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SYNOPSIS

Chapter 1: Introduction

This chapter deals with brief description about the different forms of silicon carbide and their
applications along with an overview of different techniques used for their coating. The synthesis
routes of various organosilicon compounds and their suitability as a precursor have also been
discussed in the current chapter.

Ultra-pure performance SiC, Low resistivity performance SiC and other forms of SiC outlast
conventional materials as they can withstand extremely hostile environments. The outstanding
properties and performance of SiC include superior chemical and erosion resistance with
phenomenal thermal properties. Owing to these properties, researchers are closely evaluating
SiC-based materials such as in the form of composites either as SiC/SiC composite, SiC
infiltrated carbon composite or coating of SiC on different substrates for various applications (1-
4). Consequently, intense research over the past 30 years has been focused on the deriving SiC
based materials from different sources such as silane plus hydrocarbon, both cyclic and acyclic
organosilicon single compound precursors and organosilicon polymer. A lot of efforts are going
on for economical synthesis of organosilicon compounds and to develop a process to derive SiC
from such chemicals.

In past, many SiC coating have been produced by the CVD technique. However, most SiC
coatings were grown at relatively high temperatures of 1300 °C- 1500 °C and at atmospheric
pressure, using separate sources for silicon (SiHy4, Si,Hg, and SiH,Cl,) and carbon (C,H,, CHa,
and C;Hg) (5-7) or using single source compound, Methyltrichlorosilane (MTS, CH;3SiCls) (8).
As a result, the coatings deposited contain higher levels of impurities with chlorine contents

leading to a reduction in the properties of the coating (9). Moreover, the use of silane compounds

1



in traditional CVD requires safety precautions as these compounds are highly pyrophoric (10).
Recent practice of using halogen free single source compounds in chemical vapor deposition is
enjoying low deposition temperature, safe in handling and accurate stoichiometry (11-12). Since
the single molecular precursor already has a Si-C bond in the precursor itself, it does not need
further activation energy to make a Si-C bond in the film, resulting in deposition temperatures
below 1000 °C. Efforts to obtain different morphological SiC materials from economically
produced organosilicon precursors have been continued for low temperature growth with
stoichiometric composition.

Chapter 2: Synthesis of Organosilicon compounds

This chapter describes two different aspects: (i) Proper selection of organosilicon compound for
growth of SiC and, (ii) Synthetic process selection for bulk production.

Three potential SiC  precursors  2,4,6-trimethyl-2.4,6-trisila-heptane,  2,4,6-
trisilacyclohexane and mixture of organosilicon compounds (named as CVDP) were identified
and their synthesis processes were developed.

The synthesis of 2,4,6-trimethyl-2,4,6-trisila-heptane involves two steps. In the first step
chloromethyldimethylsilane is synthesized by reducing chloromethyldimethylchlorosilane using
lithium aluminum hydride. In the second step Grignard reagent is formed by reacting
stoichiometric amount of chloromethyldimethylsilane and magnesium at room temperature. This
Grignard reagent was then reacted with dichloromethylsilane to give 2,4,6-trimethyl-2,4,6-trisila-
heptane.

2,4,6-Trisilacyclohexane was synthesized in two step. In the first step 2,4,6-

dichlorosilylcyclohexane (CH,SiCl,); was synthesized by reaction of dichloromethane (CH,Cl,)

with silicone (Si) and copper (Cu) metal powder in the form of pellets. In second step, reduction



of 2,4,6-(dichlorosila)cyclohexane was carried out using lithium aluminum hydride to yield
2,4,6-trisilacyclohexane. The final yield obtained of 2,4,6-trisilacyclohexane compound after
reduction step was low. To improve its yield, the process was further modified. In the modified
process silicon powder was fluidized in vertical furnace and efficient reaction of
dichloromethane occurred with silicon in fluidized bed. The higher boiling mixture of
organohalosilicon compounds were distilled out above 150 °C and further reduced with lithium
aluminum hydride. The reduced mixture of organosilicon compounds contains 90% volatile part
which can be used as CVD precursor (named as CVDP) and rest 10% contains polymeric
viscous organosilicon liquid.

Chapter 3: Coating study of Silicon Carbide using Organosilicon compounds

3.1: SiC layer coating using organosilicon precursor

The current section of chapter deals with the coating studies carried out on graphite substrate
using synthesized CVDP precursor and commercial available hexamethyldisilane precursor. The
small graphite substrate was coated using chemical vapor deposition of CVDP precursor at 1000
°C. The small graphite and zircaloy substrate were coated using Hexamethyldisilane (HMDS) at
800-1000 °C. The morphology of coating and phase of the coating were characterized using SEM
and XRD respectively. In both cases crystalline dense beta SiC deposition was obtained. Coating
studies have revealed that the CVDP precursor is a potential precursor for low temperature
deposition of SiC.

