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Abstract

The microstructure of a commercial silicon nitride-
bonded silicon carbide ceramic composite, formed via
the nitridation of silicon powder-SiC preforms, has
been characterised using analytical transmission elec-
tron microscopy. It comprised coarse particles of SiC
dispersed in a matrix which was a mixture of crys-
talline phases based on Si,N,O and B-Si;N,, and an
amorphous phase. Qualitative microanalysis of amor-
phous matrix regions revealed the presence of signifi-
cant concentrations of aluminium, silicon, calcium and
oxygen, while aluminium and oxygen were also readily
detectable in both of the surrounding crystalline
phases. It is thus suggested that the crystalline phases
in the matrix are in fact O- and B-sialons respectively.
A mechanism, combining reaction bonding and solu-
tion-precipitation in a (Ca,K)-aluminosilicate liquid
phase at the reaction temperature, is proposed to
describe the development of the matrix microstructure.

1 Introduction

The potential for near net shape forming of Si;N,
ceramics via the direct nitridation of silicon com-
pacts, together with the economic advantage
inherent in the use of silicon powder compared
with currently available Si;N, powders, have been
major factors in sustaining continued interest in
the application of the reaction bonding process to
these ceramics in recent years. However, the con-
solidated densities achieved using this approach
are typically only 80% of those obtainable by hot
pressing techniques and the lower density, com-
bined with the continuous nature of the porosity
typical of reaction-bonded compacts, continue to
limit the applications of such materials.
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One approach to overcoming these difficulties
has involved the development of the nitrided pres-
sureless sintering (NPS) technique,'™ which com-
bines the nitridation process with a liquid phase
sintering stage, promoted through the addition of
oxide sintering aids to silicon/Si;N, compacts.
This technique has been shown to be capable of
producing Si;N,-based materials with near to theo-
retical densities and, with improved composition
control and tailoring of the final microstructure,
has the potential to allow more economical pro-
duction of materials exhibiting reduced shrinkage
during sintering and minimal porosity.

The Si;N,-based materials developed in this way
have potential for application as the bonding con-
stituents in low cost composite refractory materi-
als, typically containing a major fraction of silicon
carbide aggregate.’ Such binders offer potentially
superior oxidation and alkali resistance in molten
metal environments compared with alumino-silicate
matrices in current usage.®’ There is thus ongoing
interest in the characterisation of the microstructure
of such materials and in elucidating the stages of
microstructural evolution during the sintering cycle.

The purpose of the present paper is to report on
the microstructural characterisation of a commer-
cially produced, reaction-bonded Si;N,-SiC com-
posite, containing significant oxide additions,
predominantly in the form of a clay binder. This
work forms part of a larger project currently
being undertaken to examine, using analytical
transmission electron microscopy, the micro-
structural development of Si;N,-based ceramics
produced by the NPS technique.

2 Experimental Procedures
Fabrication of the composite involved the wet

blending of the major components, Si powder
(particle size <44 pm) and crushed SiC (70-650
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pm, in the approximate weight ratio of 1:3, with
minor additions of organic plasticising agent
(Ca-lignosulphonate) and clay (<5 wt%) to aid plas-
ticity of the slurry prior to moulding of the compos-
ite preforms. The cast preforms were allowed
upwards of 8 h for material sedimentation and
water extraction before mould removal. Sintering of
the preforms was carried out in an N, atmosphere
using a slow heating cycle, with a binder-burnout
stage at 400-600°C, a final sintering temperature of
1450°C and a sintering time in excess of 20 h.

Initial phase analysis of the composite was per-
formed in a Siemens D500 powder X-ray diffrac-
tometer using Ni-filtered Cu K, radiation. Lattice
parameters of the phases were determined from
the measured X-ray diffraction peaks using a least
squares fitting routine within the Celsiz program,?
with calibration performed using silicon as an
internal standard.

