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Abstract
Interactions between a typical polyborosiloxane containing methyl and vinyl functionalities, (BoSiVi) and active

filler (TiSi2) at 1500 °C under inert atmosphere were studied. The effects of filler content on the volume shrinkage,
porosity, phase evolution and microstructure of the resulting ceramic were studied in detail. The optimum concentra-
tion of the active filler to fabricate Si-B-Ti-O-C ceramic with zero volume shrinkage was calculated. Pore size distribu-
tion uniformity in the resulting ceramic was increased with the incorporation of the filler into the polymer. XRD and
Raman analyses confirm the evolution of TiC, TiOC, TiB2, and SiC ceramics with stacking faults by active-filler-con-
trolled polyborosiloxane pyrolysis. SEM-EDX, FESEM and HR-TEM analyses reveal the growth of ceramic nanofi-
bres on the ceramic matrix as the result of a novel solution-precipitation process. Polyborosiloxane/active filler reac-
tions are found to have a highly significant influence on the volume shrinkage, porosity, phase evolution, etc. of the
final ceramic, which are critical parameters of an advanced structural material.
Keywords: Polyborosiloxanes, active filler controlled polymer pyrolysis (AFCOP), catalyst-assisted pyrolysis, ceramic nanofiber, titanium
disilicide

I. Introduction
The preceramic polymer route for the synthesis of ce-

ramics offers potential advantages over the convention-
al powder processing route, such as suitability for plas-
tic shaping technology, high purity of the starting mate-
rials, formation of nanostructures or nano-domains and
low processing temperatures 1. Polymer-derived ceram-
ics (PDC) are promising candidates for high-temperature
applications owing to their low density, excellent oxida-
tion resistance, near-zero creep behaviour and high ther-
mal shock resistance 2 – 3. The major limitation of the pre-
ceramic polymer route for bulk component fabrication is
related to the tremendous volume shrinkage and crack for-
mation during polymer to ceramic conversion.

Among the preceramic polymers, polyborosiloxanes are
of particular interest because of their thermodynamical-
ly stable backbone linkages compared to siloxanes and the
high ceramic yield 4. Incorporation of heteroatoms like ti-
tanium, zirconium, hafnium, boron, etc. into a preceramic
polymer increases the thermal stability of the resulting ce-
ramic phase. Boron is also known to protect carbonaceous
materials by forming a boron oxide film on the surface of
the material 5. Schiavon et al. and Packirisamy et al. have
worked extensively on the synthesis of polyborosiloxanes
and their conversion to ceramics 6 – 9. On pyrolysis, poly-
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borosiloxanes can yield mixed ceramics containing SiC,
SiBOC and SiOC phases with high oxidation resistance
owing to the formation of a protective layer of borosili-
cate glass. However, polyborosiloxanes are also associat-
ed with volume shrinkage and crack formation during the
polymer to ceramic conversion. The volume shrinkage and
crack formation increase the number of “Polymer Infiltra-
tion & Pyrolysis (PIP)” cycles during the fabrication of ce-
ramic matrix composites. Introduction of inert fillers in-
to the polyborosiloxanes is expected to reduce the volume
shrinkage of the polymer during “polymer to ceramic con-
version”, thus reducing the macrocracks/pores and subse-
quently the number of PIP cycles.

Greil and co-workers have studied active fillers like ti-
tanium, silicon, molybdenum and chromium silicide with
the polysiloxane and polycarbosilane system and coined
the term Active-Filler-Controlled Polymer Pyrolysis
(AFCOP) 10 – 15. Active fillers react with the pyrolytic
by-products of the preceramic polymer or with the reac-
tion atmosphere, generating carbides, nitrides, oxides and
silicides 11 resulting in “mixed ceramics” with enhanced
oxidation resistance, electrical properties and mechanical
properties. Previous reports have identified titanium sili-
cide powder (TiSi2, density = 4.01 g/cm3) as an excellent
active filler under nitridization and carburization atmo-
sphere 12. The specific volume change on carburization
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(147 vol%) and nitridization (153 vol%) of TiSi2 active
filler is very high compared to other reported active fillers.
The nitridization behaviour of TiSi2 is well established
and TiSi2-incorporated CMCs were also fabricated under
the same atmosphere 16.

