
Vol.:(0123456789)

Transactions of the Indian National Academy of Engineering (2021) 6:3–11 
https://doi.org/10.1007/s41403-020-00158-y

123

ORIGINAL ARTICLE

Studies on the Effect of Addition of MWCNT on the Ceramic Conversion 
of Vinyl‑Functionalized Polyborosiloxane

T. V. Jinitha1 · M. P. Gopakumar1 · Deepa Devapal1 · S. Packirisamy2

Received: 30 May 2020 / Revised: 19 July 2020 / Accepted: 26 July 2020 / Published online: 5 August 2020 
© Indian National Academy of Engineering 2020

Abstract
To study the influence of addition of MWCNT in vinyl-functionalized borosiloxane oligomer (BMV) synthesized from 
boric acid (BA), methyltriethoxysilane (MTEOS) and vinyltriethoxysilane (VTEOS) by solventless non-aqueous sol–gel 
process, ceramic conversion of BMV with varying amount of MWCNT (0.5, 1.0, 2.5 and, 5.0 phr) was carried out at 1500 °C 
and 1650 °C in an inert atmosphere. The samples were characterized by XRD, FTIR, Raman spectra and SEM. XRD data 
indicate that MWCNT promotes the conversion of amorphous SiBOC ceramics in to crystalline SiC and the effect is more 
pronounced at 1650 °C. At the heat treatment temperatures, BMV + MWCNT blend gets converted into a nanocomposite in 
which SiCNT formed from MWCNT is dispersed in SiC/SiBOC matrix.
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Introduction

In recent years, researchers are showing considerable inter-
est to synthesize new inorganic ceramic materials by prece-
ramic route. The conversion of inorganic and organometallic 
compounds into ceramic materials by thermal treatment in 
a controlled atmosphere is fairly a new and simple process 
for developing new type of inorganic materials. The organo-
metallic precursor molecules i.e., oligomers/polymers, are 
designed to retain structural units of the residual inorganic 
materials from which they are derived. The flowchart for the 
conversion of preceramic polymers to ceramics is shown in 
Scheme 1.

Since the first proposal of this concept by Popper 
(Chantrel et al. 1965), several researchers have been working 
in this field worldwide. The synthetic approaches adopted for 
the synthesis of preceramic polymers, their characterization, 

and controlled pyrolysis to ceramics are reported in the lit-
erature (Verbeek 1973, Desprec et al. 1995, Colombo et al. 
2010, An et al. 2004, Katsuda 2005, Schiavon et al. 2004a, b, 
Sreejith 2011). The following aspects make the preceramic 
route the most attractive one for the development of new 
ceramic materials and components:

• Amorphous materials can be produced from thermody-
namically stable stoichiometric compounds with compo-
sitions not obtainable by conventional synthetic routes.

• Amorphous stage formed is thermally stable at very high 
temperatures, before transforming into crystalline phases.

• Because of the various fabrication capabilities of poly-
mer process engineering, ceramic fibers, coatings and 
complex-shaped bulk parts can be produced in an easy 
manner.

The conversion of polymers to ceramics by pyrolysis is 
the most vital part of the preceramic route for the prepara-
tion of ceramic materials. There are only a few reports on 
the detailed ceramic conversion studies of borosiloxanes 
(Sreejith 2011; Young-Hag et al. 2001). Ceramic conver-
sion of borosiloxanes, in general, follows the mechanism 
of formation of SiC from siloxanes with a few exceptions. 
Pyrolysis of borosiloxanes give siliconboronoxycarbide 
(SiBOC) ceramic, which is a boron-modified siliconoxycar-
bide (SiOC) phase. The incorporation of boron in the SiOC 

 * Deepa Devapal 
 ddevapal2000@yahoo.com

1 Ceramic Matrix Products Division, Analytical Spectroscopy 
and Ceramics Group, PCM Entity, Vikram Sarabhai Space 
Centre, Thiruvananthapuram 695 022, India

2 Present Address: Advanced Polymeric Materials Research 
Laboratory, Department of Chemistry and Biochemistry, 
School of Basic Sciences and Research, Sharda University, 
Greater Noida 201306, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s41403-020-00158-y&domain=pdf


