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Abstract

Polymeric precursors with tailored structures were prepared from functionalised chlorosilanes. Pyrolysis under inert atmospheres
led to amorphous Si—-C-N—(H) ceramics at 1000°C. Further heat treatment caused the transformation into the thermodynamically
stable crystalline phase assemblage. The structural changes associated with crosslinking, pyrolysis and crystallisation were studied
by characterising the solid intermediates between 300 and 1600°C applying 2°Si and '3C solid state nuclear magnetic resonance
(NMR) spectroscopy. In addition, Fourier transformed infrared (FTIR) spectroscopy, X-ray diffraction (XRD), thermoanalytical
techniques and density measurements were employed. The combination of these methods and the use of polymeric precursors with
tailored structures pointed to a correlation of the polymer architecture with the structure of the amorphous ceramic material.
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1. Introduction

High performance ceramics such as SiC and Si;Ny are
known as materials with high strength and hardness,
low thermal expansion coefficient and good oxidation
resistance. These ceramics are produced predominantly
via powdermetallurgical processes, using sintering aids
and/or high pressure in order to simplify consolidation
of these covalent materials at temperatures up to
2000°C. Sintering additives, however, will eventually
yield a glass phase at grain boundaries and triple points,
hence degrading the high temperature properties.!-?

Based on the work of Verbeek and Winter? as well as
Yajima* in the 1970s, considerable interest was focused
on the pyrolysis of preceramic polymers. In comparison
to conventional processes, the precursor method offers
some important advantages: (i) low impurity level; (ii)
homogeneous element distribution; (iii) low processing
temperatures; and (iv) flexible forming methods.>!°

* Corresponding author. Tel.: +49-921-55-2606; fax: +49-921-55-
2621.

Hence, in the last decades a whole variety of such pre-
cursors were synthesised and the pyrolysis products
characterised.!'"!® Thermal or catalytic activated cross-
linking of the preceramic oligomers first provides an
unmeltable and insoluble 3-D network. These highly
crosslinked polymers can be converted into ceramics via
pyrolysis at temperatures up to 1000°C. At higher tem-
peratures the amorphous structure crystallises to ther-
modynamically stable phases, in the case of carbon rich
polysilazanes to SiC, Si3N4 and C.1>19-21

The conversion of the polymer into an amorphous
ceramic material and the amorphous material into a
crystalline ceramic is a very complex process and so far
only little understood. Especially the correlation
between the precursor architecture and the structure of
the amorphous material and the effect of the structure
on the crystallisation behaviour is not known. In order
to utilise the full potential of the precursor route,
however, a detailed understanding of the structural
changes is important. Hence, polymers with different
architectures must be used and, therefore, a detailed
understanding of the synthesis of such polymers is
necessary.

0955-2219/00/$ - see front matter © 2000 Elsevier Science Ltd. All rights reserved.
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Most publications on polymer pyrolysis are dealing
with the characterisation of only one precursor, often
exhibiting varying structural units within the polymer or
even consisting of polymer blends.!??0-2227 Cross-
linking mechanisms, taking into account functional
groups and crosslinking conditions (temperature, atmo-
sphere, catalyst) were also examined.'®2%2° Further-
more, the pyrolysis behaviour of different types of
precursors such as silanes, carbosilanes, carbosilazanes
and silsesquioxanes was compared with regard to e.g.
the carbon content or the microstructural development
of the ceramic material.3%3! Only little data have been
presented with respect to the comparison of different
systems. One example was given by Seitz et al. char-
acterising commercially available silazanes (NCP 200,
Nichimen Corp., Japan and VT 50, Hoechst, Germany)
via NMR spectroscopy.3> The precursors consisted of
different molecular units with NCP 200 containing sili-
con atoms bonded to two bridging nitrogens and VT 50
containing silicon atoms bonded to three bridging
nitrogens. The amorphous materials showed significant
structural differences between the VT 50 derived cera-
mic residue exhibiting a high amount of sp?-carbon and
SiNy sites and the NCP 200 pyrolysis residue yielding
various SiC.N -sites.