3.2: SiC layer coating studies on tri-isotropic (TRISO) Particles

The current section of chapter describes the deposition kinetics of SiC layers using MTS, HMDS
and Tetramethylsilane (TMS) as precursors via spouted bed chemical vapor deposition on

TRISO particles. The TRISO particles will be used as fuel for High Temperature Reactors. The



TRISO particles consist of three layers of pyrolytic carbon of different density and one layer of
SiC. SiC coatings were deposited on simulated TRISO particles by spouted bed CVD at 1450 °C
using MTS and at 1300 °C using HMDS and TMS precursors. The microstructure and
mechanical properties of SiC coatings obtained from different precursors using spouted bed
CVD process were studied. Dense and uniform coatings of SiC were obtained for MTS and
HMDS in our spouted bed system however non uniform coating was obtained using TMS. More
deposition of free carbon with SiC was occurred in case of HMDS as precursor may be due to
non stoichiometric ratio of Si and C in HMDS. The mechanical properties were studied using
micro indention. SiC coatings using HMDS and MTS have shown almost similar harness and
fracture toughness. The hardness and fracture toughness values of coated SiC layers show that
the coating has good strength. HMDS liquid precursor has a potential to replace corrosive and
toxic Precursor MTS for SiC layer coating in TRISO particle.

3.3: Dense and nanowire morphology coating: Taguchi method study

SiC coating of different morphology using MTS and hydrogen by chemical vapor deposition
under ambient pressure has been presented in the current section of the chapter. Taguchi method
has been used to design experiments to get the optimum parameters for growing SiC wires of
diameter in nanometer range. Results from XRD and SEM analyses showed the growth of B-SiC
having dense and wire morphology. At higher temperature (1500 °C), the growth of SiC grains
was observed rather than wires. The optimum deposition conditions for uniform diameter growth
of SiC nano wires, smoothness of the surface and homogeneous growth of SiC on the surface
have been obtained. The hydrogen to MTS flow rate ratio should be above 20 for the growth of
SiC wires of nanometer diameter. The deposition temperature for the growth of crystalline SiC

wires should be 1100-1300 °C. The total flow rate of carrier gas comprising of argon and



hydrogen for a particular Hy/MTS flow rate ratio is critical for morphological outcome of SiC.
The optimum deposition temperature i.e. 1300 °C was kept constant and further experiments
were conducted by changing Ho/MTS mole ratio to verify morphological outcome of SiC. A
plausible mechanism has been suggested for the above observations using vapor-solid
mechanism.

Chapter 4: Studies on sol gel route preparation of SiC and SiC/carbon composite

This chapter describes a novel and simple sol gel route for synthesis of SiC using organosilicon
compounds. The current chapter further describes the development of fabrication process for SiC
impregnated carbon fiber matrix composite using tetraethylorthosilicate (TEOS) as silicon source
and phenol formaldehyde as carbon source. Two step sol gel process was used for generating SiC
material. The experimental part involves dissolution of phenolic resin in ethanol and then mixing
with tetraethylorthosilicate under stirring. Then, oxalic acid was added into the mixture under
stirring. After addition final solution was sonicated for 2 h under stirring to enhance the
hydrolysis of TEOS. The sonication step has drastically increased the hydrolysis rate and reduces
the sol formation time. After sonication the solution was stirred at 80 °C for 10 h to form the
carbonaceous silica sol. After rapid cooling in ice bath the sol tends to form gel, which was
further heat treated to obtain SiC material. For preparation of SiC impregnated carbon composite
during sol preparation the carbon fiber perform was dipped in this solution and the sol was
cooled in ice bath for rapid gelation. The resulted impregnated carbon preform was further heat
treated at 1500 °C to convert impregnated gel to SiC. Using current process SiC was impregnated
in the carbon preform in dense and nanowire form. The analysis of scanning electron
microscopy, energy dispersive spectroscopy, X-ray diffraction, X-ray tomography and TEM

indicates that the SiC nanowires were distributed uniformly along with dense SiC in the carbon



fiber perform. The SiC nanowires located at the interface of advanced composites is very
favorable to the interfacial bonding between composites matrix and carbon fibers, thereby
increasing the strength of composites greatly. The feasibility of impregnating SiC in carbon
matrix using Polymethylhydrosiloxane (PMHS) and Glycerine by sol gel method was also
studied. The synthesis process includes the preparation of a carbonaceous silica gel and
subsequent carbothermal reduction of gel. For the gel preparation, firstty PMHS was mixed with
glycerine and ethanol under stirring. The resultant solution was further stirred for 24 h at room
temperature after adding ethylenediamine to obtain xerogel. SiC was obtained by the
carbothermal reduction of the carbonaceous silica xerogel 1500 °C in argon atmosphere. During
sol formation the carbon preform was dipped in the sol and soaked for one hour for
impregnation. Later on cooled down to get gel impregnated carbon perform, which was finally
heat treated at 1500 °C. XRD and SEM analysis shows that the impregnated matrix was SiC
having porous structure. A plausible mechanism for both sol gel process has been suggested for
the above observations.

