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INTRODUCTION 

Although the study of ceramics using transmission electron micros-

copy (TEM) lagged behind metallurgy because of specimen prepafation diffi-

culties and because many ceramics are ionisation sensitive to lOOkV 

electron beams, today there is considerable research activity. This 
\ 

is due to perfection of ion thinning methods (first devised by Castaing 

in the early 1950s actually for metals) and improvements in instrumen-

tation, particularly high voltage, high resolution and analytical 

microscopes. These developments and many applications have been sum

marized recently(l) and will not be given in any more detail in this 

review. However, it is important not to underestimate the severe 

problems of specimen preparation methods for ceramic materials. 

(a) Conventional Techniques 

Commonly used methods such as optical or sc~nning eler.tron micros-

copy to study the surfaces and interfaces of ceramic materials are 

well known. However, ttansmission electron microscopy·techniques 

have not been widely used to investigate the nature of interfaces 

between different grains or different phases in ceram~cs. As outlined 

below, various aspects of the interfaces can be studied using conven-

tional TEM techniques such as dark field, bright field, weak beam, 

(1) dark field selected area diffraction patterns, etc. • 

Selected area diffraction (SAD) patte~ns are obtained by position-

ing the diffraction aperture of the microscope in any area of the 

specimen. The diffraction patterns contain crystallographic and 

structural information. SAD can be used to ·determine the orientation 

relationship between adjacent grains and phases, the crystallographic 

orientation of the boundary planes, etc •• Fig. 1 shows the diffraction 
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pattern from two adjacent grains of LiFe5o
8 

across a small angle tilt 

boundary, with the tilt axis in the specimen plane. The tilt angle as 

determined from SAD is 3°, which is accommodated by 1/2<110> dislocations 

on the (111) plane as shown in fig. la. 

The interface between different phases in a ceramic material can 

be coherent, semicoherent or incoherent. Normally, coherent phases will 

be associated with strain, and these can be studied in detail by 

contrast analysis using TEM.(l, 2 ) The semicoherent interfaces consist 

of interfacial dislocations which accommodat8 the misfit and relieve 

the strain. The nature of the dislocations and their distribution and 

arrangements provide insight into the properties of the multiphase 

materials and thus are of both theoretical and practical interest. 

Fig. 2a shows an example of the interface dislocations in a LiFeD2 -

LiFe5o
8 

interface. Dislocations of Burgers' vector 1/2<110> are distri

buted ~ 650~ apart, to accommodate a .006 misfit. In order to study 

the mechanisms of dislocation formatian at the interface, often it is 

necessary lo investigate if the dislocations at the interface are dis-

sociated. Such studies, as well as the study of very closely spaced 

dislocations can be aided by special effects associated with systematic 

reflecting conditions~ riamely weak beam dark field methods or high 

order bright fieldimaging( 4 ) which is especially effective at high 

voltages. Details are given in ref. 1. 

Figure 3 shows a comparison of imaging methods for the detection 

of any amorphous phase at the grain boundaries. This is most easily 

done using the diffuse intensity dark field techniques(S) when the 

second phase is present in only small quantities. In such a case, the 

dark field image is taken by positioning the objective aperture away 
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from the crystalline spots in areas where no intensity due to the amor

phous phase is normally visible. More examples are given elsewhere. (6 ) 

This technique has the advantages of quick and easy detection and deter-

mination of glassy phase, but suffers from the disadvantage that ioni-

sation damage in certain ceramic materials can provide erroneous values 

of the amount of the amorphous phase at the boundaries. High resolu

tion lattice imaging methods are also very useful for such studies(l,S) 

as described below, and also shown in fig. 3c. Overfocus/underfocus 

te~hnique( 7 ) can also be utilized to study the presence of any second 

phase at the boundary and also the presence of micro-crabks at the 

boundary. 

In crystalline materials, stereomicroscopy(B) is also very useful 

to study the distribution of second phases etc. on the interfaces and 

surfaces. An example of the study of'surface reactions in NiFe2o4 is 

shown in fig. 4 in the.stereo pair images. This shows that the reduc-

tion of NiFe2o4 toNi starts near the'free surfaces, leaving the pores 

and the Ni particles on the surfaces. (9) 

(b) High Resolution Imaging 

The conditions under which the atcmic structures of interfaces 

can be directly imaged are also well understood(lO) and are necessarily 

far more restrictive than those for individual crystals. Forming an 
I 

image of a single crystal lattice requires that more than one scattered 

wave be recombined at precise settings of objective lens focus. The 

proper focal setting is the one which induces identical phase shifts 

in all scattered beams, and for maximum resolution, a maximum number 

of beams must be admitted through the lens. (l) This imaging principle 

which is described by the Abb~ theory,(ll) is illustrated schematically 

in fig. 5. 