In order to get a more detailed understanding of the
structural changes of the pyrolysis process, the use of
various and complementary characterisation methods,
especially spectroscopic, is important. FTIR spectroscopy
is used for studying the decomposition mechanisms of the
polymer, providing information on the presence of
functional groups. The most powerful tool to investi-
gate all stages during pyrolysis is solid state NMR
spectroscopy. Because of probing the atomic coordina-
tion, the resolution of the NMR spectra is often high
enough to allow the determination of the local chemical
structure. Elastic neutron scattering is another method
for investigating amorphous materials. However, it is
very difficult to extract the structure from the scattering
data, because they are not unique enough to favor a
single structure, since no Bragg reflection applies. Due
to measurement problems when using solid state '3C-
NMR of unhydrogenated carbon samples (no proton
enhancement possible) in order to study the role of
excess carbon (not bonded to silicon) in the sample,
Raman spectroscopy can be used in addition to over-
come this difficulties. This method is very sensitive with
respect to the modification of disordered carbon. Espe-
cially X-ray diffraction (XRD) is applied to characterise
the crystallisation behaviour of the amorphous materi-
als when crystalline phases are present. Scanning elec-
tron microscopy (SEM) and transmission electron
microscopy (TEM) allows characterisation of the
microstructural development and also crystallisation
behaviour. Additional information on the local chem-
istry can be derived by detecting unpaired electrons via

ESR spectroscopy, from chemical analysis to get the
elemental composition, from bulk density measure-
ments and from analysing the gaseous species evolving
during pyrolysis via coupled TG (thermogravimetry)/
FTIR or TG/MS (mass spectroscopy) measurements.

In this paper, we report on the characterisation of the
ceramisation process starting with three polymers with
different structure in order to compare the micro-
structural evolution. For this purpose, we combine the
results received, in particular, from 2°Si- and '3C-solid
state nuclear magnetic resonance (NMR) spectroscopy,
Fourier transformed infrared (FTIR) spectroscopy, X-
ray diffraction (XRD), thermoanalytical techniques and
density measurements.

2. Experimental procedure

The starting silazanes were synthesised from di- and
trifunctionalised chlorosilanes as reported elsewhere.!”
The preceramic oligomers are described in Table 1 and
Fig. 1.

According to conventional silicon nomenclature, we
classify the basic units of the silazanes based on the
number of bridging nitrogens. Acronyms used are: T
(-Si(NH); 5) and D (=Si(NH)). The liquid oligomer VN
contains [-CH;CH = CH,Si(NH)] units (according to
our classification D-units), forming mainly six- and
eight-membered cyclics. The silazane TVS consists of
the T-units [-CH = CH,Si(NH), s]. Here, each silicon is
bridged via three nitrogens with another silicon. There-
fore the precursor is already crosslinked to yield a 3-D
network resulting in a meltable and soluble solid. The
precursor HVNG with the structure [—-CH=CH,Si
(NH), 5],{[—HCH3Si(NH)], (x:y=1:1) is a silazane with
mixed T- and D-units. The oligomer HVN has the same
structure as HVNG, but exhibits a reduced vinyl con-
tent. The precursors were crosslinked in general by using
DCP (dicumylperoxide) as a catalyst and subsequent
thermal treatment at 300°C for 5 h in N,-atmosphere.
For all experiments, powder samples were used. Powders
were obtained from the as received unmeltable solids
using a ball mill and zirconia milling media. The powders
were sieved and the fraction <125 um used for thermal
treatments up to 1600°C (AT = 100 K).

Table 1

Structural units of the precursors TVS, VN, HVNG and HVN?
[-R'Si(NH), 5] (T-unit) TVS
[-R'RZSi(NH)] (D-unit) VN

[-R'Si(NH); 5][-R*R?Si(NH)], HVNG (x:y=1:1)
HVN (x:y=1:10)

(T-unit) (D-unit)

