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Abstract 

The microstructure of polymer-derived S&based 
ceramic materials was characterised with elemental 
distribution images produced by electron spectro- 
scopic imaging. Depending on the processing condi- 
tions, a variety of difjcerent microstructures were 
obtained from the same precursor.. without sintering 
additives, amorphous silicon carbonitride which is 
stable against crystaliisution up to 1400°C is 
,formed. In the presence of AlJO und Y,O, as sin- 
tering udditives, Si,N,/.SiC-composite materiuls and 
Si2N,0 ceramics are produced. Sintering a mixture 
of Si,N4 powder with additional polysilane leads to 
a Si,N,/SiC-composite comprising nano-sized Sic 
inclusions in the Si3N, gruins. The development 
of the microstructure crf the SI,N,/SiC composite 
materials was investiguted as a function of the sin- 
tering temperature and of the concentrution of the 
sintering additives. The observed microstructurul 
changes leud to conclusions on the processes which 
occur during the sintering of the muteriuls. 

1 Introduction 

A primary aim in the development of structural 
ceramics is to obtain control over both the 
mechanical properties and the macroscopic shape 
of the ceramic comporent. The mechanical prop- 
erties of any material are governed by the 
microstructure. It is thus desirable to be capable 
of influencing the microstructure, via the starting 
material and the processing conditions, and to 
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‘know’ the result, via an efficient characterisation 
technique. In Part I’ of our studies we have shown 
that preparing ceramic materials from polymer 
precursors potentially offers control of both the 
shape of the final ceramic product and of a variety 
of microstructural parameters, ranging from the 
synthesis of monolithic ceramics at low tempera- 
tures to the design of composite microstructures 
with several different phases. 

In this paper we report on the results of our 
microstructural investigations on the polymer 
derived ceramic materials. In a systematic way we 
aim to gain insight into the relationships between 
microstructure and processing parameters. For 
characterisation, a new technique in transmission 
electron microscopy was used: electron spectro- 
scopic imaging, (ESI).’ With ESI, images showing 
the distribution of various elements in large speci- 
men areas (several pm’) at high resolution (2-3 
nm) can be produced within short times (less than 
1 min for one element). ES1 is based on the use of 
an imaging energy filter and makes it possible to 
image the distribution of a certain element via the 
characteristic energy losses which an electron beam 
may suffer in inelastic scattering processes with the 
atoms in the sample. Hence, Energy Filtering 
Transmission Electron Microscopy (EFTEM) has 
become an important tool for the microstructural 
characterisation of composite microstructures. 

In the last ten years considerable research has 
been devoted to the evaluation of microstructures 
in S&N, and SIC ceramics. For the sintering of 
SijN, ceramics, Al,O, and Y,O, are used as sinter- 
ing additives in most cases. Sintering occurs via a 
liquid phase mechanism in which the solution of 
a-Si3N, and reprecipitation of P-Si,N, play an 
important role. Systematic studies with various 
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amounts of sintering additive were carried out by 
Hayashi et aL3 They found that diffusion through 
the liquid phase is the rate-limiting step in the 
growth of the S&N, crystals. Boberski et al4 inves- 
tigated the intermediate sintering stages by 
quenching samples during the sintering process 
and found that the major densification step is cor- 
related with the melting of the sintering additives 
at 1389°C and the a-@ transition occurring at 
1615°C. Sintering of SIC with A&O, and Y,03 as 
sintering additives has first been reported by 
Omori and Takei.’ In a systematic TEM study, 
Kleebe6 compared SIC and Si,N, ceramics sintered 
with A&O, and Y,O, and found that, in contrast 
to Si,N,, the Sic grains are not wetted by the liq- 
uid phase formed by the sintering additives. The 
microstructure of Si,N,/SiC-composite materials 
was investigated by several different groups.‘.” The 
densification which can be obtained is significantly 
influenced by the amount of Sic added.* Higher 
contents of Sic particles inhibit complete densifica- 
tion and a number of pores remain in the final 
material. Indications for solution and reprecipitation 
of the Sic particles could only be found at temper- 
atures above 1700°C. Under special conditions, 
inclusion of the Sic particles in the S&N, grains 
could be observed’-” which leads to an improve- 
ment of the mechanical properties. In the present 
paper we report on the sintering mechanisms 
observed in the Si,N,/SiC-composite materials pre- 
pared from polymer precursors. The temperature 
dependence of the sintering processes was studied 
by varying the maximum temperature. The depen- 
dence of the microstructure on the concentration of 
sintering additives was investigated by varying the 
amount of A&O, and Y,O, which was added. 

