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Abstract

Novel phenyl-containing polysilylcarbodiimides were synthesized and their thermolysis and crystallization behavior up to 2000 °C was investigated.
The Si/C ratio of the preceramic polymer was varied in a defined way by starting from dichlorosilanes with different organic substituents, namely
R and R” with R =phenyl and R’ =H, phenyl, methyl or vinyl. Several techniques were employed to study the structural features of the polymers
and their thermolysis products. The temperature of crystallization depends on the carbon content of the precursors. Thus, in the sample with the
highest carbon content the separation of 3-SiC from the amorphous SiCN matrix is observed at 7> 1500 °C, resulting in the highest temperature
of thermal stability against crystallization ever reported for a SiICN ceramic derived from polysilylcarbodiimides. Moreover, no crystallization of

B-Si3N4 was observed.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer-derived ternary SiCN ceramics are a new class of
materials possessing oxidation and creep resistance up to excep-
tionally high temperatures,'> properties which are improved
when the ceramics are fabricated with a high content of excess
carbon, as published recently in the case of SiCO materials.>~
The high-temperature stability was also traced back to the
presence of nanodomains with 1-3 nm in size as shown recently
by SAXS measurements of polymer-derived ceramics (PDC)
with low carbon content.®

A main feature of polymer-derived ceramics is their possi-
bility to incorporate free carbon into the microstructure. This
issue has been addressed in several publications where primarily
PDCs of low free carbon content were considered.!”-# Until
recently it was assumed that an excess of carbon is detrimental
to the mechanical and electrical properties as well as to the oxida-
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tion resistance of such ceramics. This view has been completely
revised, since studies on SiCO-carbon hybrids showed a much
higher stability against crystallization and high-temperature
resistance to oxidation than originally anticipated.”!? It was also
reported that carbon-rich PDCs retain their amorphous character
to higher temperatures than the carbon-poor PDC analogues.'!
Based on these investigations, it was concluded that the
presence of carbon is essential for the inhibition of crystalliza-
tion and lowering the carbothermal reactivity.

Polysilylcarbodiimides represent an important class of pre-
cursors for SICN ceramics which are thermally more stable than
the analogous polysilazanes.!»>!%13 They are known to form
two amorphous phases, namely SizN4 and free carbon, at about
1000°C, as can be demonstrated, for instance, by solid-state
NMR studies.!* However, until now there have been no reports
about carbon-rich SiCN ceramics obtained from thermolysis of
polysilylcarbodiimides.

For this reason, we synthesized several phenyl-substituted
polysilylcarbodiimides, which after thermolysis are expected
to yield SiCN ceramics containing a substantial amount of
free carbon. Klebe and Murray reported the synthesis of
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diphenyl-substituted polysilylcarbodiimide for the first time
in 1967" followed by Kumar and Shankar in 2002 who
obtain a mixture of cyclic silylcarbodiimides and cyclosila-
zanes. '

In the current work, the novel phenyl-substituted polysilyl-
carbodiimides have an identical substituent R! =phenyl. The
carbon content in these materials is varied by the second sub-
stituent, R, which is either a phenyl ring (sample S1), a methyl
group (S2), a hydrogen atom (S3) or a vinyl group (S4). Thus,
from a comparative study of samples S1-S4 it is possible to
examine the effect of the carbon content on both the structural
evolution during thermolysis and the properties of the result-
ing SiCN ceramics. In this context, the precursor polymers,
the intermediates during thermolytic conversion and the result-
ing SiCN ceramics are thoroughly characterized by means of
several spectroscopic methods, X-ray diffraction and related
techniques.

2. Experimental procedure
2.1. Chemicals

Dichlorodiphenylsilane, dichlorophenylsilane, dichloro-
methylphenylsilane, dichlorovinylphenylsilane, dichlorodi-
methylsilane and pyridine were purchased from Sigma—Aldrich
Chemie GmbH, Germany. All chemicals were used as received
without further purification. Bis(trimethylsilyl)carbodiimide
was synthesized according to the literature.!”

2.2. Synthesis and thermolysis

All reactions were carried out in purified argon atmo-
sphere using standard Schlenk techniques.!® Bis(trimethylsilyl)
carbodiimide (0.047 mol) was mixed under stirring with a
catalytic amount of pyridine (0.024 mol). Afterwards, the sub-
stituted dichlorosilane (0.047 mol) was added and the reaction
mixture was kept under reflux at 66°C for 6h (respectively
44 °C for S3, b.p. (PhHSiCl,) = 65-66 °C) and then at 120 °C for
another 12 h. The formation of the substituted polysilylcarbodi-
imide was monitored by means of high-resolution 2°Si NMR
spectroscopy. After completion of the reaction, the by-product
trimethylchlorosilane was removed by distillation.

