the spatial
frequencies associated with these beams. For instance, in the case
gchematically illustrated in Fig. 1, the only spatial information conveyed
corresponds to the largest crystal spacing. The information limitation
is vividly illustrated by the calcultions of 0'Keefe of structure images
of niobium oxides(ll)g As rhe number of diffracted beams included in
the image is increased so the image more closely resembles the atomic
structure.

The tilted illumination two beam imaging mode illustrated in Fig. 1
is just one of a number of possible modes that can be used to obtain
lattice images. The three most common are compared in Fig. 2 in which the
geometry of the diffraction pattern and the objective aperture in the back
focal plane of the objective lens are schematically illustrated. In the
two beam tilted illumination case, Fig. 2a, the optic axis of the micro-
scope is situated midway between the transmitted and diffracted beam ardd
is also the center of the objective aperture. Structure images are normally
formed using the imaging configuration of Fig. 2b, in which axial illum-

ination 1s used, the objective aperture is centered on the optic axis,
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and the crystal oriented with a zone axis coincident with the optic axis.
An alternative many-beam arrangement, known as dark-field structure imag-
ing, is shown in Fig. 2c. In this case the illumination is no longer
axial, but tilted so that the transmitted beam is off the optilc axis.
(2) Optimum Experimental Conditions

The electron-optical factors established in the previous section
only determine whether an image will in principle be formed and so represent
the necessary conditions. In practice, however, a number of additional
experimental factors affect whether the image actually formed best repre-

L (12) . .
sents the structure of the specimen . These include the specimen
thickness, the specimen orientation, the accelerating voltage, the objec~-
tive aperture size and the objective lens defocus. The optimum experi-
mental conditions can only be determined by calculation of the lattice
. , . . (7,12)
images based upon the dynamical theory of electron diffraction .
Nevertheless, a number of guidelines have been established from these cal-
. , o ; ¢ (12,13)

culations that are useful in determining the approximate conditions .

Firstly, the specimen must be very thin. For instance, at 100 kV
a structure image with a resolution of <58 can be directly interpreted in
terms of the projected charge density of the object only when the sample

3(14)

is no thicker than about 50 . The condition for an interpretable
lattice fringe image is less stringent since in general there are fewer
spatiaiifrequencies contributing to the image. However, it is still
necessary to have a specimen thickness of less than about half the mini-
mum extinction distance of all the contributing diffracted beams, typically

less that approximately 6008 . Additionally, a very thin specimen is

desirable so that sufficient electron Iintensity is transmitted for
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observations to be made at high magnifications. The production of such
thin ceramic specimens is a problem, but with care they can be made by
either ion-thinning of a bulk material or by crushing to form thin frac-
ture fragments.

Secondly, the specimens must be carefully oriented so that the
structural features that are of interest lie exactly parallel to the
direction of the incident electron beam. In the case of structural imag-
ing the crystal should be oriented so that the electron beam is parallel
to an important crystallographic direction in the crystal with crystal-
lographically equivalent reflections in the electron diffraction pattern
being of equal intensity; this rvequires an accuracy in alignment within
a fraction of a degree(lg), For lattice fringe imaging the .crystal must be
oriented for a systematic set of reflections with the planes to be imaged
at the exact Bragg condition.

Thirdly, the microscope must be accurately defocussed(m9 75 12)0

For structure imaging the defocus is about 800@, which corresponds to the
optimum for a weak phase object. It 1s found that changes in focus from
this value by more than about 2008 gives rise to images which bear little
apparent relationship to the actual strucﬁure(7)a In the case of two
beam tilted illumination the optimum defocus occurs when there is a
direct superposition of the two images (Af = 0).

The optimum objective aperture is one that will transmit only the
diffracted beams corresponding on the image resolution required. and

cut off the remainder. This is necessary since additional beams will

only add to the background and reduce the overall contrast of the image.



(3) Practical Operation

In order to obtain lattice images the microscope must be operated
at or close to the limit of its capabilities and for this reason
particular care must be taken to ensure that the optimum experimental
conditions are fulfilled and that the microscope is fully aligned.

