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Abstract 

The characterization of advanced ceramics requires 
the application of advanced electron microscopy, 
diflraction and microanalysis. Examples are given 
here of high resolution (atomic) imaging and 
microanalysis by energy loss spectroscopy together 
with their main limitations. These limitations inevi- 
tably refer to instrumentation capabilities, and espe- 
cially the quality and thinness restrictions of 
specimens. Examples are presented of atomic reso- 
lution for structure analysis of nanostructureljiber 
ceramics and parallel energy loss spectroscopy and 
energy$ltering for evaluating processing problems in 
BN-SiCJiber composites. 0 1998 Elsevier Science 
Limited. All rights reserved 

The basic principles of these techniques are now 
well known, and will not be reviewed here.lp3 The 
present limitations are illustrated by current 
research on applications of ‘atomic imaging’ 
(HREM), coupled with microdiffraction (notably 
convergent beam methods) to elucidate structures, 
e.g. in oxide ceramics. The application of electron 
energy loss spectroscopy (PEELS) to evaluate 
ceramics containing light elements not amenable to 
classical X-ray spectroscopy is also illustrated. The 
example given here is for fiber composites of BN 
coated Sic, in Sic matrices. Of course, it should be 
realized that all the methods of characterization 
may apply to solving materials problems, but this 
paper will refer specifically to the HREM and 
PEELS methods. 

1 Introduction 2 HREM and Structure Analyses 

Materials for advanced applications require super- 
ior properties which must be attained by economic 
and consistent processing routines. In principle, by 
understanding the processing-structure-properties 
interactions, which is what materials science is all 
about, it should be possible to design or tailor 
materials for such conditions. Since properties 
depend upon microstructure, and chemical dis- 
tribution of the material’s components, character- 
ization at the highest levels of resolution becomes 
of supreme importance. For these purposes, the 
high resolution and specificity of electron micro- 
scopy, diffraction, and microanalyses currently 
capable of near atomic synthesis, makes these 
methods invaluable and prerequisites for successful 
research and development of advanced ceramics. 

Since fundamental properties of materials depend 
on their crystal structures, and defects, and since 
novel properties, particularly electronic, are now 
being achieved through novel processing routes, 
e.g. to obtain nanostructures, thin films, multi- 
layers, etc., crystal structure analyses of materials 
having small dimensions becomes particularly 
important. It is in these situations that HREM may 
become the method of choice, in spite of several 
restrictions. 

*Invited plenary lecture at the conference on ‘Powder Char- 
acterization for Advanced Materials Manufacture’, Gijon, 
Spain 16-20 June 1997. 
‘To whom correspondence should be addressed at the Uni- 
versity of California. 

One reason for this is that conventional crystal- 
lography by X-ray or neutron diffraction is limited 
in that they provide averaged information from 
specimens, and as a result may not resolve individ- 
ual crystals, and defects. Electron microscopy is 
specific, and is limited mainly by statistics. As an 
example of these differences, HREM analyses of 
SiAlON compounds showed the presence of poly- 
typoids in which the structure is determined by the 
cation/anion ratio as summarized in Table 1. At a 
ratio of 16/17, X-ray data showed the presence of 
the 32H polytypoid, whereas HREM results (Fig. 1) 
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Table 1. Polytypoid structures in SiAlONs generated with 
different cation:anion [M/N] ratios’ (after Ref. 4) 

4 MIN Polytypoid c (nm) 

4 415 8H 2.304 
5 516 15 R 4.185 
6 617 12 H 3.288 
7 718 21 R 5.712 
8 8/9 16 H 4.070 
9 s/10 27 R 7.209 
11 11/12 33 R 8.646 
12 12/13 24 H Not measured 
13 13/14 39 R 10.140 
16 16/17 32 H$ 8.282$ 
cc 1 2H 0.498 

*These are observed in many ceramic systems 
INumber of layers 
$.This is not a true structure but a composite of 21R and 27R 
blocks. 

clearly show the structure to be repeating blocks of 
21R and 27R polytypoids. Thus the 32H is not a 
fundamental structure. Similar cases exist in other 
compounds, notably the ceramic superconductors5 
and many other materials.6 Another important 
point from such studies of polytypoids is that the 
image actually provides chemical composition 
information. Of course this can be verified by 
CBED and microanalysis. 

