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This review paper is focussed on the characterization of the microstructural development
during liquid phase sintering and post-densification crystallisation heat treatment of
ceramic materials based on the SizN,4 or SiC structures. Grain shape and size distributions,
assessed by quantitative microscopy in combination with stereological methods, and fine
scale microstructures, investigated by electron diffraction and high resolution imaging and
microanalysis in the TEM, are discussed and related to the fabrication process and the
overall composition of the ceramic material. It is demonstrated that combined high
resolution analytical and spatial information from chemically and structurally distinct fine
scale features, such as grain boundary films of residual glass, is obtained by electron
spectroscopic imaging and subsequent computation of elemental distribution images.
These images reveal that residual glassy grain boundary films are rich in oxygen and
cations originating from the metal oxide/nitride additives, consistent with fine probe EDX
analysis in the FEGTEM. Elemental analysis with high spatial resolution has also shown
that grain growth into pockets of residual liquid/glass is associated with diffusion profiles in
the glass in front of the growing grain. High resolution imaging in the TEM and elemental
maps computed from electron energy filtered images show that the intergranular film
thickness, in general, varies within a particular silicon nitride or sialon microstructure.
Furthermore, grain boundaries, apparently free from residual glass may co-exist with
glass-containing grain boundaries in some silicon nitride microstructures. In addition to the
choice and weight fraction of sintering additives, factors such as the ionic radius of the
cations originating from the additives, the local nano-scale chemistry and the relative grain
orientation have an effect on the volume fraction and morphology of the intergranular
microstructure. © 2004 Kluwer Academic Publishers

1. Introduction

The Si3N4 and SiC structures contain small and com-
paratively closely packed atoms. The interatomic bond-
ing in these structures is strongly covalent, which,
together with the atomic arrangement, gives a large
number of strong bonds per unit volume. This results in
a combination of good inherent mechanical and chem-
ical properties such as a high strength, a high value
of Young’s modulus, good oxidation and corrosion re-
sistance and a low thermal expansion coefficient. Ce-
ramic materials based on the SizNy4 or SiC structures
are, consequently, potential high strength materials for
structural applications at both high and ambient tem-
peratures [1-7].

The strong interatomic bonding results also in ex-
tremely low self-diffusivities at temperatures below that
where appreciable decomposition of the ceramic com-
pound starts. The fabrication of dense SiC and Si3zNy-
based materials requires, therefore, a sintering additive
that promotes densification, and at the same time in-
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hibits the decomposition of the ceramic compound [1-
4,7-11].

The sintering additives will, however, in general in-
troduce an intergranular microstructure that may limit
the performance of the material [1-7, 12—-18]. Refrac-
tory secondary phases and a strong intergranular bond-
ing are required for high strength and creep resistance
at elevated temperatures. The activation of different
toughening mechanisms such as crack deflection and
bridging, and micro-cracking rely, on the other hand,
on “sufficiently weak” interfaces. It becomes, hence,
important to control the intergranular microstructure,
in addition to the grain morphology and composition.

This review is concerned with the development of
microstructure in two classes of liquid phase sintered
silicon-based ceramics: SizNy/sialon ceramics and «-
SiC ceramics. The use of scanning and transmission
electron microscopy (SEM and TEM) in the characteri-
sation of the ceramic microstructures will be illustrated,
and particular attention will be given to high resolution
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imaging and microanalysis of intergranular structures
in the TEM.

2. Liquid phase sintering

Liquid phase sintering of ceramic materials based on
the SizNy or SiC structures requires the addition of
metal oxides or nitrides [1-4, 7, 9, 19, 20]. Above rele-
vant eutectic temperatures, the sintering additives react
with the inherent surface silica present on the starting
powder particles to form a liquid phase that serves as a
mass transport medium and, hence, promotes densifica-
tion. Some of the Si3Ny or SiC may also participate in
the formation of the liquid phase sintering medium, and
this will, in most cases, lower the eutectic temperatures
of these systems [19, 21]. The chemistry and the vol-
ume fraction of the liquid is determined by the choice of
additives and also by densification parameters such as
the atmosphere and the temperature/time programme
during sintering. The kinetics of the densification pro-
cess may be described by the three stages of Kingery’s
model for liquid phase sintering: particle rearrangement
in the liquid phase, a solution/reprecipitation process
of the solid phase, and final coalescence [19, 22]. The
properties of the liquid phase sintering medium will
determine the densification rate and the extent of grain
growth, and thereby the grain shape and size distribu-
tion of the sintered material [14, 23, 24].

The final microstructure of the liquid phase sintered
ceramic consists of grains of Si3Na/sialon, or SiC, and,
in general, also intergranular phases, see Figs 1-3. Sec-
ondary crystalline phases may partition from the liquid
phase sintering medium, but a certain volume fraction
of the liquid is generally retained as a residual glass in
the microstructure of the sintered ceramic.

It has been demonstrated that Si3;N4 powder com-
pacts without additives may be fully densified by hot
isostatic pressing (HIP); the inherent surface silica layer
present on the SizNy4 powder particles provides a suf-
ficient sintering additive in combination with the ap-
plied high pressure [25]. This results in a SizN4 ceramic
with a minimum of residual grain boundary glass, see
Fig. 4a. HIP of SiC powder compacts containing only
smaller additions of metal oxides (<3 wt% of Al,O3;
and/or Y,03) is, on the other hand, accompanied by
a limited decomposition of the SiC according to the
reaction

SiC + 2/3M;,03 — SiO; + 4/3M + C(graphite) (1)

where M stands for Al and/or Y [20]. This decompo-
sition results in the formation of intergranular graphite
as shown in Fig. 4b.

Impurities that originate from the starting powders,
or are introduced during the preparation of green bod-
ies, will, generally, lower the eutectic temperature and
concentrate to the liquid phase sintering medium. As a
consequence, most impurities will, eventually, be part
of the intergranular microstructure. This may have a
detrimental effect on the high temperature properties
of the ceramic because of the less refractory nature of
impurity containing glass and secondary phases.
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Figure 1 The microstructure of a silicon nitride material fabricated with
the addition of 9 wt% Y,0O3 and Al,O3 with a molar ratio correspond-
ing to that of the Y,Al-garnet (YAG), 5A1,03-3Y,03. (a) Plasma etched
section displaying B'-Si3Ny grain sections separated by an intergranular
microstructure that appears with bright contrast (SEM). (b) Section sub-
jected to excessive chemical etching, which reveals the prismatic shape
of the elongated B’-Si3Ny grains (SEM).