Chapter 5: Study of thermal degradation behavior and kinetic of different coated and

impregnated carbon samples in oxidative environments

The current chapter describes thermal degradation behavior and kinetic of thermal
decomposition of dense and nanowires morphology coated carbon samples and SiC impregnated
carbon composites. The oxidation resistive properties of bare, dense SiC and nanostructured SiC
coated carbon fibers were examined in different oxidative environments from room temperature
to 1350 °C. The dense and nanostructured SiC coated carbon fibers have shown much improved
oxidation resistive property in oxygen as well as in static air environment. In case of SiC

nanowires coated carbon fiber the micropores present in between the SiC nanowires over carbon



fiber substrate serve as a channel for oxygen to penetrate into carbon fiber and lead to the
oxidation of carbon fiber. In case of dense SiC coated carbon fiber the small microcracks formed
in the coating due to the mismatch of coefficient of thermal expansion between the coating and
carbon substrate act as the channel for oxygen diffusion and leads to the oxidation of carbon
fiber. The SiO, layer formed over the SiC coating plays an important role in improving the anti
oxidant property of the coating. Possible mechanism of oxidation behavior of dense and
nanostructured SiC coated carbon fibers and role of SiO, have been discussed. The SiC
impregnated carbon composite samples have shown much improved oxidation resistance
property. The SiC carbon composites were characterized before and after oxidation using XRD,
SEM and Small angle X-ray scattering. The possible mechanism of oxidation has been
discussed. The oxidation kinetics model of different coated carbon samples were studied through
the isothermal oxidation weight loss curve and nonisothermal thermo gravimetric (TG) and
differential thermogravimetric (DTG) in oxygen as well as atmospheric condition. In the present
work, the equations of Achar-Brindley-Sharp-Wendworth, Satava-Sestak, Coat-Redfern,
Madhusudan Krishanan, Kissinger, Akahira & Sunose (KAS) and Ozawa were used to study the
oxidation kinetics and to estimate most probable mechanism function of coated carbon fiber and
SiC-carbon composites in non isothermal condition.

Chapter 6: Summary and future scope of work

Different organosilicon compounds have been synthesized and different commercial available
precursors have been scrutinized. A mixture of organosilicon compound and commercial
available precursor HMDS have been found to be a potential precursor of SiC in CVD process.
Taguchi method study have proved that in case of coating from MTS for dense uniform coating

high temperature (around 1400 °C) is desired and for uniform diameter growth of SiC nanowires,



smoothness of surface and homogeneous growth of SiC on the substrate, the hydrogen to MTS
ratio must be high (for nano dimensional diameter growth Ho/MTS ratio should be greater than
20), temperature of deposition should be 1100-1300 °C.

Precursor prepared by Sol gel route using PF Resin and TEOS has been used to impregnate
carbon composites with SiC material which was composed of dense and 1D nanostructure SiC
materials. Precursor prepared by Sol gel route using Glycerin, PMHS and TEOS resulted in
porous SiC material.

The dense and nanostructured SiC coated carbon fibers have shown much improved
oxidation property in oxygen as well as in static air environment. In nonisothermal condition the
oxidation mechanism of nanostructured SiC coated carbon fibers in oxygen atmosphere was
three- dimensional diffusion following ZLT mechanism. The kinetic parameters were: Ea = 190
kJmol " and A = 3.77x10® min™. The SiC impregnated carbon composites were prepared using
sol gel method and these SiC carbon composites have shown much improved oxidation resistive
property in static air environment. The activation energy for the oxidation of these composites
was calculated using KAS and Ozawa method and found to be 85 and 100 kJmol™ respectively.

Protective layer coated materials and ceramic composites have the potential to be use in
harsh environment. In the present thesis, different organosilicon compounds as SiC precursor
were synthesized, coating of different morphological SiC layer were carried out and SiC carbon
composites were prepared. Further we have investigated their thermal degradation properties in
oxidative environments. Dense SiC along with SiC wires coating over the carbon substrate is
required to enhance its high temperature oxidation stability in oxygen environment with
compatible CTE value. The SiC impregnated carbon composite has shown improved thermal

oxidation properties but it has low density so to increase its density further a number of cycles of



impregnation/high pressure impregnations are required. It should be dense enough to obtain

improved mechanical properties and thermal properties for application as structural material.
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CHAPTER 1

INTRODUCTION



1. Introduction

1.1 History of Silicon Carbide

In the past, the Silicon Carbide (SiC) has never been attracted by Meteorologists, Chemists and
scientists due to the almost total absence of SiC in natural form. It is known to occur and has
been found in a meteorite (1905) by Morison. For this reason mineralogists call natural SiC for

moissanite.