4 Transactions of the Indian National Academy of Engineering (2021) 6:3–11

123

network has inhibited the formation of cristobalite (Liebau 
et al. 2004; Klonczynski et al. 2004) and enhanced the SiC 
crystallization (Schiavon et al. 2004a, b, Pena-Alonso et al. 
2007, Sreejith et al. 2016, and Devapal et al. 2020). SiBOC 
ceramic phase gained importance because of its improved 
high temperature stability, thermo-oxidative stability, and 
creep resistance compared to SiOC ceramics (Liao et al. 
2014; Xie et al. 2015). Devapal et al. (2006, 2010) studied 
the ceramic conversion of borosiloxanes synthesized using 
diglyme as solvent by non-aqueous sol–gel process. The syn-
thetic approach used for the preparation of polyborosiloxane 
oligomers appears to influence the extent of incorporation of 
Si–O–B bonds in the oligomers. The elemental composition 
(boron, silicon, and carbon) of the polymer and the stability 
of SiBOC glass at higher temperature significantly affects the 
nature of ceramics and its crystallization behavior. Sreejith 
et al. (2011) observed that, by judicious choice of mixture 
of organotrialkoxysilane monomers and the monomer feed 
ratio, the stability of SiBOC ceramics could be remarkably 
improved by way of suppressing the carbothermal reduction 
even at 1650 °C. The crystallization behavior of poly (meth-
ylborosiloxane) was studied by adding pyrocarbon (PyC) as 
carbon source. An amorphous SiBOC ceramic was formed 
from the oligomer at 1500 °C, but when the sintering tem-
perature was increased to 1650 °C, SiBOC matrix got con-
verted to SiC ceramic. The conversion taking place between 
1500 °C and 1650 °C is very critical, since the final ceramic 
obtained is getting converted from amorphous to crystalline 
in this temperature range. The borosiloxane oligomers are 
extensively investigated as precursors for SiBOC/SiC nano-
composites (Sreejith et al. 2016) and as matrix resins for 
carbon fiber and SiC fiber reinforced composites (Sreejith 
et al. 2018; Nair et al. 2018). Studies on the influence of car-
bon-based materials such as carbon black (Abraham 2019) 
and MWCNT (Devapal et al. 2017) on the crystallization of 
SiBOC are gaining importance. The ceramic conversion of 
CNT dispersed borosiloxane at 1500 °C shows sharp crys-
talline peaks in the XRD spectrum attributing to SiC for-
mation compared to other carbon sources like carbon from 
pyrolysed carbon. Carbon fiber reinforced ceramic matrix 
composite prepared by the addition of 0.5 wt% of MWCNT 
in vinylborosiloxane (VBS) showed an improvement of 48% 

in flexural strength (Gopakumar et al. 2013). So, the present 
investigation is aimed at studying the influence of addition 
of varying quantities of MWCNT on the crystallization 
behaviour of SiBOC at 1500 °C and 1650 °C. The SiBOC 
is derived from vinyl-functionalized borosiloxane which is 
synthesized from boric acid and a mixture of methyltriethox-
ysilane and vinyltriethoxysilane by solventless non-aqueous 
sol–gel process.

Experimental

Preparation of BMV + MWCNT Blends

Vinyl-functionalized borosiloxane oligomer (BMV) was 
synthesized by reacting boric acid (BA), methyltriethox-
ysilane (MTEOS) and vinyltriethoxysilane (VTEOS) by 
solventless process following the procedure reported earlier 
(Sreejith 2011). MWCNT, procured from Nanolab, USA 
was used as received. BMV-MWCNT blends were prepared 
by the following procedure: 40 g of BMV resin was mixed 
with 0.2 g of MWCNT (0.5 phr) in 100 mL RB flask and 
sonicated for 30 min. BMV resin in which MWCNT was 
uniformly dispersed was taken in a petridish and dried in an 
air oven. The temperature of the oven was maintained at 75, 
100, 125, and 150 °C for 30 min at each temperature and 
finally, the temperature was raised to 175 °C and maintained 
at this temperature for 2 h. The oven was allowed to cool to 
room temperature. The sample was weighed to estimate the 
weight loss during curing. BMV + MWCNT blend obtained 
is referred to as BMW (0.5). In the same manner, BMW 
(1.0), BMW (2.5), and BMW (5.0) samples were prepared 
using 1.0, 2.5, and 5.0 phr of MWCNT.