a R!: CH=CH,; R* CH3; R3: H.
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Bulk density measurements were performed using a
helium pycnometer (AccuPyc 1330, Micromeritics).
Structural changes which occur during annealing
between room temperature (RT) and 1600°C were
investigated in particular by NMR spectroscopy. 'H-,
13C- and ?°Si-liquid NMR spectra were recorded (ARX
250, Bruker) to characterise the preceramic polymers.
The solvent used was C¢Dg. 13C- and 2°Si-NMR spectra
of the solid intermediates between 300 and 1600°C were
obtained on a Bruker AVANCE DSX 400 spectrometer
applying the magic angle spinning technique (MAS)
with spinning rates of 5-7 kHz. From RT to 700°C a
signal to noise enhancement using the cross polarisation
(CP) method ("H 90° pulse of 3.5 ps, contact time 5 ms,
recycle delay 10 s) was possible due to the presence of a
sufficient amount of protons in these samples. For
powders heated above 700°C, the CP method became
inefficient since the proton concentration was too low.
Therefore single pulse excitation (90° pulse of 3 s,
recycle delay 10 min) was employed for recording 2°Si
spectra in the latter case. !3C spectra were recorded with
a depth pulse excitation (90° pulse of 3 s, recycle delay
60 s) in this case (T >700°C), in order to avoid the 3C
signal from the sample holder.’® The chemical shift
data in the 'H-, '3C- and *Si-NMR spectra are listed
with respect to TMS (tetramethylsilane) as an external
standard. For further information, FTIR spectroscopy
(transmission mode) was used employing a Bruker
VECTOR 22 spectrometer and KBr pellets. The gaseous
species evolving during pyrolysis were investigated with a
coupled TG-FTIR set-up. Powder samples were annealed
in a Netzsch STA 409 thermobalance and FTIR absorp-
tion spectra of the volatile species were recorded using
a heated transmission line. X-ray diffraction (XRD)
studies were executed on a Seifert XRD 3000 P powder
diffractometer using Cug,, radiation to detect crystalline
phases in the pyrolytic residues above 1300°C.

3. Results and discussion
3.1. Structure of the precursor HVNG

The use of both di- and trifunctionalised chlorosilanes
for synthesis yields a complex structure of the precursor.

Table 2

FTIR absorption bands of the precursor HVNG

Wavenumber (cm~!) Assignment
3390 v (N-H)
3050, 3009 v (C,i—H)
2963, 2900 v (CmcfH)
2125 v (Si-H)
1594, 1404 v (C=0)
1255 8 (Si-CH;)
1193, 1168 3 (N-H)

Therefore, no sharp lines in the '"H-NMR spectrum are
seen. The observed signals are assigned to =Si—~CHj
(=0.15-0.4 ppm), Si-NH-Si (0.5-1.1 ppm), Si-H (4.4
5.0 ppm) and =Si-CH=CH, (5.5-6.3 ppm) environ-
ments. 82036 The 3C-spectrum obtained from liquid
NMR shows three peaks which are due to the presence
of =Si—CHj3 units (3.8 ppm) and the two carbons of the
=Si-CH=CH, group (132 ppm (Si-CH=), 140 ppm
(= CH,))."®1923 Two signals appear in the *Si-spectrum.
The position at —33.5 ppm is assigned to Si in the T-unit
((IN)3SiCH =CH,). The signal between —18 and —24 ppm
is caused by Si in the D-unit ((N),Si(H)CH3)).'® The 2°Si
shifts indicate the formation of cyclic molecules with dif-
ferent ring size and/or different constituting elements

TH:CHZ (’IH:CHZ ‘CH=CHZ ]7 ll-i w
—S‘i—NH— —Si—NH— —Sli—NH— —Sli—NH—}
\
II\JH CHj3 II\JH CH; ’
TVS VN HVNG

Fig. 1. Structural units of the precursors TVS, VN and HVNG.
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Fig. 2. FTIR spectra of (a) pyrolytic residues of the precursor HVNG

at different temperatures and (b) of gaseous species evolving during
pyrolysis of the precursor HVNG.
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(3/4-T/D units) already crosslinked among each other. In
fact, upon thermal treatment of this precursor without prior
crosslinking, the evolution of low-molecular-weight oligo-
mers was monitored via TG-FTIR measurements at tem-
peratures below 300°C. FTIR spectroscopy was performed
in order to identify the functional groups of the preceramic
oligomer. The main absorption bands observed in the
spectrum and their identification are given in Table 2.!7

3.2. Crosslinking mechanism and ceramisation of the
precursor HVNG (T =300-700°C)

The effect of crosslinking and the decomposition of the
polymer network during pyrolysis were monitored by
FTIR spectroscopy and coupled TG-FTIR measurements,