Taking into account the above mentioned facts, we have
studied the effect of titanium silicide as an active filler dur-
ing the pyrolysis of a typical polyborosiloxane. To the best
of our knowledge, the effect of active filler on the pyrol-
ysis of polyborosiloxane in an inert atmosphere has not
been investigated. The effects of filler content on the vol-
ume shrinkage, porosity, phase evolution and microstruc-
ture of the resulting ceramics were studied in detail.

II. Materials and Methods

(1) Synthesis of polyborosiloxane (BoSiVi)
The polyborosiloxane (BoSiVi) used in the current in-

vestigation contained methyl and vinyl functional groups
with a ceramic residue of ≈ 66 – 68 wt% at 1500 °C in argon
atmosphere. BoSiVi was synthesized in a novel solvent-
less process by reacting boric acid, methyl triethoxysilane
and vinyl triethoxysilane as reported earlier 17 – 19. The as-
synthesized BoSiVi was a liquid oligomer, which was dried
at 200 °C to obtain fine free-flowing BoSiVi powder. The
empirical formula of BoSiVi is C0.40H1.0Si0.30B0.06O0.66.

(2) Preparation of [BoSiVi + TiSi2] pellets
BoSiVi powders were mixed with different percentage

per weight (5, 10, 15, 20, 25 and 30) of titanium silicide
(TiSi2, M/s. Alfa Aesar, GmbH, purity = 99.5 %) with an
average particle size of 30 μm. For effective mixing, both
BoSiVi & TiSi2 powders were dispersed in ethanol fol-
lowed by ultrasonication for 30 min. Ethanol was removed
from the dispersion by means of evaporation and the well-
dispersed mixtures were moulded to “green compacts”
at room temperature under a pressure of 20 MPa. These
green compacts were pyrolyzed in a tubular furnace under
argon atmosphere (with a flow rate of 3 slpm) at a heat-
ing rate of 3 K/min. The tubular furnace was maintained
at 1500 °C for 3 h followed by a programmed cooling to
room temperature under argon atmosphere.

III Characterization techniques
The elemental composition of carbon and hydrogen was

analysed using a Perkin Elmer Elemental Analyzer (Model
PE 2400). The silicon composition in the sample was anal-
ysed using sodium carbonate fusion followed by ignition
with perchloric acid and volatilization with hydrofluoric
acid. The composition of boron in the sample was also es-
timated using sodium carbonate fusion followed by man-
nitol titration. The titanium composition was calculated
by converting the sample to Ti-H2O2 complex (yellow
colour) followed by an UV absorption study.

The bulk densities and true densities of [BoSiVi + TiSi2]
ceramics were measured according to the Archimedes
principle (ASTM standard C20 – 92) and with He pyc-
nometry (AccuPyc II 1340, Micrometrics). The residual

porosity in the final ceramic specimens was assessed with
regard to the bulk density and true density of the ceramic
specimens. Thermal analysis (TG-DTA) measurements
for BoSiVi and [BoSiVi + TiSi2] systems were performed
with TA Instruments®, SDT 2960 at 10 K/min under ar-
gon atmosphere (purity – 99.993 %, flow rate of 30 slpm).
Differential scanning calorimetry (DSC) analysis was
conducted in a Setaram® Labsys 1600 DSC machine at
10 K/min under argon atmosphere (purity – 99.993 %,
flow rate of 30 slpm). The porosity of the samples was
determined using a Quantachrome Pormaster® mercury
porosimeter in the pressure range of 1.045 – 50.037 PSIA.

X-ray diffraction data (XRD, Bruker® D8-Advance)
were collected using CuKa radiation (40 kV, 40 mA; step
scan of 0.051, counting time of 5 s/step and k = 1.54060 Å).
Raman spectra were recorded with a WITec® alpha 300R
Confocal Raman microscope using a frequency-doubled
Nd:YAG laser of excitation wavelength 532 nm. Fine-
ly powdered samples were prepared for analysis, using a
low-power laser (5 %). The morphological features of the
samples were analyzed by means of scanning electron mi-
croscope (JEOL, JSM-6390LV), field emission scanning
electron microscope (Carl Zeiss, Supra 55), and energy-
dispersive X-ray spectroscope (JEOL, JED – 2300). High
resolution transmission electron microscope (HRTEM,
JEM-2100 operating at 300 kV) was used to observe the
nanostructures evolved during the active-filler-controlled
polyborosiloxane pyrolysis. TEM specimens were pre-
pared by finely powdering the compacts into submicron-
sized particles and dispersing these in acetone to form a
uniform slurry. A drop of the slurry was transferred to a
carbon-film-coated TEM grid.

