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Abstract
Si based polymer-derived ceramics (PDCs) have been gaining attention due to their
exceptional functional and ultrahigh temperature properties.
With excellent creep
resistance even at temperatures far beyond 1000°C and resistance in oxidative as well
as corrosive environment, PDCs have emerged as potential materials in the fabrication
of thermo-structural composites.
Among the many PDCs, including SiC, SiCN,
SiOC, and SiCBN, SiOC can be fabricated from commercially available polysiloxanes
or polysilsesquioxanes. However, silicon oxycarbide based PDCs exhibit relatively
limited oxidation resistance and high temperature performance compared to their
nitride/carbonitride counterparts. In addition, these ceramics should be compatible with
carbide based substrates and oxide based top coats for thermal protection systems.
Preliminary work has indicated that incorporation of transition metals into the Si-O-C
system exhibits interesting crystallization, oxidation, and thermal stability. This work
demonstrates the behaviour of Zr and Ti, introduced as a molecular source, in the phase
evolution, crystallization, and oxidation resistance of the polymer-derived SiMOC (where
M = Zr, Ti) ceramics. A commercially available preceramic polymer was doped with
5−20mol% of the dopant metal ion (through alkoxide source), and cross-linked. Inert
atmosphere pyrolysis of thus produced powders yielded black coloured SiMOC ceramics.
X-ray diffraction (XRD) analysis was employed to observe the phase evolution. It was
revealed that Ti ions crystallized into carbide phase at temperatures as low as 1200°C,
while the Zr ions phase separated into t-ZrO2 whose crystallite size was calculated from the
X-ray diffractograms using Scherrer formula. In both of the systems the phase separation
of SiO2 was observed at temperatures beyond 1300°C. The crystallites of the formed SiC,
TiC and ZrO2 were further analyzed by transmission electron microscopy (TEM). Since
carbide phase was formed in the Ti-doped ceramic, thermogravimetric (TG) tests were
performed to study the mass loss of the ceramic in both inert and oxidative atmospheres. The
chemical nature of SiTiOC ceramic was investigated by Fourier-transform infrared (FTIR)
spectroscopy. To support a hypothesis on the placement of the dopant atoms in the SiOC
structure, ab initio calculations based on simple bond-counting method were also performed.
Keywords: Polymer-derived ceramics; phase evolution; silicon oxycarbide; Ti-doped
SiOC; Zr-doped SiOC; oxidation resistance.
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Chapter 1

Introduction
Several ceramic fabrication processes are used to produce commercial products that
vary in shape, size, composition, complexity, and cost. The fabrication of a ceramic
normally includes some ceramic materials, some liquids and some special additives called
processing aids. Several operations are employed to manufacture the product from a
batch containing ceramic materials and processing additives into a near defect-free finished
product. These operations need to be carefully controlled. A scheme for the several types of
ceramic-forming techniques is presented in Figure 1.1 and the respective products formed
are tabulated in Table 1.1.
Ceramic
Fabrication Process
Gas phase
reactions

Liquid precursor
method

Fabrication
from powders

Chemical Vapor
Deposition

Sol-Gel processing

Melt casting

Direct Metal
Oxidation

Polymer pyrolysis

Firing of compacted
powders

Reaction Bonding
Figure 1.1: Overview of some common fabrication processes

1.1

Polymer derived ceramics

Polymer derived ceramics (PDCs) are a novel class of complex nanostructured ceramics,
which can be produced in an inert or reactive atmosphere upon cross-linking and controlled
pyrolysis of suitable polymers. These additive-free ceramics cannot be obtained by any
1
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Table 1.1: Common ceramic fabrication techniques [1]
Precursor

Method

Product

Gases
Gas-liquid
Gas-solid
Liquid-solid
Liquids

Chemical vapor deposition
Direct metal oxidation
Reaction bonding
Reaction bonding
Sol-gel process
Polymer pyrolysis
Melt casting
Sintering of powders

Films, monoliths
Monoliths
Monoliths
Monoliths
Films, fibers
Fibers, films
Monoliths
Monoliths, films

Solids (powders)

other techniques [2]. The classes of PDCs are divided into binary systems (SiC, Si3 N4 and
BN), ternary systems (SiOC, SiCN and BCN) and quaternary systems (SiCNO, SiBCN and
SiBCO). Pentanary systems have also emerged in recent years [3, 4].
The PDCs have been gaining attention for their outstanding high temperature thermal
stability, stability with respect to crystallization as well as resistance in oxidative and
corrosive environments. The microstructure and phase composition of the PDCs strongly
influence their properties. Hence, chemistry and the molecular structure of the preceramic
polymer form important parameters for the modification of the properties of PDCs.

1.1.1

Polymeric precursor

Conventional organic polymers like polyethylene contain a chain of carbon atoms.
Preceramic polymers are different than the conventional ones since the chain backbone
in preceramic polymers contains Si-backbone with other elements (e.g., B, and N ) in the
chain other than carbon or in addition to carbon [1]. Suitable precursors like organosilicon
preceramic polymers are only used for the synthesis of ternary ceramics such as SiOC since
carbon has a low solubility in SiO2 . Thus for incorporation of relatively large amounts
of free carbon into the ceramic structure, these materials are synthesized by pyrolysis of
the preceramic polymers in an inert gas atmosphere [5–9]. An oversimplified molecular
stucture of organosilicon polymer has been represented in Figure 1.2 where R1 and R2 are
the functional groups and variation in (X) generates different classes of Si-based polymers.
Some of these classes of polymers are shown in Table 1.2. As compared to the low-carbon
containing PDCs, these carbon-rich analogues have shown a higher ceramic yield along with
a higher resistance against crystallization [5, 9].

Figure 1.2: An oversimplified molecular stucture of organosilicon preceramic polymer
2
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(X)

Si-based polymer
Poly(organosilane)
Poly(organocarbosilane)
Poly(organosiloxane)
Poly(organosilazane)
Poly(organosilylcarbodiimides)

Si
CH2
O
NH
N=C=N

Table 1.2: Different classes of Si-based polymers on variation of group (X)
The composition, amount of phases along with the phase distribution and the
microstructure of the final ceramic are influenced by the type of preceramic polymer and
its molecular structure. These polymeric precursors need to have high molecular weight
to avoid the volatilization of low molecular components. Presence of functional groups
in the polymeric chains would enable the curing and cross-linking. Moreover, appropriate
rheological properties and solubility determine the shaping process. These properties of the
preceramic polymers render them effective for thermal decomposition [2].
Polysilsesquioxanes, the class of preceramic polymers used in the present work, have
a general molecular structure of −[RSi−O1.5 ]n −. Poly(methyl phenyl)silsesquioxane
(PMPS) is a powdered silicon resin which has excellent heat stability and high solubility
in organic solvents. With an average molecular weight of 2100 g/mol, the general formula
of the PMPS polymer is [Ph0.62 Me0.31 R0.07 SiO1.5 ]n with n > 20 where Ph is the phenyl group,
Me is the methyl group, and R= −OC2 H5 and −OH [10]. These hydroxy and ethoxy groups
are responsible for the cross-linking in the ceramic.