Composite surfaces for optical and scanning
electron microscopy (SEM) were prepared by ini-
tial polishing of bulk specimens on a tin lap, fol-
lowed by final 1 um diamond polishing. Polished
samples were examined in a JEOL 840A scanning
electron microscope operating at 20 kV. Speci-
mens for transmission electron microscopy (TEM)
were prepared by diamond cutting thin composite
slices, grinding and polishing to form 120 um
thick discs, and finally ion milling these discs to
electron transparency using 5 kV argon ion beams
at an incident angle of 15°. The specimens were
coated with a thin carbon film and examined in a
Philips CM20 analytical electron microscope oper-
ated at 200 kV and equipped with an ultra-thin
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window Link energy dispersive X-ray spectrome-
ter (EDXS). For comparative X-ray microanalysis,
an electron probe of nominally 10 nm diameter
was used routinely in the scanning transmission
electron microscope (STEM) mode.

3 Experimental Results

3.1 X-ray diffraction
The X-ray diffractometer trace from the reaction-
bonded composite, Fig. 1, indicates that, in addi-
tion to SiC, the major crystalline phases in the
composite are silicon oxynitride (Si,N,0O) and B-
Si;N,, with minor fractions of a-Si;N, and unre-
acted silicon also present. The relative fractions of
Si;N,O and B-Si3N, in the binder phase were cal-
culated as approximately 0-6 and 0-4 respectively,
employing a technique making use of the (002)
Si,N,O and (210) B-Si;N, peak intensities’ and
ignoring minor phases. Efforts to determine more
accurately the phase content of the matrix and the
polytypes of SiC present, using available crystallo-
graphic data and a Rietveld analysis,'® proved
difficult due to the presence of multiple phases and
significant overlap of diffraction peaks. However,
analysis of the SiC peaks from both the composite
and the starting SiC powder indicated that the 6H
structure was the dominant polymorph, with the
presence of the cubic (3C) and other a-polytypes
as minor constituents suggested by the asymmetry
of several major peaks.

A systematic shift in the peak positions for the
Si,N,O and B-Si;N, phases to lower diffraction
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Fig. 1. X-ray diffractometer trace from as-fired material indicating the presence of SiC in a matrix that is predominantly a mixture
of crystalline phases based on 8-Si;N, and Si,N,O (O).
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angles (26) was noted, when compared with expected
positions for the pure compounds. The lattice
parameters of the hexagonal B-Si;N, were deter-
mined to be a = 07617 * 0-0004 nm and ¢ =
02923 + 0-0003 nm, while those of the or-
thorhombic oxynitride were measured to be a =
0-8909 £ 0-0003 nm, » = 0-5505 £ 0-0001 nm and ¢
= 0-4861 + 0-0001 nm. These values are systemati-
cally larger than those normally quoted for the
pure compounds,’! and are consistent with an
expansion in the unit cell that might arise through
Al-O bond substitution for Si-N bonds during
sintering.

It is unlikely that the Si,N,O within the matrix
can be attributed solely to the SiO, that is
expected to be introduced as a surface layer on both
the silicon and SiC powders. The high content of
crystalline Si,N,O observed, and the almost exclu-
sive appearance of B-Si;N, in preference to
a-Si;N,, suggest the presence of a liquid phase
during the 1450°C reaction bonding process if
proposed solution-reprecipitation mechanisms for
Si,N,O formation are correct.!!* This is consis-
tent with the presence in the original powder mix-
ture of additional glass-forming oxides, which will
promote the formation of a low melting point lig-
uid and provide a source of oxygen for the forma-
tion of Si,N,O. However, the lack of a broad
low-angle diffraction peak characteristic of an
amorphous phase in the X-ray diffractometer
trace of Fig. 1 implies that there is a low level of
residual glass remaining within the composite
after firing.

A few minor peaks remain unidentified in the
X-ray diffractometer trace and are suspected to
arise from metallic impurities introduced into the
raw materials during powder processing.

3.2 Optical and scanning electron microscopy

Figure 2 is an optical micrograph typical of an
unetched, polished surface of the as-fired compos-
ite, where the large silicon carbide grains in light

Fig. 2. Reflected light micrograph of unetched, polished sur-
face of as-fired composite.

grey contrast range in size from 20 to 450 um and
constitute approximately 75 vol.% of the compos-
ite microstructure. The microstructure of the
Si,N,0-Si;N, binder is unresolved at this scale,
but it appears that it forms a near continuous,
cohesive bond around the entire perimeter of the
silicon carbide particles. The local dark areas
within the binder represent a combination of
intrinsic pores and defects introduced during
polishing.