The first observation of SiC, was made in 1824, by Jons Jacob Berzelius'. At that time the
properties of SiC were not understood. It was not until the invention of the electric smelting
furnace by E. H. & A. H. Cowles and its application to carbonaceous compounds by Acheson *
that the interest in SiC came into focus. The purpose of Achesons invention was to produce a
material substituting diamond and other abrasive materials for cutting and polishing purposes.
The crystalline products Acheson found after the process were characterized by hardness,
refractabiliy and infusibility. He called the product 'carborundum' and described it as silicide of
carbon with the chemical formula SiC. The invention had a great impact and much material was
produced using this process mainly for cutting and abrasive purposes. Shortly afterwards the
electronic properties of SiC were investigated. The first Light Emitting Diode was made from
SiC in 1907 *. In 1955, a new concept of growing high quality crystals was presented. The
research in SiC became more intensified after this and the first SiC conference was held in
Boston 1958. The success and rapid growth of the Si technology was made, however, that the
interest in SiC dropped. Research during this time (mid '60 to '70) was mainly carried out in the
former Soviet Union. In the West, some research in SiC has been continued. In the year 1978,
the discovery of comparable dimension and importance as the Acheson process, was presented

by Tairov and Tsvetkov °. They discovered a way to produce substrates by a seeded sublimation
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growth. Due to this discovery the SiC technology gained new momentum. The possibility to
grow single crystal SiC on Si substrates was demonstrated by Matsunami et. al. ® in 1981 was an
important milestone not so much technologically but more as a further 'temperature increase' in
the SiC field. Limitations of the Si technology and the III/V technology have further increased
the interest in SiC and at present the field is growing rapidly much owing to the recent

commercial availability of substrates.

In 1982, a composite of aluminum oxide and SiC whiskers was discovered at the Oak Ridge
National Laboratories. This material proved to be exceptionally strong. Development of this
laboratory-produced composite to a commercial product took only three years. In 1985, the first
commercial cutting tools made from this alumina and SiC whisker-reinforced composite were
introduced by the Advanced Composite Materials Corporation (ACMC) and Greenleaf

Corporation.

In the recent context, the very good mechanical, physical and chemical properties of SiC have
led to extensive research efforts on its manufacturing routes and potential applications. It
possesses many favorable properties e.g. wide band gap, high thermal conductivity, high
breakdown electric field strength, high saturated drift velocity, high thermal and chemical
stability and high power applications. Although diamond has an even higher band gap, SiC-
based devices are easier to manufacture due to the fact that it is more convenient to grow an

insulating layer of silicon dioxide on the surface of a SiC wafer than on diamond.
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1.2 Crystal structure of SiC

SiC is a wide band-gap semiconductor material, having different polytypes. All polytypes have a

hexagonal frame with a carbon atom situated above the center of a triangle of Si atoms and

underneath a Si atom belonging to the next layer (Fig. 1.1). The distance ‘a’ between

neighboring silicon or carbon atoms is
approximately 3.08 A for all polytypes '. The
carbon atom is positioned at the center of mass
of the tetragonal structure outlined by the four
neighboring Si atoms so that the distance
between the C atoms to each of the Si atoms
(marked as C-Si in the Fig. 1.1) is the same.

Geometrical considerations give that this

@ Si Atom
» C Atom

Fig. 1.1 The tetrahedral bonding of a
carbon atom with the four neighboring
silicon atoms

distance, C-Si, is approximately equal to 1.89 A. While the distance between two silicon planes

is approximately 2.52 A. The height of a unit cell ‘c’ varies between the different polytypes. The

ratio c/a, thus, differs from polytype to polytype, but is always close to the ideal for a closed

packed structure. This ratio is for instance approximately 1.641, 3.271 and 4.908 for the 2H-,

4H- and 6H-SiC polytypes, respectively. The difference between the polytypes is the stacking

order between succeeding double layers of carbon and silicon atoms.
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In the Fig. 1.2 the stacking sequence is shown for the three most common polytypes, 3C, 6H and
4H. If the first double layer is called the A position, the next layer that can be placed according
to a closed packed structure will be placed on the B position or the C position. The different
polytypes will be constructed by permutations of these three positions. For instance the 2H-SiC
polytype have a stacking sequence ABAB... The number thus denotes the periodicity and the

letter the resulting structure that in this case is hexagonal.

e <L
TS T
B B B B

3C 20 4H 6H

Fig. 1.2 The stacking sequence of double layer of the most common SiC polytypes

The 3C-SiC polytype is the only cubic polytype and it has a stacking sequence ABCABC... or
ACBACB... A common crystalline defect is the so called Double Positioning Boundary (DPB),
which is commonly seen in 3C-SiC grown on on-axis 6H-SiC substrates. The defect arises when

islands of the two possible stacking sequences ABCABC and ACBACB meet. The growth of
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3C-SiC on on-axis 6H-SiC substrates and the consequent evolution and control of the DPB

defect has been studied in detail by Powell et. al.*”.

There are four hexagonal Miller indices describing the
directions in all SiC polytypes except for the 3C polytype ¢ ‘
where the normal cubic notation is used. The last hexagonal

index refers to the c-direction, whereas the three first

describes directions in the basal plane. The angle between

a3
two adjacent basal plane axes is 120° as shown in the Fig.
. o 120°
1.3. By definition, the sum of the first three indices must be
0% a;
ZEerO0.
1.3 Applications of SiC
a

The band gaps of Pure a-SiC (3.28 eV (4H) and 3.03 eV )
Fig. 1.3 The miller indices

(6H) ) make it to be used as an intrinsic semiconductor. SiC ~ describing ~ the  hexagonal

structure. The c-axis refers to

three describes the direction of

ultrafast Schotky diodes, Metal-Semiconductor Field Effect
the basal plane.