3. Silicon nitride and sialon ceramics

The compound Si3N4 occurs with two different crystal
structures, «- and $-Si3Ny. a-Si3Ny has a trigonal crys-
tal structure (space group P31c), but is often indexed
according to a hexagonal unit cell with a = 0.7765 nm
and ¢ = 0.5618 nm [26]. B-Si3N4 is hexagonal (space
group P63/m) with lattice parameters a = 0.7608 nm
and ¢ = 0.2911 nm [26, 27]. Both the «- and -
Si3Ny structures are built up by a three-dimensional
network of corner sharing SiNy tetrahedra, and each
nitrogen atom is shared by three tetrahedra [28]. The
idealised structures may be described as a stacking of
Si and N containing layers in an ABCDABCD. . . and
an ABAB. . .sequence for the « and 8 modifications,
respectively [28]. This stacking results in long channels
parallel to the c-axis in the 8-Si3Ny structure. A c-glide
plane relates the CD layers to the AB layers in the «
structure, and this results in large closed interstitial sites
in o —Si3N4.

Liquid phase sintering of powder compacts con-
taining both the - and B-SizNy structures involves
a transformation of the o structure to S-Si3Ny. This
transformation is reconstructive; the «-SizNy is



Figure 2 B’-Si3Ny grains in a duplex «/8 sialon microstructure. The g’
grains are surrounded by aresidual glass that appears with dark contrastin
the TEM bright field image in (a) because of its neodymium content. The
substitution levels of the B’ grains correspond to z-values of 0.4 and 0.5
as determined from EDX point ananlysis in the TEM. The intergranular
glass is imaged in dark field in (b).

preferentially dissolved in the liquid phase sintering
medium, and grains of $-Si3Ny4 precipitate and grow
from the liquid [2, 19]. The mass transport associated
with this solution/precipitation process contributes to
the densification of the powder compact.

A high density SizN4 material may, however, be ob-
tained with only a limited transformation of «- to 8-
SizNy [14, 17, 29]. The application of a high pressure
during consolidation, e.g. as in HIP, promotes densifi-
cation, and full density may be achieved before the «-
to B-SizNy transformation is complete and equilibrium
has been attained [14, 17]. This has been observed for
Si3Ny ceramics fabricated with up to 20 wt% sintering
additives.

Virtually fully dense Si3N4-based ceramics may be
obtained without any significant contribution from the
a- to B-Si3Ny transformation also during pressureless
sintering of compacts containing larger amounts of ox-
ide additives [29]. A temperature/time programme for
pressureless sintering of Si3N4 composite ceramics fab-
ricated with the addition of 30 wt% ZrO,(+3 mol%
Y,03) and 5 wt% Al,Os is shown in Fig. 5a together
with the phase composition of partially sintered pow-
der compacts. Liquid phase formation at temperatures
in the range 1350 to 1650°C resulted in a virtually fully
dense material during heating to the final sintering tem-
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Figure 3 The silicon nitride based microstructure of a material fabri-
cated with additions of Y,03 and Al,O3 (TEM). Faceted B’-SizN4 grain
sections are separated by a partly crystallised intergranular microstruc-
ture (a). The secondary crystalline phase is separated from the 8’ grains
by residual glass as shown in (b).

perature. This density increase was associated with only
a limited transformation of the «- to 8-Si3Ny, and parti-
cle rearrangement in the liquid phase made, hence, the
major contribution to densification. Prolonged holding
at 1650°C resulted in an accelerated dissolution of «-
Si3Ny in the liquid, and a S8-Si3N4/Si;N,O/ZrO; mi-
crostructure, with only a limited fraction of residual
glass, developed, see Fig. 5b and c.

The sialon systems have a potential for the fabrication
of SizNy-based ceramics with a minimum of residual
glass through the incorporation of elements originating
from the sintering additives into grains of «- and/or 8-
sialon and other, secondary, crystalline phases [30]. The
«- and B-sialons are solid solutions based on the - and
B-SizNy structures [4, 27, 31]. a-sialon («’-SizNy) has
a composition given by R, Sijo—¢nin)Alp4nO0rNig—n,
where m(Si-N) are substituted by m(Al-N), and n(Si-
N) by n(Al-O) in the «-Si3Ny structure. The valence
discrepancy introduced by this substitution is compen-
sated for by the interstitial cation R”™, and x = m/p.
Cations such as Y**, Yb**, Dy**, Sm*" and Nd**+
are well known to stabilize the o’ structure. The cor-
responding oxides, as well as Al,Os, are recognized
as efficient liquid phase sintering additives to silicon
nitride. B-sialon (B’-Si3N4) forms when Si in the B-
Si3Ny structure is substituted by aluminum, and some
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Figure 4 (a) The microstructure of a Si3Ny4 ceramic fabricated by HIP
without the addition of sintering aids. (b) Graphite formation (arrowed)
in a SiC ceramic HIP:ed with the addition of 1.3 wt% Al,O3 and 1.7
wt% Y,03.

nitrogen at the same time is replaced by oxygen for
the retention of charge neutrality. The general formula
of B-sialon is Sig_;Al,O;Ng_,, where z < 4.2. In ad-
dition, the «- and B-sialon structures allow the de-
velopment of self-reinforced, duplex, microstructures
consisting of fibrous B’ grains in a harder o’ matrix
[32, 33].