2 Experimental 

2.1 Energy filtering TEM 
In analytical electron microscopy the two methods 
mainly used, electron energy loss spectroscopy 
(EELS) and energy dispersive X-ray analysis 
(EDX), are based on focusing the probe on a 
small area of interest. The spectroscopic data are 
then analysed for each probe position. Two- 
dimensional chemical information can only be 
obtained by stepping the probe across the sample. 
For the light elements, EELS analysis is preferable 
because it offers a much higher detection effi- 
ciency. In principle, any EELS spectrometer can 
be treated as being part of the electron optical sys- 
tem of a TEM with the important property that 
the information on the image or diffraction pat- 
tern of the illuminated sample area is not com- 
pletely lost but only heavily distorted while the 
electrons pass through the spectrometer. Within 
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Fig. 1. Schematic drawing of the Omega filter. Through the 
symmetrical arrangement of magnetic prisms an image is 
transferred from the entrance image plane to the achromatic 
image plane. An energy loss spectrum of the illuminated 

sample area is formed in the energy dispersive plane. 

the past ten years, successful attempts have been 
made to correct these distortions electron-opti- 
cally. One possibility is to combine four magnetic 
prisms in an Omega-like geometry where most of 
the electron optical aberrations are corrected by 
symmetry.12 A different approach is to correct the 
distortions caused by one sector-magnet with an 
appropriate number of quadrupole and sextupole 
corrector elements.13 

In the present studies we have used a Zeiss EM 
9 12 Omega which is the first commercially available 
EFTEM with an imaging Omega filter.14 The 
design of the Omega filter is schematically shown in 
Fig. 1. An imaging filter combines two properties: 
(1) The symmetrical arrangement of prisms trans- 
fers an image without distortions to the achromatic 
image plane. (2) The energy dispersion of the whole 
arrangement of prisms causes the paths of electrons 
with different energies to separate and to form an 
energy loss spectrum at the exit surface of the 
Omega filter. In this energy dispersive plane, elec- 
trons within a defined energy loss interval AE, < 

AE < AE, can be selected by inserting an energy 
selecting slit. Only these electrons will contribute 
to a magnified ‘ESI’ image which can be produced 
by focusing the following lenses of the projector 
system to the achromatic image plane. 

2.2 Electron Spectroscopic Imaging (ESI) 
Inner-shell excitation of the atoms by the beam 
electrons leads to characteristic edges in the energy- 
loss spectrum (Fig. 2). For energy losses above 
100 eV the edges are located on top of a nearly 
exponentially decreasing background and the 
onset energies of each edge can be used to identify 
the individual chemical elements. The concentra- 
tion of an element can be determined from an 
EELS spectrum if the pre-edge background is 
extrapolated and subtracted from the signal 
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Fig. 2. Illustration of the three-window technique used to 
produce elemental distribut:on images. With the two ES1 
images acquired in front of the edge, an extrapolated back- 
ground can be calculated and subtracted from the third 

image containing the element specific signal. 

obtained above the edge. In ES1 images this has 
to be done for each individual pixel. The easiest 
method for background subtraction, the three 
window technique, is illustrated in Fig. 2. Two 
ES1 images are acquired in the background region 
before the edge and the extrapolated background 
is then subtracted from the ES1 image containing 
the signal above the ecge. As a result the differ- 
ence image only contains intensity in the areas 
where the corresponding element is present in the 
sample and thus maps the distribution of this ele- 
ment. In the three window technique, however, 
the intensity in the difference image is not only 
depending on the concentration of the element but 
may also vary with thickness or the Bragg orienta- 
tion of crystalline grains. Owing to the low inten- 
sity of the individual ES1 images (up to a factor of 
100-l 000 less than the corresponding bright field 
image) the difference image will also contain con- 
siderable noise which makes it impossible to 
detect elements in very small concentrations 
(below 1 at’%,). The noise in the elemental distribution 
images can be reduced by special image processing 
techniques, which may result in a loss of resolu- 
tion. The detection 1imil:s in elemental distribution 
images are as low as l-2 monolayers, e.g. for seg- 
regants at grain boundaries.” The resolution lim- 
its are in the order of 11-5 nm, depending on the 
element and its concentration. 

In the three window technique, the optimum 
position of the energy windows and their width 
depends on several parameters: (1) the intensity in 
the energy loss spectrum which decreases strongly 
with increasing energy loss; (2) the shape of the 
edge which only shows a sharp onset for the light 
elements, and (3) the width of the unstructured 
background region before the edge. The width 
and positions of the windows which we have used 
have been determined ir. an empirical way and are 
listed in Table 1. In the case of the Si-K edge at 
1836 eV the slope of the decreasing background is 
so small that it can be extrapolated by a horizon- 

Table 1. List of elements investigated by ESI. The energy 
losses of the edges, AE, and the centre of the windows, 

AE,...AE,, are given in eV. 

