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Abstract

In this study, the significant effect of the processing route on the nanostructure evaluation of carbon-rich SiCN and SiBCN polymer-derived ceramics
is reported. For the first time, bulk carbon-rich SiCN and SiBCN ceramics are successfully produced by warm pressing of polyphenylvinylsilyl-
carbodiimide and polyborophenylsilylcarbodiimide. The bulk samples were compared with their analogous powder samples with respect to the
developed nanostructure. Representative temperatures of 1100 and 1400 °C were chosen in order to investigate the effect of processing route
used on the crystallization behavior of those samples. As the solid-state structure of polymer-derived ceramics (PDCs) is highly sensitive to the
molecular structure of the precursor, the variation of processing route and pyrolysis temperature during the polymer to ceramic transformation and
decomposition enables to alter the nanostructure of PDCs. It was found that the bulk carbon-rich SiCN and SiBCN ceramics show an improved

thermal stability against crystallization as compared to their powder analogues.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Due to their strong dependence on the preceramic polymer
chemistry, ceramic nanostructure and properties, polymer-
derived ceramics (PDCs) have gained a lot of attention in
recent years.!* The thermal transformation of the polymers
to ceramics is an emerging chemical process as attested
by the increasingly commercial development of preceramic
polymers.! The resulting ceramics are defined as intrinsi-
cally complex nanostructured systems which undertake several
microstructural changes when exposed to temperatures higher
than 1000 °C.'=> PDCs are X-ray amorphous but nanoscopically
heterogeneous materials obtained by the thermal decompo-
sition of organic polymers providing ternary and quaternary
ceramics, impossible to be obtained by classical powder
synthesis. Polymer-derived ternary and multinary ceramics
based on SiCN and SiBCN systems are refractory materials
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processing resistance to crystallization and creep deformation
to high temperatures!= which are improved when the ceramics
are fabricated with a high content of free carbon.®

There is a strong relationship between the chemistry, pro-
cessing route and the final nanostructure of polymer-derived
ceramics. Therefore, the properties of PDCs and their potential
applications depend as well to a great extent on the chemistry
of the precursors and their processing route.

One main feature of polymer-derived ceramics is their possi-
bility to incorporate an extremely high content of free carbon into
the microstructure. Studies on carbon-rich SiCN,%% as well as
SiCO%1? systems shown that these ceramics have a much higher
stability against crystallization than the low carbon containing
analogues, the carbon-rich ceramics remaining amorphous up
to higher temperatures, when the finely dispersed free carbon
phase is acting as a diffusion barrier. Therefore, a key question
in understanding the transformation of the polymeric state to a
nanostructured ceramic is the role played by the free carbon,
going from ceramics in form of powders to bulk materials.

The well-known precursors for silicon carbonitride (SiCN)
ceramics are the polysilazanes —[RIR2Si-NR3],— and the
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a Polysilazanes-derived SiCN b Polysilylcarbodiimides-derived SiCN
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Fig. 1. Role of the chemistry of the precursors on the microstructure of SiCN ceramics obtained from polysilazanes (left) and carbon-rich polysilylcarbodiimides

(right) after the pyrolysis in argon at 1100°C.!-367

polysilylcarbodiimides —[R'R>Si-N=C=N],—, where R!,
R? and R? are organic groups such as methyl, phenyl, etc.
Differences between the microstructure of amorphous SiCN
ceramics obtained from polysilazanes and polysilylcarbodi-
imides are presented in Fig. 1. By the thermal decomposition of
polysilazanes -[R'R?Si—NR3],—, as demonstrated by solid-state
NMR studies,' a single phase amorphous structure can be
obtained (Fig. 1a). In this case, silicon is bonded to nitrogen and
carbon at the same time. Moreover, segregation of large domains
of free carbon was also observed. The thermal decomposition of
polysilylcarbodiimides was characterized by solid-state NMR
and SAXS spectroscopy.®’ Contrary to the case of the SiCN
ceramics obtained from polysilazanes, the pyrolysis of polysi-
lylcarbodiimides —[R!'R*Si-N=C=N],— yields a mixture of
several amorphous phases depending on the amount of the free
carbon phase.®” The microstructure of low-carbon containing
polysilylcarbodiimides are characterized by the presence of
two amorphous phases, namely amorphous Si3Ns (a-SizNy)
and amorphous carbon (a-C). As recently demonstrated, the
pyrolysis of carbon-rich polysilylcarbodiimides®’ provides a
microstructure composed of three amorphous phases, a-Si3Ny,
a-SiC and a-C as presented in Fig. 1b.

