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Abstract: The SiBOC precursor ceramics were fabricated by polymer-derived method SiBOC precursors with different B/Si molar
ratios were synthesized by controlling monomer content. The effects of different process conditions on SiBOC ceramics and the
oxidation resistance of SiIBOC ceramics at the high temperature (1400 °C) were studied. The SiBOC precursor’s bonds of Si-O-C, Si-
O-5i, and Si-O-B were detected by FTIR. The precursor is converted to a rigid ceramic material that has an 85.3 wt % ceramic yield
of SiBOC ceramics with B/Si=0.4 by TG-DSC. The results of SEM analysis show that the SiBOC ceramics surface bulges and folds
increase with the increase of boric acid content. With the increase of pyrolysis temperature and pyrolysis time, the size and number
of pores on the surface of SiBOC ceramics also increase. Static oxidation tests show that SiBOC ceramics with B/Si=0.4 have better

oxidation resistance under other conditions being the same.
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1. Introduction

SiOC precursor ceramics have a wide range of raw materials, low price, large output, simple, preparation and
designable molecular structure. However, its high-temperature resistance is still insufficient and carbothermal
reduction begins at about 1300 °C, which limits its wider application [1-2]. Besides, it was found that the content,
pyrolysis atmosphere, particle size, and apparent morphology of the samples had a significant influence on the high
temperature stability of SiOC ceramics [3]. The high-temperature stability of SiOC precursor ceramics can be improved
by doping B, N, and Zr, and therein the improvement of element B is significant [4-7]. This kind of ceramic material
prepared by using an organic polymer as a ceramic precursor is usually called polymer-derived ceramics (PDCs). The
method of preparing ceramics by the polymer-derived method has been widely used in the preparation of silicon-based
precursor ceramics. In the precursor of SiBOC, boron atoms are introduced into the SiOC gel network in the form of Si-
O-B bonds, and the corresponding SiBOC ceramics are obtained through pyrolysis. SiBOC ceramics are composed of
silicon carbide (SiCxOsx) and boron carbide (BCyOsy) mixed units [8]. The microstructure of SiBOC ceramics with
different B/Si ratios has been studied by many researchers. In the temperature range of 1000-1500 °C, the introduction
of boron is conducive to the graphitization of free carbon, reducing the reaction activity of free carbon, thus inhibiting
the carbothermal reduction reaction [9-12]. Also, the introduction of boron leads to a higher ceramic yield of 89% as
well as the enhanced crystallization of both $-SiC and free carbon [13]. During crystallization, SiCxOs~x and BCyOs-y units

were consumed and boron was mainly present in trigonal borosilicate BO3 sites at 1500 °C [11,14-15].
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To obtain SiBOC gel precursor, Schiavon et al add to methyltriethoxysilane (MTES) a proper amount of boric acid with
different B/Si molar ratios and gelation time. The weight loss showed that the addition of boron to the Si-O-C glass
slightly increase the high-temperature stability of the ternary oxycarbide glass [14]. Riedel et al found that the polymer-
to-ceramic transformation process which can avoid cristobalite formation and the degradation of oxidation resistance
of the material [8].

In this paper, MTES and ethanol were alcoholized in the presence of hydrochloric acid(HCI) catalyst. Boric acid was
used to provide B element to modify the SiOC precursor ceramic system to synthesize SiIBOC precursor. A new structure
of SiBOC ceramics was obtained by subsequent pyrolysis of the dry precursor at a high temperature. Then the synthesis
mechanism of SiBOC precursor starting from gel to ceramic was investigated. The effect of different B/Si molar ratios
on the yield of SiBOC precursor ceramics, the influence of different pyrolysis temperatures and time on the morphology,

and related properties of SiBOC ceramics at high temperatures were studied.