There are basically seven steps for recording a lattice image, the
firet three of which are carried out in the diffraction mode of operation.
(1) The specimen is tilted and/or translated until a suitable orientation
iz found. (2) The electron diffraction pattern is then centered on the
optic axis and the illumination adjusted for tillted-illumination two
beam imaging, structure imaging, or dark field imaging (figure 2a-c
respectively) as desired. 1In the case of two beam tilted illumination
imaging (figure Z2a) the beams must be accurately positioned so that
the midpoint between the transmitted beam and the strongly diffracted
beam Iies on the optic axis, so that the phase delays introduced by
spherical aberration cancel. (3) An objective aperture just large
enocugh to enclose the beams of dnterest is inserted and carefully
positioned to be centered about the optic axis. (&) In the image mode
the magnification of the area to be imaged is increased and an approximiste
focus setting is obtained. Near to the exact focus position, the
various specimen images which correspond to each beam transmitted by
the objeciive aperture can be made to shift with respect to one another
by amall changes in the objective lens current, and at the Gaussian
focal point they all superimpose. (5) At high magnifications the image
astigmatism ig corrected elther by using the Fresnel fringes at the

edge of the gpecimen as a gulde, or preferably by using the background
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texture of the image (8)0 (6) Final focussing and adjustment of astigma=
tism is carried out until a minimum in background phase contrast is
observed. This is the condition of exact focus and is where the lattice
fringes for the two beam imaging mode will be produced. In structure
imaging the optimum objective lens defoucus value is measured from this
setting. (7) Lastly a thorough focus series of photographs of the image
is taken at small increments of objective lens current from the optimum
defocus condition,

The electrical insulating property of many ceramics often imposes
an additional requirvement in obtaining a lattice image. If the specimen
does charge up under the electvon beam it is necessary to coat it with
a thin layer of evaporated carbon. This layer increases the thickness
of the specimen and so can make it more difficult to obtain a lattice
image. Furthermore, if the layer of carbon is insufficiently conducting,
changes in the incident illumination will affect the image astigmatism
and focus. For this reason, the images must be recorded at the same
magnification and illumination conditions used for the astigmatism
correction and final focussing.

(4) Image Intevrpretation

In common with other imaging modes of electron microscopy the
interpretation of the image contrast is not always intuitively obvious.

(15) (16) et al. showed that the

For instance Cowley and later Hashimoto
lattice fringes are displaced from the positions of the cryétal potential
maxima and that a reversal of contrast occurs for two beam images if the

crystal thickness changes by half an extinction distance. Also they

found that the fringe spacing varies with deviations from the exact
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Bragg diffraction condition and only corresponded with the spacing of
the crystal lattice planes at the exact Bragg angle.
In view of such complexities considerable effort has been expended
in tyying to establish the experimental conditions under which the
image best represents the structure of the specimen, particularly in the
case of a structure image. In ordev to do this requives computation of
the electron wave propagation through the potential of the crystal
structure from the appropriate n~beam dynamical electron diffraction
3-8 <791‘7> . o 3 ° o 3
equation . Then the effects of objective lens defocus, size of
objective aperture, spherical aberration and beam convergence must be
. (10) N , o , .
calculated . This complete computation is complex and although it
has been carried out for relatively few crystals, notably complex trans-

(18,19) has nevertheless led to the

ition element oxides, e.g. NbZGS
guidelines mentioned in the previous section. However these are guide-
lines only and in crystal structure analysis the images must be cal-
culated to ensure that the correct dnterpretation is made. The

(7)

essential

[N

physics requived to do this is described in depth elsewhere

and much of which has been publiished in a series of papers in Acta

(14,18-22)

3

Crystallographica {Series A)

1]

The problems posed in image interpretation of lattice fringe
images ave less severe since in geneval only one fringe spacing is
involved. Nevertheless, considering the large number of variables which
can affect the image it is essential that the computation be carried out.