The presence of “free” carbon and also of additional ele-
ments such as boron is dramatically influencing the properties
of the ceramics with respect to their microstructure. Struc-
tural disorder in carbon-rich SiBCN ceramics, which results in
increased free activation energies of both crystallization and
solid-state reaction of the Si—N bond with carbon, is con-
sidered to be responsible for the thermal stability of these
materials. Carbon-rich polymer-derived silicon boron carboni-
tride materials (SiBCN) are defined as complex nanostructured
systems which have remarkably higher thermal, chemical and
mechanical (creep) stability than boron-free counterparts even
at temperatures up to 2000-2200 °C in inert atmosphere. !>

The polymer-derived ceramic route is also an efficient
and promising method in order to produce complex-shaped
bulk ceramics using the advantages of plastic technologies.!=
However, pyrolysis of precursors is always accompanied by
the evolution of gaseous byproducts and by the significant
shrinkage, which it can introduce pores, stresses, deformation. A

lot of efforts were made in order to get dense bulk ceramics!>-27

and among them the uniaxial warm press technique is one
of the most frequently used processes. However, no results
about the processing of bulk SiCN ceramics obtained from
polysilylcarbodiimides were reported yet.

In this publication we report for the first time on the nano-
structure characterization of carbon-rich SiCN and SiBCN
polymer-derived ceramics depending on their processing route,
namely as ceramic powders or bulk ceramics. No synthesis and
TEM characterization of bulk carbon-rich SiCN and SiBCN
ceramics derived from polysilylcarbodiimides and respec-
tively, polyborosilylcarbodiimides have been published yet. In
this paper, the characterization of the carbon-rich polymer-
derived ceramics was accomplished by elemental analysis,
SEM and the local analysis made by HRTEM microscopy.
The final microstructure is discussed with respect to the
precursor chemistry, processing route (powder and bulk syn-
thesis), temperature, presence of boron and “free” carbon
content. The results emphasize the strong relationship between
chemistry <> processing <> nanostructure of carbon-rich SiCN
and SiBCN ceramics.

2. Materials and methods
2.1. Chemicals

Phenylvinyldiphenylsilane, borane dimethylsulphide 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 pyrolysis

All reactions were carried out in purified argon atmosphere
using standard Schlenk techniques.”® Polyphenylvinylsi-
lylcarbodiimide (HN1) was synthesized as recently
reported® starting from bis(trimethylsilyl)carbodiimide and
phenylvinyldichlorosilane in the presence of pyridine as catalyst.
Polyborophenylvinylsilylcarbodiimide (HN1B) was obtained
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from hydroboration of polyphenylvinylsilylcarbodiimide
(HN1) in toluene as solvent at 0 °C.

The ceramics at 1100 and 1400 °C were obtained in form of
powders and bulk ceramics. For the powder ceramic pyrolysis up
to 1100 °C, 3-5 g of precursor were filled in a quartz crucible,
put in a quartz tube and closed under argon atmosphere. The
tube was placed in programmable horizontal tube-furnace and
heated under a steady flow of purified argon. The samples were
pyrolyzed as follows: heating up to 1100°C with 100°Ch~!,
then 2 h dwelling time at 1100 °C, followed by cooling down to
room temperature. The bulk ceramics were synthesized using a
uniaxial warm-press process in order to crosslink and shape the
polymers, followed by the pyrolysis of the green bodies in the
same way as the powder ceramics. The polyphenylvinylsilylcar-
bodiimide is a honey-like polymer; therefore a precrosslinking
of the sample at 255 °C for 5 h was used before warm pressing.
In this way, a powder-like soluble precrosslinked polymer HN1
was obtained. The presence of vinyl-groups in the precrosslinked
polymer was proved by means of liquid-state NMR and FTIR
spectroscopy. In the case of polyborophenylsilylcarbodiimide
HNI1B, no precrosslinking was necessary due to the powder-like
physical properties of the polymer after hydroboration.

