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Abstract: A silicoboron-carbonitride ( SiBNC ) ceramic
precursor, polyborosilazane ( PBSZ ), was successfully
synthesized using boron trichloride ( BCl, ), trichlorosilane
(HSiCl, ) and hexamethyldisilazane ( Me Si,NH) as raw
materials through the polymer-derived ceramics ( PDCs)
method. Fourier transform infrared ( FTIR) spectroscopy,
nuclear magnetic resonance (NMR ), X-ray photoelectron
spectroscopy ( XPS ), thermogravimetric analysis ( TGA )
and differential scanning calorimeter ( DSC) were used to
analyze the structure and high-temperature performance of
the obtained PBSZ. Results showed that the network of
silicon nitrogen boron ( Si—N—B) and six-membered boron
nitrogen ( B—N ) rings were presented in the PBSZ
structure. The ceramic yield of the synthesized PBSZ at
800 °C in a nitrogen atmosphere was 53. 9%.
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0 Introduction

Silicoboron-carbonitride ( SiBNC ) ceramics are
extremely promising materials for applications in extreme
environments due to their excellent thermal properties,
high mechanical properties, and excellent oxidation and
creep resistance characteristics'™'. Several studies proved
that the SiBNC quaternary system exhibited excellent high-
temperature performance as compared to binary and ternary
ceramics "' . The research showed that the decomposition
temperature was about 2 000 C for the SiBNC ceramics
with 5.9% ( mass fraction ) boron, while for SiCN
ceramics it was only about 1 500 C'®. The presence of
boron in SiBNC ceramics confers the ceramics with low
density and superior thermal properties, making them
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ideally suited for aerospace and aviation applications **'.

Nevertheless, the very low diffusion coefficients of silicon
(Si) and boron (B) necessitate the use of the polymer-
derived ceramics (PDCs) method as an effective approach
for synthesizing SiBNC ceramics'>'*"*. Consequently, the
preparation of high-performance polyborosilazane (PBSZ)
is crucial for achieving the high-temperature performance
of SiBNC ceramics """

To improve the performance of PBSZ, researchers have
synthesized different kinds of PBSZ. Zhao et al. '
synthesized high-yield PBSZ by using different polymer
routes. Soluble and meltable hyperbranched PBSZ with
Si—H and CH =CH, was synthesized by Kong et al'"*’.
B(C,H,SiCH,NCH, ) , was prepared by Bernard et al.'"*’
via aminolysis of B ( C,H,SiCH,Cl, ),. Borazine
precursors were synthesized by Jischke et al.""" via cross-
linking of Cl,SiCH,BCl,, ( CH,) Cl,SiCH,BCl, and
methylamine. The obtained SiBNC ceramics exhibit
excellent thermal properties and oxidation resistance at
temperatures up to 1 300 C. However, it is difficult to
avoid moisture and keep the complete process in an inert
atmosphere during multiple-step processes.

Herein, a PBSZ for SiBNC ceramic is synthesized
by using boron trichloride ( BCl, ), trichlorosilane
(HSiCl,) and hexamethyldisilazane (Me,Si,NH) as raw
materials through the polymer-derived ceramics ( PDCs)
method. In addition, the structure and properties of the
synthesized PBSZ are analyzed.

1 Materials and Methods

1.1 Materials

Nitrogen gas with 99.99% purity in volume was
supplied by Shanghai Shenzhong Industrial Gas Co.,
Ltd., China. BCIl, with 99.5% purity in volume was
supplied by Beijing Multi-Technology Co., Ltd., China.
HSiCl, with 99.7% purity and Me,Si,NH with 99%
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purity in volume were supplied by Bailingwei Chemical
Technology Co., Ltd., China.
1.2 Synthesis of PBSZ

PBSZ were synthesized from BCl,, HSIiCl, and
Me,Si,NH, and the mass ratio of HSiCl, to BCI, to
Me,Si,NH is 3 :2 :15. Due to the violent and highly
exothermic nature of the reaction, the raw materials were
carefully added to the flask simultaneously and slowly at
—-30 T. The evaporation of byproducts and n-hexane
took place at 80 C for 2 h. To obtain PBSZ with
appropriate viscosity, the flask was subsequently heated
at a rate of 20 C/h up to 200-250 °C, then maintained
at 200-250 C for 2 h.
1.3 Characterization