IV. Results and Discussion

(1) Effect of TiSi2 concentration on the physical proper-
ties of BoSiVi system

The polyborosiloxane (BoSiVi) used in the current in-
vestigation contained methyl and vinyl functional groups.
BoSiVi was used as a preceramic matrix resin for the fab-
rication of ceramic-matrix composites by means of the
polymer infiltration pyrolysis process (PIP), owing to its
moderately high ceramic residue (≅ 66 – 68 wt% at 1200 °C
in argon atmosphere) and good infiltration ability. Boron
is expected to form a boron oxide film on the surface
of the material and thus increase the thermal stability of
the resulting ceramic phase. However, the BoSiVi is also
associated with the volume shrinkage and crack forma-
tion during the polymer to ceramic conversion. The in-
fluence of TiSi2 active filler on the physical properties of
BoSiVi compacts after pyrolysis was investigated. BoSiVi
with different percentage per weight of TiSi2 was designat-
ed as BoSiVi+TiSi2-0, BoSiVi+TiSi2-5, BoSiVi+TiSi2-10,
BoSiVi+TiSi2-15, BoSiVi+TiSi2-20, BoSiVi+TiSi2-25 and
BoSiVi+TiSi2-30 respectively. Residual porosity and the
empirical formula of all the ceramics are shown in Table 1.
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Table 1: Effect of TiSi2 on the volume shrinkage of the BoSiVi system and the elemental composition of the resulting ceramic.

Sl. No. Specimen Volume
change (%)

Residual
porosity (%)

Ceramic residue
(%) at 1500°C

Empirical formula

1 BoSiVi + TiSi2-0 -43.03 45.41 66.2 Si 0.54 B 0.11 O C 0.51

2 BoSiVi + TiSi2-5 -26.51 38.36 82.44 Si 0.56 B 0.11 O Ti 0.02 C 0.51

3 BoSiVi + TiSi2-10 -10.97 31.20 84.22 Si 0.6 B 0.11 O Ti 0.05 C 0.52

4 BoSiVi + TiSi2-15 -1.99 23.01 85.10 Si 0.65 B 0.11 O Ti 0.07 C 0.53

6 BoSiVi + TiSi2-20 + 10.52 18.51 86.25 Si 0.7 B 0.1 O Ti 0.11 C 0.53

7 BoSiVi+TiSi2-25 + 11.59 16.00 90.00 Si 0.74 B 0.1 O Ti 0.15 C 0.51

8 BoSiVi+TiSi2-30 EXFOLIATED Si 0.81 B 0.1 O Ti 0.2 C 0.52

The densities of the BoSiVi and [BoSiVi + TiSi2] systems
were calculated. This was followed by pyrolysis of the Bo-
SiVi and [BoSiVi + TiSi2] compacts at 1500 °C under argon
atmosphere. The BoSiVi and [BoSiVi + TiSi2] compacts
were weighed and their densities and elemental composi-
tion estimated, followed by the evaluation of the volume
change of the compacts on ceramic conversion. Variation
of volume of the BoSiVi and [BoSiVi + TiSi2] compacts is
shown in Fig. 1.

Fig. 1: Variation of volume shrinkage (%) of BoSiVi and [BoSiVi +
TiSi2] with the percentage per weight of TiSi2.

In the case of BoSiVi+TiSi2-0, volume shrinkage was
43.03 % and the resultant ceramic was extremely brittle.
As the TiSi2 filler loading increases (5, 10 and 15 wt%), the
corresponding volume shrinkage decreases up to 1.99 %
whereas in the case of BoSiVi+TiSi2-20 and BoSiVi+TiSi2-
25 a resultant volume expansion was noticed. But the
BoSiVi+TiSi2-30 system was exfoliated after pyrolysis at
1500 °C. This may be due to the fact that the quantum of
volume expansion of the filler exceeds the volume shrink-
age of the polymer on pyrolysis. The concentration of
TiSi2 required for “zero volume shrinkage” of the BoSiVi
system on polymer to ceramic conversion was estimated
from the point at which the line intersects the X-axis as
15.6 wt%.