1.1.2

Polymer pyrolysis process

The pyrolytic decomposition of the organometallic polymer to produce ceramics is referred
as polymer pyrolysis. These organometallic polymers are the preceramic polymers. This
route is quite related to the sol−gel process where the synthesis of a metal-organic polymeric
gel takes place and is converted to an oxide. Conventional fabrication techniques involve
sintering of the ceramics where the sintering temperature can range up to 2500°C. The
basic advantage of the polymer pyrolysis process is that it allows the fabrication of near
net shaped ceramics at lower temperatures of 500−1500°C compared to the conventional
powder sintering route.
The conversion from polymer-to-ceramic takes place in two steps:
I Cross-linking of the polymers at lower temperatures of 100−400°C
II Pyrolysis at temperatures up to 1000−1500°C resulting in ceramization of the polymer
Cross-linking in the polymer takes place due to the hydroxy or ethoxy group present in
the structure. Condensation of the Si−OH units and subsequent loss of water as well as the
3
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hydrolysis of the alkoxy groups result in Si−O−Si bond. The schematic of the condensation
and hydrolysis reactions has been shown in Figure 1.3. Pyrolysis of the polymer results
in an amorphous ceramic which upon futher increase in temperature yields nanocrystalline
inorganic materials.

Figure 1.3: The condensation and hydrolysis reactions that take place during the
cross-linking of polysiloxanes/sesquioxanes polymer

1.2

Application of PDCs

Due to the possibility of various designs in the molecular architechture of the preceramic
polymer, fabrication of multifunctional PDCs with tailored properties is achievable. The
fields in which PDCs have found an application are:
• High temperature resistant materials (energy materials, automotive, aerospace, etc.)
• Chemical engineering (catalyst support, food and biotech, etc.)
• Functional materials, including sensors, and anodes for Li-ion batteries
PDCs are suitable candidates in the field of energy and environment systems, defence,
transport, biomedical components and micro- and nano-electromechanical systems
(MEMS/NEMS) [2, 11, 12]. SiOC and SiCN PDCs have been shown to be potential
candidates as force and pressure sensors in harsh environments [13, 14] and in electrical
storage and mobile applications [2, 12]. PDC based based Li-ion battery anodes have
been found to be advantageous than the graphite-based anodes [15, 16]. PDCs, with their
high strength, stability in oxidative and corrosive environments, creep and thermal shock
resistance, have been proved to be promising materials for use in extreme conditions in such
applications.

1.3

Outline of the present work

In this present work on the effect of Zr and Ti on the phase evolution of silicon oxycarbide
ceramics, Chapter 1 provides a general introduction on the topic in hand. The class of
4

polymer derived ceramics and the method of fabrication have been briefed in this section.
The previous works done in this area have been outlined in Chapter 2. The aspects regarding
the modification of the preceramic polymers have mainly been focussed. Chapter 3 presents
the experimentations carried out to study the effect of the transition metals on the SiOC
ceramics. Preliminary investigations on the thermal behavior and the phase evolution in the
preceramic polymer used in this study has been presented in Chapter 4. The effect of Zr and
Ti on the silicon oxycarbide ceramics form the vitals of this chapter. The chapter ends with
the ab initio calculations to support the hypothesis regarding the placement of the dopant
atom in the polymer network. Finally, the conclusions drawn out from the study have been
outlined in Chapter 5.

Chapter 2

Literature Review
In the past two decades, almost 1500 papers have been published which have been denoted as
`Si-based polymer-derived ceramics (PDCs)' (Figure 2.1). PDCs have become the current
area of research due to their excellent properties at ultrahigh temperatures with respect to
decomposition and crystallization process.

Figure 2.1: Number of publications resulting from a search with the keyword ``Si-based
polymer-derived ceramics'', from 1990 up to now.
PDCs are known to be prepared by the solid-state thermolysis of preceramic polymers
[2, 17, 18]. Upon the pyrolysis of organosilicon polymers, these Si-based PDCs can
be directly synthesized [2]. Fritz and Raabe [19] built the premise of this area where
they produced organosilicon compounds via the thermal decomposition of a cyclic class
silicon-hydrocarbon compounds. Later, works of Ainger and Herbert [20], Chantrell and
Popper [21] furthered the research on this area where they produced non-oxide ceramics
deriving them from molecular precursors. It was Yajima et al [22, 23] who pioneered on the
6
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production of SiC fibers by the thermolysis of polyorganocarbosilanes. Since the work of
Yajima, several significant advances in the field of synthesis and processing of PDCs have
been achieved [2, 17, 18].
Under a controlled atmosphere and proper curing and thermolysis processes, the
preceramic polymers undergo a polymer-to-ceramic conversion and produce the ceramics,
thus known as polymer derived ceramics. The respective ceramic that some polymeric
precursors yield upon pyrolysis have been tabulated in Table 2.1, along with the
corresponding works done in the field. It has been reported that the ternary based PDCs like
silicon oxycarbide (SiOC) and silicon carbonitride (SiCN) ceramics have shown excellent
thermomechanical properties [24–26], resistance in oxidative and corrosive environments
[27, 28] as well as ultrahigh temperature properties [29, 30].
Preceramic polymers
Polysiloxane
Polycarbosilane
Polysilazane
Polyborosilazane

Yielded ceramic

References

C, SiO2 , SiC, SiOC

[31–33]

SiC, SiOC

[34–37]

Si3 N4 , SiCN

[38–44]

SiBCN

[45, 46]