2. Experimental

2.1 Materials synthesis and processing

The commercially available methyltriethoxysilane (MTES, CHsSi(OCH2CHs)s, Macklin Co. Ltd., Shanghai, China), boric
acid (B(OH)s, Tianjin Zhiyuan Chemical Reagent Co., Ltd., Tianjin, China), anhydrous ethanol (CHsCH20OH, Harbin
Chemical Reagent Factory Co. Ltd., Harbin, China) and hydrochloric acid (HClL, Harbin Chemical Reagent Factory Co.
Ltd., Harbin, China) were used to synthesize SiBOC precursors. First, the appropriate mass of ethanol (4.0g) was added
into MTES (50 mmol), and then boric acid with a certain proportion corresponding to different B/Si molar ratios (ie;
0.4,0.5,0.6 and 0.7) was added into MTES, which was stirred evenly. Under magnetic stirring, an appropriate amount of
hydrochloric acid catalyst was dropped until boric acid was completely dissolved to form a homogeneous solution. The
SiBOC precursor sol was reacted at 40 °C for 24h, and then at 50 °C for 24h. The obtained SiBOC precursor xerogel was
dried at 80 °C for 12h. Finally, SiBOC xerogels were pyrolyzed in an argon-protected tubular furnace, so that SiBOC

ceramics were prepared by controlling the pyrolysis temperature and the pyrolysis time under no pressure conditions.

2.2 Characterization and oxidation test

Fourier transform infrared spectroscopy (FTIR) of EQUINOX-55 (produced by Brooke spectrometers, Germany) was
used to qualitatively analyze the composition and bonding of precursor. The phase composition of the high-temperature
pyrolyzed SiBOC ceramics was measured by the D/Max-2200 X-ray diffractometer (produced by Nippon Neoku Co.
Ltd., Japan) at a scan speed of 5°/min in the 2-theta range of 10-90°. To observe the uniformity, microsurface, and fracture
morphology of SiBOC ceramics, and to study the oxidation resistance of SiBOC ceramics, scanning electron microscopy
(SEM) was performed on FEI Sirion200 (produced by Philip, Netherlands). Thermogravimetry differential thermal
analysis (TG-DSC, Netzsch star 449¢, Germany) was used to analyze the mass change and heat absorption, and release
of the precursor. The test was carried out in an air atmosphere, and the temperature range was Rt-1400 °C. According

to the DSC curve, it can be analyzed whether some components in the SiBOC ceramics are oxidized at high temperatures.
3. Results and discussion

3.1 Synthesis mechanism of SiBOC polymer precursors

The infrared spectra of different B/Si molar ratios in the process of synthesized SiBOC ceramic precursors are shown in
Fig. 1. The absorption bonds of pure MTES are mainly in the range of 1000-1200 cm, which is related to the Si-O-Si
bond [16]. At the same time, the presence of the absorption peak at 890 cm!, related to =5i-O-B= borosiloxane bridges

[17] has been observed for all samples.
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Fig 1. FT-IR spectra of SiBOC precursor gel with different B/Si molar ratios

It can also be seen from the Fig. 1 that the infrared spectra of several different B/Si molar ratios are similar except that
the intensity of B-O absorption peaks are different, which comes from different addition of boric acid. Two Si-O-B
vibration absorption peaks can be seen between 887 cm™ and 1024 cm, and 1363 cm™ represents B-O bond. The
formation of 5i-O-B bond indicates that boric acid reacts with MTES, and B element successfully enters Si-O framework
with the form of Si-O-B bond in the molecular chain of MTES [18-21]. A large number of B-OH groups are transformed
into S5i-O-B bonds, and then Si-O-B bonds are formed. The introduction of B element into the SiOC precursor can
improve the ceramic yield of the SiBOC ceramic precursor and the high temperature performance of the ceramic
materials.