Transistors (MESFETs) and high temperature Insulated

gate Bipolar Transistors (IGBTs) for high power switching. Due to its wide bandgap, SiC-based
parts are capable of operating at high temperature (over 350 °C), which together with good
‘thermal conductivity’ reduces problems associated with cooling of power parts. They also
possess increased tolerance to radiation damage, making it a material desired for defense and

aerospace applications. SiC is also used as an ultraviolet detector.
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Silicon carbide's hardness and rigidity make it a desirable mirror material for
astronomical work, although its properties also make manufacturing and designing such mirrors

quite difficult.

SiC is a popular product in modern lapidary due to the durability and low cost of
the material. It is also used in "super fine" grit sandpapers. Silicon-infiltrated carbon-carbon
composite is used for high performance brake discs as it is able to withstand extreme
temperatures. The silicon reacts with the graphite in the carbon-carbon composite to become
SiC. These discs are used on some sports cars, including the Porsche Carrera GT and SiC is also
used in a sintered form for Diesel Particulate Filters. It is used for producing ceramic membranes

for industrial processes.

SiC dissolved in a basic oxygen furnace used for making steel acts as a fuel and provides energy,
which increases the scrap to hot metal ratio. It can also be used to raise tap temperatures and

adjust the carbon content.

Recently SiC has got great importance in nuclear industry. In triso-coated fuel particles for high
temperatures gas cooled reactors (HTGR), one of the layers is SiC coating. The four layers of
coating on spherical fuel particles are Porous Pyrolytic Carbon (PyC), dense PyC, SiC and
another dense PyC. The function of these layers is to retain fission products within the particle.
In particular the SiC layer acts as a diffusion barrier to metallic fission products and a miniature
pressure vessel of the particle. The experimental results by Forthmann et al '° and Bullock
suggested that diffusion behavior of fission products in the SiC layer depend on microstructure
of the layer. It is therefore important to clarify a relationship between deposition parameters,

chemical composition and microstructure of the deposits.
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SiC fibers and composites from graphite precursors also have shown its importance for fusion
energy applications. A high purity B-SiC is 12 projected to exhibit neutron stability in a fusion
reactor environment because of its microstructure and physical dimension stability. A pure 3-SiC
fiber could therefore be expected to be an excellent candidate as reinforcement to produce -SiC/
B-SiC composites. SiC has relatively high thermal conductivity, is stable in hydrogen and
helium, has high temperature resistance, suffers little erosion and its decomposition products
display little reactivity with other wall materials but the difficulty with monolithic SiC is its low
thermal shock resistance, which leads to cracking and disintegration of the material by thermal

fatigue.
1.4 Research on advance SiC coating/composite development

There is a lot of research going on to develop advance composites materials such as
carbon/carbon composites by introducing compatible coating or by introducing second phase in

. . . . 13-1
the parent matrix, which can withstand extreme environment >’

. The performance of
composites in many cases, depend upon the development of suitable coatings to protect against
environmental degradation. For example, carbon composite exhibits very poor oxidation
resistance property so the applications of reinforced carbon composites have been limited to inert
atmosphere to prevent the oxidation of carbon composite. To widen the application area of
carbon composites, it is necessary to improve their oxidation resistance property. Hence,
intensive efforts are underway to deposit a protective coating or impregnate with second phase
ceramic material in parent matrix, which would prevent the oxidation of carbon for continuous

use at elevated temperatures of 1000—1500 °C in an oxygen containing environment '*'°. In the

last few years, ceramic coatings / ceramic composites have been receiving considerable attention
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for a variety of reasons including economics (substitution of expensive alloys by cheaper
alternatives, extension of service life of alloys), environment, material protection from wear,
corrosion and erosion, and improvement and development of new material properties 2028
Ceramic coatings/composites can be useful in a wide range of applications, such as thermal
barriers for gas turbine blades and vanes, hot section parts of diesel engines, electrical insulation

232 1n case of

in electronic circuit substrates, nuclear technology and medical applications
coated materials, the performance of materials will enhance if the integrity of the coating can be
maintained throughout the projected service life of the component. Among the several key issues
that must be considered in selecting coating materials, some are as follow: (i) coating must
possess the ability to resist reaction with aggressive environments, as well as low oxygen
permeability to limit the transport of oxygen (ii) the coefficient of thermal expansion (CTE) of
coating should be close to that of the substrate material in order to prevent delamination or
cracking due to the stress caused by CTE mismatch (iii) coating must maintain a stable phase
under thermal exposure because phase transformation typically accompanies a volumetric

change, disrupting integrity of the coating and. (iv) coating must be chemically compatible with

the substrate to avoid detrimental chemical interaction.