Table 2.1: Final ceramic product obtained upon controlled atmosphere pyrolysis of some
polymeric precursors
The structures of these polymer derived ceramics have been modified by addition of
fillers which was the scope of research in the last decade to produce crack free bulk ceramic
components [38, 47, 48, 50, 51]. In this technique, the polymer is partially filled with
inert or active fillers which are basically powder particles. These particles compensate
for the shrinkage produced due to the outgassing of the organic material during pyrolysis
of the polymer. Thus, incorporation of these fillers permits the fabrication of crack free
bulk ceramics. This technique has been termed as active filler controlled polymer pyrolysis
process (AFCOP) [39, 52, 53].
The properties of the preceramic polymers can be directly influenced by its stucture and
synthesis [54]. Thus, apart from the incorporation of fillers in the polymer precursor, with
certain modification in the chemical structure of the polymer itself can lead to quarternary
ceramics with improved properties than their ternary counterparts. This advantage has been
seen in boron modified SiOC ceramics (SiBOC) where the SiC in the SiBOC ceramics
crystallized at a lower temperature than the pure SiOC [55–58].
Although prior works [49, 59, 60] have been carried out where Ti acts as an active
filler in the preceramic polymer, few works [61] have been done where SiOC has been
chemically modified with Ti as a molecular source. Hybrid polydimethylsiloxane-titania
nanocomposites have been synthesized by sol-gel process. The pyrolytic transformation
7

Literature Review
of polydimethylsiloxane/ titania hybrid xerogels was studied by varying the titania content.
For the completion of the polymer-to-ceramic conversion, higher temperatures were required
upon decreasing the TiO2 content. XRD spectra revealed that as the carbon content decreased
in the ceramic between the temperature regime of 1000−1600°C, the SiOC phase underwent
a continuous structural evolution thereby forming pure SiO2 at 1600°C [61].
The decomposition and crystallization at high temperature of Zr and Hf doped SiOC
has been investigated by various research groups [62–65]. Polysilsesquioxane was modified
by addition of metal alkoxides and was cross-linked followed by pyrolysis at 1100°C to
obtain the ceramics. The crystallization and microstructural evolution had unique behavior
in different temperature regimes. Below 800°C the material remained amorphous with a
single phase of SiMOC (M=Zr, Hf). The HRTEM/EELS data showed the single phasic
amorphous nature of SiHfOC [63]. Phase separation in the amorphous ceramic started at
temperatures of 800−1000°C. It phase separated into metal oxide nanoparticles. HRTEM
analysis revealed the phase separation of HfO2 in this temperature regime which showed
an amorphous SiOC matrix with dispersed amorphous hafnia nanoparticles [63]. In the
temperature regime of 1000−1400°C, the amorphous metal oxide crystallized into t-MO2
along with phase separation of the SiOC matrix. The SiOC matrix fully phase separated into
silica, β-SiC nanoparticles and segregated carbon. The particle size of the t-ZrO2 and t-HfO2
precipitates were in the range of 2−5 nm. Moreover, these nano crystals were well dispersed
in the SiOC matrix. Thus, due to the small size and dispersion of the t-MO2 precipitates,
phase transformations fron tetragonal to monoclinic did not occur [62, 63]. Upon further
increase in the pyrolysis temperature beyond 1400°C, crystalline metal silicate nanoparticles
of size 20−50 nm were formed. These nanoparticles were the direct effect of solid state
reactions between SiO2 and the MO2 phase [62, 63]. Similar behavior was also found in
SiAlOC [66], SiMnOC [67] and SiLuOC [67] ceramics.
Like the silicon oxycarbide system, modifications in the silicon carbonitride system have
also been investigated. The incorporation of boron into SiCN to form a a quarternary system
of SiBCN has shown to increase the crystallization resistance and the thermal stability of
the ceramic, intensely [29]. Several kinetic [68] and thermodynamic [69] studies have been
performed on SiBCN system to investigate the reason of the dramatic increase in thermal
stability and this stability has been attributed to kinetic reasons [70, 71]. It has been reported
that with increase in boron content, thermodynamic stability decreases, thus addition of
boron for the crystallization of Si3 N4 is considered to be entirely a kinetic effect [72].
Incorporation of different metals like Al [25, 28], Ti [73], Y [74, 75], Zr [76, 77] anf Hf
[3, 4, 54, 78] in the SiCNO ceramics to form a multinary system of SiMCNO (where M is the
metal ion) have also been reported. The polysilazanes have been modified chemically with
respective metal alkoxides and are subsequently pyrolyzed to prepare amorphous SiMCNO
ceramics. At higher temperatures, these ceramics phase separate to form amorphous metal
oxides which remain dispersed in an amorphous SiCNO matrix. Upon further annealing at
8
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higher temperatures, these amorphous metal oxides crystallize into nanoparticles.
Among these modified ceramics, the Hf doped system has been extensively studied.
The single-phase amorphous SiHfCNO formation at 700−800°C has been supported by 29 Si
MAS NMR studies while TEM studies showed the phase separation into amorphous HfO2
[78]. At temperatures beyond 1300°C, nanocomposites of crystalline t-HfO2 /SiCNO are
formed which subsequently crystallize into β-Si3 N4 and β-SiC upon further increase in the
temperature. It has been reported [54] that at 1600°C, the mass loss in the SiHfCNO ceramics
is ∼30 wt% lower than that in pure SiCNO, therby proving the improved high-temperature
resistance of SiCNO upon modification with Hf. Studies on the solid solubility of HfO2 have
also been reported [4]. Experiments have shown that the solubility extends to a Hf/Si ratio of
<0.22. The study also talks about the placement of the Hf atoms in the amorphous network
where it has been proposed that the Hf atom substitutes for the Si atom in the amorphous
network since the bond strengths of Hf and Si with C, O and N are similar.

2.1

Summary

The prior works done in this area can be summarized into the following points:
• Polymer pyrolysis of polymeric precursors is the only technique to produce ternary
and quarternary system based polymer derived ceramics.
• Addition of inert or reactive fillers into the preceramic polymer results in additional
phases in the ceramic. These fillers are commonly added in powder state. They
compensate for the shrinkage in the bulk ceramics during fabrication.
• Chemical modification of the preceramic polymer by addition of metal alkoxides is
a novel technique to prepare quarternary ceramics. The incorporation of dopants
into the polymeric precursor affects its molecular structure. It has been shown that
modification in the chemical structure of the polymer itself can lead to quarternary
ceramics with improved properties than their ternary counterparts.
• Metal oxides resulted from the addition of metal alkoxides into the polymeric
precursor. Few works on polymers with high carbon content to be used as polymeric
precursors for production of quarternary ceramics have been reported.

