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Processing of two precursor-derived SiCN cera-
mic monoliths was performed employing differ-
ent liquid polymers, which were obtained by
ammonolysis of functionalized chlorosilanes.
Preparation of monolithic samples was per-
formed by mixing liquid polysilazane with
cross-linked SiCN-powder particles, derived
from the same precursors by heat treatment at
300 °C, and subsequent annealing upon pyrolysis
at temperatures exceeding 1000 °C to initiate
crystallization. Characterization of the polymer-
derived ceramics was performed after pyrolysis
at 1000 °C and, in particular, after annealing at
temperatures ranging from 1400 to 1540 °C.
Transmission electron microscopy was con-
ducted in order to study the devitrification/
thermal stability of the corresponding bulk SiCN
glasses. Depending on the functionalities of the
SiCN precursor and the processing conditions,
different microstructures were obtained. The
material prepared from precursor A showed
crystallization of large �-Si3N4 grains within the
overall homogeneous amorphous bulk material
after exposure at 1540 °C for 6 h in nitrogen
atmosphere. In contrast, the ceramic monoliths
derived from SiCN precursor B remained com-
pletely amorphous, with no indication of local
nucleation or crystallization. It is thought that
devitrification of these polymer-derived glasses is
promoted by local rearrangements of the glass
network within the amorphous bulk. In addition,
the role of the excess free carbon, commonly
present in polymer-derived SiCN ceramics,
on the thermal stability is discussed. Copyright
� 2001 John Wiley & Sons, Ltd.
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In recent years, the need for advanced materials,
which can be utilized under severe service condi-
tions, directed worldwide research activities to-
wards the fabrication of non-oxide ceramics like
BN, B4C, SiC, Si3N4 or composites thereof. Since
Verbeek and Winter1 and Yajima et al.2 succeeded
in the mid 1970s in obtaining SiCN and SiC fibers
from organosilicon polymers, it is now well
established that these ceramics can also be
produced by thermal degradation of appropriate
organosilicon preceramic compounds, yielding
silicon-based non-oxide ceramics at quite low
temperatures. This finding resulted in extensive
studies on the synthesis of numerous polymeric
precursors that can be transformed into non-oxide
ceramics.3–12 Apart from synthesis, the potential to
utilize organometallic compounds for the prepara-
tion of powders, binders, fibers, coatings, infiltra-
tion of porous matrices, and the fabrication of bulk
materials has been investigated intensively.13–23

The most attractive feature of the polymer pyrolysis
process, compared with conventional powder-
metallurgical methods, is the low processing
temperature, since the precursors can be trans-
formed into ceramic components at temperatures
as low as 800–1000 °C; there is also the advantage
of the applicability of established polymer-proces-
sing techniques. Polymer pyrolysis allows the
realization of materials with high purity, because
the elements that compose the final ceramic are
already bonded to each other on an atomic level
within the starting precursor.

Generally, processing of ceramic materials via
organometallic compounds involves: (i) the synthe-
sis of the precursor on the basis of monomer units,
followed by (ii) cross-linking into an unmeltable
(with the exception of fiber processing), three-
dimensional polymer network, enabling high cera-
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mic yield and shape stability upon (iii) subsequent
pyrolysis in the temperature range between 800 and
1000 °C. Pyrolysis initiates the organic–inorganic
transition, yielding an amorphous, non-oxide cova-
lent glass. Further heat treatment at temperatures
exceeding 1000 °C promotes crystallization of the
thermodynamically stable phases and results in a
partially or entirely crystallized material.

To exploit the full potential of these polymer
ceramics, comprehensive knowledge of the effect
of polymer architecture on the ceramization
mechanism during pyrolysis, and on the final
microstructure after amorphous/crystalline trans-
formation is required. Several studies reported in
literature have been devoted to the synthesis of new
organometallic compounds with different func-
tional groups and their transformation into
amorphous ceramic residues.24–34 Commonly, in-
vestigations in this area of research focus on the
pyrolysis behavior of polymeric precursors, but
they do not include the study of their specific
devitrification behavior. Up to now, little under-
standing has been developed concerning the
problem of thermal degradation/crystallization of
these glasses. One of the main goals, however, is
the retention of the amorphous state up to high
temperatures. Only when the material remains
amorphous under service conditions, no marked
change in mechanical/electrical properties is ex-
pected to occur.35–38