For the thermolysis of the samples up to 1100 °C, 1-2 g of the
polymeric precursor was filled in a quartz crucible. The crucible
was then put in a quartz tube, and heated under a steady flow of
purified argon (50 mL/min) in a programmable horizontal tube
furnace. For the thermolysis below 1600 °C, the samples were
first heated to the desired thermolysis temperature with a heating
ramp of 100 °C/h. Afterwards, the samples (~0.5 g) were placed
in BN crucibles and were heated in an Astro furnace with a heat-
ing ramp of 5 °C/min to the required thermolysis temperature,
at which they were kept for 2 h. The thermolysis was completed
by cooling the samples to room temperature with a cooling ramp
of 10 °C/min. For the thermolysis at higher temperatures (up to
2000 °C), the samples were in a first step thermolyzed at 1100 °C
following the procedure described above.

2.3. Characterization techniques

X-ray diffractograms of our samples were measured by a
STOE X-ray diffractometer using Ni-filtered Cu Ko radiation at
a scan speed of 1°min~!.

FT-IR spectra were recorded on a Nicolet Nexus 470 FTIR
spectrometer with a nitrogen-purged optical bench (Nicolet,
Madison, WI) equipped with a DTGS detector.

Chemical analysis of the polymers was carried out at
Mikroanalytisches Labor Pascher (Remagen/Germany). For the
ceramics, the determination of carbon in the ceramic product was
measured by a carbon analyzer (CS 800, Eltra GmbH, Neuss).
The oxygen and nitrogen content of the powdered ceramic sam-
ple was determined by an N/O analyzer (Leco, Type TC-436).

Thermal gravimetric analysis of the polymers was performed
on a Netzsch STA 429 apparatus (Selb, Germany). The samples
were heated to 1400 °C atarate of 5 °C/min in argon atmosphere,
while simultaneously measuring the mass loss and the gaseous
decomposition products via mass spectrometry (Quadrupole
Mass Spectrometer).

Raman spectra were recorded on a confocal Horiba HR800
micro-Raman spectrometer by using an excitation laser wave-
length of 514.5 nm. For the evaluation of free carbon cluster size
in ceramics, Gaussian—Lorentzian curve fitting of the Raman
bands (LabSpec 5.21.08 Software) was applied.

Solid-state 2°Si NMR experiments were performed on a Var-
ian InfinityPlus 400 NMR spectrometer operating at a static
magnetic field of 9.39T (*°Si frequency: 79.46 MHz), while
solid-state '>C NMR measurements were carried out on a Bruker
CXP 300 spectrometer operating at 7.05T (13C frequency:
75.47 MHz). All measurements were done by using 4 mm magic
angle spinning (MAS) probes. 2°Si and '3C NMR spectra were
recorded using single pulse, cross-polarization (CP) and ramped
cross-polarization (RAMP-CP) excitation.'® For the *°Si single
pulse experiments a pulse angle of 45° (1.75 ws) and a recy-
cle delay of 45s was used. 2°Si RAMP-CP experiments were
acquired with a contact time of 5 ms and a recycle delay of 5s.
13C single pulse experiments were performed using a /2 pulse
length of 4 s and arecycle delay of 15 s, while for the CP exper-
iments a contact time of 5ms and a recycle delay of 5s were
used. 2°Si and 13C chemical shifts were determined relative to
the external standards QgMg and adamantane, respectively and
are given with respect to the standard TMS (6§ =0 ppm).

3. Results and discussion

In the following, we report on the synthesis and charac-
terization of a series of new preceramic polymers based on
phenyl-substituted silylcarbodiimides and their thermal trans-
formation to carbon-rich SiCN ceramics. The thermal stability
of the resulting SiCN materials in terms of decomposition and
crystallization is a further topic addressed here.

Four different preceramic polymers S1-S4 (see Table 1) were
synthesized according to Scheme 1.

The polymers appeared as rubber-like (S1), solid (S3) or vis-
cous liquids (S2 and S4). As shown by the elemental analysis
data, the polymers still contain residual chlorine due to Si—Cl
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Scheme 1. Synthesis of precursors S1-S4.

end-groups and some remaining trimethylchlorosilane, as well
as oxygen contamination.