Examination in the scanning electron micro-
scope, using backscattered electron contrast,
revealed the presence of an impurity phase in light
contrast at the SiC boundaries, Fig. 3, while the
larger SiC grains often contained a core of slightly
darker contrast. Energy dispersive X-ray spec-
troscopy of the two phases in light contrast (ar-
rowed A and B respectively) indicated significant
concentrations of Si, Fe and other metallic impu-
rities, Fig. 3(b), in regions A, while in regions B,
unreacted Si alone was detected. Optical and scan-
ning electron microscopy of the raw SiC powder
established the presence of the same phases inti-
mately associated with the original SiC particles
and it is thus inferred that these phases arise dur-
ing the processing of the SiC. The use in the com-
posite system of SiC produced by the reaction
sintering method is the most likely source of addi-
tional metallic impurities in the microstructure, as
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Fig. 3. (a) Backscattered electron image of as-fired composite

showing impurity phase (regions A) and unreacted silicon

(region B) within SiC grain, and (b) energy dispersive X-ray
spectrum typical of impurity phase A.



418 J D. P. Edwards et al.

reaction-sintered SiC is known to contain up to
10% unreacted silicon and other silicide impurities
in the final product.'®

3.3 Transmission electron microscopy

The microstructure of the binder in the composite
was complex and varied significantly in grain size
and morphology between thin foil specimens and
even between adjacent areas within the same sam-
ple. Such variability is perhaps related to the rela-
tively large scale of the initial SiC particles,
resulting in poor mixing of the raw materials
and/or segregation of components during green
fabrication, which prevent the formation of a
homogeneous structure. Figure 4(a) is a bright field
TEM image showing a representative area of the
binder microstructure, in which each of the grains
in this field has been identified by electron micro-
diffraction to be either crystalline B-Si;N, (8) or
Si,N,O (0O), while the central region is residual
amorphous phase (G). Figures 4(b) and (c) show
representative electron microdiffraction patterns
used to identify the silicon nitride grains, indexed
as (b) [0001] and (c) [1010] zone axis patterns from
the hexagonal B-Si;N, structure. The Si;N, formed
in a variety of morphologies, ranging from
approximately equiaxed grains with smoothly
curved surfaces and an average diameter of 350

Fig. 4. (a) Transmission electron micrograph showing region

of amorphous phase (G) surrounded by a mixture of crys-

talline phases based on B-Si;N, and Si;N,O (O), and electron

microdiffraction patterns which can be indexed unambiguously

as (b) {0001}, and (c) [1010] zone axis patterns from the
hexagonal B-Si;N, structure.

nm, Fig. 4(a), to grains with a faceted, rod-like
form. Those elongated grains, which were rela-
tively rare, had a morphology commonly consid-
ered typical of the product of the a—B phase
transformation in systems containing a liquid
phase.!6-18

In contrast to the Si;N,, the Si,N,O grains
(50-500 nm) were readily distinguished by their
elongated, faceted morphology'®?° and a substruc-
ture of stacking faults parallel to the long axis,
Fig. 5(a). The Si,N,O was also noted to have a
tendency to form grains with faceted ends, with
the angle of contact between grains apparently
being determined by such facet angles. The form
of the relationship between such contiguous crys-
tals is at present the subject of further study. Fig-
ures 5(b) and (c) show representative electron
microdiffraction patterns recorded from the
Si,N,O grains, which may be indexed as (b) [110]
and (c) [I01] zone axis patterns from the or-
thorhombic oxynitride structure.?!