IXL. APPLICATIONS TO NON-OXIDE CERAMICS

(1) Grain Boundaries
Many important cervamics, particularly those formed by either liquid

phase sintering or by a solution-reprecipitation process, consist of a
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mixture of one or more crystalline phases and an additiénal "wetting"
phase. (The wetting phase may be crystalline or amorphous at room
temperature, but for the sake of brevity is referred to here simply as
a wetting phase.) When these ceramics are examined by optical microscopy
the wetting phase appears to have a near-gzero contact angle with the other
phase(s) leading to the common assumption that it encompasses and
separates the grains of the crystalline phases. Whether or not it
does indeed wet the grains to form a continucus grain boundary film is of
importance in relating macroscopic properties to the observed micro-
structure of a number of materials of contemporary interest, for instance
hot pressed silicon nitride and the zinc oxide based varistor materials.
Before discussing the investigation of the grain boundaries in silicon
nitride;, the extension of the technique of lattice fringe imaging to the
study of boundaries ig described since it is pertinent to the general
problems of detecting grain boundaries phases and of studying the
structure of the grain boundary itself.

a) Technique

Consider a planar grain boundary oriented in the microscope such
that it 1s viewed edge on. This situation may be idealized by the
schematic diagram of figure 3 in which one set of crystal lattice planes
are seen edge on in each of the adjacent grains. In the general case
the orientation of these planes will be different in the two grains,
but they will vemain straight and equi-spaced up to the boundary. There
is then a discontinuity. If a thin phase or film is present in the
grain boundary the discontinuity will be a band of finite thickness

whereas 1f the film is absent the discontinuity will be a line. Very
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simply, then, by ilmaging the lattice planes in adjacent crystalline
grains in the vicinity of a grain boundary and examining the continuity
of the fringes it is possible to determine whether or not an inter-
granular phase is present. There ave several important consequences
of using the fringe imaging wethod. i) The intergranulayr phase is
detectable irrespective of whether it is crystalline or not, 1i) even
extremely thin phases, down to the resolution of the microscope, can be
detected, and iii) by using the fringe spacing in one of the adjacent
grains as a precision scale accurate measurements of the phase thick-
ness may be made.

The stringent conditions required to image the lattice planes as

described earlier must be satisfied in both grains simultaneously.

Firstly, both grains must be oriented in strongly diffracting conditions
for planes whose spacing exceeds the resolution limit of the microscope.
The diffraction pattern/objective aperture geometvry vequired is
schematically represented in figure 4. Secondly, the grains must bqth
be of a thickness at which the lattice fringes have high contrast. This
may be illustrated using the curves of fringe visibility against

crystal thickness calculasted for silicon nitride. In figure 5 a pair

of adjacent grains acvoss a boundary are considered. In one grain the
planes are set so that a ten beam systematic vow of veflections 1s formed
and the transmitted and 002 beams ave used to produce a lattice fringe
image. In the other grain again a ten beam systematic vrow diffraction
condition was established but in this case the transmitted and 110
beams were selected to form the fringe image. TFrom these curves it 1is

©
clear that certain crystal thicknesses, such as about 800A, would be
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unsuitable for the pair of adjacent grains although the 110 fringes
would be very strong in one grain. In this particular example the graiuns
would have to be between about 2004 and 400A thick in order for the
lattice fringes to be observed on both sides of the boundary.

Such strict requirements pose the problem of how a suitable
boundary is to be selected. 1In practice, the first step 1s to translate
and orient the specimen with the microscope operating in the diffraction
mode until two adjacent grains are strongly diffracting. Provided that
the spacings of the diffracting planes exceed the resclution limit the
boundary is viewed in the imaging mode to see whether it is edge on as
required or not. Ideally at this stage the region of the boundary at
the optimum calculated thickness is sought and lattice fringes recorded.
However since foils of pre-determined thicknesses cannot be produced by
the ion-thinning process this region may not be found and sharp,
high-visibility lattice fringes may only be formed in one of the two
adjacent grains.

b) Silicon Nitrides

The loss of high temperature strength of hot pressed silicon
nitride above about 1000°C has been widely attributed to the presence
of a glassy magnesium silicate intergranular phase whose viscosity
rapidly decreases above its softening temperature allowing the silicon
nitride grains to slide past one another. The microstructure envisaged
is schematically illustrated in figure 6. Substantial circumstantial
evidence exists for such a microstructure from Auger electron spectroscopy
of intergranular fracture surfaces, (23,24) from internal friction