4. Imaging and analysis

4.1. Grain size and shape

The overall ceramic microstructure may be described
by two-dimensional grain section parameter distri-
butions determined by quantitative microscopy of
polished and etched sections through the microstruc-
ture, see Fig. la. These observations do not, how-
ever, provide an accurate information about the real
three-dimensional grain shape and grain size distri-
bution. An hypothesis on grain shape is required in
order to relate the experimentally determined two-
dimensional grain section parameter distributions to the
true three-dimensional microstructure of the material
[34-36]. As demonstrated by Wasén and Warren [35—
37], computer-generated sections and linear intercepts
of bodies with selected shapes will provide stereolog-
ical parameters that can be used both to identify an
average grain shape from two-dimensional measure-
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Figure 5 (a) The temperature/time programme for pressureless sintering
of composite SizNg + 30 wt% ZrO2(+3 mol% Y,03) ceramics and
the density and phase composition of compacts from different stages in
the fabrication process (¢’, 8 = &’-, f/-Si3sNg; SNO = Si;N,0). (b)
The microstructure after 3 h at the sintering temperature 1650°C. The
ZrO, grains appear with white contrast in this SEM image formed with
back-scattered electrons. (c) The residual glass is concentrated to very
thin grain boundary films (TEM centered dark field image formed from
diffuse scattered electrons).

ments on a section, and as the basis for a reconstruction
of the three-dimensional grain size distribution. Once
the average grain shape has been established, computer
generated section parameter distributions for this shape
can be used in a determination of the three-dimensional
grain size distribution as described in references [36—
38]. The application of this method for the assessment



of three-dimensional grain size distributions in SizNy
microstructures is described in more detail in Section
5 below.

4.2. Imaging of residual glass and grain
boundary structure

Larger volumes of residual glass, such as pockets at
multi-grain junctions, are readily identified in the TEM
because of their lack of diffraction contrast when the
thin foil specimen is tilted under the electron beam.
This technique is, however, not applicable when the
glassy phase is present as thin grain boundary films.
Grain boundary structures and intergranular films are,
instead, directly, or indirectly, identified and imaged
by different, well established, techniques in the TEM
[39-43].

4.2.1. Diffuse dark field imaging

Dark field images formed from part of the diffuse scat-
tering from the glass are direct images of the distri-
bution of the intergranular glass, see Figs 2 and 6a.
The incident electron beam is deflected off the optic
axis, and a portion of the halo formed by the diffuse
scattered electrons from the amorphous material is cen-
tered, and selected by the objective aperture. The glassy
areas will appear with bright contrast in these images,
and it is essential to minimize the contribution from
Bragg diffracted electrons from the surrounding grains
in order to obtain good image contrast.

Thickness measurements of edge-on grain bound-
ary films imaged in dark field will, in general, give
an overestimate of film thickness [41]. The scatter-
ing of the incident electron beam will be affected by
artefacts introduced during specimen preparation, e.g.,
grain boundary grooving and re-deposition of sputtered
matter during ion beam milling, as well as by the pres-
ence of an evaporated carbon film on a thin foil of a
non-conducting ceramic material. Specimen drift may
be one other experimental error because of the need for
long exposure times at high magnifications.

4.2.2. Defocus Fresnel imaging

Defocus Fresnel images show contrast around areas
where the mean inner potential changes abruptly [42].
The contrast in these images depends on defocus, and
is lost when the specimen is imaged at Gaussian focus,
see Figs 6 and 7. Defocus Fresnel imaging may be used
as an indirect technique for the determination of grain
boundary film thickness, see Fig. 7b. An underfocussed
image of a grain boundary containing a film shows a
pair of dark lines (fringes) delineating the boundary.
This contrast is reversed when going through Gaussian
focus so that an overfocussed image contains a pair
of bright lines. If the boundary is imaged in a TEM
equipped with a field emission gun (FEG), higher or-
der Fresnel fringes with weaker contrast may also be
visible because of the high coherency of the FEG. There
is reflection symmetry in the fringe contrast when the
grain boundary is oriented edge-on, and this may be
used as a general aid in grain boundary orientation.

CHARACTERISATION OF CERAMICS

Figure 6 The residual intergranular glassy phase in a silicon nitride ce-
ramic. The TEM centered dark field image in (a) shows that the glass
is present as thin intergranular films merging into pockets at multi-grain
junctions. Over- and underfocus Fresnel images of the triple-grain junc-
tion arrowed in (a) are shown in (b) and (c), respectively.
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Figure 7 (a) Defocus Fresnel images of a grain boundary in an «-sialon
ceramic fabricated with the addition of Dy,O3. Segregation of dyspro-
sium to the glassy grain boundary film results in the absorption contrast
in the image taken close to Gaussian focus. First order maxima (overfo-
cus) and minima (underfocus) are arrowed. Higher order Fresnel fringes
are also visible in the over- and underfocus images because of the high
coherency of the electron beam produced in the FEGTEM. (b) Fres-
nel fringe spacing as function of defocus in over- and underfocussed
images of a SiC/SiC grain boundary in an «-SiC ceramic pressureless
sintered with Y,03 and Al,Os. The film thickness was estimated to
1.4-1.5 nm.

The separation between the first fringe maximum, or
minimum, intensity in an image of an edge-on grain
boundary depends on the film thickness and the defo-
cus [41, 42]. The film thickness may, hence, be es-
timated from plots of fringe spacing as function of
defocus; the intersection of plots of overfocus and
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underfocus series extrapolated to zero defocus repre-
sents the grain boundary film thickness, see Fig. 7b.
There are, however, different experimental uncertain-
ties associated with defocus Fresnel imaging of grain
boundary films. The fringe visibility is strongly affected
by the diffraction conditions in the grains on either side
of the boundary film; a weakly diffracting grain will
promote fringe contrast and thereby a more accurate
measurement of fringe spacing. Drift of focus and im-
age during recording of through focus series with a
large number of images will have a strong effect on the
estimated film thickness.

4.2.3. High resolution lattice imaging

High resolution lattice imaging makes it possible to
image grain boundary detail with the resolution of an
interplanar spacing in the crystal structures of the neigh-
bouring grains, see Fig. 8. This technique will give a
direct and accurate image of the grain boundary region
when the grain boundary is in an edge-on orientation,
and the adjacent grains in good diffracting conditions
so that interference fringes are produced on either side

=

. AQB6Nnm- 14 nm/

Figure 8 The residual intergranular glassy phase in a silicon nitride ce-
ramic gas pressure sintered at 1950 °C with the addition of 3 wt% Y»03.
The grain boundary region arrowed in (a) is imaged in high resolution
in (b). The discontinuity in the lattice fringes at the interface between
the two grains corrrespond to a film thickness of 1.4 nm. The glass,
including the amorphous grain boundary films, contained yttrium and
oxygen originating from thte sintering additive, and also some impurity
calcium.



of the film. Imaging is carried out with the incident
electron beam on-axis, and £+ g are allowed through
the objective aperture together with the direct beam. If
the specimen is sufficiently thin, the grains will have a
sinusodial image contrast with a fringe spacing corre-
sponding to the interplanar spacing giving rise to the
reciprocal lattice vector g.