In the mixed solution, B-OH of boric acid reacts with Si-OEt of MTES to form Si-OH and Si-O-B, as shown in formula
(1) (2). When the catalyst HCl is added to the reaction, the dissolution rate of boric acid is accelerated by adjusting pH,
so the reaction is obviously accelerated. The formed Si-OH will continue to react with B-OH of boric acid to form Si-O-
B and water, as shown in formula (3). Moreover, the excess Si-OH will react to form Si-O-Si and water, as shown in
formula (4). The unreacted Si-OEt reacts with water to remove Et-OH and continue to generate Si-OH, as shown in
formula (5). The formation of Et-OH will further promote the dissolution of boric acid, and the excess Si-OEt and Si-OH

will continue to undergo double decomposition reaction to form Si-O-5i and Et-OH, as shown in formula (6).
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3.2 Effects on microstructure of SiBOC ceramics

It can be seen from Fig. 2 that the XRD patterns of B/Si=0.4, B/Si=0.5 and B/Si=0.6 are amorphous, and only the

amorphous steamed bread peak of B-5i polymer network structure with 20=22 ° as the center is found, indicating that

the SiBOC ceramics are amorphous.

Et—OH

CH;

CH;

SiBOC-1000
B/Si=0.6
g B
4
£
w
= Si=0.
g B/Si=0.5
-
B/Si=0.4
10 20 30 40 50 60 70 80 90
2 Theta (degree)

Fig 2. XRD patterns of SiBOC ceramics with different B/Si molar ratio at 1000 °C

At the same pyrolysis temperature of 1000 °C and pyrolysis time of 1h, the SiBOC ceramics with B/Si molar ratio of 0.4,
0.5, 0.6 and 0.7 were scanned respectively. The scanning electron microscope is shown in Fig. 3. From Fig. 3, we can find
that the micro morphology of the products obtained by pyrolysis at different B/Si molar ratio is different, showing
different morphology. The results show that the surface of B/Si=0.4 SiBOC ceramics is smooth with good density. With
the increase of boric acid content, the amount of white inorganic matter on the surface increases. The surface of the other
three molar ratios is covered with many granular protrusions and folds, which may be that boric acid does not react

and completely accumulates on the surface. At the same time, it also shows that the yield of SiBOC ceramics with

B/Si=0.4 is higher and the density is better.
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Fig 3. SEM micrographs of SiBOC ceramics with different B/Si molar ratio: (a, b) 0.4, (¢, d) 0.5, (e, £) 0.6, (g, h) 0.7

Fig. 4 shows the SEM diagram of B/Si=0.4 precursor of SiBOC ceramics pyrolysis for 1h at 1000 °C, 1200 °C, and 1400 °C.
With the increase of pyrolysis temperature, the surface of the precursor of SiBOC ceramics has different pore sizes,
which is about 10-20 um. The reason for the pore is that the gas and water evaporation will be produced with the
increase of pyrolysis temperature, and the poles will be formed on the surface of the original SiBOC ceramic precursor.
It can be found that the surface of the ceramics is flat by SEM when the pyrolysis temperature is 1000 °C. Cracks and
white matter appeared on the surface at 1200 °C. The surface of the SiBOC ceramics has different sizes of pores and

pores at 1400 °C, and the apparent density of SiBOC ceramics is poor at this temperature.

Fig 4. SEM micrographs of SiBOC ceramics with B/Si=0.4 at different pyrolysis temperatures for 1h: (a) 1000 °C, (b)
1200 °C, (c) 1400 °C

Fig. 5 shows SEM of B/Si=0.4 precursor of SiBOC ceramics pyrolysis for 1 h, 2h, and 3h at 1000 °C. It can be seen clearly
from Fig. 5 that with the increase of pyrolysis time, the amount of white folds is increasing. The surface of the sample
in Fig. 5 (a) is flat without cracks and pores; the sample in Fig. 5 (b) has just begun to fold, and the overall performance
is good; a large number of folds appear on the surface of SiBOC ceramics obtained from Fig. 5 (c), so the longer the

pyrolysis time, the higher the inorganic transition degree of ceramic precursor.
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Fig 5. SEM micrographs of different pyrolysis time of SIBOC ceramic precursor with B/Si=0.4 at 1000 °C: (a) 1h, (b) 2h, (c)
3h

