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Abstract: SiBNC preceramic polymer was synthesized by hexamethyldisilazane simultaneously reacting with dichloromethylsilane
and trichloroborane in one pot. The prepared precursors were investigated with respect to their chemical and phase composition, by
means of FT-IR and XPS. The random arrangement of planar B-N units and Si-N bonds formed the desired polymer precursors with
—Si-N-B- framework. The precursor was converted into multinary ceramics when heated above 800 < with the yields of 50.1wt%.
Under N, the obtained SiBNC ceramic remained amorphous up to 1700 <C and formed crystallization of SisN, at 1800 <C. But
under Ar atmosphere, the sample showed obvious crystallization of 5-SiC and BNC, at 1800 <C.
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Challenging the crystalline binary system of SiC or SizN,,
amorphous SiBNC ceramic has currently been developed as a
new ultrahigh temperature material™. The quaternary
inorganic network composed of silicon, boron, nitrogen and
carbon shows an excellent resistance towards crystallization
since no grain boundaries are present®?. Resorting to
preceramic polymer pyrolysis, the intended homogeneous
ceramic has been obtained via molecular and polymeric
precursors®®.

The chemical component and synthetic procedure play an
important role in the performance of the amorphous SiBNC
ceramics. Modification of silicon containing polymer with an
appropriate boron compound is a widely-used method for
polymer precursors. Via the dehydrogenation of hydridopoly-
silazane and (HBNH); and pyrolysis, SIBNC ceramics were
obtained by E. Remsen et al. All the ceramics remained
amorphous up to 1400 °C; however, Si;N, and SiC crystalline
phase were formed at 1500 °C!"#!.

Single source precursor route could obtain homogeneous
SiBNC ceramics®. The obtained Si,BN,;Cs3 and Si;BN,;Css
could resist crystallization up to 1565 °C™.. The SiB;;N,C
and SiBN,gC;; could remain amorphous up to 1600 °C,
whereas SiBs;gN,Cs3 and SiB,3N3, crystallized at this
temperature™. Thus, it can be seen that the different high
temperature stabilities and crystallization resistance are related
to the different synthesis routes.

Recently, one-pot synthesis of polymer precursor for
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SiBNC ceramic was realized by trichloroborane and dichloro-
methylsilane simultaneously reacting with hexamethyldisi-
lazane™ " In this research, SIBNC ceramic will be prepared
by pyrolysis of the one-pot synthesis polyborosilazane. The
high-temperature  crystallization ~ behaviour — will  be
investigated.

1 Experiment

All reactions were conducted under purified N, using
Schlenk techniques. Boron trichloride (BTC) was obtained
from Guangming Special Gas Corporation and dissolved in
n-hexane at a concentration of 5.0 mol/L. Dichloromethy-
Isilane (DCMS) and hexamethyldisilazane (HxMDZ) were
purchased from Xinghuo Chemical Corporation and Guibao
Chemical Corporation, and were each distilled before use. The
as-prepared polyborosilazane (PBSZ) precursors were stored
in an Ar glove box.

Synthesis of polymers: Synthesis of the PBSZ precursor
was carried out in a 1000 mL Schlenk reactor with a mecha-
nical stirrer, a thermocouple and a N, inlet. Firstly, 100 mL of
BTC solution (0.5 mol) and 54 mL (0.51 mol) DCMS were
added to the flask at —40 °C. Next, 640 mL (3.1 mol) HxMDZ
was added to this mixture. As this reaction is a highly
exothermic neutralization process, the temperature should be
held less than —10 °C by controlling the rate of HxMDZ
addition. Then, n-hexane and the by-product were then
distilled off by slowly heating the mixture up to 150 °C to
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yield the product as a transparent viscous liquid. Finally,
subsequent thermal treatment up to a temperature of 250 °C
increased the viscosity of the polymer due to further
cross-linking in the skeletal network. The hot polymeric
product formed a highly viscous mass, which solidified into
brittle chunks at ambient temperatures.

Pyrolysis of polymers: At pyrolysis temperatures below
1000 °C, samples were put into an alumina boat and heated in
a quartz tube furnace under N, flow. The as-prepared ceramics
were put in a graphite crucible and heated in a graphite
furnace under N, and Ar atmosphere at 1600, 1700 and
1800 °C and held for an additional 2 h, to investigate the phase
evolution.

2 Result and Discussion

2.1 Structure of the polyborosilazane precursor

Fig.1a shows the FT-IR spectrum of PBSZ. Asymmetric
stretching vibrations of N-H and Si-H units are observed at
3400 and 2156 cm*, respectively™***. The sharp peak at 2950
cm® for the formation of C-H bonds, and the symmetric
deformation vibration of Si-CHat 1260 cm ™, both demonstrate
that carbon exists in saturated Si-CH; groups from DCMS or
HXMDZ. A broad and strong peak featuring overlapping C-H
peaks at 1460 and 1360 cm ' reveals the planar B-N unit
characteristic for a pure h-BN species™. Finally, a Si-N-Si
band signal was observed at 915 cm* in all polymers.