In general, real space crystallographic analyses 
should be coupled with microdiffraction, and 
CBED-a subject ever developing with the work of 
Steeds and colleagues,’ and requires expertise in 
diffraction physics-which points to the continuing 
need for interdisciplinary cooperation in the field 
of materials science. 

3 Atomic Imaging 

As an example of a typical structural problem, 
consider the case of the well-known mineral/cera- 
mic mullite. This material has excellent high 
temperature and creep properties, and as a matrix 
can be toughened by composite processing such as 

Fig. 1. Lattice image of 21 R and 27 H polytypoid in SiAlON 
compound with cation:anion ratio of 16:17 (after Ref. 4). 

with Zirconia8 or by fiber strengthening of other 
matrices, such as MoSi2.9 Mullite is an aluminum- 
silicate with composition ranging from approxi- 
mately 3A120s.2Si02 to 2A1203Si02, which is 
normally orthorhombic (space group p&m) but 
can be tetragonal depending on composition and 
processing route, i.e. the structure is not simply a 
function of composition. The ratio A1203:Si02 
(henceforth designated as M:N) characterizes the 
chemical composition of mullite in terms of the 
complete formula Al4 + 2XSiz_2XOio-X, where x 
designates the number of oxygen atoms missing per 
unit cell. Clearly, x=2{M:N}-1/(2(M:N} + 1) and 
M:N = 1 +x/2/( 1 -x). 

The problem of direct elucidation of the unit cell 
is thus complicated because it is necessary to image 
cations, anions (oxygen) and anion vacancies. 
Although this may seem to be a daunting task, 
some success has been achieved alreadyi and hope 
for better results now stems for the availability of 
microscopes capable of interpretable resolution to 
0.1 nm. 

For mullite solid solutions, the lattice para- 
meters vary almost linearly with composition,” 
and of course when a = b # c the tetragonal 
structure is attained, and has been reported.i2Ti3 
Examination of mullite whiskers prepared by 
synthesis of topaz,14 showed the tetragonal 
phase existed at compositions below that pre- 
dicted from lattice parameter considerations. 
Whiskers obtained from historical Indian ‘Wootz’ 
crucibles* were however orthorhombic. These 
whiskers differed considerably in size (and history) 
as shown in Fig. 2. As is known from other systems 
there is a size dependence on structure. For syn- 
thetic whiskers between 100 and 500 nm thick, the 
tetragonal phase occurred at compositions from 
M:N= 1.63 to 1.83. The thinner Wootz fibers at 
lo-30 nm thick, were orthorhombic, and remained 
so even after annealing in vacuum to reduce the 
Si02 content. These data differ from the predic- 
tions of Cameron.15 At compositions x=0.25 to 
0.32, the synthetic whiskers would be predicted to 
be orthorhombic, whereas they are tetragonal. 
After annealing to enrich in A1203, tetragonality is 
predicted whereas in fact the structure is ortho- 
rhombic! It can be concluded that that the struc- 
ture, especially vacancy content, is very dependent 
on the processing. This emphasizes the need for 
characterization at each stage of processing or 
development. 

Another factor is that relaxation of structure can 
occur, as composition changes, for example on 

*‘Woo& crucibles were used since the 16th century to car- 
burize irons towards production of ‘Damascus’ swords. Mul- 
lite was formed by the reaction of clay and rice husks (SiOZ). 
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Fig. 2. (a) Fibers of mullite prepared by reaction sintering of 
topaz (courtesy I. Talmy, N. S. W. C., Silver Spring, MD), 
and (b) mulhte fibers harvested from Indian ‘Wootz’ crucibles 
(courtesy T. L. Lowe). Reprinted courtesy Journal of Material 

Research. I4 

annealing whiskers in vacuum to enrich the A1203 
content. Figure 3 is an example for a synthetic 
whisker 92 nm thick, which has randomly twinned 
to relieve stresses from volume changes as Si02 is 
removed, but concurrently shows anti-phase 
boundaries (along 601), signifying oxygen vacancy 
ordering. l6 This result shows that oxygen vacancies 
are created during the elimination of the silicon. 
Thus it is difficult to predict exact structures with- 
out knowing in detail all the cationic, anionic and 
vacancy changes that can occur during processing 
and subsequent treatments. 