The warm pressing of precrosslinked HN1 and HN1B poly-
mers was performed using uniaxial warm press machine (die
diameter 10 mm). The parameters used for the warm-pressing
were as follows: for HN1 precrosslinked material temperature
200 °C, pressure 26 MPa, holding time 2h; for HN1B poly-
mer temperature 220 °C, pressure 88 MPa, holding time 2 h. In
both cases, compact and mechanically stable green bodies were
produced.

The post-annealing experiments at 1400 °C were performed
in an Astro furnace, Thermal Technology Inc., CA, USA in
argon atmosphere. The powders, respectively the bulk ceramics
obtained at 1100 °C were placed in a silicon carbide crucible
and pyrolyzed with a heating ramp of 5 °C/min to the 1400 °C
and kept for 2 h. The thermolysis was completed by cooling the
samples to room temperature with a cooling ramp of 10 °C/min.

2.3. Characterization techniques

All micro-Raman spectra (excepting the bulk samples at
1400°C) (10 scans, each lasting 3s) were recorded with a
Horiba HR800 micro-Raman spectrometer (Horiba Jobin Yvon,
Bensheim, Germany) equipped with an Ar laser (irradiation
wavelength 514.5nm). The excitation line has its own inter-
ference filter (to filter out the plasma emission) and a Raman
notch filter (for laser light rejection). The measurements were
performed with a grating of 1800 gmm~! and a confocal micro-
scope (magnification 50x, NA 0.5) with a 100 wm aperture,
giving a resolution of 2—4 wm. The laser power (ca. 20 mW) on
the sample was attenuated in the range of 2mW-20 wW using
neutral density (ND) filters. For samples HN1 1400 °C bulk and
HNIB 1400 °C bulk, the Raman spectroscopy was measured
also with excitation wavelength of 514.5 nm (tunable Ar+ Laser,
Melles Griot, Albuquerque, NM) in a 180° backscattering
geometry on Holospec VPH spectrometer (Kaiser Optical
Systems, Ann Arbor, MI). For the evaluation of free carbon

cluster size in ceramics, Gaussian curve fitting of the Raman
bands (OriginPro 8.1 Software) was applied. All-reflecting
objective (ARO) IR micro-spectroscopy was done on a con-
focal IlluminatiR™ FTIR spectrometer (Horiba Jobin Yvon,
Bensheim, Germany) using reflection absorption spectroscopy
(RAS) for quick analysis. The spectrum of the microscopic
specimen is recorded by simply focusing on the specimen.

Scanning electron microscopy (SEM) micrographs were
obtained using an FEI Quanta 600 instrument (FEI, Eindhoven,
The Netherlands). The samples were sputtered with a conductive
gold layer prior to investigation.

For the chemical composition analysis, the carbon content
of the samples was determined with a carbon analyzer, CS
800 (Eltra GmbH, Neuss) and the oxygen and nitrogen content
with a N/O analyzer, Leco TC-436 (Leco Corporation, Michi-
gan). Hydrogen, boron and chlorine chemical composition of
the ceramics at 1100 °C were carried out at Mikroanalytisches
Labor Pascher (Remagen, Germany). The silicon fraction was
calculated as the difference between 100% and the values of the
other elements.