2.2

Objective of the work

Thus, the following objectives were drawn out for the present study, based on the prior works:
• Synthesis of SiTiOC and SiZrOC ceramics from polymer pyrolysis method using a
preceramic polymer with high carbon content.
9

• Study the phase evolution of the hybrid ceramics where Zr or Ti are added as a
molecular source.
• Perform high resolution electron microscopy to expose the morphology and structure
of the synthesized hybrid ceramics.
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Experimental
3.1

Materials

The preceramic polymer poly(methyl phenyl)silsesquioxane (PMPS) (commercial name:
SILRES® H44) was used which was obtained from Wacker Silicones, Burghausen, Germany.
Titanium(IV) isopropoxide and zirconium(IV) isopropoxide were used as precursors for Ti
and Zr doping in the silicon oxycarbide ceramics respectively. Titanium(IV) isopropoxide
and zirconium(IV) isopropoxide were procured from Sigma-Aldrich.

3.2

Processing of doped Silicon Oxycarbide Ceramics

Preliminary investigations of PMPS powders (refer section 4.1.1) showed that the polymer
has a ceramic yield of 55%. The dopant was added into the polymer system in a ratio of metal
ion to silicon. The PMPS polymer was pyrolyzed in air to find out the ceramic yield, which
is SiO2 . Based on the weight of SiO2 the Si content in the PMPS polymer was calculated.
Subsequently, the amount of dopant ion in the polymer was calculated for 5, 10, 15 and 20
mol% of the dopant to Si ion in the polymer.
For batch preparation, 20 ml of isopropyl alcohol (IPA) was taken in a glass beaker to
which 10 g of PMPS polymer was added. The solution was stirred continuously using a
glass rod until a clear solution of the polymer was obtained. In another beaker ~10 ml of
isopropyl alcohol was taken and heated (for the metal ion precursor has higher solubility
in hot isopropyl alcohol). The respective metal ion precursor was measured in a measuring
cylinder and poured into the hot isopropanol with constant stirring. This metal precursor
solution was immediately poured into the polymer solution to prevent the formation of
metal hydroxides since isopropoxide readily reacts with moisture. The mix was continuously
stirred in a magnetic stirrer. 50 µl (0.5 weight%) of triethanolamine (TEA) was measured in
a micro-pipette and added as a cross-linking agent into the mixture and stirred vigorously.
The resulting mix was transferred into a glass petri-dish and was kept in an electric
oven at 60°C for drying. Then the dried solid was scrapped off the petri-dish and was
thoroughly ground with a mortar and pestle. The ground powders were transferred into
11
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an alumina crucible and were cross-linked in a muffle furnace at 350°C for 2 hours. The
cured powders were further ground to fine powders in a SPEX mill (SPEX 8000M, SPEX
SamplePrep, Metuchen, NJ, USA). These powders were finally pyrolyzed in a tube furnace
under an inert argon atmosphere with a maximum dwelling time of 2 hours at the peak
temperature. The pyrolysis temperature varied from 900−1500°C at a ramp rate of 3°C/min
from room temperature to 1000°C and 2°C/min up to the temperature above 1000°C. Figure
3.1 schematically shows the main steps in the processing of the doped SiOC ceramic.
Preparation of two separate solutions of polymer
and dopant metal ion precursor in isopropanol

Mixing of both the solutions with constant stirring

Cross-linking at 350°C

Milling of cross-linked powders

Pyrolysis at elevated temperatures in inert atmosphere
Figure 3.1: Brief overview of the batch preparation

3.3

Characterization of the as obtained Ceramics

Several analytical techniques were used to monitor the effect of dopant addition on
the microstructure and thermal transformations of the obtained ceramics. The pyrolytic
conversion of the preceramic polymer (PMPS) was also investigated.

3.3.1

Phase evaluation

The pyrolyzed samples of neat and doped SiOC were milled in a SPEX mill (8000M
Mixer/Mill® ) and the phases were identified by X-ray diffraction (XRD) technique using
Rigaku Ultima IV X-ray diffractometer with CuKα radiation. The samples pyrolyzed at
elevated temperatures (900−1500°C) were placed in glass sample holders and analyzed at
12

diffraction angles between 15−80° at 20°/min and a step size of 0.05°. The effect of pyrolysis
temperature and amount of dopant was studied from the diffractograms.
Futhermore, the crystallite sizes of the phases were calculated from the X-ray
diffractograms using the Scherrer formula, shown in equation (3.1).
t=

0.9λ
BcosθB

(3.1)

Here, t represents the crystallite size to be calculated, λ is the wavelength of the X-ray source
(λCu =1.54Å), B is the full-width half-maxima of the corresponding X-ray peak and θB is
the Bragg angle of the corresponding peak.

3.3.2

Thermogravimetric analysis (TGA)

Thermal analyses were performed for determination of the mass changes on pyrolysis under
inert atmosphere as well as on oxidation. Thermogravimetric tests were done in a Netzsch
STA/TG-DSC instrument of PMPS and doped PMPS in argon atmosphere to understand the
phase evolution. TGA was also performed on samples pyrolyzed at 1500°C with a ramp rate
of 10°C/min under oxygen atmosphere to study the behavior of the ceramics upon oxidation.

3.3.3

Infrared Spectroscopy (FTIR)

Fourier transform infrared (FTIR) spectra was measured to identify any structural
modification of SiOC backbone on addition of dopant ion. The samples were mixed with
KBr in a ratio of 1:10 and was finely ground in a mortar. The mixture was pressed using a
hydraulic press into a thin clear pellet. The pellet was inserted into the IR sample holder and
the spectrum was run between 4000 and 400 cm-1 on a PerkinElmer Spectrum One FTIR
spectrometer.

3.3.4

Transmission Electron Microscopy (TEM)

To confirm the crystalline phases in the SiOC matrix after polymer-to-ceramic
transformation, transmission electron microscopy (TEM) was performed on the pyrolyzed
samples. The powdered samples were dispersed in isopropyl alcohol and a drop of the
solution was deposited on a carbon coated copper grid (300 mesh, Ted Pella, USA). The
copper grid was allowed to dry. The grid was then placed in the sample holder for analysis.
TEM was performed by a 300 kV microscope (FEI, TechnaiTM G2) with a field emission
electron gun. Bright field imaging and high resolution imaging was performed on the
prepared samples.
For analysis of the TEM micrographs, Gatan DigitalMicrograph® software was used.
The lattice fringes were calculated applying the fast Fourier-transform (FFT) algorithm on a
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selected area over the micrograph of the lattice fringes in the crystallite. After computation,
the fringe width was measured from the inverse FFT images derived from the micrograph.
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Results and Discussion
4.1

Thermal and phase evolution in polysilsesquioxane

Like poly(methyl phenyl)silsesquioxane (PMPS) polymer, poly(methyl)silsesquioxane
(PMS) polymer is a methyl silicone resin with a high reactivity, and and the derived ceramics
has heat resistance properties. Thermal characterizations and phase analysis were performed
on the PMS and PMPS powders. These characterizations would act as a reference to qualify
and quantify the effectiveness of the dopant atom (Zr or Ti) on the polymer derived silicon
oxycarbide.