Non-crystalline regions observed within the
binder microstructure were also identified by di-
ffraction and diffraction contrast techniques.”? As
shown in Fig. 6, the glass had formed as discrete
pockets at three and four grain junctions involv-
ing both oxynitride and B-Si;N, grains, and was
not readily detectable in the form of continuous
intergranular films. The incidence of amorphous

Fig. 5. (a) Transmission electron micrograph showing the
morphology typical of elongated grains of the oxynitride-
based phase (O), and electron microdiffraction patterns which
can be indexed unambiguously as (b) [110], and (c) [101] zone
axis patterns from the orthorhombic oxynitride structure.
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pockets was, however, rare, suggesting that the
quantity of such phase within the microstructure
was relatively small. Energy dispersive X-ray spec-
tra, Fig. 7(a), recorded from the amorphous
regions revealed significant concentrations of Si,
Al, O, Ca and K; the C peak is a consequence of
specimen coating and contamination. There was
some evidence of the presence of nitrogen within
the residual glass, but it proved difficult to detect
because of the overlap of the adjacent oxygen and
carbon peaks.

Microanalysis of the Si,N,O grains throughout
the binder, Fig. 7(b), indicated the presence of sig-
nificant concentrations of Al, along with Si, N,
and O. It is thus suggested that the phase
described thus far as an oxynitride is in fact an O-
sialon (S, ALO,,,N,, with x £ 0-2). Similarly,
significant concentrations of Al were also detected

Fig. 6. Representative transmission electron micrograph of
microstructure of the composite matrix, showing discrete
pockets of glassy phase (G) at three and four grain junctions.
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Fig. 7. Energy dispersive X-ray spectra typical of (a) amorphous
phase, (b) O-sialon grains, and (c) B-sialon grains within the
matrix of as-fired composite.

in the nitride grains in the binder, Fig. 7(c), sug-
gesting that this phase is B-sialon (Siz,Al,O,Ng,, z
< 4-2), formed by the limited substitution of AI**
for Si**, with accompanying oxygen-nitrogen sub-
stitution for charge compensation.”>** The Si: Al
ratio was observed to be constant, to within
the limits of experimental error, in each of the
two crystalline phases throughout the binder
microstructure. This uniformity of composition
would suggest that the liquid phase, which is the
likely primary source of the Al and O, possesses a
low viscosity, as would be expected for oxide lig-
uid phases containing significant alkali-metal and
alkaline earth concentrations,” and is uniformly
distributed throughout the microstructure at the
final reaction temperature of 1450°C.

Metallic inclusions were also observed occasion-
ally at multiple grain junctions, and Fig. 8(a)
shows an area containing a number of inclusions
in dark contrast bounded by oxynitride grains.
X-ray microanalysis, Fig. 8(b), indicated that the
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Fig. 8. (a) Transmission electron micrograph showing grains

of metallic impurity phase within composite matrix, and (b)

energy dispersive X-ray spectrum typical of the impurity
phase.



420 D. P. Edwards et al.

particles contained significant concentrations of
Fe, Si, Cr, Ni and V, and it seems likely that such
inclusions are introduced during the attrition pro-
cess, perhaps as a result of the use of stainless
steel milling media.

Careful examination of a number of segments
of the matrix/SiC interface typically indicated that
the interface was cohesively bonded along the en-
tire boundary length. No evidence of crack forma-
tion at the interface was observed and it also
proved difficult to detect any amorphous thin
films between the SiC and the binder phases.
More detailed investigations of the interfacial
region are in progress to elucidate the interface
structure and to check for the presence of the

Fig. 9. Transmission electron micrographs showing the pre-
ferred nucleation and growth of elongated O-sialon crystals
from the surfaces of SiC grains.

amorphous intergranular films that are often
reported in silicon nitride-based ceramics.?6-3

An interesting feature of the microstructure was
the common observation of the preferred nucle-
ation of fine, rod-like O-sialon (O') grains along
the boundaries of the coarse SiC particles. Figures
9(a) and (b) show a number of O' crystals extend-
ing outwards from their preferred nucleation sites
on the SiC surface, with the preferred direction of
elongation corresponding to the c-axis of the
orthorhombic O' phase. Figure 10(a) is a composite
electron microdiffraction pattern containing super-
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Fig. 10. (a) Composite electron microdiffraction pattern con-

taining superimposed [100}y and [1120]gc () ZOne axis patterns

from adjoining regions of O-sialon and SiC, such as shown in
Fig. 10, and (b) schematic solution to these patterns.
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Fig. 11. (a) Transmission electron micrograph showing section of SiC grain containing regions of both the a- and B-SiC polymorphs,
and corresponding (b) [1120]5icny and (c) [110]sic(s) zone axis SAED patterns from the a and 8 structures respectively.