What can be expected by improved image reso- 
lution? At the current resolution limit of -1.6A 
with the Berkeley 800 kV ARM, and by producing 
remarkably excellent thin films from bulk mullite 
of composition x= 0.25 to 0.3, and with detailed 
calculations for image interpretation, Epicier et. 

~1.‘~ succeeded in detecting oxygen vacancies in 
specimens provided the thickness was less than 

Fig. 3. ARM image in (100) of orthorhombic high alumina 
synthetic mullite fibers. Notice twinning and periodic (601) 
anti-phase domain boundaries as expected from oxygen 
vacancy ordering as SiOz content is reduced. Insert shows the 
selected area laser optical diffraction. Reprinted courtesy 

Journal of Material Research. 

2.5 nm. There was no evidence of vacancy (or 
other) ordering, confirming earlier attempts to 
atomically image mullite in composites with Zr02 
and with M:N= 1.7 to 1. The structure seems best 
described in terms of average orthorhombic unit 
cells containing disordered vacancies. These 
detailed studies also show that HREM images are 
not easily correlated with oxygen vacancy ordering, 
as also noted by Yla-Jagski and Nissen.i6 Cationic 
order is of course seen by superlattice reflections in 
the diffraction pattern. Long range order is detec- 
ted also by antiphase boundary contrast (Fig. 3). 

Clearly the problem really requires truly atomis- 
tic discrimination within the unit cell. Weak phase 
object calculations of the resolution and thickness 
requirements to image oxygen positions in the 
orthorhombic mullite cell are shown in Figs 4 and 
5. At 300 kV the thickness limitation is 10 nm even 
where 0.1 nm resolution is available (as is the case 
today). Whilst this specimen restriction is severe 
for bulk ceramics, it falls within size ranges possi- 
ble in nanostructures. However even at 0.1 nm 
resolution, Fig. 6 shows that not all oxygen sites 
are detectable-as also of course for vacancies. It 
cannot be over-emphasized that the image is still a 
two-dimensional projection of the three-dimen- 
sional object, so many images in different projec- 
tions must be analyzed. Thus microscopes must 
have large angle specimen tilting capabilities, as 
with the 800-1250 kV machines, since tilt cap- 
abilities may be restricted by lens design to lower 
spherical aberration in medium voltage micro- 
scopes. This factor must be balanced by radiation 
damage considerations also, since the probability 
of atomic displacement increases with accelerating 
voltage. 

It must also be emphasized that coupled with the 
experimental needs for such resolution, the images 
can only be interpreted when all the necessary spe- 
cimen (thickness, tilt, etc.) and instrument (defo- 
cus, divergence, etc.) parameters are taken into 
account by image calculations so as to obtain con- 
sistent experimental-theoretical matching. 

4 Interfaces-The Final Frontier? 

Many of the most important properties of ceramics 
relate to interfaces-these include grain bound- 
aries, intergranular phases from processing, joining 
interfaces and so on. Recently, success has been 
achieved in improving the strength of joints in 
S&N4 ceramics with S&N4 and with other compa- 
tible compounds (e.g. A1203) by utilizing reaction 
sintering methods with rare-earth oxides and 
silica.i7 These silicates have previously been used 
to densify silicon nitrides,” and results in partial 



1230 G. Thomas, M. Gopal 

WPO -- Resolution Series 

ush ZOOA 1.75A LSOA 1.256 LWA 

Fig. 4. Weak phase object calculations of images expected 
from [OOI] orthorhombic mullite as a function of electron 
microscopy point-to-point resolution. Notice 0.1 nm is 
required to locate anions (M. O’Keefe and G. Thomas, 

research in progress). 