Fig. 2(a) and (b). Thermal crosslinking at 300°C involves
a mass loss of about 5% due to the evolution of volatile
oligomers in addition to ammonia (crosslinking via
transamination), Fig. 2(b). After this step the FTIR
spectrum showed the absorption bands characteristic
for the initial precursor. The intensity of the bands cor-
responding to N-H (3400, 1164 cm~!), C-H (Me) (2953,
2898 cm~!) and Si-CHj (1260 cm~!) remained unchan-
ged.?* On the other hand, the intensity of those peaks
assigned to Si-H (2125 em~') and —CH=CH, (3047,
3009, 1406 cm™!) decreased, indicating that crosslinking
occurs via hydrosilylation and/or polymerisation, but is
not yet completed.?* Further heating up to 700°C resul-
ted in a decrease of the intensity of all absorption bands
due to the decomposition of the polymer. The dominant

a b
*Si-NMR * rotational sidebands| |*C-NMR * rotational sidebands
135
-45.5
* 700 °C
700 °C 12
* *
600 °C
600 °C

400 °C

1 | 1 | 1 | 1 | 1

4.9, 1400 °C

500 °C

141 132

100 50 0 -50  -100 -150 200 150 100 50 0 -50
Chemical Shift [ppm]

Chemical Shift [ppm]

Fig. 3. (a) ?°Si- and (b) '3C-NMR spectra of HVNG-derived powder samples heat treated at temperatures between 300 and 700°C.
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Fig. 4. (a) >Si- and (b) '*C-NMR spectra of the crosslinked precursors HVNG (top), VN (middle) and TVS (bottom) annealed at 300°C.

gaseous species released in this temperature regime is
methane, Fig. 2(b). This process is completed at 800°C
and further structural changes are not detectable by
FTIR spectroscopy anymore. In the FTIR spectrum
recorded at this temperature only the absorption band
corresponding to Si—H remains, indicating that there is
still some amount of hydrogen present in the sample.
Changes in the structure of the solid intermediates dur-
ing thermal treatment at temperatures beyond 300°C were
also investigated by 2°Si and '3C solid state NMR spectro-
scopy. Solid state NMR characterisation of a variety of
silazanes has already been described,!18-2022.23,25,27.32.35-38
but the assignment of the NMR resonances, especially
of broad signals appearing in NMR spectra of cross-
linked polymers and amorphous materials is difficult. In
the present study we will use the peak assignment as

reported in literature. Fig. 3(a) and (b) shows the NMR
spectra of the precursor HVNG after different pyrolysis
temperatures. The 2°Si spectrum of the crosslinked
polymer cured at 300°C shows three sharp peaks. In
addition to the signals at —20 and —33.5 ppm, assigned
to silicon in (N),SiHMe and (N);SiVi environments
present in the liquid spectrum of the precursor, a new
signal at —-2.5 ppm appears. Resonances having a 2°Si
chemical shift in this range correspond to silicon atoms
in (N),Si(C%3), sites and denoting crosslinking via
hydrosilylation.'®1%32 The '3C spectrum at this tem-
perature exhibits, in addition to the peaks arising from
the carbons in the methyl- (4.2 ppm) and in the vinyl-
group (132, 141 ppm), a broad signal at about 26 ppm
and a shoulder at 14 ppm. Aliphatic carbon atoms causes
13C resonances in this range indicating crosslinking via
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hydrosilylation and/or polymerisation of the vinyl
groups.'®20 An exact assignment of the signals appearing
after crosslinking can be made only via comparison with
the precursors TVS and VN.