imposed zone axis patterns from adjoining regions
of SiC and the O-sialon. As indicated by the
schematic solution to the pattern in Fig. 10(b), the
patterns imply an orientation relationship between
the O' and the SiC in which:

(001)o// (0001)g, and
[100]0//[1120)sic6m

Several regions in which pB-sialon (B') grains
were in direct contact with the SiC grains were
also examined, but attempts to identify an orien-
tation relationship® between the 8 and the SiC
have thus far been unsuccessful.

Examination of the large SiC particles using
electron diffraction and lattice fringe imaging
techniques® confirmed the existence of a variety
of SiC polytypes, as suggested by the X-ray
diffraction data from the composite (Fig. 1). The
majority of areas examined with the electron beam
parallel to a <1120> direction exhibited lattice
fringe spacings of 1-52 nm consistent with the 6H
polymorph of o-SiC,*®* Fig. 11(a). However, a
number of particles were observed to contain
alternative a-SiC polytypes and, as illustrated in
Fig. 11(a), local regions of B-SiC. The selected
area electron diffraction pattern recorded from the
a-SiC area in Fig. 11(a) and shown in Fig. 11(b)
may be indexed for the hexagonal structure of the
a-polytype. The streaking and additional low
intensity reflections observed along the {101/}
diffraction row are characteristic of the faulted
substructure of this polymorph.**3* In contrast,
the SAED pattern in Fig. 11(c) may be indexed as
the [110] zone axis pattern from B-SiC.

4 Discussion

Characterisation by analytical electron micro-
scopy, in conjunction with X-ray diffraction,
has established that the microstructure of the
binder, in what is described as a Si;N,-bonded SiC
composite, in fact comprises a mixture of crys-
talline phases based on Si,N,O and B-Si;N,, with
a small volume fraction of residual amorphous
phase rich in Si, Al, Ca, K and O. The high con-
tent of crystalline oxynitride and the almost exclu-
sive appearance of B-Si;N, (or B-sialon), both
suggest the presence of a significant volume frac-
tion of liquid phase during the 1450°C reaction
bonding process, as those mechanisms pro-
posed'>* for formation of Si,N,O invariably
involve precipitation from a liquid phase, while
the formation of B-sialon also commonly occurs
from or in association with a liquid.!® The residual
glassy phase observed within the binder is consis-
tent with the presence of a (Ca,K)-aluminosilicate
derived liquid phase at the reaction temperature,
although it is noted that the volume fraction of
residual glassy phase is small in the as-fired prod-
uct. These observations lead to a description of
the consolidation of the composite in which the
microstructure of the composite binder evolves via
a modified solution-reprecipitation mechanism,
such as that initially proposed for the reactive
liquid—phase sintering of hot-pressed silicon
nitride.3>36

In the case of the present Si/SiC powder com-
posite preform, initial nitridation of the fine sili-
con powder during heating might be expected to
lead to the formation of predominantly a-Si;N, by
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the vapour phase reaction of Siy, or SiOg with
nitrogen.”” In the presence of Fe as a significant
impurity, formation of the a phase might also arise®
through Si vaporisation from any FeSi, liquid
phase that may form. However, in studies of the
reaction bonding of Si;N, there are numerous
reports of the formation of a product containing a
significant volume fraction of B-Si;N, at tempera-
tures as low as 1330°C,*® and it has been sug-
gested® that the development of the two
modifications may be determined by particular
growth mechanisms. The choice of growth mecha-
nism may be strongly influenced by the presence
or otherwise of significant fractions of low melting
point liquid phase generated from the natural
oxide film on the original powder(s) and/or other
impurity ingredients.