Ceramic Conversion Studies

Pyrolysis of the cured samples to convert them into ceram-
ics was performed in a tubular furnace under the flow of 
argon. In a typical experiment, 5 g of the sample was taken 
in a graphite crucible and heated at a rate of 3 °C/min up 
to 1500 °C and maintained at this temperature for 2 h. The 
furnace was cooled to room temperature at a rate of 3 °C/min 

Scheme. 1.  Flowchart for con-
version of preceramic oligomers 
to ceramics
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and the samples were weighed for determining the yield. The 
sample, thus obtained is referred to as BMV-1500. A known 
quantity of pyrolysed sample was taken in a graphite cruci-
ble and heated in a sintering furnace in argon atmosphere at 
the rate of 3 °C/min to 1650 °C and kept at this temperature 
for 3 h. The furnace was allowed to cool to 50 °C at a rate of 
3 °C/min and switched off. The sample was taken out and 
weighed to estimate the weight loss during sintering. The 
sample, thus obtained is referred to as BMV-1650.

Results and Discussion

The repeating structural unit of vinyl-functionalized borosi-
loxane oligomer (BMV) used in the present study is shown 
in Fig. 1. Figure 2 shows the possible linkages formed dur-
ing curing reaction of the oligomer at 175 °C.

Sreejith et al. studied in detail, the heat treatment of this 
oligomer at 1500 °C and 1650 °C. It was observed that this 
oligomer, unlike other borosiloxane oligomers synthesized 
from phenyltrialkoysilanes, show the presence of considera-
ble amount of amorphous phase even at 1650 °C and this has 
been attributed to low carbon to oxygen ratio. Thus, blending 
with MWCNT is expected to influence the crystallization 
characteristics, as MWCNT would serve as a source of car-
bon. The reaction between BMV and MWCNT at 1500 °C 
and 1650 °C is of relevance, as this provides the scope for 
obtaining SiOBC/SiC in which SiC-nanotubes (SiC-NT) is 
formed presumably from MWCNT by reacting with SiBOC.

The photographs of BMV + MWCNT blends heat treated 
at 1500 °C and 1650 °C are shown in Fig. 3. The main 
observation is that when the heat treatment temperature is 
increased from 1500 °C to 1650 °C, the color of the ceramic 
is changed from black to grey and then to creamish yellow 
(with the increase in MWCNT concentration) which indi-
cates the formation of different polytypes of SiC as elabo-
rated in the later part of the paper. As the heat treatment 
temperature is increased from 1500 °C to 1650 °C, most 
of the β-SiC gets transformed to the alpha form and hence 

Fig. 1  Structural units present in BMV

Fig. 2  Possible reactions during 
curing of BMV at 175 °C

B OH + Si OH B O Si

Si OH + Si OH Si O Si + H2O

Si OR + Si OH Si O Si + R OH

H2O+

Fig. 3  Ceramic powders obtained from BMV + MWCNT blend heat treated at 1500 °C and 1650 °C
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indicating the color change from black to grey and then to 
creamish yellow. The color of the as procured α-SiC and 
β-SiC is creamish yellow and ash respectively (Abraham 
et al. 2019).

The IR spectra of BMV + MWCNT blends heat treated 
at 1500 °C are shown in Fig. 4a. The peaks at 815 cm−1, 
1088 cm−1 and 1376 cm−1 correspond to the stretching 
vibrations of SiC, Si–O–Si and B–O, respectively. A peak 
at 3446 cm−1 corresponds to the O–H stretching vibration 
of Si–OH. On increasing the concentration of MWCNT, the 
absorption at 1376 cm−1 due to B–O stretching is reduced, 
which indicates the conversion of Si–O-B to SiC suggesting 
that addition of MWCNT promotes the formation of SiC.