Transmission electron microscopy (TEM) of the powder
ceramics was performed using an FEI CM20STEM instrument
(FEI Eindhoven, The Netherlands) operating at an acceleration
voltage of 200kV (wavelength A=2.51pm). For the TEM
sample preparation, the ceramic powders were dispersed in an
ultrasonic bath (high purity methanol 99.8%, Sigma—Aldrich
Co.) and a small droplet of the suspension was placed on
holey carbon (Cu) grit. Upon drying, the samples were lightly
coated with carbon to avoid charging under the electron beam.
TEM samples of the bulk materials were prepared via conven-
tional preparation techniques involving cutting, grinding and
polishing, followed by Ar-ion milling and light carbon coating.
The same instrument, FEI CM20STEM, utilized for the powder
characterization was used for the study of the bulk samples.

3. Results and discussion

The synthesis and processing of the polyphenylvinylsilyl-
carbodiimide HN1 and polyborophenylsilylcarbodiimide HN1B
were done as described in the experimental part and summarized
in Fig. 2. The synthesis of polyphenylvinylsilylcarbodiimide
was carried out as previously reported® and therefore not pre-
sented in Fig. 2.

In order to shape the polyphenylvinylsilylcarbodiimide HN1
polymer by means of warm-pressing, a precrosslinking process
was necessary. The liquid polymer HN1 (Fig. 2) was pre-
crosslinked at 255 °C for 5h in order to get a yellow powder
which still contains reactive vinyl groups necessary for the final
crosslinking and shaping in the warm press (Fig. 3).

In order to understand the influence of the chemistry of the
precursors, as well as the processing route on the final nanostruc-
ture of the ceramics, two temperatures of pyrolysis have been
chosen. First, 1100 °C was selected as standard temperature for
amorphous PDCs and 1400 °C, as temperature when the nano-
structure and the crystallization trend is strongly depending on
the composition and architecture of starting precursors.
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Fig. 2. Synthesis and processing of polyphenylvinylsilylcarbodiimide HN1 and polyborophenylsilylcarbodiimide HN1B.
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Fig. 3. Precrosslinking reaction of polyphenylvinylsilylcarbodiimide HNT1.

The microstructure of the green bodies and of the pyrolyzed
bulk ceramics were observed and studied by SEM. A SiCN(O)
surface layer, in which some cracks and pores exist, was found
on the surface of bulk ceramics HN1 and HNI1B 1100°C.
Fig. 4 shows the presence of this layer of ~3 um thick in
the case of HN1 1100°C sample. Under the SiCN(O) layer,
the ceramic is very dense, showing no defects. The same
microstructural characteristics were found also in the case of
SiBCN ceramic HN1B 1100 °C. The formation of the SiCN(O)
layer is due to the removal of the green body in air after
the warm pressing process. In order to avoid the influence
of formation of SiCN(O) layer on the microstructure of bulk
ceramics, the 1100 °C samples were polished before annealing at
1400°C.

FTIR is an important integral method for the characterization
of the bonding situation and respectively, the microstructure of
the ceramics. Fig. 5 presents the ARO FTIR (all-reflecting objec-
tive FTIR) of HN1 polymer derived SiCN and SiBCN bulk and
powder samples.

As shown by FTIR, the majority of the bands are corre-
sponding to the free carbon phase (1652, 1583, 1503, 1447,
1378 cm™!). All ceramics still contain C(sp3)—H bands (C-H
asymmetric and symmetric stretching vibrations at 2924
and 2860cm™!) probably as terminally saturated groups in
the graphene-like carbon phase. The most important bands
are related to the presence of Si3Ny4 and SiC phases (Si-N
stretching vibration at 970cm™' and Si-C stretching at
812cm™!). Remarkably, the FTIR of all samples contains also
C=N (stretching vibration at 1720cm™") and C-N (stretching
at 1253 and 1188 cm™!). Moreover, the FTIR spectrum of HN1
1400 °C powder shows a highly intensive band for Si—C due to
the crystallization of SiC (812cm™!). The intensity of SizNy
band is also varied depending on temperature and processing
route. For bulk ceramics, the silicon nitride band is strong,
independently on the temperature of annealing. In the case of
powder ceramics, at 1400 °C the Si—N band is less intensive as
in the case of 1100 °C analogue. This observation is matching
very well with the increase in the intensity of SiC band. The
ceramics are losing nitrogen by the carbothermal reaction of
Si3N4 with carbon to form SiC and nitrogen gas: a-SizNg +3
a-C — 3 a/B-SiC +2Nj 4