Transmission electron microscopy (TEM) inves-
tigations by Monthioux and coworkers35,39 focused
on the crystallization phenomena observed in
different Si–C, Si–C–N, Si–C–O and Si–C–N–O
glasses. They proposed that the free carbon phase,
commonly present in amorphous polymer-derived
materials, is the first phase to nucleate as so-called
basic structural units (BSUs), followed by the
crystallization of SiC. Kleebe and coworkers40,41

reported on the microstructure development of
monolithic SiCN-based glasses. They showed that,
depending on the pre-annealing temperature of
polymer-derived powder particles used for ma-
terials synthesis, different microstructures were
obtained. It is interesting to note that high-
temperature annealing of the polymer particles
used resulted in the crystallization of the surround-
ing matrix; the particles, however, remained
amorphous.41 It was concluded that nanosized
porosity within the binder phase initiated local
SiC crystallization. Bill and Aldinger42 studied the
quaternary system Si–B–C–N and indicated a
higher thermal stability with respect to crystal-
lization compared with SiCN ceramics. In addition,

they showed that, when adding a supplement
element to the ternary Si–C–N system, the micro-
structure can be altered. Whereas the addition of
phosphorus results in a rather coarse microstruc-
ture, with SiC and Si3N4 being several micrometers
in diameter, the addition of boron favors the
formation of a fine-grained microstructure with
both constituents being only a few tens of
nanometers in size. It was concluded that, in the
latter case, thin B(C)N coatings at phase boundaries
acted as a diffusion barrier retarding SiC and Si3N4
grain growth.

The intention of this work was to study the
thermal stability of bulk SiCN ceramics, derived
from two different precursors. Since local crystal-
lization phenomena are of utmost importance in
understanding the amorphous to crystalline transi-
tion in general, TEM in combination with electron
energy-loss spectroscopy (EELS) was employed as
the main characterization tool. Characterization of
polymer-derived ceramics via TEM particularly
advantageous, on account of being able to: (i) study
the microstructure and microchemistry with a high
spatial resolution; (ii) make an unequivocal dis-
tinction between the amorphous and crystalline
state of the region of interest.43

� �� ���!���"#  ���������

All preparation steps for the fabrication of SiCN
monoliths were carried out in an inert gas atmos-
phere owing to the air and moisture sensitivity of
both educts and products. Synthesis followed
standard procedures,7 i.e. dissolving of different
di- and tri-functionalized chlorosilanes in toluene
and passing ammonia through the solution. Sub-
sequent filtration of the ammonium chloride from
the reaction mixture and distillation of the solvent
leads to colorless or pale yellow silazane pre-
cursors.

Two different polyvinylsilazanes with the nom-
inal formula [(NH)SiCH3CH=CH2]x [(NH)SiH-
CH3]y (precursor A, (HPS)) and [(NH)1.5SiCH=
CH2]x (precursor B, (TVS)) were employed for
sample preparation. After synthesis, the liquid
precursor was first converted into an unmeltable
crosslinked polymer by thermal treatment at 300 °C
for 3 h. The thermal curing was catalytically
supported by adding 1 wt% of dicumylperoxide,
which initiates polymerization of the functional
vinyl groups and reduces the evolution of low
molecular mass oligomeric silazanes.
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Ball milling (Teflon container, ZrO2 milling
balls) and sieving of the cross-linked polymer
yielded a polymer powder �32 �m, which was
blended with 30 vol% of the starting liquid
precursor. Possible contamination during powder
processing was not observed (chemical, in addition
to TEM energy-dispersive X-ray (EDX), analysis).
The added liquid precursor acts both as a filler and
as a reactive component that coalesces with the
powder particles. Uniaxial die pressing at 10 MPa
and 120–140 °C resulted in a powder compact
(70 � 6 � 4 mm2) of about 75% green density of
the polymer powder. Subsequent annealing at
1000 °C for 1 h in nitrogen yielded amorphous
SiCN monoliths (see Fig. 1). Subsequent annealing
at temperatures ranging from 1400 to 1540 °C in a
nitrogen atmosphere with varying holding times
was applied to study the effect of heat treatment on
crystallization.