Window 
Element Edge AE LIE, AE, AE, width 

aE 

C K 284 255 275 295 15 
N K 401 370 390 410 15 
0 K 532 500 520 540 I5 
Si K 1836 1740 1810 1880 50 
Si K 1836 -- I800 1880 50 
Si L 199 I80 194 208 10 

tal line. In this case, only one background image 
has to be acquired which is then simply subtracted 
from the image containing the signal. 

In most of the cases, the distribution of several 
elements will be studied in one sample area. The 
resulting elemental distribution images can be 
combined in one image by using different colours 
for each element and overlaying the individual 
images. If two or more of the elements under 
investigation are present in one sample area mixed 
colours will occur. Mixed colours thus reveal 
important information on the occurrence of phases 
which contain more than one of the elements 
under investigation. 

2.3 High-resolution TEM 
For some of the materials analysed, high-resolu- 
tion TEM has been employed in order to dist- 
inguish between structurally amorphous and 
microcrystalline material. These studies were per- 
formed on a Jeol4000 EX operated at 400 kV. 

2.4 TEM specimen preparation 
The samples sintered at lower temperatures or at a 
lower concentration of the sintering additives 
exhibit extremely high brittleness and thus low 
mechanical stability. Self-supporting TEM specimens 
could not be made out of these brittle samples and 
a special technique had to be applied. The method 
is based on the use of special cylindrical holders 
which are made out of alumina. The holders con- 
tain a slit into which a thin slice of the material 
(2W300 pm thick) is glued which gives the neces- 
sary mechanical support to the brittle material. Sub- 
sequently the holders are sectioned into thin discs 
from which TEM samples are made in the conven- 
tional way by polishing, dimpling and ion milling. 
Details of the technique were published elsewhere.‘” 

3 Results and Discussion 

As described in Part I of this work,’ the Si-based 
materials produced by pyrolysis of Si-containing 
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Table 2. Empirical formulae of the polymeric precursors used 
and molar ratio of the final ceramic products (for details see 

Part I’) 

Empirical formulae* Abbreviation Final 
ceramic 

material++ 

[-CH,SiH-NH-I,[-(CH&Si-NH-], PHMSN Si, ,C, ,N, 6 
[-CH,SiH-N=],[-CH,SiCI-N=], PCMSN Si, ,C, ,N, 5 

[[(CH,)2Sil,[CH,Si(C6H,11, PMPS Sic2 e 

‘Simplified formulae derived from analytical measurements. 
“Composition obtained after pyrolysis of the precursor at 
1000°C under Ar atmosphere. 

polymer precursors can be classified according to 
the resulting microstructure. Monolithic silicon 
carbonitrides which consist entirely of an amor- 
phous phase can be produced directly by pyrolysis 
of the compacted polymer. Dense ceramic compos- 
ites formed by the crystalline phases S&N,, Si3N, 
containing Sic, or S&N,0 can be produced by 
adding sintering additives prior to pyrolysis. Both 
the chemistry of the metal-organic precursors and 
of the oxidic sintering additives can be varied in 
wide ranges with resultant changes in the micro- 
structure. For the different precursors the following 
abbreviations will be used: poly(hydridomethyl)- 
silazane = PHMSN, poly(chIorhydridomethyl)silazane 
= PCMSN, poly(methylphenyl)silane = PMPS. 
The chemical formulae of the polymers have been 
derived from analytical investigations and are sum- 
marised in Table 2. A mixture of A1,OJ and Y,O, 
in various amounts has been used as sintering 
additives in all cases. 

3.1 PHMSNderIved monolithic Silicon Carbonitride 
The monolithic silicon carbonitride was prepared 
by pyrolysis of the shaped infusible polysilazane 
precursor (PHMSN) at 1000°C under argon. 
Details of the preparation and characterisation of 
the material in terms of density and porosity are 
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described in Part I. The TEM investigations 
showed that the sample material contains pores 
with diameters between 100 and 1000 nm. By 
SEM the existence of some larger pores with 
diameters of up to 10 Frn could be seen. By electron 
diffraction in the TEM it could be verified that the 
samples are completely amorphous. The analysis 
of EELS spectra confirmed the presence of Si, N 
and C in the amorphous ceramic material while 
oxygen was below the detectivity limit (< 1 at%). 