4.1.1

Silica content in polysilsesquioxane

Figure 4.1: Mass loss in PMS polymer under air atmosphere
Figure 4.1 represents the mass loss in the pure PMS polymer in air atmosphere measured
by thermogravimetric test. It shows the polymer-to-ceramic transformations that the PMS
15
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polymer undergoes upon pyrolysis. It can be observed that the mass loss upon pyrolysis
takes place predominantly in three stages. The polymer undergoes a major loss initially.
This initial loss of ∼14% up to 300°C can be attributed to the loss of moisture and methane
from the sample. The loss in the second stage, i.e., in the temperature regime of 300−800°C,
is low, ∼2%. This loss corresponds to the loss of methane which was still in the system from
the first stage. Beyond 800°C, the slope of the curve is somewhat constant, i.e., losses are
minimal and are negligible. This stage suggests that all the organic has been converted to
oxide phases, effectively SiO2 . This can be considered as the ceramic yield of the polymer
which is ∼81% for the pure PMS polymer.

Figure 4.2: Mass loss in PMPS polymer under air atmosphere
Figure 4.2 represents the mass loss in the pure PMPS polymer under air atmosphere
measured by thermogravimetric test. Similar to the PMS system, the mass loss upon
pyrolysis takes place predominantly in three stages. There is an initial loss of ∼ 4% up
to 350°C which can be attributed to the loss of moisture absorbed by the sample. Between
350−670°C, there is a drastic change in the mass of the polymer, i.e., ∼40%. A cross-linked
PMPS would have a basic structure of [−SiO2 −CH3 ]+[Ph−SiO2 −] where Ph is the phenyl
group. Upon pyrolysis, the phenyl group will be cleaved off from the [Ph−SiO2 −] structure
[79]. The drastic change between 350−670°C can be attributed to this loss of phenyl group.
After these losses, the product that remains is SiOx Cy Hz . With increase in temperature,
further losses of hydrogen take place, leaving behind SiOx Cy ceramic [79]. Beyond 670°C,
the slope of the curve is somewhat constant. All the organic has been converted to oxide
phases, effectively SiO2 . This can be considered as the ceramic yield of the polymer which
16
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Figure 4.3: X-ray diffractograms of undoped poly(methyl)silsesquioxane pyrolyzed under
Ar atmosphere at different temperatures [49].
is ∼55% for the pure PMPS polymer.

4.1.2

Phase analysis

Similar to the preparation of the doped poly(methyl phenyl)silsesquioxane ceramics (section
3.2), the as purchased polymer powders (PMS and PMPS) were cross-linked by addition of
the cross-linking agent, triethanolamine (TEA), at 350°C for 2 hours in a muffle furnace.
The resulting cross-linked powders were pyrolyzed under inert atmosphere at various
temperatures. XRD analysis were performed on these pyrolyzed polymers to study the
phases evolved and both of their X-ray diffractograms were compared.
Figure 4.4 shows the XRD patterns of the undoped poly(methyl)silsesquioxane
pyrolyzed under inert argon atmosphere at elevated temperatures of 900−1500°C. It shows
the phases formed in the ceramic upon pyrolysis. As it can be seen from the Figure 4.3, the
silicon oxycarbide ceramic remains effectively amorphous in the entire range of the pyrolysis
temperature.The β-SiC phase with characteristic peaks at diffraction angles of 36° and
60° (JCPDS #73-1665) are still in the amorphous SiOC network. Even at a temperature
of 1500°C the carbide phase has not separated out from the matrix to form a crystalline
phase.
Figure 4.4 shows the XRD patterns of the undoped poly(methyl phenyl)silsesquioxane
pyrolyzed under inert argon atmosphere at elevated temperatures of 900−1500°C. The
phases formed upon pyrolysis of PMPS can be studied from these X-ray diffractograms. Up
to the pyrolysis temperature of 1200°C, the silicon oxycarbide ceramic retains its amorphous
structure (Figure 4.4) . These amorphous XRD patterns are characteristics of SiOx Cy
17
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Figure 4.4: X-ray diffractograms of undoped poly(methyl phenyl)silsesquioxane pyrolyzed
under Ar atmosphere at different temperatures [49].
ceramics. Broad peaks are vaguely visible at 1300°C which become quite distinct at 1400°C.
The broad humps pinch off and phase separate to crystalline β-SiC whose characteristic
peaks are at 36° and 60° (JCPDS #73-1665).

4.1.3

Remarks

The PMS polymer has a low mass loss upon pyrolysis under air, thus a high ceramic yield.
This asserts that the carbon content in the polymer is low. On comparison with PMS, PMPS
polymer thus has a high carbon content, since upon oxidation there is ∼45% mass loss which
is due to loss of carbon from the polymer. Thus PMPS is chosen for investigations, citing
its high carbon content.
Moreover, since the PMPS polymer phase separates into β-SiC upon pyrolysis under
argon atmosphere at elevated temperatures, formation of this carbide phase can also be
expected in the ceramic when doped with metal ions.