The ceramic residue of BoSiVi and [BoSiVi + TiSi2] sys-
tems at 1200 °C under argon atmosphere is represented in
Fig. 2. BoSiVi+TiSi2-0 returns a ceramic yield of ≈ 82 %
at 1200 °C and as the filler loading increases, the ceramic
residue of the system also increases up to ≈ 90 %. The in-

crease in ceramic residue may be attributed to the increase
in the non-volatile filler content as well as the pyrolytic re-
action by-products of the polymer and the active filler.

Fig. 2: Variation of ceramic residue (wt%) of the BoSiVi and [BoSiVi
+ TiSi2] systems with the percentage per weight of TiSi2 (1200 °C
in argon atmosphere, f = 10 K/min)

To determine the temperature regime of the reaction be-
tween TiSi2 and BoSiVi, differential scanning calorimet-
ric (DSC) analysis was performed. The DSC curve of the
BoSiVi+TiSi2-0 and BoSiVi+TiSi2-30 green compacts is
shown in Fig. 3.

Fig. 3: DSC curves of (a) BoSiVi+TiSi2-0 (b) BoSiVi+TiSi2-30.
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The green compacts exhibited an endothermic peak at
≈ 150 °C, associated with the release of boric acid as re-
ported by previous authors 20. BoSiVi+TiSi2-0 exhibit-
ed an exothermic peak at ≈ 400 – 800 °C, which was at-
tributed to the polymer to ceramic conversion. At this
temperature regime, hydrocarbons were released from
the system owing to complex rearrangement of the poly-
mer to ceramic, and as a result the formation of a ceramic
matrix with transient porosity was initiated. Schiavon
et al. 21 reported that polysiloxanes in the temperature
regime of ≈ 400 – 800 °C represent a random distribution
of SiO4, SiO3C, SiO2C2, SiOC3 and SiC4 moieties. The
DSC curve of BoSiVi+TiSi2-30 system clearly shows a
deviation at a temperature of ≈ 550 °C. This may be due to
the initiation of reaction of TiSi2 filler with the pyrolyt-
ic products of the polymer, which implies that the active
filler starts reacting from ≈ 550 °C.

The porosity generated in the pyrolyzed BoSiVi and [Bo-
SiVi + TiSi2] systems was evaluated by means of mercury
porosimetry. The average pore diameter and pore volume
distribution of BoSiVi+TiSi2-0, BoSiVi+TiSi2-15 and Bo-
SiVi+TiSi2-25 systems were analysed. Fig. 4 indicates that
as the filler percentage per weight increases, the peak of
the “average pore diameter” is shifted towards a “lower
diameter regime”, indicating that the average pore diam-
eter decreases with an increase in filler loading. The av-
erage pore diameter of BoSiVi+TiSi2-0, BoSiVi+TiSi2-15
and BoSiVi+TiSi2-25 was 82 μm, 69 μm and 66 μm respec-
tively.

Fig. 4: Porosity distribution curves of typical BoSiVi and [BoSiVi +
TiSi2] systems heat-treated at 1500 °C.

It was also observed that with the addition of TiSi2 filler,
the pore size distribution in the ceramic samples became
more uniform and the peaks became narrower compared
to that of BoSiVi-derived ceramic phase.

(2) Effect of TiSi2 concentration on the phase evolution
of BoSiVi system

X-ray diffraction studies were performed to investigate
the evolution of ceramic phases in BoSiVi and [BoSiVi +
TiSi2] systems. Initially, the XRD pattern [Fig. 5(A)] of
TiSi2 active filler was evaluated (before and after heat treat-
ment at 1500 °C), which shows the presence of titani-
um, silicon, carbon as impurities along with TiSi2 phase.
Fig. 5(B) gives the XRD pattern of TiSi2 after heat treat-

ment at 1500 °C, showing the evolution of TiC and SiC
phases. XRD patterns corresponding to excess titanium
and carbon disappeared after the heat treatment at 1500 °C.
Carbon in the system may react with TiSi2, Ti and Si
to form corresponding carbides. However, even after the
heat treatment, trace amounts of silicon were present in the
filler material.