\ 
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Unfortunately, even in the absence of a physical aperture (i.e. an 

objective aperture) at the diffraction plane, the aberrations of the 

microscope system prevent the effective recombination of higher order 

reflections during imaging. The reference beam of course is the one 

which travels the optic axis of the microscope, and the effect of lens 

aberrations becomes more severe at greater radial distances from this 

axis. Such aberrations are manifested in a phase delay for off-axis 

beams which depends upon the accelerating voltage of the microscope, 

the spherical aberration coefficient of the objective lens, the extent 

of lens defocus, instrumental instabilities and degree of coherence 

(temporal and spatial) of the electron source. 

The difficulties involved in imaging the atomic positions at inter

faces become obvious when it is realized that this requirement of iden~ 

tical phase must be met not only for the Bragg peaks from a single 
/ 

perfect crystal, but the Bragg peaks from a second, misoriented, perfect 

crystal, and the diffuse scattering arising from the defect structure 

of the boundary as well. A typical experimental case might be as shown 

in fig. 6. For a contrast transfer limit set at the position of the 

dotted line, all of the close-packed planes from grain 1 will be imaged, 

but only one set of such planes from grain 2 will appear. Since atomic 

positions are aelineated by the intersections of these planes, the atoms 

in only one grain will be seen, with the detailed structural configu-

ration across the boundary necessarily lost in consequence. 

Nevertheless, there is much to be gained from limited-beam imaging 

of interfaces which depict the arrangement of lattice planes across 

the boundary region. Figure 7 shows an image of polycrystalline Si3N4 

,which has been hot pressed with v2o3• The lattice planes are not in 

contact at this boundary due to the presence of an amorphous phase A. 
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At this level of resolution it can be seen that the amorphous phase 

extends along the boundary plane as a continuous film approximately 

28~ thick. This boundar> film separates the crystalline yttrium oxy

nitride phase from the crystalline Si
3

N
4 

matrix. (l2 ) In fig. 3c the 

amorphous film is only ~ 12~ thick. The lattice image studies have 

shown that the crystalline/amorphous interface is comprised of ledges, 

each a single interplanar spacing in height. This microstructure cor-

responds with a high temperature loss of strength, presumably due to 

the soft~ning of the intergranular constituent with subsequent grain 

boundary sliding.(l3) 

In attempts to improve refractory character, "alloys" of Si 3N
4 

have been developed whereby cation replacement of Si is effected •. Com-

plex structures result from these so-called Sialon compounds and 

structure imaging has been done by Shaw and Thomas at 125kV identifying 

the Be9Si3N10 compound to be ~ layered structure of 2-Be3N2 to 3-BeSiN2 

in the 15R polytype. The structure image is shown in fig. 8. The in

terfaces can be seen to be displaced by a/3 [100}. However, due to a 

variation in crystal thickness, the 21R layered structure is not 

clearly identified. This illustrates the critical problem faced in 

obtaining uniformly thin foils for structure analysis. 

In more recent technological advances, the performance of higher 

voltage TEM's has been improved such that atomic resolution imaging of 

interfaces in even the most close-packed materials is now possible. 

Fig. 9 is an example taken on a TEM operating at an accelerating paten-

tial· of SOOkV, and. shows all atom positions clearly resolved. At 

this operating voltage, the instrumental resolution (o), given by 

= 
1/4 3/4 

0.7C A s 

~,. 
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is obviously dominated by the smaller electron wavelength even with an 

increase in spherical aberration coefficient. This is clearly the most 

desirable path of development for ~ransmission electron microscopy,Cl4 ) 

and.holds the promise of routine atomic resolution images of interfacial 

structure in .all classes of materials • 

(c) Analytical Electron Microscopy 

Many ceramic interface phenomena are impurity controlled, and it 

is therefore important to_be able to analyse the chemical composition 

in the vicinity of the interfaces. Analytical electron microscopy (AEM) 

provides just such a capability. 

·rn~tead of concentrating on elastically scattered electrons as 

conventional and high resolution transmission electron microscopies·do, 

AEM utilizes the inelastic scattering processes. The energy trans

ferred td an atom during inelastic scattering depends on the possib~~ 

ionisation energies of that atom. These vary from element to element, 

and therefore provide a sensitive means of elemental detection. Three 

techniques that take advantage of this principle have evolved. 