It is also well established that «-Si;N, trans-
forms to B-Si;N, during heat treatment at temper-
atures in the vicinity of 1500°C,!” and that this
transformation may be facilitated by the presence
of impurity elements and/or a liquid phase of
appropriate composition.'® There are thus at least
two mechanisms by which the 8-Si;N, observed in
the as-fired product may form and increase in vol-
ume fraction during the reaction cycle. It is note-
worthy that two distinguishable morphologies of
the B-nitride were observed within the binder; the
major fraction contained rounded, equiaxed grain
shapes, but there was a small fraction of grains
possessing a faceted and elongated form more typ-
ical of a product forming as a precipitate from a
liquid phase. These different grain shapes may
constitute evidence of two different growth mecha-
nisms contributing to the total fraction of 8-Si;N,
in the binder.

The EDXS analyses of residual amorphous
regions in the composite imply the existence at the
reaction temperature of a (Ca,K)-aluminosilicate
based liquid phase with a composition derived
principally from the clay addition. The timing of
the formation of this liquid phase in the reaction
sequence may have a strong influence on phase
formation within the microstructure. The forma-
tion of an extensive liquid phase early in the reac-
tion sequence may, for example, inhibit the
formation of Si;N,* by the premature closure of
the pore network necessary for the access of nitro-
gen to the silicon, if indeed direct access of nitro-
gen to solid silicon is essential to continuing
nitridation. This might be expected to lead to a
large residual silicon content in the sintered prod-
uct. However, both X-ray diffraction and direct
microscopic observation indicate that only a small
fraction of silicon remains within the present com-
posite. Given that the melting point of the liquid
phase is likely to be low (<1450°C) and the liquid

phase is thus likely to be present from the earliest
stages of the reaction bonding sequence, this sug-
gests that the volume fraction and viscosity of the
liquid phase, combined with the low green density
of the compact, are such that they do not
adversely affect the access of the nitrogen to the
silicon.

In the initial stages of nitridation it seems likely
that the product is a mix of a-Si;N, formed via a
gas phase reaction and B-Si;N, formed perhaps by
a combination of mechanisms involving the pres-
ence of the (Ca,K)-aluminosilicate liquid phase.
Exposed to an increasing fraction of oxygen-rich
liquid phase at the reaction temperature, the less
stable a-Si;N, present will dissolve to form essen-
tially calcium sialon liquid, and be replaced by the
precipitation of the Si,N,O-based phase. The large
volume fraction of O' compared with B' in the
binder is consistent with a substantial proportion
of the (a-)Si;N, formed by nitridation being con-
sumed by the liquid phase, while the elongated,
faceted morphology and faulted substructure of
grains of this phase are characteristic of the oxyni-
tride forming from a liquid phase.” It is to be
expected that the relatively low solubility of nitrogen
combined with a high oxygen activity in the liquid
phase will favour formation of O-sialon.

The direct observation of aluminium within the
Si,N,O-based phase, together with the measure-
ment of lattice parameters systematically larger
than the range of lattice constants reported for
pure Si,N,O, confirm the identity of the phase as
O'. The lattice parameter a of O' experiences the
most significant expansion as the result of the
replacement of Si** ions with AI** ions, and com-
parison of the present measured values with pub-
lished results** suggests that the aluminium
content of the O-sialon (Si, Al O,,;N, ) is such
that x > 0-14 and, according to some observa-
tions,” approaching the limit of aluminium solu-
bility in the O' structure. This is consistent with
the precipitation of the O' from a liquid phase in
which the activity of aluminium is high, i.e. a lig-
uid phase forming in the presence of a high Al,O;
concentration.