4.2
4.2.1

Zr-doped poly(methyl phenyl)silsesquioxane
Phase formation

Figure 4.5 shows the XRD pattern of Zr doped SiOC ceramic pyrolyzed under inert argon
atmosphere at (a) 1000°C, (b) 1100°C and (c) 1500°C for 2 hours. It presents the effect of
the Zr metal ion on the phase formation during the pyrolysis and formation of the SiZrOC
ceramic. Phase formation at 1000°C and 1100°C in the SiZrOC ceramics for a Zr ion
18
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concentration of 5, 10 and 20 mol% is depicted in Figure 4.5a and 4.5b.
The XRD patterns for both the temperatures are nearly the same. The ceramic stays
in the amorphous state at a Zr concentration of 5 mol%. Comparison of the 5 mol% Zr
concentration at both the temperatures shows that the low intense broad peaks at 1000°C have
slightly pinched off. This suggests that crystallization started at 1100°C for 5 mol% Zr which
was not possible at a 1000°C. With increase in Zr concentrations, the SiZrOC ceramic phase
separates into tetragonal zirconia (JCPDS #79-1769). The only crystalline phase formed
at 1000°C and 1100°C in the SiZrOC ceramics is t-ZrO2 . Moreover, the doublet at ∼35°,
which is a characteristic peak of t-ZrO2 , cannot be resolved at the Zr doped SiOC pyrolyzed
at 1000°C (Figure 4.5a), while the doublets at 50° and 60° (JCPDS #79-1769) are very
faintly visible in both the samples pyrolyzed at 1000°C and 1100°C. This is probably due to
the low crystallite sizes of the t-ZrO2 at these temperatures.
With an anticipation of formation of carbide phases, especially zirconium carbide, at
elevated temperatures, the SiZrOC ceramics were also pyrolyzed at 1500°C. Figure 4.5c
shows the XRD pattern of the SiZrOC ceramics pyrolyzed at 1500°C. At this temperature,
fully crystalline phases are formed. Apart from a single peak at 22.5°, which is attributed to
SiO2 (JCPDS #76-0941), the phases formed are that of tetragonal and monoclinic zirconia,
mainly t-ZrO2 . It is also evident from Figure 4.5c that crystallization of t-ZrO2 is promoted
with increase in the Zr concentration since the t-ZrO2 peak at 30° becomes more pronounced
as the dopant concentration increases.
Moreover, the crystallite size of the t-ZrO2 was calculated using the Scherrer equation.
The respective crystallite sizes of ZrO2 in the samples with highest Zr concentration, i.e., 20
mol% Zr, have been tabulated in Table 4.1. It was found that the crystallite size of t-ZrO2
increased with increase in pyrolysis temperature which is intuitive.
Table 4.1: Crystallite sizes of t-ZrO2 and m-ZrO2 in SiZrOC at different temperatures
t-ZrO2 (nm)

m-ZrO2 (nm)

1000

3.2

−

1100

5.7

−

1500

40.1

26.9

Temperature (°C)

4.2.2

Microstructure

Figure 4.6 shows the microstructure of SiZrOC ceramics with a Zr concentration of 20 mol%,
pyrolyzed at 1000°C. It was clear from the XRD patterns of the sample (figure 4.5a) about
the presence of crystalline t-ZrO2 phase in an amorphous matrix. To corroborate this fact,
the microstructure of the 1000°C pyrolyzed 20 mol% Zr doped SiOC were characterized by
TEM.
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(a)

(b)

(c)

Figure 4.5: X-ray diffractograms of Zr doped SiOC ceramic pyrolyzed at (a) 1000°C, (b)
1100°C and (c) 1500°C under an inert Ar atmosphere for 2 hours
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(a)

(b)

Figure 4.6: HRTEM micrographs of SiZrOC ceramics pyrolyzed at 1000°C, (a) t-ZrO2
dispersed in SiOx Cy matrix, and (b) measurement of the lattice fringe width with a inverse
fast Fourier-transform inset
Figure 4.6a confirms about the distribution of ZrO2 crystals in the amorphous SiOx Cy
matrix. This is agreement with the XRD pattern (Figure 4.5a). To corroborate the t-ZrO2
phase formation, which was established by the XRD patterns, the width of the lattice fringes
of a crystal was computed using a fast Fourier transform (FFT) algorithm. The TEM
micrograph shown in Figure 4.6b represents this calculation where the computed inverse
FFT is inset in the micrograph. Measurements showed that the lattice fringe width was
2.95Å which confirms with the d-spacing of (101) plane of t-ZrO2 (JCPDS #79-1769), thus
confirming t-ZrO2 phase.

4.2.3

Remarks

The SiOC system phase separated into β-SiC upon pyrolysis at 1500°C (Figure 4.4), but
no such peaks corresponding to β-SiC was found in the SiZrOC system. The system only
produced metal oxides with the absence of any carbide phase.
The HRTEM micrographs of of SiZrOC ceramics pyrolyzed at 1000°C (Figure 4.6a)
show that the ZrO2 nanocystals have a size of ∼20 nm, while the crystallite sizes calculated
from the Scherrer equation show a low value. This discrepancy is due to the peak broadening
in the X-ray diffractograms of the 1000°C (Figure 4.5a). The ZrO2 has not fully crystallized,
resulting in a broad peak due to amorphous nature. This broadening of the peak gives a
decreased value upon calculation of the crystallite sizes while the HRTEM micrographs show
a fully crystallized ZrO2 .
In the absence of a stabilizer, for the t-ZrO2 phase to be stable, the crystallite size of the
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phase should remain below about 30 nm [80]. In the present work, the t-ZrO2 nanocrystals
were found to be stable even at 40 nm in the samples pyrolyzed at 1500°C and cooled
to room temperature. This can be explained by the fact that the growth of these t-ZrO2
nanocrystals can be considered to be a crystal growth in an otherwise glassy matrix. Such
type of growth produces spherical or ellipsoidal crystals [81]. Here, these crystals are
embedded in the ceramic SiOC matrix, thus preventing the t-ZrO2 nanocrystals to transform
into its other stable polymorphic states. Moreover, these spherical nanocrystals do not have
any edges which would otherwise act as stress concentrators, thus inducing polymorphic
transformations.

4.3
4.3.1

Ti-doped poly(methyl phenyl)silsesquioxane
Thermal behavior

To study the mass loss upon pyrolysis of pure SiOC system under inert argon atmosphere,
thermogravimetric (TG) measurements were performed. In order to study the effect of doped
Ti ions on the SiOC system, the mass loss data of pure SiOC system was compared with that
of the SiTiOC system. Figure 4.7 shows the mass loss in the pure SiOC system and the
SiTiOC ceramic as well, pyrolyzed under inert argon atmosphere where the Ti concentration
is 20 mol%.

Figure 4.7: Mass loss in pure PMPS and Ti (20 mol%) doped PMPS pyrolyzed under inert
Ar atmosphere
It is evident from the Figure 4.7 that the mass loss in the pure SiOC ceramic is 40%
which reduced to 32% after doping of Ti metal. In both of the systems, there is a significant
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loss up to 600°C. This can be attributed to the loss of moisture and the phenyl group from
the PMPS polymer, as explained in section 4.1.1. A further loss of ∼5% is observed in the
PMPS sample whereas effectively, there is no mass loss beyond 700°C. This additional loss
can be attributed to the unreacted materials in the PMPS polymer that did not decompose
in the first stage of pyrolysis, i.e., up to 700°C. This loss is due to release of methane
from the PMPS system. The Ti doped PMPS attains stability to thermal decomposition
beyond 700°C perhaps due to the incorporation of Ti into the tetrahedral Si network of the
polymer [4]. Moreover, the Ti ions interact with free carbon in the structure, presumably
forming carbides. This is in agreement with the XRD patterns (Figure 4.8) where the
titanium carbide remains amorphous in the SiTiOC network and starts phase separating at
temperatures beyond 1200°C.