In electron energy loss spectrosocpy (EELS), a thin specimen is 

illuminated by a monochromatic beam of electrons with a primary energy 

E~ lOOkeV.· The energy spectrum E- ~E of the transmitted electrons, 

where ~E is the energy lost to the inner shell ionisati'on, contains 

characteristic ionisation edges by which the various elements present 

can be identified. The ionised atom later returns to its ground energy 

. state, releasing most of the absorbed energy in the form of either a 

characteristic x-ray or an Auger electron. Detecting the x-rays is the 

basis of x~ray spectroscopy, called either energy-dispersive x-ray 

spectroscopy (EDXS), or wavelength-dispersive x-ray spectroscopy (WDXS), 

depending on the detection scheme. Finally, Auger-electron (AES) 
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concentrates Qn the Auger electrons. 

AES is surface-sensitive and requir_es an ultrahigh vacuum not nor-

mally available in conventional electron microscopes. EDXS and EELS, 

on the other hand, can be added to standard microscopes where they 

_complement the 3-10~ imaging capabilities. Detection and identification 

of less than 1000 atoms can be obtained by either technique at a spatial 

resolution of 100R and ~etter, and hopes exist that single atoms will 

be identified by EELS in the near future. (l6 ) In this paper we illus-

trate the usefulness of the two techniques taking for examples high 

strength silicon nitride and oxynitride glasses. ,. 

Fig. 10 shows a dark field electron micrograph of the microstruc-

ture of silicon nitride sintered with v2o3 and Al2o3 to nearly 100% 

density. Only diffuse scattering,was allowed to contribute to the 

images, (5 ) therefore all crystalline phases appear dark while amorphous 

phases appea~ bright. There is a large pocket of the a~orphous phase 

marked "g", and the phase also penetrates down all silicon nitride grain 

boundaries where it forms films 10-15~ thick,C 5 ) and wets the silicon 

nitride yttrium H-phase interfaces with a 30-50~ thick film. At its 

softening temperature of 1100:..1300°C the amorphous phase facilitates 

grain boundary sliding which results in a marked decrease in strength 

at these temperatures.(l3 ) The softening temperature, of course, 

depends on the composition of the glassy phase. Since these phases 

exist only in the thin films and pockets up to 2000~ large, bulk analy-

tical methods obviously cannot be used to determine its composition and 

one has to rely on AEM. 

AEM analysis of a 200~ area of a 2000~ glass pocket in a silicon 

nitride sintered with Biu/o v2o3 and 4w/o Al 2D3 for 8 hours such as 

•(,/ 



- 9 -

that shown in fig. 10 shows that this phase contained Al, Si, and Y in 

the ratio 0.4:1:0.35, but it contains no peaks due to 0 or N. This is 

because of two factors. Firstly, the thin beryllium window in front 

of the (Li)Si x-ray detector absorbs the light x-rays produced by light 

elements. Secondly, the light atoms relax into the ground state much 

more often by emitting an Auger electron rather than an x-ray photon. 

For carbon K-shell ionisation, for instance, the fluorescence yield is 

less than 0. u~. 

EELS ~xamines the primary ionisation event and is therefore 

unaffected by emission yield considerations. Consequently, the energy 

loss spectrum from the same amorphous phase detects 0 and N with ease, 

showing the O:N ratio to be ~ 30:1. Assuming that stoichiometry is 

preserved, one can then derive the amorphous compositio~ as Si, Al, Y, 

O, N, i.e. the phase is a silicat~ glass with a small N concentration. 

The melting temperatures of such glasses are in good agreement with 

(5'13' the observed softening temperatures of the silicon nitride composite. ' J 

The combination of microscopy, EDXS and EELS has been recently 

utilized in studies o~ crystallisation of oxynitride glasses. Figures 

11, 12 show such an analysis of phase separation preceding crystal-

lis~tion in 59wt%Si02, 32wt%Mg0, 9wt%Si3N4 • The microanalysis shows 

that t~e spherulites are almost pure Si02 and the EELS result (fig. 12) 

shows there is ~bout 50% less nitrogen in this phase. Such research 

is useful in understanding the glassy phase which forms on hot pres...: 

sing or sintering Si3N4• 

The amorphous phase analysis ~n polycrystalline Si3N4 must be 

carried out on the pocket of the phase (fig. 10) rather than on the 

thin grain boundary film (fig. 7) which is of greater interest. This 
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is because the current spatial resolution of AEM is ~ 100~ and this does 

not permit an analysis of 10ft thick film without picking up contribu-

tions from the matrix. The sensitivity of AEM to local large concen-

trations of impurities is about 1000 atoms (concentrated in a small 

volume) both by EDXS and EELS. The fractional sensitivity to small 

concentrations spread over large volumes is about 0.01% to 0.1% for 

EDXS and l.to 3% for EELS, where the continuous nature of the ~pectrum 

which has edges rather than peaks makes analysis of scattered impuri-

ties difficult. Even within these con~traihts AEM holds much promise 

for analysis of ceramic interfaces, and for materials science in 

. ( 15) 
general. 