Microstructure characterization of the polymer-
derived materials after pyrolysis and subsequent
annealing was performed by scanning electron

microscopy (SEM), using a JEOL 6400 micro-
scope, equipped with an ultrathin window germa-
nium EDX detector, as well as by TEM utilizing a
Philips CM20FEG (field emission gun) micro-
scope, which was also equipped with an EDX
system and an electron energy-loss spectrometer
with parallel detection (PEELS, Gatan 666).
Energy resolution during spectra acquisition was
0.8 eV with an energy dispersion of 0.1 eV. TEM-
foil preparation followed standard techniques,
which involve diamond cutting, ultrasound drilling,
mechanical grinding, dimpling, argon-ion thinning
to perforation and subsequent light carbon coating
to minimize electrostatic charging under the
electron beam.

$ ����#�� "�� ����������

The general idea of using polymer powders derived
from organometallic polymers with different struc-

Figure 1 29Si NMR spectra of precursor A and B powder samples annealed between 300 and 1000 °C. Note that precursor A forms
predominantly SiNxCy mixed units, whereas precursor B reveals a high volume fraction of Si—N bonding.
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tural units was based on the assumption that the
resulting amorphous material will be affected by
the intrinsic architecture of the starting polymer.
The goal of the present study was to gain insight to
what extent the thermal stability of the polymer-
derived glass structure, which is synonymous with
the respective crystallization behavior and the
resulting overall microstructure evolution, is influ-
enced by the polymer architecture and/or the
chemical composition of the precursor used. It
should be noted here that the two precursors studied
have different compositions, with precursor B
being carbon rich (see the Si–C–N phase diagram
in Fig. 2). In the following we use the argument that
the architecture, i.e. the polymer-derived glass
structure, is, in principle, based on the respective
silicon network. To support this argument, Fig. 1
shows the variation of the 29Si NMR signal upon
heat treatment between 300 and 1000 °C. It is
shown that the network of precursor B is dominated
by Si—N bonding, whereas precursor A reveals
predominantly Si—Nx—Cy mixed units. This
indicates that we can distinguish between the
silicon-based network and — as will be discussed
later — the carbon phase that is incorporated
(precursor A) or builds up a separate interpenetrat-
ing carbon network (precursor B).

Figure 2 depicts the structural units of the
different precursors used and the positions of the
different polymer-derived materials within the
ternary phase diagram after exposure at 1000 °C
for 1 h in a nitrogen atmosphere, as acquired by
chemical analysis. As can be seen, the sample
obtained from precursor A is located within the
compatibility triangle of the thermodynamically

stable phases SiC, Si3N4 and C, whereas the sample
prepared with precursor B is almost placed on the
tie line Si3N4–C, but slightly outside the compati-
bility triangle of precursor A.

Based on earlier investigations, the amorphous
state of polymer-derived ceramics within the Si–C–
N system after pyrolysis at 1000 °C can be
described as a continuous network of various mixed
Si—Cx—Ny environments plus a free carbon phase,
as revealed by NMR and Raman experiments44,45

(Fig. 3). Exposure to temperatures exceeding
1000 °C promotes rearrangements within the amor-
phous network. From chemical analysis data (given
in Table 1) it is concluded that these local
rearrangements are solely structural, since no
significant compositional changes were monitored
upon annealing. Thermogravimetric analysis con-
firmed this observation. Structural reorganization
leads to the formation of SiN4 short-range ordered
areas, as demonstrated by NMR experiments, in
addition to the presence of a free carbon phase, as
shown by Raman spectroscopy (Fig. 4). The two
Raman bands centered at 1280 and 1600 cm�1 are
allocated to the D and G bands respectively, and are
the two most prominent features of disordered
graphitic carbon. This obviously indicates carbon
segregation to form disordered or nanocrystalline
graphitic clusters. Since line width decreases with
increasing pyrolysis temperature, structural rear-
rangements accompanied by ordering and/or
growth of the free carbon phase occur in the
temperature range between 1400 and 1540 °C.