The lattice fringes are, however, not localized [43,
44]. Images should, therefore, be recorded at differ-
ent defoci close to Scherzer and zero defocus; a dif-
ferent defocus may cause the two sets of fringes to
extend into the gap and obscure the grain boundary
film. This fringe shift with defocus is an electron op-
tical effect that is microscope dependent. Provided
that an image is recorded at a proper defocus, the
area of discontinuity in the lattice fringes at the in-
terface between two neighbouring grains will corre-
spond to the thickness of the intergranular film. The
grain boundary film thickness may, then, be deter-
mined from the spacing of the lattice fringes in the
grains.

4.3. Chemical analysis and electron
spectroscopic imaging

The incident electrons may be inelastically scattered,
which is associated with a certain loss in electron en-
ergy, on their way through the thin-foil TEM specimen
[45]. Inelastic scattering processes involving the ex-
citation of inner shell electrons are accompanied by
the emission of characteristic X-rays. A correlation of
chemical information to the fine scale structure may,
hence, be obtained by energy dispersive X-ray (EDX)
analysis or electron energy loss spectroscopy (EELS)
when a focussed probe is stepped across the thin foil
specimen in the TEM.

High resolution chemical information may also be
obtained from electron spectroscopic imaging, also re-
ferred to as energy filtered TEM [39, 46-49]. These
images combine two-dimensional spatial and elemen-
tal information, and are produced by an energy filter
that separates the contribution from electrons with dif-
ferent energies. It becomes, then, possible to select cer-
tain electron energies for imaging by placing an en-
ergy selecting slit in a plane containing a focussed EEL
spectrum.

4.3.1. The energy of transmitted electrons
The zero loss peak is the most intense feature in the en-
ergy spectrum of the transmitted electrons, see Fig. 9a.
This peak contains mainly the unscattered and the elas-
tically scattered electrons, and is followed by the plas-
mon peak which contains electrons that have suffered
energy losses arising from interactions with weakly
bond electrons. The EEL spectrum above the plasmon
peak consists of element characteristic edges superim-
posed on a background that is rapidly decreasing to-
wards higher energy losses, see Fig. 9.

In zero loss imaging and diffraction, the unscattered
and elastically scattered electrons are selected by the slit
in the energy filter [46, 47]. This improves the contrast
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Figure 9 (a) EEL spectrum from an «-SiC ceramic HIP:ed with the
addition of Y,03. (b) Selection of energy losses for image acquisition
around the C K edge.

of the image, or the diffraction pattern, because the
inelastically scattered electrons that are defocused due
to the chromatic aberration of the objective lens are
filtered away.

The correlation of chemical information to structure
is shown in elemental distribution images computed
from electron spectroscopic images recorded around
the element specific edges in the EEL spectrum. The
technique allows the extraction of analytical and spa-
tial information from regions with a size down to 1 to 2
nm [39]. It has also been demonstrated that phase con-
trast may be preserved in electron energy filtered im-
ages and computed elemental distribution images [39,
46, 50]. This allows an accurate size determination of
chemically distinct fine scale features such as the thick-
ness of grain boundary films.

4.3.2. Elemental distribution images

Two types of elemental distribution images can be ob-
tained from electron energy filtered images: elemental
maps and jump ratio maps [47]. An elemental map is
computed by subtracting a background image from a
post-edge image containing the element specific signal.
The background image is calculated from two pre-edge
images according to a suitable mathematical model,
e.g., the power-law model, for extrapolating EEL
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spectral background under an element specific edge.
The power-law model gives the background intensity
in the post-edge image as

[ = AE™" 3)

Al jump ratio

* post-edge, slit centered around 299 eV

!

where E is the energy loss and the A and r parameters
are calculated pixel by pixel from the two pre-edge
images [47]. The computation of a carbon elemental
map from electron energy filtered images is shown in
Figs 9b and 10a.

C elemental map

» CKedge, 284 eV

» 30 eV slit

» pre-edge 1, slit centered around 239 eV

» pre-edge 2, slit centered around 269 eV

Al jump ratio map
* AlL, ; edge, 73 eV
» 20 eV slit

» pre-edge, 63 eV
» post-edge, 83 eV

Figure 10 The computation of a carbon elemental map (a) and an aluminium jump ratio map (b) of a triple grain junction in a HIP:ed liquid phase

sintered silicon carbide ceramic.
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Jump ratio maps are computed by dividing a post-
edge image by a pre-edge image. Artefacts that may be
introduced by background modeling and subtraction
are avoided by this method, and diffraction contrast
cancels out to a large extent. Also, jump ratios result
in elemental distribution images with a better signal to
noise ratio. Electron spectroscopic images acquired for
computing of an aluminium jump ratio map are shown
in Fig. 10b.

5. The effect of metal oxide additives

on Si3N,; grain morphology
5.1. Indirect observations
Work on SizNy ceramics densified by HIP with dif-
ferent combinations of smaller (up to around 5 wt%)
additions of Al,03, Y,03 and ZrO, implied that the
choice of metal oxide had an effect on grain size and
shape, in addition to controlling the volume fraction of
retained «-SizNy [14, 17]. It was established that an
addition of Y,0O3 promotes the « to 8 transformation,
and also provides an isotropic liquid phase that allows
the growth of faceted B-Si3N4 grains. It has, however,
been indicated in the literature that yttrium results in
a comparatively high viscosity of the liquid phase sin-
tering medium [19]. Diffusion in an yttrium containing
liquid would, hence, be relatively slow, and the solu-
tion/reprecipitation process would occur with areduced
material transport, and therefore a smaller contribution
to the densification process. An addition of Al,Os3, to-
gether with the Y,03, will reduce the lowest eutectic
temperature of the oxide system, from 1660 to 1345°C,
and this would result in an increased volume fraction
of liquid phase and thereby promote densification.

The microstructures of the Si3Ny4 ceramics fabricated
with Al,O3; and/or undoped ZrO, appeared to have
a different -Si3N4 grain morphology. Predominantly
rounded, and smaller, grain sections were observed in
the TEM which suggested that the grains had a more
equiaxed shape.