(25)

measurements and from compression tests where the glass is squeezed
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(26)9 However in each case the information

out to the external surfaces
is obtained from observations sampling a very large number of boundaries
and multiple grain junctions simultaneocusly and does nét indicate

where the silicate phase exists in the microstructure, Specifically to
determine where the glassy phase is located and whether it does exist

as a thin laver surrounding individual grains of silicon nitride or not,
a commercially produced hotepressed material incorporating Mgl as a
fluxing aid (designated HS 130 by its manufacturers) has been examined

(27328)9 In this material

using the technique of lattice fringe imaging
it has been estimated from the internal friction measurements and from
volume fraction considerations that the thickness of the layer is
between 50 and 10004 (25*29)@ However 1t is clear from examining con-
ventional bright-field electron micrographs that intergranular layers
of this thickness are not present. However, to ascertain whether
layers thinner than about 254 are present using bright-field imaging
is difficult in this matevial because the electron scattering factors
of all the constituent elements are similar. This is best done by
lattice fringe imaging using the technigque descyibed in the previous
section.

Figure 7 ig a lattice fringe image of a rotatlon boundary between
two silicon nitride grains in which one set of the (1010) planes is
vigible in each grain. In this example the lattice fringes can be
followed right up to the boundary line from either side indicating the
absence of any intergranular phase to within the resolution (- 38) of
the technique. Conceivably a monolayer could still exist at this

boundary, but any thicker layver would be visible. Occasionally a thin
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intergranular film is observed but invariably this is seen to be part of
a wedge shaped phase leading from a three or four grain junction. An
example of this dis shown in figure 8 where the silicate or second phase
tapers away from the triple grain junction until it is no longer discern-
able. In general the glassy phase is most often to be seen concentrated
at the multiple grain junctions as in figure 9. (The phase contrast
effect due to the evaporated layer of carbon indicates that a phase is
present at the triple junction here and is not merely a hole between
the grains).

As a result of these and many more such observations it can be
concluded that the overall distribution of the silicate phase resembles
the classic findings of C.S. Smith (30) for the distribution of minor
partially wetting phases in metals such as Pb in Cu or beta brass where
the minor phase is located at the tetrshedral interstices formed by
the junction of grains and tapevrs away from the junction until it is no
longer present. This observed microstructure of course only character-
izes the material as séen at room temperature, whereas the "sand-and-
molasses model of intergranular sliding depicts the microstructure at
high temperatures. Whether they can be rationalized on the basis of
a temperature dependent wetting by the silicate, as has been
suggested (28)5 remains to be seen. However, observations of
commercially available specimens that have been quenched after creep
and deformation experiments indicate that their microstructures are
similar to those described here (31)9

By using yttria as a fluxing ald in place of the Mg0O additive
it has beeun found that the high temperature strength of silicon nitride

can be significantly improved (32)e This improvement has been
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attributed to the formation during hot pressing of a rvefractory phase,
deduced by X-ray diffraction to be a yittrium-gilicon oxy-nitride, which
does not soften at about 1000°C as does the magnesium silicate in the
Mg(O hot-pressed material. However although Rae et al. (33) pave
reported that the oxynitride phase is stable to at least 1800°C, the
Y203 hot-pressed silicon nitride still suffers a high temperature loss
of strength at around 1400°C which indicates that there may be some other
cause for the loss in strength.

The microstructure of a lOm/O Y203 hot pressed silicon nitride is
illustrated in figure 10, and consists of grains of silicon nitride and
of crystalline silicon-yttrium oxynitride (34)0 It is basically similar
to that of the Mgd fluxed materials with the oxy-nitride phase, as with
the magnesium silicate phase above,being hetervogeneously distributed
and concentrated principally at the multiple grain junctions. (The
silicon yttrium oxynitride phase has higher contrast than the magnesium
silicate on account of the larger electron scattering factor of the
yttrium atoms). The dihedral angles formed by the oxynitride phase
indicate that it does not penetrate between the silicon nirride grains
to form a continuous intergranular film.