Fig. 4(a) and (b) shows the 2°Si- and '3C-NMR spectra
of the precursors HVNG, VN and TVS after cross-
linking at 300°C in comparison. The '*C-NMR spec-
trum of precursor VN shows in addition to the sharp
lines of the silylmethyl- (4.2 ppm) and the silylvinyl
group (132/141 ppm) one broad line at about 28
ppm. 81923 A peak at —2.8 ppm appears in addition to that
at —15 ppm caused by (N),Si(CH;)CH=CH, sites in the
2Si NMR spectrum.!'® In the 2°Si-NMR spectrum of the
precursor TVS three signals are present. The peak at —33.7
ppm is caused by the initial (N);SiCH=CH, environ-
ments.'® The 2°Si resonance at —21 ppm is correlated to
the crosslinking reaction. The third peak at 1.9 ppm,
which is also present as a little shoulder in the 2°Si-
NMR spectrum of the precursor VN, is assigned to
NSi(Me); sites and is probably due to modifications of
the polymer by the catalyst used.?> The presence of a
small amount of the end groups (NSi(Me);) in the TVS
precursor is also observed in the '3C-NMR spectrum of
this sample. In addition to the resonances caused by the
carbons in the silylvinyl group, a sharp peak appears at
4.2 ppm corresponding to the carbons in these end
groups.'®?3 The broad signal at about 30 ppm is again
correlated to the crosslinking reaction. Since the cross-
linking of TVS takes place exclusively via polymerisation
of the vinyl groups, the resonance at 30 ppm (!3C) can
be assigned to this reaction. The peak at —21 ppm in the
29Si-NMR  spectrum then corresponds to (N);SiCsP3
sites formed due to polymerisation. The signal at 28
ppm in the '*C-NMR spectrum of the precursor VN
also indicates that crosslinking takes place via poly-
merisation of the vinyl groups. For this reason, the 2°Si-
NMR spectrum shows a peak at —2.8 ppm caused by
(N),SiMeC*P3 sites. On the other hand, the '3C-NMR
spectrum of the crosslinked HVNG precursor shows
two signals in addition to the resonances caused by the
carbon atoms of the methyl- (4.2 ppm) and of the vinyl-
groups (132/141 ppm). The broad peak at about 26 ppm
must be in turn ascribed to the formation of aliphatic
carbons due to crosslinking via polymerisation. The
appearance of (N),SiMeC®P3 sites (—2.5 ppm) in the 2°Si-
NMR spectrum also indicates that crosslinking takes
place via hydrosilylation, though. Therefore, the
shoulder observed at about 14 ppm in the *C-NMR
spectrum of the HVNG polymer is caused by this reaction.

At 400°C (Fig. 3a and b), the peaks assigned to the
vinyl group (*Si: —33.5 ppm; '3C: 132, 141 ppm) have
disappeared in both the 2°Si- and the '3C-spectrum of the
HVNG-derived sample. This denotes that crosslinking
via hydrosilylation and polymerisation as mentioned
above is completed at this temperature. Further heating
causes a broadening of all NMR lines. At 500°C, there

is a slight high-field shift of the peaks (—2.5 ppm — —6
ppm; —20 ppm — —22 ppm) in the ?°Si spectrum in
addition to a signal at —41 ppm appearing as a shoulder.
The intensity of this shoulder increases with increasing
temperature (600°C) and becomes the main peak (—45.5
ppm) at 700°C indicating environments close to SiN;H
and SiN4.?2>35 The high-field shift of the 2°Si peaks is
corresponding to an increase of the number of Si—N
bonds in contrast to the number of Si—C bonds, prob-
ably due to both the evolution of C-containing species
(CH4) and the segregation of carbon clusters. The che-
mical shift of the '3C peak increases (4 ppm — 12 ppm)
at 600°C. This is caused by the formation of CH,Si,
sites.? Coincidentally, a new signal appears at 135 ppm
which increases in intensity at 700°C. This indicates a
high amount of sp?>-carbon in the form of carbon clus-
ters, the so called free carbon.20-23:25:27:32 I contrast, the
13C spectrum of the precursor HVN with a factor of ten
smaller concentration of vinyl groups heated at 700°C
shows no signal at 135 ppm, Fig. 5. The vinyl groups of
the precursor HVNG are therefore the reason for the
occurrence of sp>-carbon in the amorphous intermediate.

“C-NMR : 700 °C * rotational sidebands
HVN /
Vi:Me=1:10 /rﬁ
135
HVNG
Vi:Me=1:1
¥ /W/V
W/ M\\r\,/“ v
W/
J\W b
L ! . L . L .
200 150 100 50 0 -50

Chemical Shift [ppm]

Fig. 5. 3C-NMR spectra of (bottom) HVNG- and (top) HVN-
derived amorphous Si-C-N—(H) ceramic annealed at 700°C. The
comparison shows that there is no sp?-carbon present in the amor-
phous material derived from HVN (vinyl concentration reduced by a
factor of 10). In contrast to that there is a broad peak at about 135
ppm (according to sp>-carbon) in the NMR spectrum of the HVNG-
derived material.
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3.3. Changes in the amorphous structure and crystallisation
of the precursor HVNG (T = 1000-1700°C)