IR spectra (Fig. 4b) of BMV + MWCNT blends sin-
tered at 1650 °C show absorptions at 458 cm−1, 823 cm−1, 
1081 cm−1 and 1382 cm−1 due to bending vibration of 
Si–O–Si and stretching vibration of SiC, Si–O–Si and B–O, 
respectively. With the increase in concentration of MWCNT, 

the intensity of the peak due to Si–O–Si stretching gradually 
decreases and finally disappears when MWCNT concentra-
tion is 5phr and this is attributed to increase in formation of 
SiC. The broad peaks at 888 cm−1 and 816 cm−1 for BMW 
(5)-1650 are due to the presence of a mixture of α-SiC and 
β-SiC respectively.

XRD patterns (Fig. 5a) of BMV + MWCNT blend heat 
treated at 1500 °C clearly suggest the presence of β-SiC as 
evidenced by the presence of diffraction lines at 2θ = 35.68, 
60.04, 71.89° corresponding to (111), (220), (311) crystal-
lographic planes (JCPDS No 29-1129). In addition, broad 
peaks due to amorphous SiBOC and  SiO2 (JCPDS No 
13-0026) are observed at 2θ = 21.98 and 26.44°, respec-
tively. On increasing the amount of MWCNT, the extent of 
conversion of SiBOC to SiC increases. Comparison of XRD 
patterns (Fig. 5b) of BMV + MWCNT blends heat treated at 
1650 °C with that of the corresponding samples heat treated 
at 1500 °C (Fig. 4a) suggests that SiBOC amorphous phase 

Fig. 4  IR spectra of BMV + MWCNT blends heat treated at a 1500 °C and b 1650 °C

Fig. 5  XRD pattern of BMV + MWCNT blends heat treated at: a 1500 °C and b 1650 °C
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is converted to SiC to a larger extent even when MWCNT 
concentration is 1 phr. Unlike SiBOC amorphous phase, 
for this composition,  SiO2 amorphous phase (broad peak 
at 26.44°) (JCPDS No 13-0026) is present even after heat 
treatment at 1650 °C. However,  SiO2 amorphous phase is 
completely absent when MWCNT concentration is increased 
to 2.5 phr and 5.0 phr.

Raman spectra of the BMV + MWCNT blends sintered 
at 1500 °C (Fig. 6a) show peaks at ~ 1341 cm−1 (D-band) 
and ~ 1564  cm−1 (G-band) due to stretching mode of 
 Csp3–Csp3 and  Csp2–Csp2 bonds, respectively. The peak 
at ~ 2667 cm−1 is due to the second order D-band. Interest-
ingly, peaks corresponding to β-SiC are not observed, though 
its presence is inferred by XRD and IR. The reason for this 
anomaly is not clearly understood at this stage. Raman spec-
tra of BMV + MWCNT (Fig. 6b) differ remarkably from the 
corresponding ones (Fig. 6a) heat treated at 1500 °C. Raman 
spectra of all the samples heat treated at 1650 °C show peaks 
at 778 cm−1 and 948 cm−1 indicating the presence of both 
β-SiC and α-SiC. The peak observed at 1085 cm−1 is due 
to stretching vibration of Si–O–B bond. Stretching mode of 
terminal B–O bond is seen at 1477 cm−1. It is worth noting 
that samples with 0.5 phr and 1 phr of MWCNT heat treated 
at 1650 °C show peaks corresponding to D-band and G-band 
suggesting the presence of nanocarbon/graphitic carbon 
domains. Practically, vibration due to these bands disappears 
for the sample with 2.5 phr of MWCNT. For the sample with 
5.0 phr MWCNT, vibration due to D band is present whereas 
that due to G band is absent. It is also seen that the sample 
with 5 phr of MWCNT show vibration at 482 cm−1 due to 
the stretching of Si–O–Si bond, probably due to the presence 
of amorphous  SiO2. Interestingly, broad peak at ~ 26.4° due 
to amorphous  SiO2 is practically absent in XRD (Fig. 5b). 
This suggests that amorphous  SiO2 is present as discrete 
nanodomains which are difficult to be identified by XRD. 