The Fourier transform infrared ( FTIR) spectrometer
(Nicolet 6700, USA), the KBr pellet method and the
attenuated total reflection ( ATR) method were used to
analyze the structure of PBSZ. The scanning wavenumber
range is 4 000—500 cm™', and the number of scans is
32. The nuclear magnetic resonance ( NMR ) spectra
('"H,"B,"”C and *Si) of PBSZ were analyzed by an
NMR spectrometer ( Avance 400/600, Switzerland ).
The frequencies of the 'H,"B,"C and *Si spectra are
100. 60, 79.50, 128. 37 and 400. 13 MHz, respectively.
The X-ray photoelectron spectroscopy ( XPS )
measurements were conducted on an XPS instrument
(Escalab250, USA). The degree of vacuum is 2x107" Pa
and the sample surface was sputtered for 10 min at an
energy of 0.9 eV and a signal-to-noise ratio of 30 : 1.
The thermogravimetric analysis ( TGA) of PBSZ was
analyzed on a TGA instrument ( TG209 F1, Germany ).
PBSZ was heated to 800 C at a constant temperature of
10 C/min in a nitrogen atmosphere, and the gas flow
rate was 20 mL/min. The density of PBSZ was measured
by an automatic true density analyzer ( 1000UPY-20 T,
American ) , under the conditions of N, protection, and
the gas flow rate was 50 mL/min, the heating rate was
10 C/min, the temperature range was 50—-250 C, and the
sample amount was 5-10 mg. The glass transition
temperature and melting point of PBSZ were tested by
differential scanning calorimeter( DSC) (TADSC250,USA).

2 Results and Discussion

2.1 FTIR analysis of PBSZ
FTIR spectroscopy is used to analyze the structure of

PBSZ. As shown in Fig. 1, the peaks at about 3 440 cm™
and 1 230 cm™ are caused by the N—H vibration. The

1

peak observed at 2 190 cm  is assigned to the Si—H
bond, and the signal observed at 1430 cm™ is attributed
to the Si—C bond. While the stretching vibration peaks
at 2 930 cm™ and 780 cm™' are assigned to the C—H
bond, the peak observed at 1070—1 020 cm™" is assigned
to the B—C bond. These are in accordance with the

chemical structure of PBSZ.
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Fig. 1 FTIR spectrum of PBSZ synthesized at 250 C

Figure 2 represents the FTIR spectra of PBSZ
synthesized at different temperatures. The stretching
vibration peak of Si—H becomes weak at 230 C and 250 C
as compared to that of 200 C, which indicates the synthesis
of PBSZ via dehydrogenation coupling between Si—H and
N—H. The mass fractions of the elements in PBSZ at
different synthesis temperatures are shown in Table 1.
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Fig.2 FTIR spectra of PBSZ synthesized at 200, 230 and 250 C

Table 1 Mass fractions of elements in PBSZ at different synthesis temperatures

Mass fraction/ %

Synthesis
temperature/ C Si B N C H
200 42.33 4.19 17.73 27.13 8. 62
230 41. 84 4.21 18. 56 26. 89 8.50
250 41.55 4.25 18. 99 26.78 8.43
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2.2 NMR analysis of PBSZ

The NMR spectra of PBSZ are shown in Fig. 3,
where 8 denotes the chemical shift multiplied by 10°.
Figure 3 (a) represents the spectrum of 'H-NMR. The
peaks at 6 =4. 5-5.0 and 0. 6 are attributed to the bonds
of Si—H and N—H), respectively. The strong peak at
6 =0 - 0.45 belongs to Si—CH, group. Figure 3 (b)
represents the spectrum of *C-NMR. The broad peaks at
6 =0-5.0 are related to the Si—CH, group, and Si—
CH, is the only form in which the C element could be

released while synthesizing at high temperatures. In ''B-
NMR spectrum, the signal of the BN, sites appears at§ =
27.2, as shown in Fig.3(c). The signals at 5 =3. 4 and
8 =3.5 in the ¥Si-NMR spectrum ( Fig. 3 (d)) are
attributed to the SiC,N sites and the SiC{™ N, sites'""’,
respectively, while the signal at 6 =—38. 0 is assigned to
the SiC.™ N; sites. The ”Si-NMR spectrum reveals that
the transformation of the sp” hybridized carbons of the vinyl
groups into sp’ carbons is due to the hydroboration and vinyl
polymerization reactions occurring under certain conditions.
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Fig.3 NMR spectra of PBSZ: (a)'H-NMR; (b)"“C-NMR; (c)''B-NMR; (d)* Si-NMR