Specimen Thickness Limits Resolution 

Fig. 5. Kinematical calculations of specimen thickness 
required to achieve a range of point resolution over a range of 

accelerating voltages (courtesy M. O’Keefe). 

crystallization of the intergranular phase forming 
RE2Si207. The high temperature strength,19 
creep I9 and oxidation resistancezO are also greatly 
improved by this microstructurel 

Nevertheless, in order to completely understand 
interfaces including heterogeneous ones, e.g. 
metal-ceramic joints, it is necessary to evaluate the 
structure, composition and bonding at interfaces. 
Thus combinations of the most powerful TEM 
methods-HREM, CBED and PEELS will be 
required. As discussed above, from a structural 
viewpoint the resolution needed must be at least 
0.1 nm. Figure 6 shows a calculated image at 
0.1 nm for a grain boundary in rutile, together with 
the best resolution currently attainable with the 
ARM instrument at Berkeley. The experimental 
image does not identify the atoms at the interface 
as only cations are resolved. At 0.1 nm resolution, 
however, the terminating planes at the boundary 
can be identified. The future for such HREM is 
clearly exciting for such studies. 

In summary, although real-space crystallography 
of very small crystals is potentially viable, and will 

Fig. 6. Calculated image (left) at 0.1 nm resolution compared 
to experimental image (right) at 0.16 nm resolution for rutile 
Ti02. Notice at 0.1 nm, discrimination of oxygen positions is 

predicted (courtesy M. O’Keefe). 

be facilitated at 0.1 nm resolution, and some suc- 
cesses have been recorded, complete analysis is 
difficult without also involving high resolution dif- 
fraction and microanalysis, and the cooperation of 
experimentalists and theoreticians. With the devel- 
opment of improved instrumentation, such as 
intense coherent sources by field emission (FEG) 
and PEELS with energy filtering, discussed below, 
we can look forward to continued progress in the 
search for complete characterization of advanced 
materials. 

5 Microanalysis: Peels Applications 

For X-ray microchemical elemental analysis, now 
well established in electron microscopy, the major 
problem in detection and resolution is the signal to 
noise ratio of the characteristic X-rays produced by 
the inelastic scattering of the incident electrons by 
those in the specimen. Even with high intensity 
FEG sources, it is difficult to achieve quantitative 
analysis of light elements (2~ 6) due to the small 
X-ray yield, and care is needed to minimize beam 
damage. Since low density materials (including 
ceramics) are of great importance in many struc- 
tural design considerations for weight savings, light 
element analysis is particularly challenging. 

Fortunately, the capability of parallel electron 
energy loss spectroscopy (PEELS) (i.e. analysis of 
those electrons that are inelastically scattered by 
the sample, including those involved in X-ray 
emission) has greatly increased our ability to carry 
out light element analysis. This technique, only 
quite recently available with FEG sources, also 
provides elemental distributions by energy filtered 
imaging. In addition to the facility for light element 
detection, the fine structure near the absorption 
edge contains detail pertinent to the bonding, e.g. 
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scattering due to inter and intra-band excitations. 
The spatial resolution is mainly limited by the 
beam diameter, but with a FEG system, it is pos- 
sible to achieve -1 nm resolution spatially, with an 
energy resolution of -0.1 ev. In principle this 
allows all elements from H upwards and minimum 
concentrations of 10m4 at% to be detected.21 
However as yet there are no reports of hydrogen 
detection in materials. Needless to say, since inter- 
pretation of data from these methods involves a 
detailed understanding of the inelastic processes, 
analysis again requires cooperation with physi- 
cists-hence the advantage of national centers with 
resident expertise. 

Here we describe current research on BN coated 
SIC fibers, in SIC matrices. In these systems, the 
Sic fibers are coated with a layer of BN to form a 
weak interface. During fracture of the composite, 
the crack is deflected by the weak interface causing 
fiber pull-out, resulting in an increase in tough- 
ness.22 Fig. 7 shows the SEM image of the frac- 
tured composite, in which the fibers are clearly 
pulled-out. 

To help analyze these composites, it was neces- 
sary to develop background data pertinent to the 

Fig. 7. SEM image of fractured EN-coated Sic fibers in a SIC 
matrix. Notice pull-out of the fibers. 