Raman spectroscopy is the key nondestructive tool for the
examination of the structural evolution of the free carbon phase
in PDCs.39-3* The representative features of free carbon in the
Raman spectra of PDCs are the so-called disorder-induced D-
band at approx. 1350 cm™! and the G band at approx. 1582 cm™!
due to in-plane bond stretching of sp? carbon, as well as the

Fig. 4. SiCN HN1 1100 °C cross-section: (a) and (b) thin SiCN(O) layer on the surface; (c) defect-free bulk SiCN ceramic under the SiICN(O) layer.
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Fig. 5. ARO FTIR spectroscopy of (a) SiCN ceramics and (b) SIBCN ceramics at 1100 and 1400 °C.

G’-band (the overtone of the D-band which is always observed in
defect-free samples at 2700 cm~").39-3* 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, Ip/I;, enables the evaluation of the
carbon-cluster size by using the formula reported by Ferrari and

Robertson3":

1
2 =CmL;
Ig

where, L, is the size of carbon domains along the six fold 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 curve fitting of the Raman bands
was performed in order to extract the Ip/l; intensity ratios and
to determine the size of the free carbon cluster formed in the
ceramics. The peak fitting was done including the minor bands T
(shoulder at ~1200 cm™1), attributed to sp?>~sp? C—C and C=C
bonds presence and D” at ~1500cm™! corresponding to the
fraction of amorphous carbon contained in the samples.>> The
reason for these additional bands is that the structural disor-
der can activate otherwise forbidden vibration modes3°-7 (see
Fig. 6).

The micro-Raman spectra of all samples are characterized by
broad and overlapped D and G bands indicating a strong disorder
state. The disorder in the carbon phase can be primary induced
by the presence of edges in the graphene layers, by the deviation
from planarity of graphene layers and also by the presence of car-
bon atoms in sp> hybridization state. Recently, the dependence
of Ip/lg ratio on the degree of disorder in graphene-like materi-
als was reported.’¥40 The disorder was quantified as depending
on point-like defects. Assuming that we have a low defect
density, the typical interdefect distance Lp can be calculated
with the formula: Ip/Ig = C()L)/L2 , valid when Lp>6nm
(C (514.5nm) ~ 107 nm?).38-40 Unfortunately, the equation is
not valid for high defect density but even though, it can help to
compare the samples prepared with different processing routes.
The processing of ceramics as bulk is expected to decrease the
density of defects in the carbon phase. The interdefect distances
Lp together with the ratio of D and G and lateral cluster size L,

Table 1
The Raman parameters of the free carbon phase in powder and bulk SiCN and
SiBCN ceramics.

Sample Ip/lg L, (nm) Lp (nm)
HN1 1100 °C powder 2.61 2.18 6.40
HNI1 1400 °C powder 1.71 1.76 791
HN1 1100 °C bulk 2.54 2.15 6.49
HNI1 1400 °C bulk 1.92 1.87 7.47
HNI1B 1100 °C powder 3.28 2.44 5.71
HNIB 1400 °C powder 243 2.10 6.64
HNI1B 1100 °C bulk 1.09 1.41 9.90
HNIB 1400 °C bulk 2.61 2.18 6.40

are summarized in Table 1. Excepting the sample HN1B 1100 °C
powder, all other ceramics show valid Lp distances calculated
as reported before. For the HN1B 1100 °C powder sample, the
distance between defects (Lp =5.71 nm) is lower than the limit
of validity of the equation (Lp >6nm), and therefore omitted
from discussion. As observed in Table 1, the bulk samples show
less density of defects than the powder samples. Moreover, at
1400 °C the carbon phase is more organized than at 1100 °C
and also shows less defects. Moreover, the presence of boron
decreases the density of defects and enhances the organization
of the carbon. Especially at 1100 °C, the HN1B bulk shows a
decrease in the lateral size of carbon (1.41 nm) and on the ratio
Ip/l due a highly organization of the graphene layers. This fact
is underlined also by the presence of a sharp single Gaussian
peak for G’ band at 2672.62 cm™ . Regarding the lateral size of
the carbon clusters in the SiCN ceramics, a decrease is observed
when comparing the 1400 °C sample with the one at 1100 °C,
trend observed in both cases, of powder and bulk ceramics.