The thermal transformation of the precursor polymers to
SiCN ceramics was studied by means of thermogravimetry/mass
spectrometry, FT-IR, Raman and solid-state NMR spectroscopy,
XRD, and elemental analysis. In this context, the structural
changes during thermolysis are reported representatively for
samples S1 and S2, thermolyzed at different temperatures
between 200 and 1000 °C. Likewise, XRD, elemental analysis
and thermogravimetric measurements were performed for the
characterization of the structure and morphology of the SiCN
ceramics subsequently annealed between 1100 and 2000 °C.

3.1. Investigation of precursor thermolysis up to 1000°C

3.1.1. Thermogravimetric analysis

Fig. 1 depicts the thermogravimetric (TGA) curves of poly-
mers S1-S4 between room temperature and 1400 °C. For com-
parison, the TGA curves of poly(dimethylsilylcarbodiimide)
S5 without phenyl substituents at the silicon atom is also
given. This polymer was synthesized by analogy with the
samples S1-S4, i.e. reaction of dimethyldichlorosilane with
bis(trimethylsilyl)carbodiimide in the presence of pyridine.

The derived ceramic yields are 40.12%, 25.73%, 41.17%
and 42.67% for samples S1, S2, S3 and S4, respectively, and
reflect a special position for precursor polymer S2. Two dif-
ferent types of polymers can be distinguished, namely S1 and
S2, which do not have cross-linkable groups, and S3 and S4,
which can be cross-linked by means of dehydrocoupling- and
vinyl polymerization reactions, respectively. From a compari-
son of polymers S1 and S2 with S5 (S5 ceramic yield 0%), all
three without cross-linkable groups, it can be concluded that an
increasing carbon content is accompanied by an increase of the
ceramic yield in the same direction (S5 —(SiMe;—NCN),—< S2
—(SiPhMe-NCN),— < S1 —(SiPh,—NCN),,-).

Selected mass spectrometric data are provided in Annex 1
(see Electronic Annex 1 in the online version of this article).
All samples release trimethylchlorosilane and its decomposition
fragments (m/z=93, 94, 95 and 108) between 180 and 400 °C.

Table 1
Chemical structure and elemental composition of the synthesized preceramic
polymers S1-S4, —(PhSiR-N=C=N),,—.

Precursor Substituent R Composition®

S1 Phenyl Si;C12.14N1.81H10.07Clo.1900.14
S2 Methyl Si;C7.93N1.83Hs.71Clo.12

S3 H Si1Ce.81N1.96He.68Cl0.0300.03
S4 Vinyl Si; Cs.75N1.37Hs.63Clo.5400.08

? Determined from elemental analysis.
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Fig. 1. Thermogravimetric curves of polymers S1-S4 and S5 —(SiMe,—NCN),—
up to 1400 °C.

For sample S1, the first mass loss takes place through reac-
tion of trimethylsilyl-end groups and remaining chlorine atoms,
followed by further polymerization.

In the case of S3 a significant amount of Hy, HCN, CoN»
and PhCN are also released between 200 and 400 °C. Sam-
ple S3 liberates oligomers and their fragments and undergoes
dehydrocoupling reaction as indicated by the evolution of
hydrogen. Between approximatively 400 and 600 °C a second
thermal reaction occurs which is characterized by elimination
of benzene (m/z="78), nitriles (HCN m/z=27, MeCN m/z=41,
PhCN m/z=103), hydrogen (m/z=2), methane (m/z=16) and
cyanogen CyNj (m/z=52). The temperature of evolution of
gaseous CpN»y corresponds with the temperature of transfor-
mation of the precursor into amorphous ceramic silicon nitride
(a-Si3Ny) (Ts1=556.89°C, Ts2=544.96°C, Ts3=573.14°C
and Ts4=525.58°C). Finally, a third mass loss takes place
between 1000 and 1200 °C which includes release of hydrogen
(m/z=2) and small amounts of nitrogen (m/z =28).

The evolution of the gaseous decomposition products takes
place at different temperatures for each polymer. In the case
of poly(methylphenylsilyl)carbodiimide S2, hydrogen (m/z=2)
and HCN (m/z=27) are released even up to 1400 °C.