1- -13.540 Enmwy LOS. [CV) 498.971 -b 

Fig. 8. Electron energy loss and deconvoluted spectra from a 
CBN ‘alloy’. Notice the near edge structure indicating all ele- 
ments are in the sp2 hybrid bound state, that is graphite 

(courtesy K. M. Krishnan). 

Fig. 9. (a) TEM image of section parallel to fiber axis showing 
the BN-SIC fiber interface. The matrix consists of SIC pre- 
cipitates in silicon [Fig. 12 (b)] Electron diffraction pattern 
from the BN coating showing its basal plane to be parallel to 

the furface of the fiber. 

(a) from pure BN 

(b) from BN in the composite 

Fig. 10. (a) PEELS spectrum from bulk BN. (b) PEELS spec- 
trum from BN coating from Sic fiber in the composite. Notice 

appearance of C edge. 
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application of PEELS, and image filtering. verse to the fibers have been examined. Figure 
Graphite has been alloyed with B and N to attempt 10(a) and (b), are PEELS spectra of bulk BN and 
to produce intercalated structures.23 Fig. 8 is an from the BN coating respectively. Notice the pre- 
example of the spectrum of such a compound. sence of the C edge in the latter. This means that 
Graphite is hexagonal with sp2 hybridized bonds some reaction has occurred to allow carbon to 
in the basal plane; the deconvoluted spectra near penetrate the coating. The PEELS spectrum from 
the absorption edges for C, N, and B all show the the fiber coating [Fig. IO(b)] can be compared to 
same fine structure, viz. that due to sp2 bonding. that of the synthesized CBN (Fig. 7), and bulk BN 
This implies that no intercalation has occurred, and [(Fig. 10(a)]. In each case, the fine structure near 
B and N only replace C atoms in the basal plane. the absorption edges all indicate the same sp2 

These above mentioned results are important in bonding and graphitic structures. It should be 
elucidating the structure of BN coating of Sic. noted that no oxygen was detected in any of the 
Two main questions arise: EELS spectra, from fiber nor coating. 

1. What is the structure and bonding of the 
coating? 

2. Has there been any reaction at interfaces dur- 
ing processing of the composites? 

Figure 9(a) shows the TEM image obtained by 
very careful specimen preparation involving dim- 
pling and ion milling. Sections parallel and trans- 

Electron diffraction analyses of BN [Fig. 9(b)] 
shows the c-axis lattice parameter to be 0.35nm 
that is larger than the 0.33nm in bulk BN. This 
difference is attributed to either alloying of BN 
with C,24 or due to the turbostratic structure of the 
BN, in which the arrays that form the basal plane 
are randomly rotated within the plane.25 The BN 
diffraction patterns also show texture, with the 
basal plane of BN being parallel to the surface of 

Fig. 11. Energy filtered images corresponding to the elemental distribution of B, C, N and Si. Notice the presence of C and Si 
within the BN coating. 
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Fig. 12. (a) Bright field and (b) dark field image showing pre- 
cipitates of of SIC inside a single grain of silicon. (c) Electron 
diffraction analysis shows the SIC to be the cubic polytypoid. 

the fiber. This orientational dependence has been 
observed and studied in detail by other workers.26 

The penetration of carbon into the BN coating is 
verified by the energy filtered imaging of the B, N, 
C and Si components, shown in Fig. 11 The energy 
filtered imaging shows strong correlation between 
regions rich in B and N and regions rich in Si and 
C. This suggests that these elements are present in 
their compound form, One possible mechanism for 
this is by molten Si (used to form the matrix) 
penetrating the weak SiC/BN interface (in fact, 
current results show penetration of silicon at these 
interfaces). Subsequent reaction with carbon, also 
used to form the Sic matrix, causes formation of 
Sic. This reaction can be studied in the formation 
of the matrix. Figure 12 shows cubic-Sic pre- 
cipitates precipitating inside a large crystal of sili- 
con. This suggests that the carbon dissolves in the 
Si and precipitates out during the cooling process. 

These results indicate the unique capabilities of 
PEELS analyses for such problems. This analysis, 
coupled with conventional and high resolution 
microscopy, can help solve many problems in 
materials science. 
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