However, in determining the extent of the oxynitride phase an
addivional phase not identified by X-ray diffraction analysis was
detected {34>a This is an intergranular phase between the silicon
nitride grains and the silicon-yttrium oxynitride grains and should
properly be referred to as an interphase phase. Although it can be

seen in thin regions of the specimen by conventional bright field imaging,

its presence is best revealed by lattice fringe imaging as in figure 11.
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As with the previous examples presented here there is no way of
establishing whether or not this interphase phase is crystalline. Its
absence in the X-ray diffraction data can be accounted for by its small
volume fraction in the microstructure deduced from the narrowness of
the phase in the boundaries.

The unexpected finding of an intergranular phase suggests that
it may be the origin of the strength degradation exhibited at high
temperatures., However recent X~ray spectroscopy analyses using a STEM

(35,36) of the silicon-yttrium oxynitride phase from regions

facility
as small as 1504 across imply that melting below 1800°C caused by
impurity alloying may be an alternative explanation (36),

ii) Phase Transformations in Silicon Carbide.

The polytypic phase transformations in silicon carbide have long
been of scientific interest to crystallographers and physicists concerned
with the phenomenon of polytypism. In recent years however the interest
in these transformations has broadened with the developments aimed at
demonstrating that silicon carbide is a viable high temperature engineer-
ing material.

When silicon carbide materials, sintered or hot-pressed from
B (cubic stacking) powders, are held at high temperatures (2 1800°C)
two processes related to polytypism occur. One is the phase transfor-
mation from the cubic stacking form, B, to any of the hexagonal or
rhomobohedral forms (denoted here for the sake of brevity as o), and
the other is an exaggerated grain growth (37)a To investigate the

mechanism of the phase transformation two types of silicon carbide have

been studied, the boron doped and sintered material produced by



18-
(38)

General Electric and the reaction sintered material known as

REFEL silicon carbide <39)0 Whilst both types of material have been
extensively studied very little is known about the mechanism of the
transformation itself although on account of its morphology it has been
likened to that of a massive transformation (40)5

The microstructure of the partially transformed boron sintered
carbide is that of long lath éhaped grains each consisting of parallel
intergrowths of B, twinned B and o stacked regions (41)9 The inter-
growths are also lath shaped and almost without exception are parallel
to and bounded by the same close packed plane in the crystal. A

(41)

previously published lattice fringe imaging study reveals that the
scale of the intergrowth can be extremely fine with the laths being as
small as one unit.cell wide. Despite this complexity however, a striking
simpliicity of the microstructure is that the B and 0 stacked regions
extend cbmpletely acrogs the grainsg from one bounéary to another. As

a result the only transformation interface that can be studied is the
bounding close packed plane of the laths, which might be termed the
non-glissile interface. To observe the "glissile” interface another
type of silicon carbide is clearly needed. Reasoning that the boron
sintered material is too pure to allow impurity drag to peg the
"elissile' interface in the middle of the grain, the less-pure reaction
sintered REFEL material was chosen <42)°

Whether impurity pinning is the cause or not, the "glissile"

interface can be observed in the REFEL material. Figure 12 is a low

magnification view of a grain of the material oriented with the beam
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parallel to [1120] so that the close packed planes are seen edge on.

By selected area electron diffraction analysis the light areas are

found to be regions of cubic stacking, whereas the dark areas are

regions of . Even at this relatively low magnification the irregular
nature of the "glissile' boundary is obvious together with the smooth
character of the "non-glissile' ones. The details of the interface

are seen at higher magnification in the lattice fringe image of figure

13 where the 15@2§ periodiciey of the (0001) planes in the o-6H

polytype has been imaged. Due to the imaging conditions used only

those regions with the o~stacking display fringes. The irregular fringe
terminations represent the morphology of the glissile interface, and the
presence of one fringe high ste?s strongly suggest that the inter-face
advances by the progression of successive unit cell ledges across the
material (42), Such an intevpretation is in keeping with the observation
that the lath shaped regions of o and B are bounded by the close packed

planes.

ii1) Crystal Structure Refinement
One of the more dramatic applications of high resolution electron
microscopy is in the refinement of crystal structure, particularly in
elucidating the fine structure variations due to faulting, stacking
disorders and unit cell scale twinning, all o% which can be difficult
)

if not impossible to determine from conventional X-ray data

This type of work, in which the details of the structure and the

projection of the atoms are seen directly, has been restricted until

g , 43
now to structure analysis of the nlobium-~oxide class of oxides ( )3

(5)

the tungsten bronzes and some minerals . These are particularly
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suitable materials since they have rather open structures with large
interatomic distances and contain relatively heavy elements, so giving
rise to strong contrast.