Fig. 5: XRD pattern of (A) as-received TiSi2 (B) TiSi2 heat-treated
at 1500 °C.

Raman analysis of TiSi2 before and after pyrolysis at
1500 °C was also performed to co-relate with the XRD
spectral data. As the phase evolutions in ceramic materi-
als were non-homogeneous, Raman analysis were record-
ed from different spots/areas of the powdered samples, as
indicated in Fig. 6. The conclusions from the XRD spec-
tra were proved correct as TiCxOy phases were identified
(broad peaks centred at ≈ 400 and 600 cm-1) in the Raman
spectrum of TiSi2 heat-treated at 1500 °C.

The peaks at ≈ 421 and 605 cm-1 were attributed to the
existence of non-stoichiometric TiC 23. TiSi2 exhibits a
broad peak at 303 cm-1 but as the system contains TiC and
TiCxOy and these exhibit broad bands in the same region
there are chances of peak overlapping. The peak centred at
≈ 280 cm-1 confirms the presence of SiO2. Characteristic
peaks of SiO2 at ≈ 420 cm-1, 520 cm-1 and 800 cm-1 may
also overlap with the peaks of TiC and SiC phase in the
system. Broad peaks at ≈ 1334 and 1550 cm-1 indicate the
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presence of amorphous carbon in the system. The sharp
and intense peak centred at ≈ 775 cm-1 confirms the pres-
ence of SiC involving random or periodic stacking faults
of the planes along the (111) cubic or (001) hexagonal di-
rection 24.

Fig. 6: Raman spectra of TiSi2 heat-treated at 1500 °C.

Fig. 7: (A) XRD pattern and (B) Raman spectrum of BoSiVi heat
treated at 1500 °C.

XRD pattern and Raman spectrum of BoSiVi + TiSi2-0
system after heat treatment at 1500 °C are shown in

Fig. 7(A) and 7(B) respectively. The XRD spectra show
the evolution of characteristic peaks of b-SiC along with
a broad pattern at 2h ≈ 22° which indicates the forma-
tion of B2O3-SiO2 (JCPDS#00 – 042 – 0383). The Raman
spectrum also complements the XRD data where char-
acteristic peaks of b-SiC are observed. The characteristic
b-SiC peaks observed in the Raman spectrum at ≈ 784,
949 cm-1 imply that it is devoid of any stacking faults 25.

In order to determine the effect of filler concentration
on the phase evolution, the XRD pattern of BoSiVi was
compared with the spectra of the [BoSiVi + TiSi2] systems
pyrolyzed at 1500 °C (Fig. 8).

Fig. 8: XRD pattern of (A) BoSiVi+TiSi2-0, (B) BoSiVi+TiSi2-5, (C)
BoSiVi+TiSi2-10, (D) BoSiVi+TiSi2-15, (E) BoSiVi+TiSi2-20, (F)
BoSiVi+TiSi2-25 and (G) BoSiVi+TiSi2-30 heat-treated at 1500 °C.

XRD patterns of [BoSiVi + TiSi2] systems show the
evolution of phases like TiB (JCPDS #04 – 004 – 9040)
and TiB2 (JCPDS#00 – 007 – 0275) in addition to SiC
(JCPDS#04 – 002 – 9070), SiO2 (JCPDS#04 – 007 – 2134),
TiC (JCPDS#00 – 001 – 1222) and TiOC (JCPDS

#04 – 006 – 1697) phases. Titanium borides may be
formed owing to the reaction between boron in the poly-
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borosiloxane and TiSi2. As the filler concentration in-
creases, the crystalline nature of the system also increases.
It is evident from our study that the filler-incorporated
polymer system at 1500 °C provides a mixture of oxide
phases (SiO2, TiOC and B2O3-SiO2) and non-oxide ce-
ramic phases (TiB2, TiB and TiC).

Raman spectra of [BoSiVi + TiSi2] systems heat-treated
at 1500 °C complement the results obtained from XRD
analysis. The SiC peak in the Raman spectra of [BoSiVi +
TiSi2] systems was situated at around ≈ 776 cm-1 (Fig. 9).

Fig. 9: Raman spectra of BoSiVi+TiSi2 (30) heat-treated at 1500 °C.