3.1.2. Solid-state NMR spectroscopy
3.1.2.1. Polymer S1. The precursor polymer S1 is a rubber-

like material. Although the sample was spun at 5kHz, the
corresponding 2°Si and '3C NMR spectra exhibit broader
lines than reported in earlier studies of polysilylcarbodiimide
polymers'-1%20, These observations might be related to some
reduction of the polymer mobility due to some steric interac-
tions in connection with the bulky phenyl groups. It is known



2876

1000°C

800°C

s
s

600°

400°C

200°C

precursor

300 200 100
ppm

0 -50 -100
ppm

G. Mera et al. / Journal of the European Ceramic Society 29 (2009) 2873—-2883

(b)

1000°C

800°C

600°C

400°C

precursor

180 160 140 120 100
ppm

0 -100 8C

Fig. 2. Solid-state >°Si (a) and 13C (b) NMR spectra of precursor polymer S1 and the pyrolysis products at 200, 400, 600, 800 (CP and sample spinning rate: 5 kHz)

and 1000 °C (SP and sample spinning rate: 5 kHz).

that the electronic properties of the NCN group in carbodiimides
are comparable to those of the oxygen atom in polysiloxanes,!
and the 2°Si NMR chemical shifts are therefore similar to those
of polysiloxanes. This is supported by the 2°Si chemical shift val-
ues for polymer S1, which are very close to the values reported
for polysiloxanes bearing the same substituents.>?

Therefore, in the 2°Si{'H}CP-NMR spectrum of polymer
S1 (Fig. 2a) the main peak at —43.8 ppm and the small signal
at —20.8 ppm are assigned to (Ph);Si(NCN), sites and termi-
nal Si(Ph),Cl groups, respectively.”> The presence of latter
Cl-containing groups points to an incomplete exchange reac-
tion, in agreement with the aforementioned elemental analysis
data.

The 3C{'H} CP-NMR spectrum (see Fig. 2b) shows a
broadened signal in the aromatic region with three resolvable
resonances. The components at 128 and 134 ppm are related to
aromatic carbons in meta and ortho positions, respectively, while
the signal at about 130 ppm is a superposition due to carbons in
para position and carbons directly bonded to silicon. The '3C
NMR signal of the NCN unit is usually less intense and occurs
ataround 120124 ppm."1%24 In the present case it is completely
obscured by the signals of the phenyl ring carbons.

Despite the significant broadening, the main peak at
—43.8 ppm s still present in the 2°Si { 'H} NMR spectra of sam-
ples annealed at 200 and 400 °C, indicating that the polymeric
backbone is mostly unchanged at these temperatures. At the
same time, the peak of the terminal Si(Ph),Cl group disappears
after thermolysis at 200 °C. The respective >C{'H} CP-NMR
spectra (see Fig. 2b) exhibit spinning side bands, reflecting an
increase in chemical shift anisotropy, most probably due to a
reduction in sample mobility.

Significant changes are observed in the 2°Si{'H} and
3C{TH} CP-NMR spectra after sample annealing at 600 °C.
The modifications are due to the decomposition of the poly-
mer, as clearly shown by the TGA curves (see Fig. 1). The
29Si{'H} CP-NMR spectrum is dominated by a broad signal
ranging from about —70 to —10ppm which reflects a distri-
bution of different SiC(CN),N, sites.?*2> A single broadened
13C resonance is detected around 131 ppm at this temperature,
suggesting that cleavage of the Si—C bond and the concomitant
decomposition/rearrangement of the basic polymer structure has
taken place. In addition, new shoulder-like signal appears at
about 120 and 140 ppm whose assignment is discussed further
below.
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Fig. 3. Solid-state 2?Si (a) and >C (b) NMR spectra of precursor polymer S2 and the thermolysis products at 200, 400 (SP and sample spinning rate: 3 kHz), 600,

800 and 1000 °C (CP and sample spinning rate: 6 kHz).

Thermolysis at 800 °C is accompanied by a complete disin-
tegration of the carbodiimide group. The >°Si{'H} CP-NMR
spectrum is characterized by a broad and symmetric peak cen-
tered at —49 ppm, characteristic of SiNy units and the formation
of an amorphous silicon nitride phase, which also remains for the
sample annealed at 1000 °C. The respective '*C{'H} CP-NMR
spectrum for the sample annealed at 800 °C is dominated by a
broad peak centered at about 124 ppm. It shows a low field tail
due to a residual signal component at 140 ppm which after ther-
molysis at 1000 °C disappears or is obscured by the dominant
signal at 124 ppm.