In order to gain further information on the overall
microstructure development during high-tempera-
ture annealing, electron microscopy was applied as
a complementary characterization technique. Fig-
ure 5 shows SEM images of fracture surfaces of
precursor A- and B-derived materials annealed at
1540 °C. As can be seen, both materials exhibited
residual open porosity of about 15 vol%, but
showed an overall homogeneous microstructure
with no indication of local crystallization. Despite
residual porosity, the materials contain dense
regions, which are considered here as the mono-
lithic bulk material of the corresponding Si–C–N
system. Only these bulk regions were characterized
to study crystallization behavior and thermal
stability of the associated glass systems. It is true
that the residual porosity cannot simply be
neglected when discussing crystallization phenom-
ena in such non-oxide glass systems. Earlier we
reported on the possible effect of nanoporosity40,41

initiating devitrification. However, here we focus
on the behavior of dense regions to understand the

Figure 2 Structural units of the two precursors used and their
corresponding positions within the ternary phase diagram Si–
C–N.
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basic mechanism effective in the bulk Si–C–N
system.

Upon pyrolysis at 1000 °C, both polymer-
derived SiCN materials were electronoptically
amorphous, revealing a diffuse elastically scattered
ring pattern during selected-area diffraction (SAD).
Utilizing TEM, microstructure characterization of

material A, annealed at 1540 °C/6 h/nitrogen,
revealed the formation of large �-Si3N4 crystallites
(2–5 �m) within the overall amorphous SiCN
structure, as shown in Fig. 6(a). Moreover, applying
high-resolution TEM (HRTEM) imaging, it was
revealed that the bulk of this material was in fact
not completely amorphous but showed in some

Figure 3 13C NMR spectra of precursor A- and B-derived powder samples heat treated at 700 and 1000 °C and 29Si NMR spectra of
precursor A and B powder samples annealed at 1000 and 1500 °C (deconvoluted). The dashed lines indicate the SiC4 and the SiN4

signals.

Table 1 Chemical analysis of ceramic residues pyrolyzed at 1000 and 1540 °C

Precursor

Composition (wt %)

SiCN stoichiometry Cfree (mol %)Si N C H O

A
1000 °C 51.4 21.9 25.5 �0.1 0.4 SiN0.85C0.36 � 0.80C 26.0
1540 °C 52.0 23.0 25.1 �0.1 0.4 SiN0.89C0.33 � 0.80C 26.0

B
1000 °C 42.5 30.8 25.6 �0.1 0.8 SiN1.33 � 1.41C � 0.12N 35.6
1540 °C 43.4 29.1 26.3 �0.1 0.8 SiN1.33 � 1.42C � 0.02N 37.0
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areas the formation of SiC nuclei. Nevertheless, it
should be emphasized that the majority of the
material remained amorphous, with no indication of
phase separation into amorphous silicon nitride and
disordered graphitic areas, as suggested by Raman
spectroscopy (see Fig. 4). Examining material B, no
difference in microstructure after high-temperature
annealing at 1540 °C/6 h/nitrogen (Fig. 6(b)),
compared with the material pyrolyzed at 1000 °C,
could be established. Pure phase contrast, typical
for thin amorphous materials, is seen when imaging
at high resolution. Also, no indication for phase
separation or local crystallization was observed,
although this material has a significantly higher
content of free carbon (see also Table 1).

In addition to HRTEM imaging of the amor-
phous phase, energy loss near edge structure
(ELNES) studies of the Si-L2,3, C-K and N-K
ionization edges were performed at the very same
regions of HRTEM image recording, in order to
characterize the local chemical environment within
the Si–C–N matrix. Figure 7 shows two ELNES

spectra of the C-K edge taken within materials A
and B after exposure at 1400 °C. It should be noted
that the corresponding ELNES spectra of the Si-
L2,3 (100 eV) and N-K (401 eV) edges showed no
marked difference. Only the C-K edge indicated
two distinct carbon surroundings, namely amor-
phous carbon and graphitic carbon. Corresponding
HRTEM imaging given in Fig. 8, in addition to
electron diffraction, revealed in all cases a homo-
geneous microstructure with no clear indication of
large isolated graphite precipitates. However, it
should be noted that the free carbon, which was
clearly detected by Raman spectroscopy, is ex-
pected to be present in regions of �1–2 nm. Since
these small disordered clusters are embedded
within an amorphous matrix, direct imaging
becomes rather difficult. Moreover, it can be
concluded that the scale of a possible phase
separation monitored by NMR spectroscopy (see
also Fig. 3) into free carbon, amorphous Si3N4 and
mixed Si—Cx—Ny tetrahedra within material A
and, on the other hand, into amorphous Si3N4 and