In Fig. 3, a TEM bright field image of the 
amorphous silicon carbonitride is compared with 
the ES1 images obtained for C and N. The inten- 
sity variation in both ES1 images is caused by the 
thickness changes visible in Fig. 3(a). In‘very thin 
areas of the specimen, e.g. close to the edge of the 
sample, the ES1 image intensity is low due to the 
small number of atoms present. For increasing 
thickness, but below the mean free path for inelas- 
tic scattering, the intensity in the ES1 images 
increases. Finally, for thicknesses above 2&30 nm, 
the intensity decreases again due to the occurrence 
of multiple inelastic scattering, which increases the 
background but decreases the intensity gain at the 
onset energy of an edge in the energy loss spec- 
trum. However, in Figs 3(b) and (c) the same 
intensity ratio is always obtained for areas of 
constant thickness. Thus, the distribution of C 
and N in the amorphous material is homogeneous 
down to the resolution limit of about 2 nm. No 
indication for the precipitation or nucleation of 
Si,N,, SIC or pure carbon and elemental silicon 
was found. According to these electron micro- 
scopic findings, the polysilazane-derived silicon 
carbonitride can be described as a silicon-based 
amorphous ceramic containing SiN,$, units with 
o<x<4. 

Finally, quantitative elemental analytical inves- 
tigations (for experimental details see Part I,‘) 
yielded molar ratios which can be represented by 
the empirical formula Si,.,N,.,C,., for the PHMSN 

Fig. 3. Monolithic silicon carbonitride after pyrolysis at 1000°C. Comparison between bright field image and the elemental distri- 
bution images obtained for carbon and nitrogen. The thickness dependent intensity variation is the same in both distribution 

images confirming that C and N are distributed homogeneously in the material. 
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derived silicon carbonitride. Pyrolysis of PCMSN 
under the same conditions results in a silicon car- 
bonitride with the composition Si,.,N,.gCI.O. 

3.2 PCMSN-derived Si,N4/SiC-composite 
Polycrystalline Si,N,/SiC composites were pro- 
duced by sintering of the amorphous PCMSN 
derived silicon carbonitride at different temperatures 
under nitrogen atmosphere. Various amounts of 
Y,O, and A&O, were added as sintering additives 
prior to pyrolysis. Details of the processing condi- 
tions are described in Pa.rt I.’ 

In order to obtain insight into the formation of 
the microstructure during the sintering process, 
two series of experiments were carried out. The 
evolution of the microstructure with increasing 
sintering temperature and constant additive con- 
tent was studied at four different temperatures 
between 1400°C and 1850°C. The dependence of the 
resulting microstructure on the concentration of 
the sintering additives at constant sintering tem- 
perature was investigated by varying the amount 
of sintering additives between 5 and 15 wt%. In 
the following, the microstructure obtained after 
heat treatment at the highest sintering temperature 
(1850°C) will be discussed first in order to facili- 
tate comparison with the results obtained in the 
intermediate stages. 

3.2. I Microstructure after sintering at 1850°C 
By sintering the material with 15 wt% sintering 
additives at 1850°C for 1 h, a ceramic composite 
with high density and low porosity is obtained. In 
Fig. 4, a bright field image of a thin area of the 
TEM specimen is shown. The microstructure con- 
sists of crystalline particles with grain sizes rang- 
ing from 50 nm to 1 ILLItl and an oxidic glassy 
phase. The phase composition is revealed by the 
ES1 image in Fig. 4(b). The elemental distribution 
of C, N and 0 is imaged in red, green and blue 
colour, respectively. The corresponding phases are 
Sic, S&N, and the amorphous oxide, which can 
thus clearly be identified. The average size of the 
SIC grains is generally smaller and less uniform 
than the size of the S&N, grains. The ES1 images 
show that there is a tendency of the SIC grains to 
form clusters. In the material with 15% sintering 
additives, the Si,N, gra-ins and the individual or 
clustered SIC grains are separated by extended 
areas containing the amorphous oxide. X-ray 
investigations revealed that both crystalline phases 
are formed in the P-modification, i.e. the materials 
consist of P-S&N4 and P-Sic. 

3.2.2 Evolution of microstructure with temperature 
By X-ray diffraction of the heat treated materials 
(see Part I’) it could be shown that, at tempera- 

Fig. 4. Si,NJSiC-composite material after sintering for 1 h at 
1850°C. (a) Bright field image showing the microstructure; (b) 
Combined elemental distribution image for carbon (red), 
nitrogen (green) and oxygen (blue), showing the distribution 

of the Sic, S&N, and the amorphous oxide, respectively. 

tures below 14OO”C, no changes in the phase com- 
position occur and that the amorphous phase pro- 
duced by the pyrolysis at 1000°C does not start to 
crystallise nor to react with the sintering additives. 
At temperatures around 14OO”C, however, a rapid 
onset of crystallisation could be detected. This is 
presumably caused by the formation of a liquid 
phase by melting of the sintering additives. 