3.3 Effects on the yield of SiBOC ceramics

Table 1 takes the experimental data of pyrolysis temperature of 1000 °C, pyrolysis time of 1h, B/Si molar ratio of 0.4, 0.5,
0.6, and 0.7 as an example to analyze the influence of different B/Si molar ratio on ceramic yield. According to the results,
the yield of SIBOC ceramics with B/Si=0.4 is the highest when the pyrolysis temperature and pyrolysis time are the same,
that is, the ratio makes the cross-linking effect of B element in MTES the best.

Table 1 Variation trend of ceramic yield caused by different B/Si molar ratios

Simple Mass before pyrolysis(g) =~ Mass after pyrolysis(g) Yield(%)
B/Si 0.4 1.454 1.240 85.3
B/Si 0.5 1.536 1.161 75.6
B/Si 0.6 1.400 0.983 70.2
B/Si 0.7 1.500 0.918 61.2

The TG-DSC curves of SiBOC ceramics pyrolysis at 1000 °C for 1h with different molar ratios of B/Si are shown in Fig.
6. The weight loss of B/Si=0.6 is more obvious than that of B/Si=0.4 at 1000 °C. That is to say, the high-temperature
stability of B/Si=0.4 is very good, and the weight loss is very small with the residual amount of the final sample is as

high as 85.3%.
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Fig 6. TG-DSC curves of SiBOC ceramics prepared by different B/Si molar ratios

There are two obvious weight loss exothermic stages in the two curves. The first temperature range of weight loss is

100-150 °C, which is mainly the oxidative decomposition of small molecules such as methyl and the volatilization of
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ethanol and water; the second temperature range of weight loss is 500-700 °C, which is mainly the oxidative
decomposition of residual ethoxy. When the temperature reaches 700 °C, there is no obvious weight loss, and the process
of inorganic is completed. In the second decomposition stage, the weight loss is as high as 52.5%. After the introduction
of the Boron element, the decomposition temperature is increased by about 200 °C, and the residual mass is improved.
The results show that the introduction of B-O with higher bond energy is beneficial to enhance the thermal stability of
SiBOC ceramics, and the formed Si-O-B network structure encapsulates small molecules such as methyl to prevent their

oxidative decomposition and improve their oxidation resistance.

3.4 Effects on oxidation resistance of SiBOC ceramics

The SiBOC ceramic precursors with the B/Si molar ratio of 0.4 were put into an alumina crucible with graphite paper at
1000 °C, 1200 °C, and 1400 °C respectively for 1 h. The samples were oxidized in a tubular furnace with the temperature
rising from room temperature to 1400 °C for 10 min. The surface morphology and internal structure of the oxidized
samples were observed by SEM to analyze the effect of pyrolysis temperature on oxidation resistance.

It can be seen from Fig. 7 that with the increase of pyrolysis temperature, surface pores and internal pores appear in the
oxidized sample. Fig. 7 (a) shows the surface of SiBOC ceramics with pyrolysis temperature of 1000 °C remains flat after
oxidation. At 500 um, as shown in Fig. 7 (b), the density of the ceramic surface is very good. Fig. 7 (c) shows that the
surface of SiBOC ceramics with pyrolysis temperature of 1200 °C begins to appear holes after oxidation. Under the lens
of 100 pm, the holes are mainly attached to the surface with small sizes. As shown in Fig. 7 (e), large numbers of holes
and pores appear after oxidation of SiBOC ceramics with pyrolysis temperature of 1400 °C, and some even form
channels inside the ceramics. This is because when the pyrolysis temperature is 1400 °C, the carbonaceous material in
the ceramic matrix reacts with oxygen to produce gas and water, and the water continuously evaporates to form

channels, resulting in poor physical properties.