4.3.2

Phase formation

Figure 4.8 shows the XRD pattern of Ti doped SiOC ceramic pyrolyzed in an inert argon
atmosphere at (a) 1000°C, (b) 1200°C, (c) 1300°C and (d) 1500°C for 2 hours. It projects
the effect of the Ti metal ion on the phase formation during the pyrolysis and formation of
the SiTiOC ceramic.
Figure 4.8a represents the phases formed when the doped polymer was pyrolyzed at
1000°C. It is quite evident that the phase structure of the ceramic remains amorphous, even
at the highest concentration of the dopant ion. The broad hump at 20° corresponds to the
SiO2 phase (JCPDS #76-0941) which has not been phase separated and is in the amorphous
SiOx Cy . This feature is consistent with the existence of SiO2 nanodomains, with sizes in
the range of 1−2 nm, typically a few molecular unit clusters. There are two minor humps at
36°and ∼42°. The hump at 36° is vaguely visible in Ti concentrations of 15 and 20 mol%
and it corresponds to the β-SiC which is in the amourphous state. The later minor hump, i.e.,
the hump at ∼42° corresponds to carbide nuclei formed by the doped Ti ions which is also
in present in an amorphous state.
Figure 4.8b represents the phases formed when the doped polymer was
pyrolyzed at 1200°C. The peaks have relatively become narrower, thus depicting the
amorphous-to-crystalline transformation. The minor peaks have become sharper showing
the formation of β-SiC (JCPDS #73-1665) and TiC (JCPDS #71-0298) at 36° and
42° respectively. The SiO2 phase is still in the amorphous state, even at the highest
concentration of Ti ion.
Figure 4.8c represents the phases formed when the doped polymer was pyrolyzed at
1300°C. At 1300°C, SiO2 phase has begun phase separation into crystalline state even at
low concentrations of Ti. β-SiC and TiC have also crystallized at this temperature. As the
concentration of Ti increases from 5 mol% to 20 mol%, the phase separation to crystalline
phase gradually increases and coarsening of the crystals takes place. The gradual pinching
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(a)

(b)

(c)

(d)

Figure 4.8: X-ray diffractograms of Ti doped SiOC ceramic pyrolyzed at (a) 1000°C, (b)
1200°C, (c) 1300°C and (d) 1500°C under an inert Ar atmosphere for 2 hours
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Table 4.2: Crystallite sizes of the phases separated in SiTiOC at different temperatures
Temperature (°C)

SiO2 (nm)

β-SiC (nm)

TiC (nm)

−
12.8
17.1

4.4
8.3
12.2

4.8
8.1
11.5

1200
1300
1500

off of a peak with a broad background at ∼20° of 2θ indicates that some of the SiO2
nanodomains have started to grow in size, while a majority of the SiO2 phase still remains as
few molecular clusters. For 20 mol% Ti doped SiOC at 1300°C, however, complete phase
separation occurs.
Figure 4.8d represents the phases formed when the doped polymer was pyrolyzed at
1500°C. At this temperature, all the phases, i.e., SiO2 , β-SiC and TiC are in crystalline state.
It can be seen from the XRD pattern that the significant coarsening of the SiO2 crystallites
take place on increasing the dopant ion concentration. The β-SiC peak at 36° seems to
decrease in intensity due to this reason. It is also evident that coarsening of TiC crystallites
take place as the TiC peak at 42° intensifies with increase in Ti ion concentration.
From the XRD patterns shown in Figure 4.8, it was found that the the crystallisation of
β-SiC and TiC started at 1200°C. The sample pyrolyzed at this temperature is of importance
since the β-SiC and TiC crystallites would be distributed in the amorphous SiOC matrix
where the Si ion has not phase separated from the ceramic to form SiO2 crystals. These
samples were characterized using transmission electron microscope (TEM) to corroborate
this fact.
Moreover, Scherrer formula was used to calculate the crystallite sizes of the phases that
separated out in the SiTiOC ceramic. Table 4.2 tabulates the respective crystallite sizes of
SiO2 , β-SiC and TiC in the SiTiOC ceramics. It can be inferred from the graph that there
is a growth in the sizes of the crystals with increase in temperature. It must be noted that
the growth in crystallite size of β-SiC is higher than that of TiC. This pronounced effect is
presumably due to the fact that pure PMPS phase separates to β-SiC at 1500°C (refer section
4.1.2).

4.3.3

Chemical structure

Fourier transform infrared spectroscopy (FTIR) was used to investigate the thermal
conversion from organic (cross-linked) silsesquioxane network into the inorganic ceramic
structure. Figure 4.9 represents the FTIR analysis of 350°C cross-linked PMPS, Ti-doped
cross-linked PMPS and Ti-doped PMPS samples pyrolyzed at 1100°C, 1300°C and 1500°C.
The streching and bending vibrations of O−H bond have been indexed to the bands at around
3434 cm−1 and 1653 cm−1 respectively [60]. It can be seen that the O−H bond has depleted
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Figure 4.9: FTIR of cross-linked pure and Ti doped PMPS alongwith pyrolyzed Ti doped
PMPS, pyrolyzed at various temperatures
in the spectra of the pyrolyzed samples. This is due to the polymer-to-ceramic conversion.
The presence of C−H vibration band in the spectra of the cross-linked samples is due to the
methyl group. These vibration bands which are present at 2968 cm−1 and 1272 cm−1 are
predominantly absent in the pyrolyzed samples due to the volatization of the hydrocarbons
from the structure.
The vibration band of Si−O−Si bond in the range of 1000 and 1140 cm−1 is split into
two bands at 1028 cm−1 and 1134 cm−1 in both the cross-linked samples. This shows the
high degree of polymerization in the cross-linked samples which is due to the addition of
TEA for cross-linking of the precursors. But at higher pyrolysis temperatures, these split
bands merge into a single band at 1096 cm−1 . This is due to the phase separation of SiO2
from the structure [82]. Moreover, the Si−H band at 922 cm−1 present in the cross-linked
PMPS sample is depleted in the spectra of th cross-linked Ti doped PMPS and is replaced
by a minute band which is barely visible. This is due to the presence of Ti(On Pr)4 which
facilitates the formation of Si−O−Ti bond.