Some other examples of the importance of microanalysis may be 

illustrated by some different deleterious effects of calcium segrega-

tion. 

Calcium oxide is a common impurity in ceramics and can be a serious 

problem if: 

1. segr~gation of calcium to the intergranular liquid phase on 

sintering/hot pressing leads to the formation of low melting 

point complex calcium silicates (see figs. 3, 9); 

2. segregation of calcium to ~rain boundaries in ferrites produces 

lattice distortion and micro-strains leadi~g to magnetostriction 

and impairment of permeability;(l7 ) 

3. foimation of calcium aluminates in B-Al2o3 iohic conductors pro

duces an insulating intergranular phase and thus makes polycrys-
, . ( 18) 

tal line B-Al2o3 useless for, fuel cells. _ Fig. 13 is an 

·example.· 
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(d) Future Directions 

Undoubtedly high resolution microscopy at the atomic level can be 

confidently anticipated within the next decade. As theory shows, the 

resolution for a given specimen thickness depends on electron wavelength 

and objective lens design; especially the s~herical aberration coeffi-

cierit (Cs). As shown in fig. 9 for close-packed structures, atomic 

resolution beiter than 2R will mean utilizing voltages of order SOOkV 
r ' 

for Cs ~ 2mm (necessary for specimen tiLting). Confidence in the inter-

pretation of such images is th~n based upon a comparison with computed 

images utilizing a formulation of the dyn'amical theory which is presently 

highly refined. In fact, a parallel computational effort with on-site 

facilities for all high' resolution electron microscopy is the current 

trend of development. 

Equaliy important, however, is the complementary information 

obtained from imaging techniques and analytical electron microscopy. 

The combination of these methods in a "facility" approach to microscopy 

offers the best chance of exploiting the benefits of these methods for· 

materials reeearch. Since the first of these facilities will· become 

operational at Berkeley in 1982,Cl4 ) the scientific opportunities for 

direct atomic level ch~racterization of interfaces are not far away. 
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FIGURE CAPTIONS 

BF image of a small angle boundary in LiFe5o8 • Foil normal 

near (uoj pole. (b) Symmetrical ruoJ pattern from both 

grains, taken simultaneously. 

BF image of interfacial dislocations at the LiFe5o
8

-LiFeD
2 

interface. 

Comparison of bright field, dark field and lattice imaging 

methods for detecting amorphous grain boundary phases. 

Sample is a sintered Si
3

N
4 

~ontaining MgO and Al
2
o

3
• 

Stereo pair taken from NiFe
2
o

4 
showing the formation of Ni 

particles and pores near the surfaces. 

Ray diagram showing the principles of structure imaging in 

the electron microscope. 

Common structural imaging condition encountered at a grain 

boundary where only one grain exhibits atomic structural 

detail. 

Fig. /. Lattice image of hot-pressed Si
3

N
4 

with v
2
o

3 
additive. The 

crystalline matrix (Si
3
N

4
) is separa~ed fr6m the inte~granular 

crystallilll~ oxynitride phase by a thin amorphous layer. 

Fig. 8. Two dim~nsional structure image (10 bea~s) of Be9Si3N10 

(l5R polytype) Sialon (a) and 1(b) projection of the structure 

in the same orientation; arrows point to additional metal 

atom sites. The structure corresponds to the 2:3 point 

on the tie line between BeSiN2 and Be3N2--the former layers 

are dark in (a). 

,{/ 
;... 
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Structure image using the reflections shown in the diffraction 

pattern (inset) at 500kV and Be11si15N14 21R polytype. 

Although the atom positions are defined, the fo il thickness 

changes too rapidly for crystal structure analysis. 

Fig. 10. Dark field image of Si 3N4 sintered with v2o3. Glass pockets 

are revealed in the triple points and between grains. 

Fig. 11. Si02-MgO-s13N4 glass which has undergone phase separation 

after annealing ~ 100°C. The s phenilitic phase is almost 

pure Si02 as indicated by the x-ray microanalyses (top right) 

and the matrix composition approaches enstalite MgSi03 . 

(Courtesy ofT. M. Shaw) 

Fig. 12. EELS analysis of the nitrogen distribution in the micro-

structure shown in fig. 11. 

Fig. 13. Formation of calcium hexa-alurninate in polycrystalline S-Al 2o3 

ionic conductor. (Marker represents 0.1 ~m.) Such films 

are insulating. (Courtesy of L. deJonghe) 
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Fig. 7 XBB 776-5855 
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