Pyrolysis at 1000°C finally yields an amorphous cera-
mic composed of a free carbon phase and a homo-
geneous Si—C—N—(H) phase, corresponding to one broad
(width: 35 ppm) signal in the 2°Si spectrum, Fig. 6(a).
The 13C spectrum [Fig. 6(b)] is characterised by one peak
(width: 40 ppm) at about 135 ppm corresponding to sp>-
carbon domains (free carbon).?0-23-25-27-32 The short spin
lattice relaxation time indicates that paramagnetic cen-
tres (for example dangling bonds) are coupled to carbon
in these domains. Further heating causes the formation
of CSi4 and SiNy-environments with a short range order
as can be seen in the appearance of a peak at 28 ppm in

a

b

the '3C spectrum and at —48 ppm in the >°Si spectrum
recorded on a sample heated at 1200°C.3%3> At 1500°C,
the 2°Si spectrum of the polymer derived ceramic shows
three signals centred about —15, —30 and —48 ppm corre-
sponding to SiC,;, SiN;C and SiN,; environ-
ments.!>19-22:35-38 Thjs indicates rearrangements in the
amorphous state leading now to a heterogeneous
Si—C—N phase. A density increase of 19.4% (2.3 g/cm?
— 2.75 g/cm?) and a mass loss of 4.7% in the temperature
range between 800 and 1500°C accompanies this reor-
ganisation. The continuous evolution of hydrogen con-
taining species (which are still present, as shown by
FTIR spectroscopy) is most probably responsible for
this mass loss, therefore enabling the formation of SiNy
and SiC,4 environments. Longer annealing times (48 h)

*Si-NMR SiC, SiN,

1700 °C

1600 °C
1500 °C /48 h
1500 °C
1200 °C

1000 °C

“C-NMR Csp® SiC, * rotational

sidebands

. 1500°C /48 h

1500 °C

1200 °C

1000 °C

T T T N T

100 50 0 -50  -100 -150500 300 100 0 -100 -300

Chemical Shift [ppm]

Chemical Shift [ppm]

Fig. 6. (a) ?°Si- and (b) '3C-NMR spectra of the pyrolytic residues of the precursor HVNG for increasing temperatures.
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at 1500°C causes the formation of the thermo-
dynamically stable crystalline phases SiC (—16 ppm) and
SizNy (—48 ppm).3¢-3® Crystalline SiC, especially B-SiC,
is characterised by a long spin lattice relaxation time.
This fact causes the decrease of the SiC peak in the 3C
spectra recorded on samples heated above 1500°C and
evident the long range order of SiC, yet. At 1600°C, no
SizNy but only a SiC signal is detected by 2°Si-NMR
measurements, which becomes narrower at 1700°C
indicating crystal growth of SiC. Upon crystallisation,
density is increasing to 3.25 g/cm?® (corresponding to
SiC) with a substantial mass loss (26%) due to the
decomposition of amorphous SiCN and SizNy4. These
structural changes were particle size dependent, illumi-
nating the importance of the kinetic aspects, Fig. 7.
Using particles sizes >1mm, the structural changes
were shifted to higher temperatures, indicating that
rearrangement is effected by both bond cleavage and
diffusion of gaseous species. In contrast to the rearran-
gements and ordering phenomena detected in the NMR
studies, XRD investigations (Fig. 8) showed amorphous
patterns up to 1500°C. At 1500°C/48h broad diffraction
peaks corresponding to nanocrystalline SiC and SizNy
are observed in accordance with NMR results. At

”Si-NMR SiC, SiN,

particle size < 125 um

particle size > lmm

ey

L | 1 1 : L ‘| |
100 50 0 -50 -100 -150

Chemical Shift [ppm]

Fig. 7. 2Si-NMR spectra of (bottom) a bulk sample (particle size > 1
mm) and (top) of a powder sample (particle size <125 pum) heat
treated at 1540°C.

1600°C only SiC is detectable. Si;N4 cannot be detected
anymore at this temperature. At 1700°C the diffraction
peaks become narrower indicating the increasing SiC
crystallite size.

3.4. Comparison between HVNG, VN and TVS —
polymer architecture and glass structure

In this section the effect of the precursor architecture
on the structure of the amorphous ceramic preceding
crystallisation is discussed. The precursors consist of
tailored structural units, see Fig. 1. The poly-
vinylsilazane TVS consists of T-units only whereas the
six-membered trimethyltrivinylcyclotrisilazane VN con-
tains only D-units. In contrast, the precursor HVNG
consists of mixed T- and D-units. The amorphous cera-
mic materials prepared by heating at 1500° were inves-
tigated by 2°Si-NMR spectroscopy; the spectra are
shown in Fig. 9 in comparison.