Figure 4 Raman spectra of pyrolytic residues annealed at temperatures between 1000 and 1550 °C. The dashed lines indicate the D
and G bands.
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graphitic carbon in material B, is in most cases
reduced to the size of a few BSUs. Structural/
chemical variations at such length scales are hardly
accessible even when imaged at high resolution
(HRTEM). Although the actual reason for the
obvious difference in high-temperature response
(local crystallization in material A, and high-
temperature resistance of material B) is not yet
known, it is assumed here that the higher free
carbon content of material B is responsible for the
unexpected stability of the amorphous matrix.
Based on NMR in conjunction with HRTEM
results, it is concluded that the thermal stability is
governed by the intrinsic silicon network, i.e. the
incorporation of carbon into the glass structure. In
material B we observed numerous turbostratic
carbon precipitates (1–2 nm) by HRTEM imaging
(see Fig. 8(b)), which is consistent with the NMR
data emphasizing pronounced Si—N bonding. In
contrast, polymer A, which is composed of
different structural units, favors the incorporation

of carbon into the silicon backbone structure. For
example, structural rearrangements at 1400 °C
create SiN4 and SiC4 environments that, when
larger than a critical nucleus radius, promote local
crystallization. SiN4 units are predominantly pre-
sent in glass B (see Fig. 1). As carbon is not
incorporated into the structure (Si-backbone) of
glass B (or is only present in a small fraction), the
free carbon is consequently finely dispersed within
the matrix. This configuration, in turn, acts as a
diffusion barrier, similar to B(C)N formation in Si–
B–C–N ceramics,42 restricting local crystallization.

% ����#������

The amorphous state of polymer-derived ceramics

Figure 5 SEM micrographs of the fracture surface of (a)
sample A after annealing at 1540 °C/6 h/nitrogen and (b)
sample B annealed under the same conditions.

Figure 6 TEM micrographs of (a) material A after heat
treatment at 1540 °C/6 h/nitrogen. Despite the formation of
large �-Si3N4 crystallites (2–5 �m), the overall microstructure
of the material remained amorphous. (b) Material B annealed at
1540 °C/6 h/nitrogen. Note that no local precipitation/crystal-
lization was observed in this sample.

Copyright � 2001 John Wiley & Sons, Ltd. Appl. Organometal. Chem. 2001; 15: 858–866

864 H.-J. Kleebe et al.



within the Si–C–N system after pyrolysis at
1000 °C typically consists of various mixed
Si—Cx—Ny environments in addition to a free
carbon phase, as revealed by NMR and Raman
experiments. Exposure to temperatures exceeding
1000 °C promotes structural rearrangements of the
amorphous network with negligible changes in
chemical composition (depletion of nitrogen). This
results in the formation of disordered SiC4 and SiN4
areas next to a free carbon phase.

TEM characterization upon high-temperature
annealing clearly revealed different crystallization
behavior depending on the polymer used. In the
precursor A-derived material, large �-Si3N4 crystal-
lites (2–5 �m) and a small number of SiC
precipitates (10–20 nm) were observed. However,
material B remained completely amorphous up to
1540 °C. The reason for the obvious difference in
high-temperature response, i.e. the local crystal-
lization within material A in contrast to the high-
temperature resistance of glass B, is due to the
different silicon-based glass networks evolved
during synthesis/annealing. Carbon was incorpo-
rated into the structure of precursor A, whereas in
material B it was not (or only to a small volume

fraction). Structural rearrangement at elevated
temperatures formed SiN4 and SiC4 environments
in glass A, which is prone to crystallize. Since
carbon is not incorporated into the B-glass
structure, the resulting fine dispersion of carbon
(nanometer range) acts as a diffusion barrier
(similar to a B(C)N formation) restricting local
crystallization. Hence, although two precursors
with different chemical compositions were ana-
lyzed, their intrinsic polymer architecture/glass
structure is responsible for the respective crystal-
lization behavior. Carbon incorporation combined
with local structural rearrangements within the
silicon network favor crystallization. On the other
hand, the occurrence of two separated interpene-
trating networks (Si–N and C–C) — like in
precursor B — improves the thermal stability of
the Si–C–N ceramic.
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