The relative «-SizNy contents and the apparent dif-
ferences in B-SizNy grain shape had clear implications
on the mechanical properties of these materials [17].
The development of a fibrous microstructure, as in the
materials fabricated with additions of Y,0O3, increased
toughness, while the presence of retained «-SizNy re-
sulted in a higher hardness.

5.2. Reconstruction of the
three-dimensional microstructure

The effect of different metal oxide additives on 8-Si3Ny
grain growth and three-dimensional microstructure was
later established for SizN4 ceramics fabricated with a
constant total molar fraction of oxide additives [24, 37].
The microstructures were characterized by quantitative
microscopy and stereological methods as outlined in
Section 4.1 above.

Results from SEM and TEM have demonstrated that
the grain shape in many 8-Si3Ny microstructures may,
to a good approximation, be described by an hexagonal
prism with a certain aspect ratio (length-to-width ratio)
when the grains have been allowed to grow freely in an
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isotropic liquid phase environment [2, 30]. This is also
illustrated by Fig. 1b, which shows prismatic 8-SizNy
grains protruding from a section subjected to excessive
chemical etching. This shape reflects the hexagonal 8-
SizNy lattice, with the c-axis along the length of the
prism, and the prism planes forming on the {10-10}
crystal planes [51]. The hexagonal prism was, hence,
used as a model for the B-Si3N4 grain shape in the
assessment of the three-dimensional microstructure.
The average grain shape in the investigated mi-
crostructures was then determined by comparing results
from quantitative microscopy of polished and etched
sections with computer-generated two-dimensional
stereological parameters of hexagonal prisms with dif-
ferent aspect ratios. The computer simulations showed
that the mean value of the dimensionless shape
parameterl, 0, which is independent of prism volume,
is particularly sensitive to the aspect ratio of the hexag-
onal prism, see Fig. 11. Q is, thus, a suitable parameter
for the determination of an average aspect ratio, i.e.,
an average -Si3Ny grain shape [52]. Section parame-
ter distributions for the average grain shape determined
from Q were then obtained from computer simulations
and used in a three-dimensional reconstruction of the
microstructure as described in detail in reference [37].
The reconstructions showed that oxynitride glass net-
work modifiers promote the development of high aspect
ratio 8-Si3Ny grains; an increased Y,03/Al,O3 molar
ratio results in an increased aspect ratio. The work also
showed that the radius of the modifying cation affects
the aspect ratio. The replacement of Y,0O3 by Yb,03
(r(Yb*)=0.868 A,and r(Y**) = 0.900 A) resultsina
further increase of the aspectratio, i.e., areduced cation
radius promotes an increase in aspect ratio. Oxynitride
glass network modifiers also promote grain growth;
increasing the Y,03/Al,03 molar ratio increases the
mean grain size in the microstructure. It was also estab-
lished that selecting a glass network modifying cation
with a smaller radius results in an increased mean grain

10 = 47 A/U?, where A = individual intersect area of polygonal sec-
tion, U = individual perimeter length of polygonal section.
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volume and gives a microstructure with a more narrow
grain size distribution [24].

6. The intergranular microstructure

The microstructure of a liquid phase sintered SizNy- or
SiC-based ceramic material contains, in general, an in-
tergranular glassy phase present as thin grain boundary
films merging into pockets at multi-grain junctions as
shown in Figs 2 and 6a. This glass is a residue of the
liquid phase sintering medium [10, 20, 53]. A reduced
intergranular glass volume results when liquid phase
constituents are incorporated into solid phases during
sintering. This can be achieved through the formation
of solid solutions, e.g., - and B-sialon in Si3Ny4-based
ceramics, or by the partitioning of secondary crystalline
phases from the liquid phase sintering medium, see
Fig. 12. Many of the secondary crystalline phases that
form in liquid phase sintered silicon-based ceramics
are, however, not stable at the high sintering tempera-
ture, and a post-densification heat treatment at a lower
temperature may, therefore, be required in order to re-
duce the volume fraction of residual glass [1, 4, 7, 10,
20, 53-55].

The degree of secondary crystallization depends on
factors such as the overall composition of the sinter-
ing additives and the temperature/time program during
the densification or a post-densification heat treatment.
Work has also shown that parameters such as the at-
mosphere during sintering and heat treatment, and an
applied pressure during densification, may have an ef-
fect on the intergranular microstructure [20, 56, 57].
A complete crystallization is, however, generally not
obtained, even if the chemistry of the starting powder
mixture has been carefully designed, as shown in Fig. 3.
The liquid and glass phases may support hydrostatical
stresses, and these may present an obstacle to the crys-
tallization of smaller liquid or glass volumes [58, 59].

A tailored starting powder composition containing
metal oxide or nitride additives that can be incorpo-
rated into the solid phase, or form refractory crystalline
grain boundary phases, is, hence, one way to a con-
trolled intergranular microstructure. The intergranular
microstructure in a liquid phase sintered silicon nitride
based ceramic may be viewed as an oxynitride glass-
ceramic. One way to controlling the intergranular mi-
crostructure would, hence, be to sinter with a combina-
tion of additives corresponding to an oxynitride glass
that may be readily crystallized to a glass-ceramic after
densification. It is, however, important that the overall
composition results in secondary phases that are sta-
ble and oxidation resistant if the ceramic is going to be
used at elevated temperatures. One other route to a min-
imized glass, and intergranular, volume is to reduce the
amount of additives. This may, however, also require
the application of an external pressure during sintering
in order to achieve a fully dense body.

6.1. Pockets of residual glass

in sialon microstructures
Fine probe EDX analysis in the FEGTEM has shown
that the composition of residual glass pockets is gen-
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Figure 12 The crystallisation of tetragonal SmjSiz_xAl,O34,Ny_y
(mellilite) in a samarium «-sialon microstructure. The crystallisation
front, arrowed in (a), had a faulted structure as shown in (b). This part
became amorphous under the exposure to the electron beam in the TEM.
The direction of the electron beam in the mellilite was close to [001] as
shown by the micro-diffraction pattern in (c).

erally not homogeneous [38, 51]. Grain growth during
densification results in diffusion profiles and a shift in
the average glass composition. This shift in composi-
tion results in a glass that is richer in additive cations,
and this may promote the formation of secondary
crystalline phases during a prolonged holding time at
the densification temperature [24, 51]. Elemental con-
centration profiles across 8'- or «’-SizNy facets into
pockets of residual glass have shown that the cations
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Figure 13 B’-Si3Ny grain (a) oriented with the c-axis of the hexagonal

lattice parallel to the incident electron bem. Cation concentration profiles
across the {10-10} facet, indicated in (a) and detailed in (b), are shown in
(c). The profiles were obtained from EDX point analyses in a FEGTEM
using an electron probe with a nominal FWHM of around 0.7 nm.

from the sintering additives are anti-correlated with the
silicon in the residual oxynitride glass. This has been
observed for both glass network formers (AI**) and
network modifiers (Y>*, Sm3*), see Figs 13 and 14.
As expected, these profiles show that there is an anti-
correlation of aluminum with silicon also in the sialon
grains.