The SEM and EDS of BMV + MWCNT blends heat 
treated at 1500 °C are shown in Fig. 7. SEM results suggest 
that the morphology of all the five systems are almost same 
except for the fact that BMV with 5.0 phr of MWCNT is 
having a fluffy appearance compared to a rock like structure 
for BMV with 0.5 phr of MWCNT. From the EDS data, it 
is observed that the percentage of carbon content increases 
with increase in the addition of MWCNT and the oxygen 
content is least for the sample with 5.0 phr of MWCNT. 
Thus, it can be inferred that the conversion of SiBOC to SiC 
is occurring at 1500 °C.

SEM and EDS of BMV + MWCNT blend heat treated at 
1650 °C are shown in Fig. 8. On increasing the concentra-
tion of MWCNT from 0.5 phr to 5.0 phr, the morphology 
of the sample changes from a rock-like morphology to a 
fluffy loosely bound structure due to the formation of SiC 
from SiBOC. This tendency increases with the increase in 
MWCNT concentration in the blend. The EDS data sug-
gest that in general, the oxygen content decreases and 
carbon content increases with the increase in MWCNT 
concentration.

Comparison of the ceramic conversion of BMV oligomer 
carried out by Sreejith et al. [8] at 1500 °C and 1650 °C with 
the results presented in this paper suggest the following:

(1) Blending BMV with MWCNT promotes the crystalliza-
tion of amorphous SiBOC matrix at 1500 °C. The effect 
is more pronounced with the increase in concentration 
of MWCNT in the blend.

(2) Though MWCNT promotes the crystallization at 
1500 °C, appreciable amount of amorphous phase is 
present in the ceramic.

(3) When the heat treatment temperature is increased to 
1650 °C, the ceramic obtained is predominantly β-SiC 
with some amount of α-SiC. Such a complete crystal-

Fig. 6  Raman spectra of BMV + MWCNT heat treated at: a 1500 °C and b 1650 °C
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Fig. 7  SEM and EDS of BMV + MWCNT blends heat treated at 1500 °C: a BMW (0.5), b BMW (1.0), c BMW (2.5), d BMW (5.0)
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Fig. 8  SEM and EDS of BMV + MWCNT blends heat treated at 1650 °C: a BMW (0.5), b BMW (1.0), c BMW (2.5), d BMW (5.0) 
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lization of amorphous ceramic does not take place if 
MWCNT is not added to BMV oligomer.

(4) The above observation suggests that MWCNT acts 
as a source of carbon promoting carbothermal reduc-
tion resulting in the formation of nano β-SiC crystal-
lites which act as seed for promoting the crystalliza-
tion of SiBOC ceramic. In the process, it is likely that 
MWCNT gets converted to SiCNT and thereby provid-
ing SiBOC/SiC/SiCNT nanocomposite at 1500 °C and 
SiC/SiCNT nanocomposite at 1650 °C.

As the matrix is dominated by SiC formed from SiBOC, 
the presence of SiCNT could not be identified by SEM. Fur-
ther study of BMV+MWCNT systems in which MWCNT 
forms the major constituent is required to understand the 
influence of MWCNT on the crystallization process. The 
disintegration of MWCNT due to the reaction with SiBOC 
cannot be ruled out.

Conclusions

Effect of incorporation of 0.5, 1, 2.5, and 5.0 phr of 
MWCNT in vinyl-functionalized borosiloxane oligomer 
(BMV) on the ceramic conversion at 1500 °C and 1650 °C 
was investigated. FTIR, XRD, Raman spectra, and SEM 
studies suggest that MWCNT promotes the crystallization of 
SiBOC ceramic formed from BMV and the influence is more 
pronounced for the samples heat treated at 1650 °C. Carbo-
thermal reaction of SiBOC with MWCNT is probably the 
route through which nano domains of SiC are formed which 
promote further crystallization. In effect, BMV + MWCNT 
blend gets converted into a nanocomposite in which SiCNT 
formed from MWCNT is dispersed in SiC/SiBOC matrix.
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