The occurrence of the latter '3C NMR signals after ther-
molysis at high temperature (>600 °C) is a common feature
of many silicon-based PDC ceramics. It reflects sp> carbon and
is attributed to the formation of a graphene-like carbon phase.
Signals with chemical shifts between 120 and 130 ppm?%—3° or
at 140 ppm>'-32 were both reported in the literature, and were
assigned to graphene-like phases. Sample S1 behaves differ-
ently, since signal components with both chemical shift values
are observed simultaneously. The signal at 140 ppm is visible in
the spectra of samples thermolyzed at 600 and 800 °C, while a

resonance at 124 ppm can be registered after treatment at 800
and 1000 °C. It is worthwhile to note that two carbon signals
at 119 and 141 ppm were also detected in SiBCN ceramics
at a thermolysis temperature of 600 °C.33 In that case the sig-
nals were associated with nitrogen containing graphene-like
structure where carbon atoms are bonded to either carbons or
nitrogen. Similar findings were reported for amorphous car-
bon nitride films.>* The two signal components in the '3C
NMR spectrum of sample S1 are therefore attributed to the for-
mation of a nitrogen containing sp”> carbon phase, where the
carbon species with carbon—nitrogen and carbon—carbon bonds
are reflected by the resonances at 140 and 124 ppm, respectively.

3.1.2.2. Polymer S2. The most striking feature of the 2Si and
13C NMR spectra of precursor S2 are the very narrow and well-
resolved peaks, even at low spinning speeds (3 kHz), which
indicate a substantial higher mobility as compared to precur-
sor S1. These narrow lines remain present even after pyrolysis
at 400 °C. The assumed high molecular mobility most likely
stems from the presence of short polymer chains and/or less
interactions between the chains.
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Fig. 4. FT-IR spectra of the thermolysis products of precursor systems S1 and S2 at r.t., 200. 400, 600, 800 and 1000 °C.

The 2°Si SP NMR spectrum of precursor S2 (see Fig. 3a)
shows one signal at —32.8 ppm, which can be assigned to
(CH3)PhSi—NCN units. As expected, the 3C SP NMR spec-
trum (Fig. 3b) contains signals in the sp? and in the sp? region.
In the aliphatic region a strong signal at 0.62 ppm is visible,
ascribable to the methyl group in the (CH3)PhSi—NCN unit.

The 3C NMR signal of the NCN unit, which could not be
detected in sample S1 because of the significant line broadening,
appears for sample S2 as a sharp, intense line at 122.8 ppm. The
signal intensity decreases and the line broadens after anneal-
ing at 400 °C, while at a higher temperature it is most likely
obscured by the peak of the aromatic substituent. In the low
field region (128—135 ppm) the expected resonances of the aro-
matic carbons in ortho (134.4 ppm), meta (128.6 ppm) and para
(131 ppm) position, or directly bonded to silicon (134.9 ppm)
are registered. It should be mentioned that the assignment of the
latter two signals is not unequivocal.

In agreement with the TGA analyses (see Fig. 1), the poly-
mer decomposition starts at 600 °C. Indeed, at this temperature
a broad resonance, ranging from 0 to —80ppm, dominates
he 2°Si{'H} CP-NMR spectrum. Three components at —20,
—31 and —44 ppm are clearly distinguished, which — accord-
ing to the literature — are characteristic for CH3Si(-N<)3 and/or
SiC(NCN);, CH3Si(-N<)2(NCN) and CH3Si(-N<)(NCN),
silicon sites.!"1?! Unlike sample S1 with silicon which exists
exclusively as SiN4 units, sample S2 shows at 800 °C also an
intense 2°Si component, related to SiC,N4—_, (x=1 or 2) units.

A broadening of the aliphatic (1 ppm) and aromatic '3C
signals (128-133 ppm) is registered with increasing pyrolysis
temperature. At the same time, the resonance at 140 ppm, due
to aromatic carbons with carbon—nitrogen bonds (see above),
shows up as a shoulder after thermolysis at 800 °C. As for sample

S1, a single broad resonance (126 ppm) reflecting the forma-
tion of graphene-like carbon phase dominates the '>*C SP NMR
spectrum at 1000 °C.

3.1.3. FT-IR spectroscopy

FT-1R spectra of the precursor polymers S1 and S2 along with
their thermolysis products obtained at 200, 400, 600, 800 and
1000 °C are shown in Fig. 4. The FT-IR spectra recorded for the
samples annealed at 200 and 400 °C are nearly the same as that
of the polymer. However, the NCN band becomes somewhat
broader, and in the case of S1, the bands at 2926 and 2854 cm ™!
due to the C-H asymmetric and symmetric stretching vibra-
tions disappear, indicating a loss of CH3 end-groups. At the
same time for S1, the Si—Cl stretching vibration at 542 cm™!
vanishes. Moreover, in the spectrum of S1, from room tem-
perature to 400 °C, a raise in the intensity of the conjugated
C=C bonds stretching vibration at 1693 cm~! is observed. This
band reflects a polyaromatic-like conjugation and its intensity
increases with the temperature of annealing. In the case of S2,
no band corresponding to a polyaromatic-like conjugation was
found. As already discussed in the NMR part, the precursor has
a liquid-like behavior and high-mobility and these properties
are explained by the absence of the interactions/conjugations
between the aromatic substituents.