The silicon nitride microstructure shown in Fig. 13
developed during gas pressure sintering of a powder
compact containing a total of 9.5 mol% Y,0O; and
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Figure 14 Cation concentration profiles across a samarium «-sialon
{10-10} prism plane growing into a pocket of residual glass. The EDX
point analyses were carried out in a FEGTEM using an electron probe
with a nominal FWHM of around 0.7 nm.

Al,O3 with a Y,03/A1,03 molar ratio correspond-
ing to that of the Y, Al-garnet (YAG), 5A1,03-3Y,0;3
[24, 51]. A certain amount of aluminum was incor-
porated into the $-SizNy lattice, resulting in the for-
mation of a dilute 8'-SizNy, but a major part of the

Figure 15 The microstructure of silicon carbide ceramics liquid phase
sintered with the addition of 1.3 wt% Al,O3 and 1.7 wt% Y,O3 after
(a) pressureless sintering and (b) HIP. The microstructure in (a) contains
intergranular Y, Al-garnet (YAG), while the intergranular microstruc-
ture in (b) is amorphous (TEM centered dark field images). Thin grain
boundary films of residual glass are arrowed in (b).
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lunfiltered

Figure 16 Elemental distribution images of a triple grain junction in a silicon carbide ceramic HIP:ed with the addition of 1.3 wt% Al,O3 and 1.7
wt% Y203. The computation of the carbon and aluminum images is shown in Fig. 10. The intensity distribution in the aluminum image across the

edge-on grain boundary film indicated a film thickness of 1.8 nm.

aluminum, as well as the yttrium, had to diffuse away
from the moving interface, into the remaining liquid
volume, in order for grain growth to take place. The self-
diffusivity of the oxynitride liquid phase constituents at
the sintering temperature would, hence, affect the grain
growth rate. These observations are consistent with
the grain growth exponent of 3 (diffusion controlled
grain growth) that was determined from three dimen-
sional reconstructions of the 8-sialon microstructure af-
ter different holding times at the sintering temperature
[24].

One other example indicating that sialon grain
growth is rate controlled by diffusion through the lig-
uid phase sintering medium is shown in Fig. 14. The
growing «’-SizNy grain incorporates some samarium,
and has an average aluminum cation fraction thatis only
marginally higher than that of the residual glass pocket.
This results in a significantly increased concentration
of samarium, accompanied by a slight reduction in the
aluminum concentration, in the glass just outside the
moving interface. It may also be noted that the intersti-
tial cation in the o’-SizNy structure (Sm>T) seems to be
anti-correlated with silicon.

6.2. Crystallisation of secondary phases in
«-SiC microstructures

Pressureless sintering and HIP of «-SiC green bod-
ies containing additions of Y,03 and Al,Os, with an
Y,03/Al,03 ratio corresponding to that of the Y, Al-
garnet (5A1,03-3Y,03), demonstrated that the sinter-
ing atmosphere as well as an applied pressure have
an effect on the development of the intergranular mi-
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crostructure [20]. Pressureless sintering was carried
out in a SiC/Al,O3 protective powder bed in an argon
atmosphere at 1880°C for 2 or 4 h. This resulted in the
partitioning of Y, Al-garnet and «-Al,O3 from the lig-
uid phase sintering medium, and only smaller volumes
of residual glass were present in the microstructure.
The glass was concentrated to thin intergranular films
and to a limited number of smaller (<20 nm) pockets.

Figure 17 The microstructure of a Si3Ny4 ceramic HIP:ed 1750°C with
the addition of 5 wt% ZrO,(+3 mol% Y,03) and 2 wt% Al,O3. The
microstructure contains an extremely small volume fraction of residual
glass.



These pockets were rich in silicon, aluminum and oxy-
gen, and contained also smaller amounts yttrium and
impurities, e.g., calcium. The yttrium content of these
pockets was, however far too low for the crystallization
of the Y, Al-garnet.

Partitioning of the Y, Al-garnet, Fig. 15a, resulted in
neighbouring pockets with the same crystallographic
orientation. This suggests that the crystallisation in-
volved comparatively few nucleation sites, and that the
garnet grew in a three-dimensional intergranular net-
work. It was proposed that the formation of «-Al,O3
was promoted by a transport of gaseous AlO and Al,O
from the powder bed into the SiC material. The forma-
tion of AlO and Al,O would be associated with a de-
composition of the Al,O3 in the powder bed by carbon,
which is generally present in the surrounding environ-
ment during pressureless sintering. The incorporation
of Al,O3 from the powder bed into the intergranular
microstructure was also observed for SiC(+Y,03) ce-
ramics pressureless sintered under the same conditions,
but without the addition of Al,O3.

HIP of the SiC(+5Al1,03-3Y,03) composition at
1800°C under a pressure of 160 MPa resulted in a com-
pletely different microstructure, see Figs 15b and 16.
The crystallisation of the liquid phase sintering medium
was suppressed; Y, Al-garnet did not partition although
the Y/Al ratio of analyzed residual glass pockets varied
around that of the garnet.
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7. Si3N4/ZrO, composite ceramics

A secondary crystalline phase may act as a reinforce-
ment. An addition of ZrO, to Si3Ny is not only an effec-
tive sintering additive, but may also result in a compos-
ite Si3Ny4 ceramic microstructure, see Figs 5, 17 and 18,
where grains of ZrO, act as a toughening and strength-
ening agent [13, 14, 57, 60]. In addition, as shown
in Figs 5c and 17, the partitioning of a ZrO, struc-
ture from the liquid phase sintering medium makes it
possible to form Si3Ny-based ceramics with extremely
small volume fractions of residual glass present only
as thin grain boundary films between grains of SizNy
and/or ZrO, [29, 57]. A zirconium containing oxyni-
tride liquid phase sintering medium may also pro-
mote the development of high aspect ratio S-SizNy
grains, which contributes further to the toughness of the
ceramic.