The microstructure which was obtained after a 
heat treatment of 1 h at 1400°C is shown in Fig. 5 
(a). Irregularly shaped grains with dimensions 
between 50 and 300 nm can be observed. The 
grains are embedded in a matrix formed by a glassy 
phase. These areas can clearly be distinguished 
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Fig. 5. (a) Microstructure of the material sintered at 1400°C. 
(b) The elemental distribution image shows that all the 
carbon (red) remains in pockets (denoted by P), while all the 
nitrogen (green and light blue) crystallises with an equivalent 
amount of Si and forms S&N, grains which are embedded in 

the glassy phase (dark blue). 

from a large number of pockets (denoted by P in 
Fig. 5(a)) which show fine speckle contrast and 
have a diameter between 0.5 and 1 pm. Qualita- 
tively, the chemistry of these two morphologically 
different parts of the microstructure could be 
clarified by ES1 (Fig. 5(b)). The larger irregularly 
shaped grains all consist of S&N,. The S&N, grains 
in the 1400°C material reach about half of the final 
grain size observed in the 1850°C composite. 

Occasionally needle-like grains occur which 
contain both N and 0 and presumably consist of 
S&N,O. They are also embedded within the glassy 
phase formed by the sintering additives. The 
pockets (P in Fig. 5(a)) are filled with a material 
showing speckle contrast and consisting mainly of 
Si and C. EDX and EELS analysis revealed that 
small amounts of Al, Y (less than 1 at%) and 0 

Fig. 6. High resolution image showing the atomic structure of 
the material contained within the‘ pockets (P in Fig. 5). 
Nanocrystalline Sic can be identified by the corresponding 
lattice fringes. The SIC particles are embedded in graphitized 

and amorphous carbon. 

(less than 5 at%) are also present. Electron diffraction 
patterns from these areas show Debye-Scherrer rings 
indicating that most of the material is nanocrys- 
talline and that small SIC crystallites exist. In high 
resolution micrographs (Fig. 6) the SIC grains can 
be identified by their lattice fringes. Besides these, 
bent lattice fringes characteristic for graphitized 
carbon are also present. Both types of precipitate 
are embedded in amorphous carbon. The observed 
phase separation in the pockets is in agreement with 
the phase diagram of the binary Si-C system.17 

Our microstructural results thus show that dur- 
ing the crystallisation at 1400°C a distinct phase 
separation takes place which leads to a demixing 
of the initial silicon-carbonitride into: (1) areas 
containing crystalline S&N, and S&N,0 grains 
which are embedded in the glassy phase formed 
by the sintering additives, and (2) pockets contain- 
ing all the carbon in the form of nanocrystalline 
SIC and residual amorphous or graphitized car- 
bon. It is important to note that, in the presence 
of the sintering additives, the initially amorphous 
silicon carbonitride has almost completely crys- 
tallised at 1400°C (even though the SIC is only 
nanocrystalline). In contrast to this, the mono- 
lithic silicon carbonitride (i.e. without sintering 
additives) remains amorphous at 1400°C even 
after 60 h of heat treatment. At 1400°C the sinter- 
ing additives thus very effectively promote the 
crystallisation of the amorphous starting material. 
In the preparation of ceramic composites from 
polymer precursors the sintering additives are 
therefore not only required for densification but 
mainly to promote the crystallisation of the phases 
forming the composite. 

The rapid onset of crystallisation at tempera- 
tures between 1300°C and 1400°C can be ex- 
plained by the melting of the sintering additives. 
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The microstructure of the material at tempera- 
tures below 1300°C presumably consists of large 
amorphous silicon carbonitride particles which are 
mixed with crystalline Al,O, and Y,O, particles. 
In addition the SiNC particles are surrounded by 
an amorphous SiOz layer. In the system SiOz + 
Al*O, + YZO, a deep eutectic exists at tempera- 
tures slightly above 1300°C. Between 1300 and 
1400°C the sintering additives thus melt and the 
SiCN particles are embedded in a liquid phase. 
The crystallisation of the Si,N, and S&N,0 phases 
is achieved by dissolution of Si and N in the liquid 
phase and reprecipitation of the crystalline phases. 
At a temperature of 1400°C only Si and N, but 
not carbon, diffuse out of the SiCN-particles and 
dissolve into the liquid phase which explains the 
observed phase separation into areas containing 
only Si,N, and Si2N20 grains and remaining 
pockets consisting of nanocrystalline SIC and 
amorphous C. This result is also in agreement 
with the observation that sintering of SIC with 
A&O, and Y,03 requires much higher tempera- 
tures before a solution-reprecipitation mechanism 
becomes operative.s,6.8 