The broad bands corresponding to C—H, NCN, conjugated
C=C bonds, Si-N and Si-NCN are shown for S1 and S2 at
600 °C. For S2 at 600 °C, the symmetric deformation vibration
of Si—-CH3 at 1261 cm™! is still present. The band at 1642 cm™!
emerges in the spectrum of S1 at 600 °C and at 1678 cm™" for
S2 at 600 and 800 °C. This band corresponds to a C=N stretch-
ing vibration and can be traced back to a nitrogen containing
graphene-like structure,>>7 as reported from the '>C MAS
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Table 2

Composition of precursor systems S1-S4 thermolyzed at 1100, 1400, 1500, 1700 and 2000 °C.

Sample Composition (wt.%) Empirical formula normalized on Si
Si C N (0]

S11100°C 21.80 60.91 16.69 0.60 Si1C6.52N1.5300.05
S11400°C 24.58 56.46 18.67 0.29 Si1Cs36N1.5200.02
S11500°C 24.05 60.19 15.47 0.29 Si1Cs.84N1.2900.02
S11700°C 22.69 76.92 0.35 0.04 Si1C7.91No.03
S12000°C 24.06 75.66 0.28 0.00 Si1C7.34No.02

S2 1100°C 35.15 45.46 18.98 0.41 Si1C3,02N1.0800.02
S2 1400°C 32.64 46.63 19.53 1.19 Si1C3.33N1.2000.06
S2 1500°C 24.52 55.62 18.98 0.87 Si1Cs.29N1.5500.06
S21700°C 33.76 65.77 0.46 0.00 Si1C4.44No.03
S22000°C 32.96 66.81 0.16 0.07 Si1C4.73No01
S31100°C 30.93 47.52 20.98 0.52 Si1C3.50N1.3600.03
S31400°C 34.69 47.50 16.98 0.83 Si1C3.20N0.9800.04
S31500°C 29.86 57.94 12.20 0.00 Si1Cy4.53No.82
S31700°C 31.23 68.34 0.44 0.00 Si1Cs.11No.03
S32000°C 33.98 66.00 0.02 0.00 Si1C4.53N0.00

S4 1100°C 25.38 55.62 14.20 4.80 Si1Cs.11N1.1200.33
S4 1400°C 25.81 55.32 14.43 3.44 Si1Cs.00N1.1200.23
S4 1500°C 23.21 69.75 6.55 0.49 Si1C7.01N0.5700.04
S41700°C 27.75 72.05 0.20 0.00 Si1C6.06No.01
S42000°C 23.69 76.27 0.04 0.00 Si1C6.36N0.00

NMR results part. The asymmetric stretching band of the NCN
group at 2232 cm™! is found in the materials S1 and S2 annealed
up to 800 °C. Nevertheless, between 600 and 800 °C the inten-
sity of NCN band diminishes more significantly for sample S1
than for sample S2, indicating a different mechanism of the
thermal transformation. After heat treatment beyond 800 °C,
the N-H stretching band at 3400 cm ™! and N-Si—N stretching
band at 800 cm™! (SiN4 unit) show up. At the same time, the
phenylic C—H stretching band decreases significantly in inten-
sity. In the amorphous ceramics S1 and S2 obtained at 1000 °C
the vibration bands corresponding to Si-N (~800cm™!), C=C
(carbon-free) (~1550cm~!) and N-H (~3550cm~!) were
assigned as the most prominent signals. In summary, the
experimental findings obtained from the FT-IR investigations
are completely consistent with the aforementioned solid-state
NMR data.

3.2. Investigation of precursor thermolysis above 1000 °C

3.2.1. Elemental analysis

Table 2 shows the elemental compositions of the amorphous
SiCN ceramics as derived from the preceramic polymers S1-S4
after pyrolysis at 1100, 1400, 1500, 1700 and 2000 °C.