The o to B-SizNy transformation in zirconium rich
liquid phase sintering media is often associated with the
formation of Si,N,O [13, 14, 29, 60]. This was also the
case for the pressureless sintered Si3N4/ZrO, material
in Fig. 5. The crystallisation of Si;N,O during the o
to B transformation was evident from X-ray diffraction
data of partially sintered compacts, and the presence of
well-defined larger, elongated, Si;N,O grain sections
in SEM and TEM images. The partitioning of Si,N,O,
in addition to B8-Si3Ny4, would increase the relative ni-
trogen content of the remaining liquid, and this may

Figure 18 The microstructure of a composite SizN4 + 30 wt% ZrO, (43 mol% Y,03) ceramic pressureless sintered at 1650°C. Faceted SizNy4 grain
sections are separated by irregularly shaped grains of Y,O3 containing ZrO; (a). The ZrO, grains consist of domains with the tragonal t’ structure
as shown by the selected area electron diffraction pattern in (b). Centered dark field imaging using different {112} reflections revealed the domain
structure of t’, (¢) and (d).
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have an effect on the structure and properties of the
ZrO, phase.

The ZrO, may incorporate nitrogen into its struc-
ture during partitioning from the liquid phase sinter-
ing medium whereby an oxidation-prone zirconium-
oxynitride solid solution is formed [60]. Work has
shown that the simultaneous addition of Y,Os, or
the use of an Y,03 partially stabilized ZrO, start-
ing powder, will reduce the nitrogen uptake of the
ZrO,(+Y,03) structure that partitions during sintering
[57,60, 61]. It was also established that the sintering at-
mosphere has an effect on the anion lattice [57]. HIP re-
sulted in ZrO, structures with a better high temperature
stability than after pressureless sintering, which infers
that the nitrogen atmosphere around the SizN4 powder
compact during pressureless sintering results in an in-
creased nitrogen content of the liquid and thereby of the
ZrO, grains that form in the material. Si3N4/ZrO; ce-
ramics have also been fabricated with a smaller addition
of Al,O3 as sintering additive. This promotes the for-
mation of a dilute 8’-Si3Ny structure which will adjust
the oxygen/nitrogen ratio of the liquid phase sintering
medium.

The composition and structure of the ZrO, will de-
termine the toughening mechanisms that may be acti-
vated [62]. Transformation toughening may take place

if a transformable metastable tetragonal structure is re-
tained in the sintered material. This structure will trans-
form to the monoclinic structure when the mechanical
constraints imposed on the ZrO, grains are released
in a stress field. The non-transformable t' structure,
which consists of tetragonal domains separated by anti-
phase domain boundaries, see Fig. 18, may contribute to
toughness by ferroelastic domain switching. The reten-
tion of these tetragonal structures to room temperature
is realized through the incorporation of a cation with a
lower valence state, e.g. Y3, into the ZrO, structure.

8. Glassy grain boundary films
Even if a substantial crystallisation of the intergranular
regions in a liquid phase sintered silicon-based ceramic
microstructure has been achieved, thin intergranular
films of residual glass generally remain. Electron en-
ergy filtering and fine probe EDX analysis has demon-
strated that the glassy grain boundary films in SiC
and Si3;N4 based microstructures are rich in elements
originating from the metal oxide/nitride sintering addi-
tives, but depleted in carbon and nitrogen, respectively
[24].

As discussed above, pressureless sintering of SiC
with additions of Y,0O3 and Al,O3 makes it possible to
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Figure 19 Intergranular films of residual glass in duplex «/f sialons fabricated with the addition of (a) Nd,O3 and (b) Yb,O3.
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obtain a substantial crystallisation of the liquid phase
sintering medium. Thin films of residual glass were,
however, separating the secondary Y, Al-garnet and
a-Al, O3 structures from adjacent grains of SiC [20,
24]. Thin films of residual glass, with a varying cation
content, were present also at SiC/SiC grain boundaries
[20, 24]. Combined high resolution analytical and spa-
tial information obtained from electron energy filtered
images recorded around the carbon K, oxygen K and
aluminum L; 3 edges in the EEL spectrum showed that
glassy grain boundary films, as well as the occasional
smaller pockets of residual glass, were rich in oxy-
gen and aluminum, but depleted in carbon, as in the
HIP:ed SiC microstructure shown in Fig. 16. Intensity
profiles integrated along elemental images of edge-on
grain boundaries, as in the aluminum jump ratio map
in Fig. 16, indicated average film thicknesses in the
range 1.5 to 1.8 nm. This is consistent with results
from defocus Fresnel imaging [20]. EDX showed that
thin films merging into smaller yttrium and impurity
cation containing glass pockets contained also these
elements.

High resolution TEM of SizN4-based microstruc-
tures has demonstrated that the film thickness de-
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pends upon the overall chemistry of the ceramic mi-
crostructure as well as the structure and composition
of neighbouring grains. The intergranular films in 8’-
Si3Ny4/ZrO, composite ceramic microstructures may be
as thin as 0.9 to 1.0 nm when the residual glass is present
only at the grain boundaries [57]. Some sialon mi-
crostructures show significantly larger film thicknesses
of around 2.4 nm, even when a substantial part of the
liquid phase constituents have been incorporated into
the B’- and/or a’-SizNy solid solutions, or other sialon
structures, so that the volume fraction of residual glass
is extremely small [39, 63].

A smaller network modifying cation tend to reduce
the average thickness of the intergranular glass film
[63, 64]. The replacement of Nd,O3 by Yb,03 in the
fabrication of duplex «/B-sialon ceramics resulted in a
reduced film thickness, see Fig. 19. The intergranular
films in the microstructure containing the larger Nd**+
(r(Nd>*) = 0.983 A) were typically around 2.4 nm,
while the smaller Yb** (r(Yb>) = 0.868 A) resulted
in residual glass films in the range 1.6 to 1.9 nm thick.
The small variation in measured film thickness within
a microstructure was accompanied by a variation in the
local «- and B-sialon substitution levels.
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Figure 20 Intergranular films of residual glass in a duplex /g sialon fabricated with the addition of Dy,O3. The grain boundary in (a) has a film
thickness that varies significantly along the boundary, while the thickness of the grain boundary film in (b) shows only smaller variations around an

average thickness of 2.4 nm.
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zero loss, 20 eV
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Figure 21 Elemental distribution images of a triple grain junction in a dysprosium «-sialon microstructure.