At temperatures above 1400°C further reactions 
are mainly expected in the pockets containing Si 
and C. At 1550°C grain coarsening occurs in the 
pockets and clusters of Sic grains form which are 
surrounded by pure carbon (Fig. 7). The existence 
of residual carbon can be explained by a surplus 
of carbon in the initial silicon carbonitride 
SiI+,N,C,_,. with respect to the formation of stoi- 
chiometric’ Si,N, and SIC’. The transformation can 
be described by the reaction: 

Si,,,N,C,, 1’ 1400°C SiJ, + (X Sic,,,, + y C& 

1550°C 
- Si,N, + x SIC + y 6’ 

(1) 

The first part of this reaction represents the initial 
silicon carbonitride, the second part the reaction 
product at 14OO”C, in which the pockets P are 
filled with a mixture of nanocrystalline SIC and 
graphitized or amorphous C, and the third part 
the product at 1550°C where the pockets are filled 
with precipitated SIC grains and amorphous car- 
bon. At these temperatures the residual carbon 
obviously acts as a sintering aid for the Sic 
grains. At 1550°C the Sic does not seem to be 
wetted by the liquid phase formed by the sintering 
additives. Areas containing S&N, are still well sep- 
arated from areas containing C and SIC. At 
1550°C the residual carbon starts to disappear by 
forming gases. First indications for the onset of a 
reaction of the residual carbon with both the 
oxide phase and the S&N, grains are given by the 
gaps between the S&N, grains and the carbon rich 

areas. Three chemical reactions can be responsible 
for this:‘8p’9 

C + SiOZ + SiO ? + CO ? (2) 

3C + SiOZ + SIC + 2 CO 1‘ (3) 

3C + Si,N, + 3SiC + 2 N, T (4) 

Reactions (2) and (3) lead to a decrease of the oxygen 
concentration of the material. Thermodynamically, 
the occurrence of reaction (4) is also expected.” 

During sintering at 1700°C the amorphous car- 
bon disappears completely. The SIC grains still 
occur mainly in clusters and the average grain size 
varies between 10 and 100 nm (Fig. 8). However, 

Fig. 7. Bright field (a) and elemental distribution image (b), 
carbon: red, nitrogen: green, and oxygen: blue) of the mate- 
rial sintered at 1550°C. Grain coarsening of the SIC within 
the residual C can be observed. At the same time, the residual 
carbon starts to react with the S&N, grains and the oxide 

phase which leaves gaps at the interfaces. 
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Fig. 8. Bright field (a) and elemental distribution image (b) 
carbon: red, nitrogen: green, and oxygen: blue) showing the 
microstructure of the material sintered at 17OOT. Clustering 
of the SIC particles (red) is still visible and most of the SIC par- 
ticles have not reached the final grain size observed at 1850°C. 

Fig. 8 shows that the SIC grains are now embed- 
ded within the glassy phase. From this we con- 
clude that wetting of the Sic grains by the liquid 
oxides starts between 1550 and 1700°C. At 1700°C 
no more S&N10 could be observed. This is in 
accordance with the thermal decomposition of the 
S&N,0 at temperatures above 1600°C: 

3Si2N20 + S&N, + 3Si0 ‘? +N, ? (5) 

Between 1550 and 1700°C the reactions ((2)-(5)) 
lead to the production of gases which slow down 
densification. 

After the disappearance of the amorphous car- 
bon and the S&N20 at 1700°C only the phases 

observed in the final product at 1850°C remain, 
i.e. SIC, S&N, and the oxidic glassy phase. An 
increase of the temperature to 1850°C thus only 
leads to gradual changes in the microstructure. 
These changes mainly are: a further grain growth 
of the SIC grains and a further densification. At 
1850°C the grain growth of the SIC grains may 
also involve a solution/reprecipitation mechanism 
through the liquid phase. This results in an 
increasing intermixing of the SIC and S&N, grains 
leading to the final product described in 3.2.1. 

3.2.3 Dependence on concentration of sintering ad- 
ditives 
In the preceding section it has been shown that the 
sintering additives play an important role during the 
crystallisation of the amorphous silicon carboni- 
tride. Therefore it can be expected that the concen- 
tration of the sintering additives also influences the 
resulting microstructure. In order to investigate this, 
composites were prepared with 5, 10 and 15% sin- 
tering additives under otherwise identical condi- 
tions (sintering for 1 h at 1850°C in 0.1 MPa N,). 

In the material with 5 wt% sintering additives, a 
large amount of open porosity is still present after 
sintering. This porosity can only be reduced by 
adding a larger amount of sintering additives, and 
at 15 wt% an almost completely dense material is 
obtained. These microstructural observations are 
in good agreement with the relative densities mea- 
sured by porosimetry.’ 