To avoid the formation of cracks in the ceramic coating due to above mentioned reasons
reinforcement of a second phase such as whiskers '°, nanotubes '’ and nanowires " is required.
Among these reinforced second phase, the SiC nanowire is more suitable for their smaller size,
higher strength, and toughness. Better compatibility with ceramic coating and oxidation resistive
property of SiC nanowires make it a potential candidate as reinforcement material with SiC

coating on carbon substrate.
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Following subsections will dealt with the development of different coating techniques,

infiltration techniques and organosilicon precursor in detail.

1.4.1 Coating techniques

There are a number of factors to be considered when developing a coating process for an
application. These include capital investment, ease of manufacturing, coating performance and
environmental issues. Though, a large number of coating techniques such as electrochemical

34-35

plating **, conversion coatings , anodizing®®, polymer plating sol-gel coating or plasma

217, 30, 36

polymerization , chemical vapor deposition (CVD) *’, physical vapor deposition (PVD) >”

3 etc. are available for protecting materials. However the widespread use of materials in the
industry is still deterred by the lack of appropriate protective coatings that can withstand harsh
service conditions. Therefore, a great deal of research is going on to develop better, simpler and
cheaper coating technologies using materials such as SiC to take advantages of its lower weight
and excellent mechanical properties. CVD is the most frequently used technique to deposit thick
SiC ceramic coating to protect engineering components against chemical diffusion, wear,
friction, oxidation and corrosion **. The cost of CVD for the protective coatings market is
generally lower than the functional thin films for semiconductor industry as it involves coating a
large volume of engineering components. Other competing deposition methods for protective
coatings are plasma spraying ** and PVD. The plasma spraying tends to produce a splat-like
structure with a high degree of porosity, micro-cracks and surface roughness. In such a case, a

thicker coating is required to provide adequate protection against wear and corrosion, and

extensive grinding and polishing post deposition is required to obtain a smoother surface.

33



Moreover, the splat-like structure is mechanically not as robust as the equiaxed/ columnar
structure deposited using the CVD and PVD techniques. The PVD method is a line-of-sight
process. Therefore, in PVD process, use of multiple targets and a rotating substrate is often
required to improve uniformity of coating on complex shape components. However, CVD does
not have such limitations. In CVD process of ceramic coatings a high deposition temperature is
usually required to ensure good adhesion of the thick coating on the substrate as compared to
lower deposition temperatures in CVD of thin films. Good coating adhesion is essential for better
thermal, chemical (corrosion, diffusion resistance) and/or mechanical (e.g. wear, abrasion
resistance) properties. Therefore, this requirement limits the utilization of CVD as a coating for
the substrate or engineering components which are susceptible to high temperatures. For
example, the deposition of thick, hard and wear resistant coatings onto high speed cutting tool
steels using thermally activated CVD is less suitable because tool steel has a low austenising
temperature (450— 550 °C). The CVD deposition of protective coatings would require high
temperatures (>800 °C), which is above the tempering temperature of most steels *'. This leads
to softening of the steel substrate and therefore, subsequent heat treatment is required for re-
hardening which may cause deformation, change of substrate dimensions, and increase in the
cost of production. However, there are other variants of CVD such as plasma enhanced CVD
(PECVD) and metal-organic CVD (MOCVD) which can lower the deposition temperatures and
produce high quality ceramic protective coatings without degrading the tool steel substrates, but
their cost of production is still relatively high as compare to the other coating techniques. Many
such limitations of CVD coating can be suitably addressed to a greater extent by replacing
conventional inorganic precursors with metal-organic precursors in CVD coating. In addition,

using metal-organic precursors in CVD is economical and environmentally benign. The present
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section covers different variants of coating using metal-organic precursors as well as relatively
cheaper synthesis routes for some of the metal-organic precursors which can be used for CVD

coating.

1.4.1.1 Chemical Vapor deposition: MOCVD variant techniques

Fig. 1.4 Schematic representation of general chemical vapor deposition Process

CVD of films and coatings involve the chemical reactions of gaseous reactants on or near the
vicinity of a heated substrate surface (Fig. 1.4). This atomistic deposition method can provide
highly pure materials with structural control at atomic or nanometer scale level. Moreover, it can
produce single layer, multilayer, composite, nanostructured, and functionally graded coating
materials with well controlled dimension and unique structure at low processing temperatures.

Furthermore, the unique feature of CVD over other deposition techniques such as the non-line-

35



of-sight-deposition capability has allowed coating of complex shape engineering components
and the fabrication of nano-devices, carbon—carbon (C—C) composites, ceramic matrix composite
(CMCs) and free standing shape components. The versatility of CVD had led to rapid growth
and it has become one of the main processing methods for the deposition of thin films and
coatings for a wide range of applications including semiconductors (e.g. Si, Ge, Si;x\Gey, -V,
II-VI) for microelectronics, optoelectronics, energy conversion devices, dielectrics (e.g. SiO,,
AIN, Si3N4) for microelectronics, refractory ceramic materials (e.g. SiC, TiN, TiB,, Al,Os, BN,
MoSi,, ZrO,) used for hard coatings, protection against corrosion, oxidation or as diffusion
barriers, metallic films (e.g. W, Mo, Al, Au, Cu, Pt) for microelectronics, protective coatings,

fiber production (e.g. B and SiC monofilament fibers) and fiber coating.