The TVS derived ceramic shows one peak in the 2°Si
spectrum at —48 ppm corresponding to SiNy. This is
most probably due to the fact that in the precursor Si is
already bonded to three NH groups which upon pyr-
olysis may convert easily to a SiN, environment. On the
other hand, there is a broad signal between 0 ppm and

* * B-SiC
0 a-Si,N,

*
*
MJ | | 1700°C

1600 °C

o ®
o o

Counts [a.u.]

° % °1500°C/48h

. 1500 °C
e 1400 °C
st 1300 °C

P R R R H A R R B
10 20 30 40 50 60 70 80 90

20 [7]

Fig. 8. X-ray powder diffraction patterns of the pyrolysed precursor
HVNG annealed at different temperatures.
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*Si-NMR SiC,  SiN,

TVS 1500 °C

HVNG 1500 °C

VN 1500 °C

100 50 0 -50 -100 -150
Chemical Shift [ppm]

Fig. 9. Si-NMR spectra of the amorphous Si-C-N ceramics
derived from (top) TVS, (middle) HVNG and (bottom) VN by
annealing at 1500°C. The comparison between the different amor-
phous materials shows that there is a correlation between the initial
structural units of the precursors and the final microstructure of the
amorphous ceramic.

65 ppm observed in the °Si-NMR spectrum of the
amorphous material prepared from precursor VN. This
indicates a broad distribution of SiC.\Ny_, (x =0-—4)
sites. As described above, three distinguishable peaks at
—15/—30/—48 ppm appear in the »°Si spectrum of the
HVNG derived material. This signals are assigned to
SiC,4 (short range ordered), SiN;C and SiN4 (short
range ordered) environments.

From these results we conclude that the presence of
T-units is prestructuring the architecture of the TVS- and
HVNG-polymers. Therefore, structural rearrangements
during pyrolysis are limited, assuming that the Si-N(H)
bonds are very stable. The six-membered VN-rings,
however, consisting of D-units allow many possible
changes in the structure during heating. This leads to a
broader distribution of Si environments compared to
the aforementioned precursors. The effect of these dif-
ferences with respect to the crystallisation behaviour
and the thermal stability of these polymer derived cera-
mics is still to be examined.

4. Conclusions

The pyrolysis of organometallic oligomers to amor-
phous ceramics and further crystallisation is understood
only on a very basic level. Especially the correlation
between precursor architecture and the structure of the
amorphous material and its effect on the crystallisation
behaviour is not known. In order to gain insight in the
microstructural evolution, the structure of the solid resi-
dues derived from different tailored preceramic oligomers
has to be characterised and compared with each other.

We characterised the precursor HVNG consisting of
mixed D- and T-units particularly via solid state 2°Si-
and 3C-NMR spectroscopy and compared the results
with those obtained from the amorphous intermediates
derived from TVS (containing T-units) and VN (con-
taining D-units).

The transformation of the HVNG precursor prepared
from di- and trifunctional chlorosilanes to an amor-
phous and finally a crystalline ceramic can be described
as follows:

1. thermal crosslinking via polymerisation of the
vinyl groups and hydrosilylation reaction, com-
pleted at 400°C;

2. organic/inorganic transition between 500 and
800°C yielding a free carbon phase (due to the
presence of vinyl groups in the precursor) and a
homogeneous amorphous Si—C—N—(H) phase;

3. structural rearrangements between 800 and
1500°C, possibly effected by the elimination of
hydrogen containing species, leading to the for-
mation of sp?-carbon domains and to a phase
separation (SiCy4, SiCNj, SiNy) in the amorphous
state;

4. decomposition of the amorphous ceramic, above
1500°C, yielding mainly crystalline SiC as the only
phase.

The comparison between HVNG, VN and TVS
showed significant differences in the NMR spectra of
the amorphous materials at 1500°C indicating a corre-
lation of the polymer architecture with the structure of
the amorphous ceramic. This becomes evident especially
from 2°Si spectra. Precursor TVS (T-units) yields an
amorphous pyrolysis residue containing mainly SilNy sites
whereas the pyrolysis of the polymer VN consisting of D-
units leads to an amorphous ceramic which contains a
broad distribution of SiC,N, environments. Hence, the
presence of trifunctional units (T-units) limits structural
rearrangements and restricts the posssible Si environ-
ments whereas difunctional units (D-units) enable a
broader distribution of Si sites. If these results are con-
firmed at the examination of similar systems, this has
far-reaching consequences at the estimate of the thermal
stability of amorphous Si—C-N ceramics.
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