In the samples sintered with 5 and 10 wt% sin- 
tering additives, a small number of Si,N,O grains 
are still present (Fig. 9). This observation is in 
contrast with the thermal decomposition of 
Si*N,O above 1600°C (Reaction (5)). However, 

Fig. 9. In the samples sintered with 10 wt?h sintering additives at 
1850°C the microstructure consists of S&N, (green), SIC (ted) 
and the amorphous oxide (blue). Occasionally Si,N,O grains 
could be observed, which in the ES1 images are characterised by 

their mixed colour (here: mixed blue and green). 
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owing to the short annealing time of only 1 h, the 
S&N,0 grains may have survived for kinetic rea- 
sons and will disappear after longer heat treat- 
ments. The fact that Si,N,O is not found in the 
material sintered with. 15% sintering additives 
indicates that the concentration of sintering addi- 
tives and thus solution and reprecipitation pro- 
cesses play an important role in the thermal 
decomposition of Si,N20. 

From Fig. 9 it is also evident that the grain 
sizes of both SIC and S&N, are smaller in the 
material sintered with 5 or 10 wt% than in the refer- 
ence material prepared with 15% additives. Hence, 
the rate at which the individual grains grow also 
shows a dependence on the concentration of the 
sintering additives. This can easily be understood 
for the Si,N, while the fact that this grain size 
dependence is also observed for SIC indicates that 
solution/reprecipitation dominates the grain growth 
of SIC at 1850°C. 

3.3 Sintered PCMSN-derived Si,N,O-ceramic 
As discussed in Part I,’ using ammonia during 
pyrolysis of the PCMSN results in the formation 
of amorphous silicon nitride powder. By attritor 
milling in wet isopropanol the reactive amorphous 
silicon nitride takes up oxygen in such an amount 
that during the subsequent sintering step polycrys- 
talline S&N,0 can be produced. The sintering has to 
be performed at 1600°C because at higher tempera- 
‘tures Si,N20 decomposes according to Reaction (5). 
A mixture of A&O3 and Y,O, was used as sintering 
additives in concentrations of 3, 5,10 and 15 wtO/o. 

In the TEM investigations submicron-size pores 
between the grains could be observed in the sam- 
ples with 3 and 5% sintering additives. In these 
materials the low amount of sintering additives is 
not sufficient to close the pores during pressureless 
sintering. The individual Si,N,O grains are charac- 
terised by their elongated shape with an aspect 
ratio of 3-10 and by the high number of parallel 
stacking faults. In the materials with 3 and 5 wt% 
sintering additives only Si,N,O grains but no 
SiIN, grains were found. In the ES1 images the 
S&N,0 grains are characterised by their mixed 
colour (yellow) which j.s obtained by the superpo- 
sition of the intensity which is present in both 
elemental distribution images (nitrogen: red and 
oxygen: green) (Fig. 10(a)). The oxidic glassy 
phase between the individual grains is charac- 
terised by the green colour. 

At a concentration of 10 and 15 wt% of the sin- 
tering additives no more pores between the grains 
could be found. In the 10 wt”/, material occasion- 
ally S&N, grains could be observed and in the 15 
wt”/o material the S&N, grains were present more 
frequently reaching concentrations of up to 10 

Fig. 10. The microstructure of the S&N,0 materials sintered 
with 3 wt% (a) and 1.5 wt% (b) sintering additives. In the 
images the nitrogen distribution is shown in red, the oxygen 
distribution in green. The Si2N20 grains are characterised by 
their mixed colour (red + green = yellow). At 3 wt% unfilled 
pores remain. In the 15 wt’% samples the microstructure is 

dense but Si,N, grains were present (red). 

~01% (Fig. 10 b). The occurrence of Si,N, grains is 
thus clearly dependent on the concentration of the 
sintering additives. This can be understood if it is 
assumed that during sintering the amorphous sili- 
con nitride at least partly has to be dissolved in 
the liquid phase formed by the sintering additives. 
As discussed in the previous section the solution/ 
reprecipitation mechanism may lead to a decompo- 
sition of S&N,0 into S&N,, therefore increasing 
the amount of sintering additives increases the 
probability of S&N, precipitation. 

3.4 Si,N4 sintered with 20 wt% Polysilane (PMPS) 
According to the results described in Part I’, an 
alternative way to produce Si,NJSiC-composites 
is to mix Si,N, powder with the polysilane PMPS 
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and an adequate amount of sintering additives. In 
our studies, 20 wtO/o of the PMPS and 12 wt% of 
sintering additives comprising 2.8 wt% AlN, 7.8 
wt% Y,O, and 1.4 wt% Al,O, were used. 