The sharp and intense peak of SiC centred at ≈ 776 cm-1

is attributed to the coherent structure involving random
or periodic stacking faults of the compact planes along
the (111) cubic or (001) hexagonal direction. It was thus
confirmed that the silicon carbide phase evolved from the
TiSi2-incorporated borosiloxane system does have peri-
odic stacking faults. The Raman analysis technique could
not detect the evolution of TiB2 phase as it was Raman-in-
active.

(3) Effect of TiSi2 concentration on the morphological
features of the BoSiVi system

The morphology of the BoSiVi and [BoSiVi + TiSi2]
systems was investigated using a scanning electron mi-
croscope equipped with energy-dispersive X-ray spec-
troscopy (SEM-EDX). From the SEM images of the cross-
section of BoSiVi+TiSi2-0 [Fig. 10(a)], it was observed that
the system contains micropores.

Figs. 10(b) and 10(c) show the SEM images of cross-sec-
tions of BoSiVi+TiSi2-15 and BoSiVi+TiSi2-25 respective-
ly. It is evident that the surface morphology of the Bo-
SiVi+TiSi2-15 system has more surface uniformity than
the other two systems. Thus mercury porosimetry results
and SEM images of the BoSiVi+TiSi2 samples point to-
wards the porosity-engineering capability of AFCOP. Ac-
cordingly, the pore size in the BoSiVi system can be tai-
lored by changing the percentage per weight of TiSi2 ac-
tive filler in the system.

Fig. 10: SEM images of (a) BoSiVi+TiSi2-0 (b) BoSiVi+TiSi2-15 (c)
BoSiVi+TiSi2-25.

Fig. 11 shows higher-magnification SEM images of all
the BoSiVi and [BoSiVi + TiSi2] systems. SEM images of
BoSiVi+TiSi2-0 clearly indicate porosity in the matrix and
EDX analysis confirms the presence of silicon, carbon and
oxygen in the matrix.

The EDX composition analysis technique was used to
identify the ceramic composition. Even though lighter el-
ements can be detected, e.g. boron, sensitivity to them is
low, thus making quantification difficult. However, chem-
ical analysis of pyrolyzed products confirms the presence
of ≤ 3 wt% of boron in the ceramic phase. The presence
of borides in the ceramic phases was also identified from
XRD analysis.

In the case of BoSiVi+TiSi2-5, nanogrowth was observed
and the concentration of the nanogrowth was found to
increase as the concentration of the filler increases. Field
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Fig. 11: SEM images of (A) BoSiVi+TiSi2-0, (B) BoSiVi+TiSi2-5, (C) BoSiVi+TiSi2-10, (D) BoSiVi+TiSi2-15, (E) BoSiVi+TiSi2-20, (F) Bo-
SiVi+TiSi2-25 and (G) BoSiVi+TiSi2-30 and EDX mapping of (H) BoSiVi+TiSi2 (0), (I) BoSiVi+TiSi2 (30).

emission scanning electron microscopy (FESEM) images
and EDX studies of BoSiVi+TiSi2-30 proved that the ma-
trix was fully covered with nanofibres and the EDX map-
ping confirms the presence of silicon, carbon, oxygen and
titanium. Growth of nanostructures via pyrolysis of tran-
sition-silicide-incorporated preceramic polymer is termed
catalyst-assisted pyrolysis (CAP) 26.

In the above systems at low concentration of TiSi2, nano-
growth was initiated in pores, which can be termed “cat-
alytic micro-reactors” as reported by some authors 27.
From the present study it was observed that as the con-
centration of the catalyst increases catalytic-micro reac-
tors were not required for the evolution of nanogrowth.
As the concentration increases, the molten TiSi2 filler
material is no longer restricted to the micropores in the
ceramic matrix but spreads over the matrix, and hence cat-
alytic micro-reactors are not a prerequisite for the growth
of ceramic nanofibres.

From the FESEM images (Fig. 12), it was observed that
every nanowire contains a spherical tip and EDX analysis
confirms that this spherical tip contains TiSi2 with some
oxygen.