Fig 7. SEM of oxidized SiBOC ceramics at different pyrolysis temperatures:(a, b) 1000 °C; (c, d) 1200 °C; (e, f) 1400 °C

The samples of SiBOC ceramic precursor with a B/Si molar ratio of 0.4 with pyrolysis time of 1h, 2h, 3h, and pyrolysis
temperature of 1000 °C were put in alumina crucible with graphite paper. In a tube furnace with the temperature rising
from room temperature to 1400 °C, the samples were oxidized in the air for 10 minutes. The surface morphology and

internal structure of the samples were observed by SEM after oxidation to analyze the effect of pyrolysis temperature
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on oxidation resistance. According to Fig. 8, with the extension of pyrolysis time, the oxidized sample has surface pores
and internal pores. In Fig. 8 (a), the surface of SiBOC ceramics with pyrolysis time of 1h remains flat after oxidation, but
there are white particles attached to the ceramic surface, which may be that boric acid does not react completely and
accumulates on the ceramic surface. In Fig. 8 (b), holes and surface depressions begin to appear on the surface and inside
of SiBOC ceramics with a pyrolysis time of 2 h after oxidation. In Fig. 8 (c), after oxidation, a large number of holes and
pores appear on the surface and inside of SiBOC ceramics with a pyrolysis time of 3 h, and some even form channels
inside the ceramics. This is because when the pyrolysis time is 3 h, the carbonaceous material in the ceramic matrix
reacts with oxygen, generating gas and water, and water continuously evaporates to form channels, resulting in poor

physical properties.

Fig 8. SEM of SiBOC ceramics after oxidation at different pyrolysis time: (a) 1h, (b) 2h, (c) 3h

From the analysis results above, the surface and internal structure of the oxidized samples are relatively good when the
B/Si ratio is 0.4, the pyrolysis temperature is 1000 °C, the pyrolysis time is 1h, and the oxidation is carried out in the air
in a tube furnace at 1400 °C for 10min. Therefore, the samples with this parameter were analyzed by TG-DSC, and the
results are shown in Fig. 9. The weight change is less than 1%, and the curve is fluctuating, which indicates that the
weight of SiBOC ceramics under this parameter is in a dynamic balance. There are obvious endothermic and exothermic
peaks in the DSC curve, which indicates that the sample not only absorbs oxygen for a redox reaction, but also releases

small molecule gases and water, such as CO and CO2, so its weight is in dynamic equilibrium.
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Fig 9. TG-DSC curves of the oxidation experiment of SiBOC ceramics with pyrolysis temperature of 1000 °C, pyrolysis
time of 1h and B/Si=0.4

4. Conclusion

In this study, a novel SiBOC multicomponent macromolecule is successfully fabricated as a precursor which is prepared

via a sol-gel route for polymer-derived ceramic materials. The alcoholysis reaction of MTES and ethanol under the
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action of hydrochloric acid catalyst was carried out. It was concluded that the highest ceramic yield was 85.3% when
the B/Si molar ratio was 0.4. Si-O-B bond appears in the infrared spectrum of SiBOC ceramic precursor, which indicates
that B is connected to the Si-O framework. According to the XRD pattern of SiBOC ceramics, the B-5i polymer network
structure is an amorphous steamed bread peak. SEM micrographs show that with the increase of boric acid content,
there are many granular protrusions and folds on the surface. In addition, with the increase of pyrolysis temperature
and the extension of pyrolysis time, the surface defects and holes appear on the surface of SiBOC ceramics after
oxidation. This is because the carbon-containing materials in the ceramic matrix react with oxygen to produce gas and
water, and the water continuously evaporates to form a channel. When the B/Si molar ratio is 0.4, the pyrolysis
temperature is 1000 °C and the pyrolysis time is 1 h, the microstructure of SiBOC ceramics shows the least defects and
the best oxidation resistance. The study in this paper is of great significance to the synthesis mechanism of SiBOC
precursor, the preparation of high ceramic yield precursor ceramics, and the application of oxidation resistance of SiOC

based precursor ceramics.
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