The thickness of the residual glass films may, how-
ever, vary significantly within a microstructure, both
between boundaries and within a particular boundary.
These observations are in contrast to models suggest-
ing that there is a constant grain boundary film thick-
ness throughout a microstructure [65-67]. The radius of
Dyt is 0.912 A which suggests that the use of Dy,03
instead of Yb,O3 or Nd,Oj3 in the fabrication of the
duplex sialons discussed above would result in a film
thickness in between what was observed for the smaller
Yb3*+ and larger Nd** cations. This material showed,
however, a wide spread in film thickness. Fig. 20a shows
an example of an «/f grain boundary where the film
thickness varies between 1.1 and 1.9 nm over a dis-
tance of 20 nm along this section of the boundary.
A significantly thicker film, 2.4 nm, separating an o’'-
and a B’-SizNy grain in the same material is shown
in Fig. 20b. This microstructure showed a pronounced
variation in the local substitution levels of the «'- and
B-Si3Ny grains, which can be expected to contribute to
the observed spread in grain boundary film thickness.

Electron spectroscopic imaging and subsequent com-
putation of elemental distribution images has been per-
formed for anumber of - and duplex «/8-sialons fabri-
cated with additions of Sm;0O3, Dy,03 or Yb,03. The
electron spectroscopic images were recorded around
the nitrogen K, oxygen K, aluminum L, 3 and rare earth
element Ny 5 edges in the EEL spectrum [24]. The el-
emental distribution images clearly demonstrated the
concentration of the «’ stabilizing cation, aluminum
and oxygen to the glassy grain boundary films, and
that these films also have a reduced nitrogen content.
These results are in accordance with elemental con-
centration profiles across o'/o’, o’//B' and '/’ grain
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boundaries, which showed an enrichment of aluminum
and the rare earth element to the glassy grain boundary
film [24]. These profiles also revealed a significant vari-
ation in the @’ and B’ substitution levels on a nanome-
ter scale, which reflects the extensive solid solution of
the sialon phases. An example of elemental distribu-
tion images of a dysprosium «-sialon microstructure
is shown in Fig. 21, and elemental profiles across a
grain boundary the same microstructure are shown in
Fig. 22.
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Figure 22 Atomic ratio profiles, obtained from step by step EDX point
analyses, across a grain boundary film in a dysprosium «-sialon mi-
crostructure. An electron probe with a nominal FWHM of 0.7 nm was
used for the acquisition of the EDX spectra in a FEGTEM.
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Figure 23 Unfiltered (a) and zero loss (b) images of an edge-on o’-/p’-
Si3Ny grain boundary in a duplex ytterbium sialon microstructure. The
zero loss image was acquired with an energy selecting slit of 20 eV. The
jump ratio map across the ytterbium N edge (c) shows the concentration
of ytterbium to the glassy grain boundary film and the preservation of
phase contrast in the &’ grain. The film thickness was estimated to 1.9 nm
from an intensity profile (d) integrated along 30 nm of the grain boundary
in the jump ratio map.
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Phase contrast may be preserved in low electron en-
ergy loss images because of Bragg scattering of inelas-
tically scattered electrons [46, 50]. Under such condi-
tions, computed elemental distribution images will also
show phase contrast as illustrated by the jump ratio map
across the ytterbium N edge in Fig. 23. The map shows
the segregation of ytterbium to an o’-/8’-SizNy grain
boundary in a duplex sialon microstructure, and also the
retention of phase contrast in the «-sialon grain. This
grain is in a strongly diffracting orientation as shown
by the unfiltered and zero loss images, and {10-10} lat-
tice fringes are running parallel to the grain boundary.
The unfiltered and zero loss images also show that the
transition between the ' grain and the glass film is
not well defined. The absorption contrast in these im-
ages, due to the segregation of ytterbium to the glassy
grain boundary film, made it possible to estimate the
average film thickness to 1.9 nm using the «’{10-10}
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Figure 24 Grain boundary films in a silicon nitride ceramic gas pressure
sintered with the addition of 3 wt% Y,03. The boundary in (a) has an
average film thickness of 1.2 nm. Within the resolution of the image
(3.3 nm), the grains in (b) seem to be in direct contact; only some local
disorder is observed between the arrows.
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lattice fringes (interplanar spacing of 0.66 nm [33]) for
internal calibration. An estimate of grain boundary film
thickness was also made from a 10 nm intensity profile
integrated along 30 nm of the grain boundary in the
ytterbium jump ratio map using the «’{10-10} lattice
fringes in the map for calibration. This gave a value of
1.9 nm, consistent with the measurements in the unfil-
tered and zero loss images.

Different grain boundary morphologies have also
been observed within a microstructure where solid so-
lutions can not form. SizNy gas pressure sintered with
3 wt% Y,0s3 had typically a grain boundary film thick-
ness of 1.1-1.2 nm, see Fig. 24a. These films were rich
in yttrium and oxygen, and contained frequently also
some impurities, e.g., calcium. A rather different type
of boundary was, however, also observed in this mi-
crostructure. Fig. 24b shows a high resolution image of
aboundary oriented edge on in the TEM. Contrast from
a set of {20-20} fringes corresponding to a lattice spac-
ing of 0.33 nm are clearly visible in both grains. Within
the resolution of the image, the grains seem to be in
direct contact along a substantial part of the boundary;
only some local disorder is observed.

9. Concluding remarks

Quantitative microscopy together with analytical and
high resolution transmission electron microscopy pro-
vides important information for a deeper understanding
of the development of microstructure in liquid phase
sintered silicon based ceramics. The combined infor-
mation from different imaging, diffraction and spectro-
scopic methods in the TEM is required for a qualitative
and quantitative chemical and structural characteriza-
tion of small volumes in the microstructure. Analytical
and spatial information from regions of the size 1 to 2
nm can be obtained by electron spectroscopic imaging
and subsequent computation of elemental distribution
images.
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