From the EDX analysis, it was confirmed that the mid-
dle part of the nanowire and the matrix was made up of
TiC-doped SiOC phase (Fig. 12). The growth mechanism
of these nanowires was explained based on the vapour-
liquid-solid (VLS) mechanism 28. TiSi2 is a very good sol-
vent for SiC because of its high apparent solubility and low

vapour pressure compared to other transition metal sili-
cides 29. Formation of SiC phase in the system can be ex-
plained with the following reactions:

SiO(g) + 3CO(g) → SiC(s) + 2CO2 (g) (1)

TiSi2 (l) + 2C*(s)→ TiC (O) (s) + 2SiC (O) (s) (2)

SiO (g) + 2C (s) → SiC(s) + CO (g) (3)

SiO2 (s) + 2C (s) → SiC (s) + CO2 (g) (4)

* With traces of oxygen from the borosiloxane matrix.
Previous investigations show that, reaction (1), the gas-

gas reaction is thermodynamically unfavourable 30 in the
temperature regime of the present study. So the formation
of SiC can be explained based on a liquid-solid phase re-
action as per Eq. (2) and a gas-solid phase reaction as per
Eq. (3). Instead of the silicon suboxide reaction for SiC for-
mation, a solid-solid reaction may happen as per Eq. (4).
Silica may react with free carbon in the system in the tem-
perature regime of the present study.

To obtain a better insight into the morphology of the
nanofibre, an HRTEM image (Fig. 13) was recorded. The
HRTEM image exhibits an array of planar defects on the
nanofibre. Moreover, the nanofibre is surrounded by an
amorphous layer comprising SiOx phase. The thickness
of the amorphous sheath is around 2 nm and that of the
nanofibre is around 39 nm.
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Fig. 12: FESEM image and related EDX spectra taken from selected areas of nanogrowth in BoSiVi+TiSi2-30 (top: spherical tip; middle:
nanowire; bottom: matrix phase).

Fig. 13: HRTEM image of the Si-Ti-O-C nanofibre.

Owing to presence of excess oxygen in the preceramic
system, the above products contain oxygen as an integral
part. SiC dissolves in the molten TiSi2 at high temperature
to form a saturated solution of SiC in TiSi2. Upon cooling,
SiC phase crystallizes out with oxygen and some amount
of TiC, in the form of nanowires from the solution. Hence

the tip of the nanogrowth is observed to consist of Ti, Si
and oxygen. Eq. (2) clearly indicates the reason for the in-
crease in concentration of nanowires with the increase in
concentration of TiSi2. The stacking faults observed in the
“SiC phase derived from TiSi2”active-filler-incorporated
borosiloxane pyrolysis provide clear evidence for the pro-
posed mechanism of nanogrowth.

V. Conclusions

The influence of titanium silicide active filler on the mi-
crostructure of borosiloxane-derived Si-B-O-C ceramics
was investigated. A detailed study on the physical and mi-
crostructure characteristics of the final ceramic was con-
ducted and the following conclusions were derived:
• From the present study, 15.6 wt% TiSi2 active filler

was found to be the optimum concentration to ob-
tain a “shrinkage-free ceramic” from BoSiVi polymer
at 1500 °C. Addition of excess TiSi2 beyond the opti-
mum concentration resulted in a volume expansion.

• BoSiVi+TiSi2 ceramic phase systems exhibit uniform
pore size distribution, reduced porosity and pore di-
ameter compared to that of the ceramic phase from the
filler-free polyborosiloxane system. Thus active-filler-
controlled polyborosiloxane pyrolysis can be used to
fabricate near-net-shaped ceramic components.
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• The BoSiVi system exhibited the evolution of SiC
phase without any stacking faults but the BoSiVi+TiSi2
systems exhibited the evolution of SiC phase with
stacking faults. The existence of stacking faults in the
SiC phase is direct evidence for the evolution of phases
as a result of active-filler-controlled polymer pyroly-
sis.

• SEM-EDX, FESEM and HRTEM analysis revealed
nanogrowth evolution in the BoSiVi+TiSi2 systems as a
result of catalyst-assisted pyrolysis. The investigations
ascertained that the growth of the nanostructures in the
filler loaded system was based on a solution-precipita-
tion mechanism. Thus ceramic nanofibres could be fab-
ricated on a ceramic substrate by means of a simple heat
treatment process.

It was concluded that addition of an optimum percentage
per weight of TiSi2 active filler during polyborosiloxane
pyrolysis resulted in a “shrinkage-free” multi-component
ceramic matrix consisting of TiC, SiC, TiB2, SiO2 and Ti-
OC phases.
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