4.3.4

Microstructure

Figure 4.10 shows the high resolution TEM micrographs of SiTiOC ceramics pyrolyzed
at 1200°C with a Ti concentration of 20 mol%. Figure 4.10a shows the distribution of
fine crystallites in an otherwise glassy matrix. This can be inferred from the grayish spots
distributed in a matrix with a different contrast than these spots. The width of the lattice
fringes of a crystal was computed using a fast Fourier transform (FFT) algorithm. The TEM
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(a)

(b)

(c)

Figure 4.10: HRTEM images of SiTiOC ceramics pyrolyzed at 1200°C, (a) the general
microstructure of the SiTiOC, (b) measurement of lattice fringe width with a inverse fast
Fourier-transform inset, and (c) the distribution of β-SiC nanocrystals in the SiOC matrix
micrograph shown in Figure 4.10b represents this calculation where the computed inverse
FFT is inset in the micrograph. Measurements showed that the lattice fringe width was 2.49Å
which confirms with the d-spacing of (111) plane of TiC (JCPDS #71-0298), thus confirming
TiC phase. The nanocrystals marked in Figure 4.10c have been identified to be β-SiC from
the lattice fringe width. Similarly, using the FFT algorithm (the inverse FFT image has not
been show in the micrograph) the lattice width was indexed with the d-spacing of (111) plane
(i.e., 2.51Å) of β-SiC (JCPDS #73-1665), confirming β-SiC phase and thus in accordance
with the X-ray diffractograms (Figure 4.8b).
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Figure 4.11: Oxidation tests by thermogravimetric measurements under flowing oxygen
atmosphere of SiOC, 5 mol% Ti doped SiOC and 20 mol% Ti doped SiOC samples, all
pyrolyzed at 1500°C

4.3.5

Oxidation tests

Oxidative analysis of the SiTiOC ceramic was carried out by TG measurements where the
1500°C pyrolyzed Ti doped sample was analyzed. Although there was a phase separation
of SiO2 from the amorphous network, the 1500°C pyrolyzed sample had a higher content
of β-SiC and TiC. This can be referred from the XRD patterns (Figure 4.8) where the
corresponding peak intensity of β-SiC and TiC was relatively higher for the 1500°C
pyrolyzed sample compared to other temperatures.
Figure 4.11 represents the oxidations tests done on the SiTiOC ceramics pyrolyzed at
1500°C where the dopant ion concentration is 5 and 20 mol%. This has been compared
with the oxidation tests conducted on pure SiOC, cross-linked at 350°C and pyrolyzed at
1500°C.
The thermogravimetric (TG) measurements up to 1300°C under oxygen atmosphere
shows that the 1500°C pyrolyzed PMPS suffers a mass loss of 41%. This is due to the
loss of free carbon present in the structure. Upon incorporation of 5 mol% Ti in the SiOC
structure, the mass loss on oxidation of the SiTiOC reduces to 26%. This reduction in the
mass loss is due to the utilization of the free carbon present in SiOC system to form carbide
phases, here, titanium carbide. With increase in Ti mol% to 20 mol%, the mass loss is further
reduced to 17%. This 9% reduction is due to the formation and growth of TiC phase in the
SiTiOC structure.
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4.4

Ab initio calculations

To answer on the possible structure of the PDC network upon doping, i.e., the placement of
the doped atoms in the amorphous network, Terauds and Raj [4] had put forth a hypothesis
that the doped atoms substitutes for silicon in the network. Figure 4.12 illustrates the
amorphous tetrahedral structure before and after the substitution by dopant atoms. The
shown model is based upon the possible formation of three Si−O bonds since the precursor
polymer has a silsesquioxane.

Figure 4.12: Molecular states before and after dopant atom (M) substitution at the center of
tetrahedral bonding
Basing upon this hypothesis, the difference in the enthalpy between Si and M (where
M=Zr or Ti) being bonded to C and O can be calculated by a simple bond-counting approach.
The difference in the energy between the doped and the undoped state can be calculated from
the equation (4.1).
∆GM /Si = ∆GII − ∆GI
= 3(∆HM −O − ∆HSi−O ) + (∆HM −C − ∆HSi−C ) + RT ln(

aM
)
aSi

(4.1)

Here, ∆G represents the free energy, ∆H is the enthalpy of the bonds formed from atomic
species, M is the dopant atom (Zr or Ti), aM and aSi are the activities of the dopant atom
and Si respectively while R and T carry their usual meanings. To estimate ∆HM /Si of the
mixed-bond configuration, considering the enthalpy terms only, equation (4.1) can be written
as:
∆HM /Si = 3(∆HM −O − ∆HSi−O ) + (∆HM −C − ∆HSi−C )
(4.2)
The bond energies are presented in Table 4.3 assuming quadrivalent bonding. Substituting
the respective metal-oxide and metal-carbide bond enthalpies in the resulting equation (4.2),
the ∆HM /Si of Zr and Ti doped system has been calculated and tabulated in Table 4.3. It
should also be noted that since the reactions involving the formation of the metal (Si, Zr and
Ti) oxides and the carbides are exothermic in nature, the enthalpy of formation is attributed
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a negative sign.
Table 4.3: Bond energies (kJ/mol) in a melt and their respective bond enthalpy
Element

M-O

M-C

∆HM /Si

Si
Zr
Ti

−461
−529
−462

−294
−361
−326

×
−271
−35

It is quite evident from the Table 4.3 that the change in enthalpy upon substitution of
Si-centered mixed-bond tetrahedral units by Zr- and Ti-centered units has negative values.
This suggests that the substitution is exothermic and thus energetically favorable.

Chapter 5

Conclusion
In an attempt to modify the silicon oxycarbide structure by incorporating transition metal
elements such as Zr and Ti, the following conclusions were drawn out.
• Although the PMPS polymer had a low ceramic yield, complementally it was found
to have a high carbon content. Thus, PMPS polymer was chosen for the present study.
• In the Zr doped SiOC system, no SiC phase was observed although pure SiOC phase
separated to β-SiC at higher temperatures.
• SiO2 growth occured in the Zr system from nanodomains to nanoparticles to big
crystals.
• Crystallite sizes of t-ZrO2 was calculated by Scherrer formula. It was observed that
crystallite growth occured with increasing temperature.
• It was also found that the t-ZrO2 was even stable at 1500°C which was counter
intuitive.
• It was concluded from the Zr system that effectively no carbon of PMPS derived silicon
oxycarbide is being used up, hence this gave the idea of incorporation of Ti.
• Ti system was found to be effective as carbide phases, namely silicon carbide and
titanium carbide were formed.
• It was found out that upon incorporation of Ti, mass loss during oxidation reduced.
Furthermore, with increase in concentration of Ti, mass loss on oxidation decreased.
• Microstructural analysis of both the samples through TEM studies revealed the
dispersion of nanocrystals in the amorphous matrix of SiOx Cy system.
• Finally, ab initio calculations were performed to support the hypothesis regarding the
placement of these dopant atoms in the amorphous SiOC network.
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