The composition of SiCN and SiBCN ceramics was deter-
mined by means of elemental analysis for the powder and bulk
samples (Table 2).

Regarding the composition of the powder samples compared
to their bulk analogues, it was observed that the powder ceram-
ics at 1100 °C and 1400 °C contain a higher content of carbon
and nitrogen. In the same time, the silicon content is higher
in the bulk ceramics. Another interesting observation is that
the content of hydrogen and chlorine registered in the pow-
der ceramics at 1100°C is not present anymore in the bulk
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Fig. 6. Micro-Raman spectroscopy of (a) SICN ceramics (al) HN1 1100 °C powder; (a2) HN1 1400 °C powder; (a3) HN1 1100 °C bulk; (a4) HN1 1400 °C bulk;
and (b) SiBCN ceramics: (b1) HN1B 1100 °C powder; (b2) HN1B 1400 °C powder; (b3) HN1B 1100 °C bulk; (b4) HN1B 1400 °C bulk. The corresponding cluster

size of carbon (L,) for each measurement is provided in the graphs.

ceramics at the same temperature. Even if FTIR study is show-
ing the presence of C—H bonds in bulk ceramics, the amount
of hydrogen is less than the limit of detection for elemental
analysis. The differences in the Si, C, N, H and Cl composi-
tion should be attributed to the changes in the chemistry and
architecture of precursors using different routes of processing.
The processing of bulk ceramics includes a crosslinking and
shaping step which allows the formation of a 3D structure and
the elimination of the end-group chlorine from the precursor.
Boron content in all SiBCN samples is constant, no variation
being register between bulk and powder ceramics. As presented
in Fig. 4, the bulk HN1 and HN1B at 1100 °C show a SiCN(O)
3 wm thick layer on the surface. In order to understand how the
presence of this layer can change the composition of the sam-
ples, the elemental analysis was done without polishing it. As
expected, the HN1 1100 °C bulk and HN1B 1100 °C bulk con-
tain a high amount of oxygen contamination of 9.15, respectively
11.84%. The 1400 °C analogues were prepared after polishing
the oxygen-containing layer, showing, as expected, less oxygen
contamination.

High-resolution TEM microscopy (HRTEM) is a power-
ful method in order to locally investigate the nanostructure
evolution of polymer-derived ceramics at different tempera-
tures of annealing. Even if the PDCs are X-ray amorphous
at low temperatures (7'<1400°C), they are typically hetero-
geneous as shown by several TEM studies.*!* Until now,

Table 2
Chemical composition of the powder and bulk SiCN and SiBCN ceramics.

there is a lack of information regarding the TEM investiga-
tions of polysilylcarbodiimides-derived ceramics. Due to the
complicated and so far impossible processing of these precur-
sors as bulk monoliths, no nanostructure investigation of these
ceramics was reported. This study presents an easy route to
bulk carbon-rich polysilylcarbodiimides-derived ceramics and
their nanostructure analysis by means of TEM. The compari-
son between bulk and powder SiCN ceramics is underlining the
importance of crosslinking and shaping processes on the ther-
mal stability of PDCs. Moreover, the effect of a low amount
of boron in these materials is commented with respect to the
nanostructure characteristics.

Fig. 7 presents the bulk SiCN and SiBCN ceramics at
1100 °C. The selected area electron diffraction (SAED) of the
SiCN and SiBCN ceramics at 1100 °C is displayed as inset in
this figure. All four ceramics, independently on composition or
processing route show a diffuse elastically scattered ring pattern,
typical for amorphous samples. No major contrast variation was
observed for the samples annealed at 1100 °C, indicating the
amorphous nature of all samples. Even at higher magnification,
no indication of any crystalline phase could be imaged. At this
low temperature of pyrolysis, no difference can be observed
between the nanostructure of powder and bulk SiCN ceramics
with or without boron.