Despite the striking structure images obtained from these materials
the technique of structure imaging has only just begun to be applied to
materials of interest to the ceramicist. Primarily this is because
industrial ceramics generally have close packed structures, and so the
information sought is close to the resolution limitations of the
microscope making it much more difficult to obtain. Nevertheless useful
crystallographic information about ceramics can be obtained as the
following illustrations, drawn from a study of the "X" phase,
demonstrates.

One important aspect of structure imaging is that under suitable
circumstances the image obtained may be intuitively interpreted in
terms of the actual atomic positions, and so atoms observed around
crystal defects are seen as clearly as those in perfect vegions of the
crystal. The appropriate conditions must be ascertained by computation,
but it is found that for specimen thicknesses of approximately 508 at an
objective lens defocus setting of about 9002 the image corresponds
directly te the projected charge density in the crystal (14)0
(a) X Phase.

The X phase is one of a series of phases that exist in the
Si-Al-0-N system and is usually an undesirablée phase in the fabrication
of the B' Sialon (44}0 In the literature it has been variously referred

to as the "J", "X" and "Oyama" phase reflecting the uncertainty in its
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composition and crystal strﬁcture (44)5 To date three. different unit
cells ‘have been assigned and each belongs to a different symmetry
group (44w46)° Whilst it may possibly exist as more than one crystal
structure a number of basic crystallographic questions about the phase
can be quite simply answered by structure imaging. Amongst these are,
what are the angles between the planes whose spacings have been
determined from the X-ray powder patterns; are some of the X-ray
reflections observed caused by fine scale orderiang of faults or micro-
twins; what fault displacements are present?

Figure 14 is a structure image of a very thin region near the edge
of the foil of a small grain of "X" phase obtained using 21 diffracted
beams in the configuration of figure 2(b) and projected down a two-fold
zone axis. -In this very perfect region the translational periodicity
of the structure is evident and indicates that the basic repeat unit
in this projection is a parallelogram with a principal interplanar
angle of 80°. The lighter reglons represent channels of lower electrical
potential than the surrounding areas.

An intriguing aspect of the electron diffraction patterns taken in
this orientation is that they can be indexed equally well on the basis
of a microstructure containing a high density of microtwins or on the
basis of a periodic faulting structure in which some of the individual
unit cells are displaced relative to one another by one third of a
translation vector. Although features characterisitic of both faults
and microtwins are observed by conventlonal microscopy they are

generally on such a fine scale that they cannot be distinguished.

Figure 15 1g¢ taken from an adjacent equally thin but faulted region
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to that of figure 14 and in this case an isolated fault having a
projected displacement of T/3 wheve T is a lattice translation vector
can be seen. (Since the unit cell has yet to be agreed upon, T is the
translation vector that repeats the lattice in the structure image).

No evidence for twinning is found in these and similar structure images
indicating that faulting is an important crystallographic feature in
this materlal.

These preliminary examples of structure images of a ceramic
demonstrate that structure imaging can supplement crystal structure
analysis, particularly when based on X-ray powder diffraction methods,
and as they were also obtained from ion~thinned material, indicate that
the technique can be applied to the study of ceramics conventionally
prepared.
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FIGURE CAPTIONS

FIG.,

FIG.

FIG.

FIG.

FIG,

1. Schematic Ray diagram illustrating the formation of a two

beam lattice fringe image in an electron microscope.

2, Configuration of the electron diffraction pattern, outline of
the objective aperture and the position of rhe optic axis in the
back focal plane for a) two-beam tilted-illumination lattice fringe
imaging, b) many~beam axial~illumination structure imaging and,

¢) many-beam tilted-illumination dark field structure imaging.
Schematic.