The amount of carbon in the SiCN ceramics is controlled by
the initial carbon amount in the polymers, as shown in Fig. 5.
It is seen that the precursor polymers have compositions prior
to thermal treatment, which lie almost perfectly on the tie-
line between SizN4 and C. The SiCN ceramics obtained from
the present phenyl-containing polysilylcarbodiimides S1-S4 are
definitely carbon-rich materials. This is indicated in Fig. 5
by the area marked in blue, which reflects the compositional
range of the amorphous ceramics obtained so far by other
polysilylcarbodiimide-derived SiCN ceramics.!3-16-24.38-40

Upon thermolysis at 1100 °C the carbon content slightly
decreases. The ceramic materials obtained from precursor poly-
mers S1 and S3 remain on the tie-line, while for samples S2 and
S4 a shift away from the tie-line is found. Elemental analysis
composition of S2 and S4 (see Table 2) and the shift from the
tie-line of these samples indicate the presence of small amounts
of SiC in these materials.

By increasing the thermolysis temperature above 1500 °C,
the relative content of carbon increases. From 1700 to 2000 °C
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Fig. 5. Isothermal section of the ternary SiCN phase diagram with compositions
analyzed for the SiCN ceramics and determined for the polymers S1-S4 by
neglecting hydrogen as indicated. The blue marked area in the right part of the
graph indicates typical SiCN compositions for other polysilylcarbodiimides as
published in the literature.!3:16-24:38-40
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the composition of all the samples lies on the tie-line between
SiC and C, indicating the complete loss of nitrogen after the
high-temperature treatment.

3.2.2. Raman spectroscopy

Raman spectroscopy is an important nondestructive tool for
the examination of the structural evolution of the free carbon
phase in PDCs.%*!"* The most prominent features of free
carbon in the Raman spectra of PDCs are the so-called disorder-
induced “D- and D’ bands” at approx. 1350 and 1620 cm™!, the
“G band” at approx. 1582cm™! due to in-plane bond stretch-
ing of sp” carbon, as well as the G’ band (the overtone of
the D band which is always observed in defect-free samples at
2700 crn_l).‘”‘45 Another Raman feature at about 2950 cm™!,
associated with a D + G combination mode and induced by dis-
order, is observed in the spectrum of carbon as well.

In the case of an amorphous carbon phase, the D and G
bands can vary in intensity, position and width, depending on
the structural organization of the sample under investigation.
The intensity ratio of the D and G modes, I(D)/I(G), enables
the evaluation of the carbon cluster size by using the formula

reported by Ferrari and Robertson*!:
1(D) 1oy 2
—=C)L
1G) ML,

where, L, is the size of carbon domains along the sixfold ring
plane (lateral size), and C’ is a coefficient that depends on the
excitation wavelength of the laser. The value of the coefficient C'
for the wavelength of 514.5 nm of the Ar-ion laser employed here
is 0.0055 A=2. Gaussian—Lorentzian curve fitting of the Raman
bands was performed in order to extract the /(D)/I(G) intensity
ratios and to determine the size of the free carbon cluster formed
in the S1-S4 ceramics. Because of the strong fluorescence of the
samples thermolyzed at lower temperatures, Raman studies were
only performed for the samples which were heated to 1100 °C
and above.

Raman spectra of samples S1-S4 thermolyzed at 1100, 1400,
1500, 1700 and 2000 °C are presented in Fig. 6. From 1100 to
1500°C, the ceramics S1-S4 exhibit broad signals and strong
overlap as a consequence of the pronounced structural disorder
of the carbon phase. At 1700 °C, very distinct and narrow peaks
of D and G modes are observed due to a more ordered graphite-
like structure (graphene layers). At 2000 °C, turbostratic carbon
is formed, as indicated primarily by the increase in the intensity
of the G band and the concomitant decrease of the D band, and
additionally by the overtone band profile.

Unexpectedly, the I(D)/I(G) ratio remains almost constant
with values higher than 1 for S1-S4 between 1100 and 1700 °C
and decreases to values less than 1 after annealing at 2000 °C.
The decrease in I(D)/I(G) and consequently in the cluster size
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Fig. 7. X-ray diffractograms of the thermolysis products obtained from S1 to S4 at 1100, 1400, 1500, 1700 and 2000 °C.

for the samples annealed at 2000 °C is traced back to a higher
organization of the C sp? layers. At this temperature, the smallest
carbon cluster size (0.92-1.23 nm) is analyzed and this feature
is traced back to the formation of turbostratic carbon as will be
shown in the XRD part below.