In the case of powder SiCN and SiBCN ceramics pyrolyzed at
1400 °C, high-resolution TEM imaging shows that the ceramics

Sample Chemical composition Empirical formula
Si % C % N % B % 0 % H % Cl %
HN1 1100°C pOWdCl‘ 24.80 56.50 14.80 - 2.14 0.24 1.55 SiC5‘32N1.19H0.27C10.()50()‘15
HN1 1100 °C bulk 28.45 51.42 10.98 - 9.15 - - SiC4.22N0.7700 56
HNI1B 1100°C powder 23.79 51.32 16.58 3.05 2.21 0.30 2.75 SiB0‘33C5404N1'40H0‘35C10‘0900,16
HNI1B 1100°C bulk 28.81 4231 13.63 3.41 11.84 - - Si1B0.30C3.43N0.8300.72
HN1 1400 °C powder 25.24 59.21 11.03 - 0.52 - - SiCs47N0.8700.04
HN1 1400 °C bulk 28.65 57.06 11.66 - 2.63 - - SiC4,65N0.8100.16
HNI1B 1400°C powder 28.21 51.08 16.19 3.06 1.46 - - SiB0‘23C4.23N1'0700‘09
HN1B 1400 °C bulk 29.15 48.62 14.62 3.45 4.16 - - SiB0.30C3.89N0.90400.25
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Fig. 7. HRTEM images of powder and bulk SiCN and SiBCN ceramics at 1100 °C (the insets present the selected area electron diffraction): (a) SICN HN1 1100°C
powder; (b) SIiCN HN1 1100 °C bulk; (c) SiIBCN HN1B 1100 °C powder; (d) SiIBCN HN1B 1100 °C bulk.

already started to crystallize. Fig. 8 displays the nanostructure
characteristics of these ceramics where crystallites of o/B-SiC
are embedded in a graphene-like carbon matrix. In addition, as
indicated by the elemental analysis, in the amorphous matrix,
amorphous SizNy is still present (Table 2). As previously
reported for carbon-rich SiCN ceramics obtained from polysi-
lylcarbodiimides, no crystallization of Si3N4 was recorded.®
As observed in the SAED insets in Fig. 8, the SiBCN sam-
ple (Fig. 8b) shows an enhanced crystallization compared to the

HN1 1400 °C Powder

graphene-like carbon

SiCN analogue. Thermodynamic modeling studies as well as
experimental work proved that the presence of boron in SiCN
ceramics is the driven force for SiC crystallization.***¢ Indeed,
also in the case of HNIB polyphenylborosilylcarbodiimide-
derived SiBCN ceramic, the same enhancement of crystalliza-
tion of SiC due to the presence of boron was observed.

In contrast to the nanostructure of SiCN and SiBCN pow-
der ceramics, the investigation of the bulk analogues revealed
no crystallization of a/3-SiC. Even at higher magnification, no

Fig. 8. HRTEM images of powder SiCN and SiBCN ceramics annealed at 1400 °C. The SAED patterns (insets) show the presence of o/B-SiC.
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(d)HN1B 1400 °C BulK

(e) HN1B 1400 °C Bulk

~_in focus

Tl (f)HN1B 1400 °C Bulk 0

Fig. 9. HRTEM images of bulk SiCN and SiBCN ceramics pyrolyzed at 1400 °C. Different defocus setting of the objective lens were chosen since carbon and SiC
can better be imaged at slight over- and underfocus conditions, 2 respectively; (a), (b), (c) SiCN 1400 °C bulk and (d), (e), (f) SIBCN 1400 °C bulk. The insets

represent the inverse FFT images of the selected areas (boxed regions).

nucleation of SiC was observed. In order to assure the amor-
phous nature of the bulk samples, several TEM micrographs at
different defocus setting of the objective lens were taken.