3. Idealized projection of a grain boundary reglon containing a
second phase at the boundary. The boundary is geen edge on as

are one set of crystal lattice planes in the two adjacent grains

A and B.

4, Objective aperture, optic axis and diffraction pattern con-
figuration in the back focal plane of the objective for imaging
one set of lattice fringes in two grains on elther side of a

grain boundary. Schematic. g; is the fundamental reflection from
one grain and gy from the second grain.

5. Ten-beam dynamical electron diffraction computation of lattice
fringe visibility versus thickness of the crystalline grains. The
full line vefers to visibility of fringes formed in one grain

from the recombination of the transmitted beam and the 110
diffracted beam, and the dashed line represents the visibility of
fringes in the adjacent grain in which the transmitted and 002
diffracted beams have been recombined. A tilted illumination

configuration corrvesponding to figure 2a was assumed.
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FIG. 6. The "sand and molasses" microstructure envisaged for the
structure of hot-pressed silicon nitride at high temperatures:
grains of silicon nitride are surrounded and separated by a
continuous layer of secqnd phase shown here by the black lines.

FIG. 7. Lattice fringe image of a rotation boundary in a hot pressed
silicon nitride. The lattice fringes are seen to be continuous
right up to and on either side of the boundary where there is a
line discontinuity indicating an absence of any intergranular
phase.  The (1010) lattice spacing is 6.5A4.

FIG. 8. Lattice fringe image close to a three~grain junction. A thin
intergranular phase is revealed which decreases in thickness away
from the 3-grain junction until it cannot be discerned. Note that
the wedge shape of the intergranular phase is determined by the
(1010) planes in the two adjacent silicon nitride grains. Hot
presgsed silicon nitride.

FIG. 9. A three-grain junction in a MgO~fluxed hot-pressed silicon
nitride. The lattice fringes in the top and lower vright grains
clearly show that the intergranular phase is located at the grain
junction, A, with a very thin film (~8§) leading from it between
the two grailns. Although the lower left grain is out of contrast
the Moire fringes, B, indicate that it is crystalline too. (1030)
spacing is 6.54.

FIG. 10. Low magnification bright field electron micrograph illustrating

the microstructure of a YZQB«fluxed and hot-pressed silicon nitride.

The silicon=yttrium oxynitride second phase (black) is located

principally at the multiple silicon nitride grain junctions (arrowed).
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FIG. 11. A lattice fringe electron micrograph revealing the existence of
a thin (< 708) intergranular phase between a silicon nitride grain
(left) and s silicon-yttrium oxy-nitride grain (right). The (IOTO)Si N

374
spacing is 6.54,

FIG. 12. Low magnification bright-~field electron micrograph of a reaction
sintered silicon carbide. The light regions are, by selected area
electron diffraction, cubic (3C) and the dark regions hexagonal (o)
silicon carbide. The smooth transformation interface termed here as
the "non-glissile” interface is parallel to the (0001) plane. The
interfaces not parallel to this are seen to be mainly irregular and
are referred to here as the "glissile” transformation interface.

FIG. 13. High magnification lattice fringe micrograph of a "glissile"
transformation interface. The fringes are parallel to (0001) and
have a spacing of 15.28 denoting those regions of 6H silicon carbide.

The cubic (3C or B) regions have no fringes. The irregular inter-
face is seen to be stepped with steps one fringe high, suggesting that
the interface advances by the progression of successive unit-cell

high ledges across the material.

FIG. 14. n-beam axial illumination structure image of X-phase. The darker
regions probably represent regions of higher projected charge density,
in this image taken in a very thin region of the foil. The translational
periodicity of the structure and the principle angle between the basis
vectors are evident,

FIG. 15. mn~beam axial-illumination structure image of an adjacent thin
region of X-phase., A fault having a projected displacement of one-
third of the translational periodicity is arrowed, (This can best be

seen by viewing the figure obliquely along the rows inclined to the

fault line). Basic crystallographic information can thus be seen directly.
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