The chemical bonding of polyborosilazane was also
analyzed by X-ray photoelectron spectroscopy. Fig.2 reveals
the existence of silicon, boron, carbon, nitrogen, and oxygen
in the polymer. The formula of atomic composition is
SiB16C,8N,400, by semi-quantitative analysis of XPS

(omitting hydrogen atom). The existence of oxygen results
from the hydrolysis of polyborosilazane during the storage
and transfer, which was inevitable.

Fig.3 provides the XPS fine spectra by deconvolution
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Fig.1 FTIR spectra of PBSZ (a) and SiBNC ceramic after pyrolysis
at 1000 °C (b)
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Fig.2  XPS full spectrum of PBSZ
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Fig.3 XPS fine spectra of PBSZ: (a) Si 2p, (b) B 1s, (c) N 1s, and (d) C 1s
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procedure. In Fig.3b, the peak at 190.1 eV is assigned to B-N,
which is consistent with the FTIR analysis. Peaks at 283.9 and
285.1 eV (Fig.3d) are assigned to the C 1s of C-Si bond and
the C-C or C-B bond, and the C-Si bond is also identified with
a Si 2p binding energy of 100.8 eV (Fig.3a). Si-N bond is
formed with Si 2p binding energy of 102.1 eV (Fig.3a) and
N1s binding energy of 397.6 eV (Fig.3c).

2.2 Ceramization process

To understand the thermal behavior during the pyrolysis of
the PBSZ precursor, TGA was measured (Fig.4). In a
temperature range from room temperature to 350~400 °C,
dramatic mass loss was detected, which was mainly caused by
the evolution of low molecular weight oligomers and
cross-linking processes in the skeletal network. In the
temperature range of 400~800 °C, mass loss was detected
which was slower than when going from ambient temperature
to 350~400 °C, and it was attributed to the ceramization
process of PBSZ to yield SiBNC ceramics. The ceramization
process was completed at approximately 800 °C as no mass
change was observed at higher temperatures.

The ceramic yield of PBSZ after pyrolysis at 1000 °C is
50.1wt%. The structure of pyrolyzed ceramic was also
determined by FT-IR spectrum. As shown in Fig.1b, compared
with PBSZ, the peak intensity of N-H, Si-H, aliphatic C-H and
-Si(CH3); almost vanish after pyrolysis. Meanwhile, the
signals of B-N and Si-N are remained.

2.3 High-temperature behavior

As is known, SiBNC ceramics are X-ray amorphous and
their thermal stabilities are impressively high, which can keep
the absolutely amorphous state at least up to 1600 °C without
any significant microstructural changes®™®. To further inves-
tigate the high-temperature behaviour, the ceramic prepared
by pyrolysis at 1000 °C was annealed at 1600, 1700 and
1800 °C under N, for 2 h. The crystallization behavior is
observed by XRD patterns and shown in Fig.5". The
as-prepared sample is shown to be X-ray amorphous and
remains amorphous, remarkably, up to annealing at 1700 °C,

indicating the high temperature stability of the SIBNC ceramic.

Upon annealing at 1800 <C, the sample obviously shows
crystalli- zation of Si;N,. In addition, a slight crystallization of
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Fig.4 TGA curve of PBSZ pyrolysed under N,
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Fig.5 XRD patterns for SiBNC ceramics annealed at different
temperatures under N
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Fig.6 XRD patterns for SiBNC ceramics annealed at different
temperatures under Ar

already visible at this temperature.

However, the crystallization behavior of as-prepared ceramic
shows evident difference when annealing at Ar atmosphere
(Fig.6). After annealing at 1600 °C, BNC, crystallites were
detected and with the temperature increasing to 1700 °C, g-SiC
crystallites were also detected. Upon annealing at 1800 T, the
sample shows obvious crystallization of -SiC and BNC..

3 Conclusions

1) The random arrangement of planar B-N units and Si-N
bonds forms the desired polymer precursors with —Si-N-B-
framework.

2) The ceramization process is completed at approximately
800 °C with the ceramic yield of 50.1%.

3) The as-prepared ceramic could remain amorphous up to
annealing at 1700 °C under N, and perform crystallites at this
temperature under Ar, indicating the high temperature stability
of the SIBNC ceramic.

4) Under N,, the as-prepared ceramic forms SizN,
crystallization at 1800 °C whereas generates crystallization of
S-SiC and BNC, in Ar atmosphere.
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