As reported in the case of polysilazanes-derived ceramics,
with increasing temperature, the first crystallization event is the
formation of basic structural units (BSU) of carbon, followed
by the nucleation of SiC. Indeed, in the SiCN bulk ceramic
annealed at 1400 °C, depending on the defocus setting of the
objective lens, slight contrast variations are seen in the HRTEM
image. At under-versus overfocus (—20nm) (Fig. 9), see also
the inverse fast Fourier transform (FFT) images, the defocus
variation results in a slight change in the phase contrast, indi-
cating a fine organization of the carbon phase. The FFT inset
clearly shows the presence of a carbon phase (Fig. 10a), as also
indicated in the inverse FFT image of a thicker region (Fig. 10b).

In the case of bulk SiBCN 1400 °C (Fig. 9d—f), depending
on the defocus value of the objective lens, no phase con-
trast variations can be seen in the HRTEM image, the sample
being fully amorphous. This fact can be due to the higher
thermal stability of the SiBCN ceramic when it was assumed
that the boron-containing carbon matrix, similar to graphene-
like phase, acts as effective diffusion barrier preventing SiC
nucleation. As presented in Table 2, the SiBCN ceramics,
powder and bulk, contain only up to 3-3.4 wt% of boron, an
amount which is obviously not enough to prevent SiC crystal-
lization in the case of the higher surface area of the ceramic
powder.

Differences in thermal stability against crystallization
between powder samples and the bulk material are due to the
surface nucleation and increased nanoporosity in the case of
the powder ceramics. The enhancement of the specific surface
area of powder-processed samples increases the “reactivity” of
the materials, with regard to carbothermal reaction, and the
materials start to crystallize at lower temperatures with higher
rates. A similar trend was observed for different particle sizes
of SiBCN ceramics investigated with respect to thermal decom-
position and crystallization.*’ The skin-core effect reported for
polyborosilazanes-derived ceramics*® was not observed in our
study.

It is already reported that in the case of SiBCN ceramics
composed of SizNy4, SiC, BN and C, the thermal stability
strongly depends on the boron content.*>>* In our case,
a low concentration of boron is expected to decrease the
thermal stability of the ceramics against crystallization. How-
ever, at the same time, a high free carbon concentration is
assumed to improve the thermal stability of these materials
counterbalancing the boron effect.!*>!”2 As demonstrated
by SAXS analysis for polysilylcarbodiimides-derived SiCN
ceramics, the high excess free carbon causes the complexity
of the nanostructure composed of small nanodomains of
1-3nm in size. Smaller nanodomains are less susceptible to
carbothermal reaction as the larger analogues. Furthermore, the
surfaces provide active reaction sites for decomposition and
crystallization.
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Fig. 10. (a) HRTEM micrographs of HN1 1400 °C bulk (the inset shows the FFT image corresponding to carbon phase); (b) inverse FFT image of the thick region

of HN1 1400 °C bulk.

4. Conclusions

Polymer-derived SiCN and SiBCN ceramics were produced
viaa warm press process as bulk materials and by the simple ther-
mal decomposition without crosslinking as powder materials.
For the first time, dense defect-free bulk ceramics were obtained
from polysilylcarbodiimides. The nanostructure investigations
by means of high-resolution TEM show that the thermal stability
of the ceramics strongly depends on the processing route and on
the chemistry of the precursors (carbon content, precursor type
and presence or absence of boron). The microstructure of SICN
and SiBCN powder ceramics at 1400 °C is characterized by the
presence of o/3-SiC crystallites embedded in a matrix of amor-
phous carbon and Si3Ny in contrast to the bulk ceramics which
remain completely amorphous at this temperature. Moreover,
the presence of boron in the powder SiBCN ceramic promotes
the crystallization of SiC. In the case of the bulk ceramics, the
SiCN 1400 °C shows a finely organization of carbon.

In conclusion, in this paper was shown that the factors
influencing the thermal stability against crystallization and
decomposition are the chemical composition (in special the
carbon content and presence of boron), the architecture of the
polymer and the processing route which influences the residual
porosity and surface area.
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