A unique feature of the present study was the
common observation of elongated grains of the
oxynitride-based phase extending from the surface
of coarse SiC particles and sustaining a well-
defined orientation relationship with the SiC. This
orientation relationship is such that the long axis
of the O', [001],, is parallel to the c axis of the 6H
SiC, and the misfit between (002) and (0006)s;c(ex,
planes normal to the preferred growth axis is
approximately 3-3%, based on lattice parameters
determined at room temperature. Normal to the
interface between the O' and the SiC, Fig. 10(a),
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the planes (020), and (1100)g,c are approximately
parallel and contain the growth axis, and differ in
spacing by only approximately 2:9%. Similarly,
the planes (100)o and (1120)g,c are parallel across
the interface and the misfit between them is
approximately 3-3%. The form of these O' grains,
and the relatively low lattice misfit between the O'
and the SiC phases in the observed orientation
relationship, imply the preferred heterogeneous
nucleation of the Si,N,O-based grains on the SiC
and their subsequent growth outward into sur-
rounding liquid phase. That they grow into liquid
phase is supported by the common observation of
small glass pockets surrounding these grains in the
as-fired product.

Regardless of the mechanism of formation of
the B' phase, the direct observation of aluminium
(and oxygen) within the various grain morpholo-
gies, together with the magnitudes of the mea-
sured lattice parameters, confirm the identification
of this phase as B-sialon rather than B-Si;N,.
There were no significant variations detectable in
the aluminium concentration within the different
B-sialon morphologies and across many grains of
each analysed using EDXS. This suggests that the
extended hold time at the final sintering tempera-
ture of 1450°C may be sufficient to allow the alu-
minium and oxygen concentrations within both
the B' and O' to approach saturation in the solid
state at this temperature. In the case of any B
formed as a solid state reaction product this
would seem to imply the diffusion of aluminium
and oxygen from the aluminium-rich liquid phase
during or immediately following initial nitridation.

If measured values of the lattice parameters for
the crystalline binder phases are compared with
existing data*** to determine the values of z and
x for the B' (Siz,Al,O.N;_,) and O' phases respec-
tively, the results support the notion that the alu-
minium concentration approaches saturation
within both phases during the firing treatment.
The calculated values of z = 0-45 and x = 0-14 are
equivalent to aluminium concentrations of 5-72
and 5-34 eq% respectively, indicating that, to
within reasonable error limits, the aluminium con-
tent of the two phases is essentially identical.

The presence of residual glass pockets in the
final microstructure results from a failure to com-
pletely exhaust the supply of liquid phase at the
reaction temperature. It is noteworthy that the
pockets of glass, such as shown in Fig. 4, were rela-
tively rare and that the volume fraction of residual
glass was relatively small. There would thus seem
to exist, potential for largely eliminating residual
glassy phase from the final microstructure through
improved design of the composition of the compos-
ite and, in particular, improved control of the addi-

tions of those minor constituents which generate
and stabilise the liquid phase during processing.

5 Summary

(1) The microstructure of the commercial sili-
con nitride-bonded silicon carbide ceramic
composite, formed via the nitridation of
silicon powder-SiC preforms, comprises
coarse particles of SiC dispersed in a
matrix or binder which is a mixture of
crystalline phases based on Si,N,O and
B-Si;N, in the volume ratio of approxi-
mately 2:1, together with a small volume
fraction of residual amorphous phase.

(2) The direct observation of significant con-
centrations of aluminium (and oxygen)
within both of the crystalline phases, to-
gether with measured lattice parameters
which are systematically larger than those
of the pure compounds, imply that the
crystalline phases within the binder are in
fact O- and B-sialons respectively.

(3) The O-sialon is observed to nucleate pref-
erentially, but not exclusively, on the 6H
SiC particles with an orientation relation-
ship with the SiC of the form:

(001)o// (0001)g, and
[100]0//[1120)sic 6

(4) Direct qualitative microanalysis of amor-
phous matrix regions indicates the pres-
ence of significant concentrations of
aluminium, silicon, calcium and oxygen.
The regions are interpreted to represent
the residue of a reactive, low melting point
(Ca,K)-aluminosilicate liquid phase, deriv-
ing predominantly from clay binder addi-
tions to the original powder mix and
present throughout the reaction sequence.

(5) It is proposed that the B-sialon within the
binder is predominantly the product of a
reaction-bonding sequence, perhaps facili-
tated by the presence of the liquid phase.
The O' is suggested to arise as a result of
the dissolution of «-Si;N, in the oxygen-
rich liquid phase, followed by precipitation
of the O-sialon.
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