2.3 XPS analysis of PBSZ

XPS analysis is shown in Fig. 4. Si, N and B
elements are fitted according to the Gaussian function to
explore the existing form and the binding state of each
element in PBSZ. Figure 4(a) shows that the Si element
exists primarily in three forms in PBSZ. Si—C
(101.1 eV), Si—N (101.9 eV) and Si—O (100.0 eV).
Partial oxidation of PBSZ during the experiment results in
the formation of Si—O. The Nls spectra, like the Si2p
spectra, have three peaks, N—H (399.0 eV ), N—Si
(398.3 eV) and N—B (398.3 eV ), as shown in

Fig.4(b). In the Bls spectrum, the only peak at
191. 1 eV belongs to the B—N bond, which represents its
presence in PBSZ. This indicates that these atoms are
incorporated into the ceramics successfully as shown in
Fig.4 (c). XPS shows that multi-phase PBSZ is formed
as shown in Fig.4 (d). It can be seen from Fig. 4 (d)
that Ols occurs at 545.4 eV, Nls at 395.4 eV, Cls at
280.0 eV, Bls at 190.8 eV, Si2s at 180.4 eV and
Si2p at 99. 0 eV. The results indicate that the network of
Si—N-—B and six-membered B—N rings are presented
in PBSZ structure.



260

MALIK Hamza, SHEN Jian, TANG Zicheng, et al.

Si—N
101.9 eV

Intensity

Si—C

- Si—O
101.1 eV

103.0 eV

1 1 " " L

Intensity

N—B
3983 eV

N—Si
398.1eV

" i L L

100 102 104 106 108 110 112

9 98
Binding energy/eV

@

392 394 396 398 400 402 404 406 408 410 412
Binding energy/eV

(b)

—> BN
191.1 eV

Intensity

Intensity

180 182 184 186 188 190 192 194 196 198
Binding energy/eV
(©)

400 600 800 1000 1200
Binding energy/eV
(d)

0 200

Fig.4 XPS analyses: (a) Si; (b) Nls; (c) Bls; (d) PBSZ

2.4 Thermal analysis of PBSZ

Figure 5 shows the TGA of PBSZ, for the analysis
of the mass loss of PBSZ'"'. The ceramics yield of
PBSZ at 800 C in a Nitrogen atmosphere was 53.9%.
The thermal mass loss of PBSZ is mainly divided into two
stages. The first stage is from room temperature (RT) up
to 200 €, and the mass loss is about 6%. The main
reason for the mass loss in this process is the removal of
unreacted small molecules, such as Me,Si,NH and
Me,SiCl. The second stage is from 200 C to 550 C,
and the mass loss is about 36%. The mass loss in the first
part of this stage is relatively fast, mainly due to the
transamination reaction and cross-linking reaction of
PBSZ, reaching a highly cross-linked state. The second
part of the mass loss is mainly due to the organic-to-
inorganic conversion reaction. A small number of methyl
radicals and hydrogen radicals combine to generate
methane and hydrogen. When the temperature is above
700 °C, there is nearly no mass loss, indicating that the
polymer-to-ceramic transformation has been essentially
completed.

The density of PBSZ synthesized at 250 C is shown
in Table 2. As can be seen from Table 2, the average
density of PBSZ at RT is 1. 03 g/cm’. Figure 6 shows the
DSC heating curve of PBSZ prepared at a synthesis
temperature of 250 C and with a synthesis time of 3 h. It
can be seen from Fig. 6 that the glass transition
temperature of PBSZ synthesized at 250 C is about
79 C. In addition, with the increase in temperature,

there is no obvious melting peak but a line extending in
the endothermic direction, which indicates that PBSZ is
amorphous.
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Fig.5 TGA of PBSZ from RT to 800 C

Table 2 PBSZ density

Number Volume/cm’ Density/ (g/cm?)
1 1.93 1.03
2 1.92 1.03
3 1.92 1. 04
Average 1.92 1.03
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Fig. 6 DSC curve of PBSZ synthesized at 250 C

3 Conclusions

The
successfully synthesized by using BCl,,

SiBNC ceramic precursor, PBSZ, was

HSiCl, and

Me,Si,NH as raw materials through the PDCs method.
FTIR and NMR spectra show that Si—N, N—H and
B—N bonds are in the structure. TGA indicates that PBSZ
contains a ceramic yield of about 53.9% at 800 C in a
nitrogen atmosphere. In addition, the results show that
PBSZ is amorphous and the network of Si—N-—B and six-
membered B—N rings are presented in PBSZ structure.
Thus, the study indicates that PBSZ is suitable for
producing high-performance SiBNC ceramics.
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