The second-order G’ band, corresponding to the overtone of
the D band, appears in the range of 2500-2800cm~! and is
always observed in defect-free samples. The G’ band is very
sensitive to the stacking order of the graphene sheets along the
c axis.*> As shown in Fig. 6, the shape of G’ band changes with
the temperature of thermolysis and this behavior is associated
with the degree of graphitization of the samples. In the case of
turbostratic carbon, there is no stacking order between adjacent
layers and therefore there is a very weak interaction between the
graphene planes so that turbostratic carbon can be considered
to be 2D graphite, similar to a graphene layer. The 2D carbon
can be fit by one Gaussian—Lorentzian peak and the 3D carbon
with two or more peaks. The spectra of samples S1-S4 show no
defined G’ bands up to 1400 °C and even 1500 °C (for S1-S3)
indicate the high degree of disorder at these temperatures. From
1700 to 2000 °C, a sharp and well-defined G’ band, fitted by a
single Gaussian-Loretzian peak is observed. The G’ band single
band provides direct experimental evidence that the turbostratic
carbon phase of S1-S4 can be considered as 2D graphite. The

increase in intensity of G’ relative to the intensity of D band,
indicates the enhancement in the structural organization of the
carbon. Moreover, the G’ band for S1 and S2 at 2000 °C is more
intense than the D band.

The enhancement in the organization and in the formation
of a defect-free structure of carbon phase is also shown by the
decrease of the intensity of D+ G combination band at about
2950 cm™~! with the temperature of thermolysis in all four sam-
ples.

3.2.3. X-ray diffraction

The crystallization behavior of the SiCN ceramics derived
from precursor systems S1-S4 was studied by X-ray diffrac-
tion (Fig. 7). In contrast to the previous studies on
polysilylcarbodiimide-derived ceramics, no crystalline Si3Ng4
phases were detected in our systems.

The ceramics S2—-S4 are amorphous up to 1500 °C when a
fraction of amorphous Si3zNy transforms to crystalline SiC. At
this temperature, the composition can be expressed as a mixture
of three phases comprising of a-SizNy, a-C and «- and 3-SiC.
As reported by Iwamoto et al., a significant amount of carbon
can hinder the crystallization of amorphous SizNy4 as shown by
solid-state NMR and X-ray diffraction analysis.'# Contrary to
samples S2—-S4, the sample with the highest carbon content, S1,
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remains amorphous even beyond 1500 °C. The separation of
B-SiC was detected at 1700 °C. This finding is directly corre-
lated to the free amount of carbon which stabilizes the ceramic
structure against crystallization. At 7> 1700 °C samples S1-S4
crystallize to yield B-SiC and small fraction of a-SiC, while at
2000 °C the presence of turbostratic carbon is also detected.

Furthermore, in spite of the different molecular structure
and carbon content, samples S2—S4 show the same crystalliza-
tion behavior. Only sample S1 with the highest carbon content
remains amorphous up to higher temperature as compared to
the samples S2—-S4. At 1500 °C, samples S2—S4 start to crystal-
lize to give a- and B-SiC, while the remaining SizN4 phase
persists to be amorphous. At 2000 °C, the clusters of crys-
talline a- and (3-SiC are embedded in the matrix of turbostratic
carbon.

4. Conclusions

The present study demonstrates that the C/Si ratio of PDCs
can be effectively controlled by the design and synthesis of
organosilicon precursors. Phenyl substituents at Si in polysi-
lylcarbodiimides allow the formation of carbon-rich SiCN
ceramics. It was also found that different substituents attached
to the silicon atoms confer different mechanisms of thermal
transformation. In addition to thermal gravimetric analysis, the
thermolysis of novel phenyl-containing polysilylcarbodiimides
was investigated by means of solid-state NMR and FT-IR spec-
troscopy.

The intrinsically high carbon content seals off the amorphous
silicon nitride domains leading to an enhanced thermal stability
of the SiCN ceramics with respect to crystallization. Moreover,
due to the high amount of carbon in our samples, the crystal-
lization of silicon nitride was inhibited. Graphene layers seal
the amorphous Si3N4 and prevent the out diffusion of nitrogen
and therefore increase the stability of Si3Ny clusters. The C-rich
SiCN proves to be more temperature resistant than that of the
published SiCN ceramics with lower C-content. For instance,
the crystallization of poly(diphenylsilylcarbodiimide) occurs at
50°C higher than that of the reported SiCN ceramics derived
from other polysilylcarbodiimides. '

The carbon-rich SiCN ceramics investigated in our study
crystallize directly to a- and 3-SiC. The formation of crystalline
silicon nitride was not observed.

In conclusion, carbon-rich SiCN ceramics are excellent can-
didate materials for high-temperature applications. The effect of
carbon on the oxidative stability of carbon-rich SiCN ceramics
is currently under investigation.
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