The conventional CVD method, so called thermal activated CVD (TACVD)*, uses thermal
energy to activate the chemical reactions. However, the CVD reactions can also be initiated
using different energy sources. This has given rise to other variants of CVD methods such as
plasma enhanced CVD (PECVD)* and photo-assisted CVD (PACVD) *which use plasma and
light respectively to activate the chemical reactions. Atomic Layer Epitaxy (ALE) ** is a special
mode of CVD where a ‘monatomic layer’ can be grown in sequence by sequential saturating
surface reactions. Such CVD variants are useful for the controlled growth of epitaxial films, and
the fabrication of tailored molecular structures. Flame assisted vapor deposition (FAVD) * uses
a flame source to initiate the chemical reaction and/or heating the substrate. Electrochemical
vapor deposition (EVD) is another variant of CVD that is tailored for the deposition of dense
films onto porous substrates. Chemical vapor infiltration (CVI) *° is a form of CVD that has been
adapted for the deposition of a dense ceramic matrix during the fabrication of ceramic fiber

reinforced ceramic matrix composites. Other CVD variants such as pulsed injection CVD *’ and
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aerosol assisted CVD use special precursor generation and delivery systems unlike

conventional CVD.

MOCVD * is a variant of CVD, which has been classified according to the use of metal-organic
compounds as precursors. Use of metal-organic precursors in MOCVD has several advantages
like lower deposition temperature, safe operation and cost effectiveness. Metal-organic
compounds also called as “metalorganics” contain metal atoms bonded to some organic
fragments. The compounds having one or more direct metal-carbon covalent bonds are called
“‘organometallics’’. Metalorganics as well as organometallics both can be used as precursors in
MOCVD. Use of organometallic precursors has led to the rename of the deposition process as
organometallic CVD (OMCVD) to reflect more precisely the choice of precursors used. In
conventional OMCVD, the precursor is vaporized at low temperature, under reduced pressure
condition and subsequently, metal film is deposited on a substrate surface at higher temperature
by adsorption and thermal decomposition of the precursor. The various parameters that control
this deposition technique are as following: (1) convection of the gaseous reagents (2) diffusion
of the reagents towards the substrate (3) adsorption of the reagents onto the substrate (4)
chemical reaction of the adsorbed species producing nuclei and further reaction to give a metal
film (5) desorption of the gaseous products of the reaction (6) diffusion of these products through

the boundary layer and (7) gas evacuation of the system.

The choice of a CVD method among all those described shall be made according to the
specifications of the deposit in terms of topology, purity, physical properties, process speed and

cost.

1.4.1.1.1 Laser induced chemical vapor deposition (LCVD)
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In this technique, decomposition of precursor is induced with a laser beam (Fig 1.5). LCVD **!
has the advantages of better control of the decomposition mechanism compared to the traditional
method and is able to function on a substrate-limited surface. The process can be carried out with
substrates that do not have high thermal conductivity and the deposit growth kinetics is often
faster  than
those
observed
with
traditional
OMCVD. In
LCVD, it is
also possible
to work at
higher

precursor

pressure than

in traditional Fig. 1.5 Schematic representation of Laser Induced Chemical Vapor Deposition

CVD as the (LICVD)

growth kinetics here being limited by gas-phase decomposition. Partial pressure of precursor
seems to be the critical factor, allowing an increase in deposition rate without loss in the overall
deposit quality. To obtain a film with few impurities, the laser must de-coordinate all the

precursor ligands; avoiding the incorporation of carbon and other elements into the film. The
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growth rate depends on the wavelength of light used and on the laser power. Photolysis can

occur in several stages with quantum yields depending on the laser wavelength.

1.4.1.1.2 UV induced chemical vapor deposition (UVCVD)

The OMCVD can also be carried out under the irradiation of a UV lamp, which can improve the
process of
nucleation  while
lowering the
operational

deposition

temperature  (Fig
1.6). In this case
of deposition, two
methods are
described 233,

The first one

consists of

depositing the Fig. 1.6 Schematic representation of UV induced chemical vapor
precursor on the deposition (UVCVD)

substrate and then irradiation. In the second method, the metal is being deposited directly by
adsorption followed by decomposition of the precursor by irradiation of the substrate. Without a

lamp, decomposition of precursors is insignificant at room temperature and remains slow at

higher temperature in absence of reactive gases.
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1.4.1.1.3 Plasma enhanced CVD (PECVD)

PECVD *%°

is also known

as glow Liquid
source Inglt gas

isch
discharge Z
chemical Process gas
vapor
deposition
(Fig. 1.7). It

uses electron
energy

(plasma) as
the activation

method to

enable

Fig.1.7 Schematic representation of Plasma enhanced platinum CVD
(PECVD)

occur at a low temperature and at a reasonable rate. Supplying electrical power at a sufficiently

deposition to

high voltage to a gas at reduced pressures (<1.3 kPa), results in the breaking down of the gas and
generates a glow discharge plasma consisting of electrons, ions and electronically excited
species. The vapor reactants are ionized and dissociated by electron impact, and hence
generating chemically active ions and radicals that undergo heterogeneous chemical reaction at
or near the heated substrate surface and deposit thin film. The chemical reactions that occur

during the glow discharges are complex and can be categorized into homogeneous gas phase
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collisions and heterogeneous surface interactions. It is difficult to establish the relationship
between the processing parameters and properties of the films because of the complexity of the
PECVD reactions. Therefore, PECVD is limited to low temperature applications where it cannot

be met by thermally activated CVD.