The resulting microstructure obtained after 
pyrolysis and sintering of the polymer-powder 
compact is shown in Fig. 1 l(a). Large grains with 
average grain sizes of 0.5-l pm can be identified. 
Smaller particles with diameters of 20-200 nm 
surround these grains (intergranular) but are also 
embedded within the grains (intragranular). These 
particles are comprised of Sic as is clearly 
revealed by the ES1 image (Fig. I l(b)). The larger 
grains consist of P&N,. Therefore, besides the 
intergranular Sic, small intragranular SIC nano- 
precipitates in the Si,NJ crystals could be detected 
in our material. A similar composite microstructure 
belonging to this mixed intra- and inter-type was 
first reported by Niihara et al..‘” It was found that 
the fracture strength of these materials is consider- 
ably higher than the strength of Si,N,/SiC com- 
posites without intragranular Sic-precipitates.’ 

Fig. 11. Si,N,/SiC-composite material produced by sintering 
Si,N, powder with 20 wt% of the PMPS precursor. In the 
bright field image (left) a number of precipitates can be 
observed in the large Si,N, grains. The ES1 image reveals that 
these precipitates consist of Sic nanoparticles (red). The S&N, 

grains are shown in green, the amorphous oxide in blue. 

The results obtained on the Si,N,/SiC-compos- 
ites produced from the polysilazane precursor (see 
Section 3.2.2) indicate that during sintering con- 
siderable amounts of the Si and N present in the 
starting material are dissolved in the liquid phase. 
In the material produced from the Si,N,- 
powder/polysilane mixture this solution-reprecipi- 
tation process will also take place leading to the 
growth of larger Si,N, grains. During the repre- 
cipitation of Si,N, from the liquid phase, small 
polysilane derived SIC particles might become 
enclosed by the growing S&N, grains leading to the 
observed microstructure. The fact that this is not 
observed in the Si,N,/SiC-composites produced 
from polysilazane as described in Section 3.2.2 
could be due to the observed phase separation 
into regions containing Si,N, grains embedded in 
the glassy phase and regions containing SIC and 
residual C. Even though S&N, might dissolve and 
reprecipitate at higher temperatures, the SIC is 
well enough separated from the growing S&N, 
crystals and no enclosure is possible. 

4 Conclusions 

The processing of ceramic composites from poly- 
mer precursors involves a complicated sintering 
mechanism for which we have studied the depen- 
dence on the starting material and the processing 
conditions. The mechanism is based on the forma- 
tion of a liquid phase from the sintering additives 
which, by surrounding the amorphous starting 
material, serves several purposes: (1) the onset of 
crystallisation occurs much faster and at lower 
temperatures; (2) the chemical reactions which 
lead to the formation of the stable, stoichiometric 
crystalline phases are accelerated by the diffusion 
through the liquid phase, and (3) complete densifi- 
cation of the material can only be achieved with 
sintering additives. Based on the results of our 
microstructural characterisation, a model of the 
processes occurring during sintering can be proposed 
(Fig. 12): /3-Si,N, grains and Si,N,O grains start 
to form by a solution-reprecipitation mechanism 
immediately after formation of the liquid phase 
(1400°C). An increase in temperature leads to 
grain coarsening by the same mechanism. SIC and 
C, at least at the lower temperatures, are not dis- 
solved by the liquid phase and are left in pockets 
which are remnants of the initial SiCN particles. 
Nucleation and grain coarsening of the Sic grains 
at the lower temperatures only occurs within the 
residual carbon matrix. The phases formed are the 
thermodynamically stable phases /3-SiJN, and 
@Sic. Chemical reactions at intermediate sinter- 
ing temperatures result in the disappearance of the 
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Fig. 12. Schematic diagram showing the processes occurring 
at increasing sintering temperatures in the Si,N.,/SiC-composite 

material. 

Si,N,O grains and the residual carbon. The gases 
produced during these reactions slow down densifi- 
cation. Further grain coarsening and rearrange- 
ments of the particles at the higher sintering 
temperatures lead to the final microstructure observed 
at 1850°C. In the final product the clustering of SIC 
grains is less pronounced than in the materials 
obtained at lower temperatures. We attribute this 
to a solution and reprecipitation reaction which at 
1850°C also becomes operative for the Sic and 
leads to a redistribution of the SIC grains. 

In our studies, elemental distribution images 
obtained with the ES1 technique have proven to be 
a very efficient tool for the analytical characterisa- 
tion of ceramic microstructures. A comparison with 
the phases identified by X-ray diffraction (see Part I 
of our studies’) confirms that our TEM results are 
representative for the overall micro-structure of 
the materials investigated. However, details of the 
microstructure, for example the inclusion of SIC 
precipitates in S&N, grains which is important for 
the mechanical behaviour of the resulting composite, 
could only be identified in the TEM studies. 
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