1.4.1.1.4 Electron Beam Chemical Vapor Deposition (EBCVD)

EBCVD **7 is a
technology that uses
an electron beam to
provide  localized
deposition for nano-
scale structures or
device fabrication
(Fig. 1.8). In
EBCVD, primary
electrons from the
beam impact a

substrate,  causing

secondary electrons

to be emitted. These ) _ )
Fig. 1.8 Schematic representation of Electron Beam Chemical Vapor

secondary electrons peposition (EBCVD)

play a prominent role in dissociating adsorbed reagent molecules to form a deposit on the
substrate and volatiles that are then evacuated from the chamber. The deposition process depends

on many factors including the precursor and the electron beam properties. If the electron beam is
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not moved
relative to the
substrate, a dot
is grown. A
fiber is grown if
et
the growth time
is increased. If

the beam is

moved, lines or

I..'.
-

other structures
Fluidized bed

can be deposited evaporator

as in  rapid

prototyping. A

S \0«5
) et
\l\;‘\‘(o\\

post-treatment, pso
consisting of a

heating step in Fig. 1.9 Schematic representation of Fluidized Bed Chemical Vapor

the presence of Deposition (FBCVD)

oxygen decreases the level of impurities. The deposit may then suffer from a volume reduction

due to carbon impurity elimination.
1.4.1.1.5 Fluidized Bed Chemical Vapor Deposition (FBCVD)

FBCVD ***° is one of the most efficient techniques to functionalize, to deposit on, or to coat
each individual particle of a powder from gaseous species (Fig. 1.9). FBCVD combines two

processes. One is the deposition itself, the other aims in suspending the particles in the
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deposition zone, most often by flowing a gas upwards through the powder and in bringing heat to
the powder. In contrast to CVD on flat surfaces which often operates in a surface kinetics limited
regime, FBCVD is generally transport-limited. This is due to the extremely high available
growth surface to heated volume ratios (S/V) in the deposition area. Consequently, gaseous
precursors are very often totally consumed a few centimeters after their entrance into the
fluidized bed reactor, but the high degree of gas solid mixing compensates for this discrepancy,

and ensures isothermal conditions and uniform deposition.

1.4.1.1.6 Atomic Layer Deposition (ALD)

Molecules

o °

s

Fig. 2.0 Schematic representation of Atomic Layer Deposition (ALD)

ALE *can be considered as a special mode of CVD (Fig. 2.0). It is a surface deposition process
that can be used for the controlled growth of epitaxial films, and the fabrication of tailored

molecular structures on the surfaces of solid substrates. ‘Monatomic layers’ can be grown in
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sequence which is a characteristic feature of ALE. Therefore, the desired coating thickness can
be produced simply by counting the number of reaction sequences in the process. The surface
reconstruction of the monolayer formed in the reaction sequence will influence the saturation
mechanism and the saturation density of the precursor. The ALE reaction sequences are normally
performed in an ‘effective overdosing’ condition to ensure a complete saturation of the surface
reaction to form the monoatomic layer. Furthermore, such ‘effective overdosing’ condition also
provides good conformal coverage that allows uniform coatings onto complex shaped substrates.
The sequencing in ALE also eliminates the gas phase reactions, and enables a wider choice of
reactants (e.g. halides, metalorganics, elemental metal, etc.). The ALE process has the potential
to be scaled up for the deposition of high quality thin films with excellent uniformity and

reproducibility onto large area substrate *°'.

1.4.2 Infiltration techniques

In advance ceramic composites a second phase with different morphology such as whiskers,
nanotubes and nanowires along with infiltrated ceramic matrix are required for better
e - : L g . o 14,16, 31, 6265
compatibility and improved mechanical and oxidation resistive properties . Among
these reinforced second phase, the SiC nanowire is more suitable to be used as the reinforcing
material for their advantages of smaller size, higher strength, and toughness. SiC nanowires
makes it a potential candidate as reinforcement material with SiC coating/ matrix for carbon
composite because of its better compatibility with ceramic matrix and oxidation resistive

66-67

property . Infiltration of such second phase in original matrix may be achieved by two

68-69 70-73

different impregnation routes namely gas phase impregnation and liquid impregnation
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The most economical liquid impregnation method has gained importance for carbon/carbon
composites. This process involves vacuum or pressure impregnation of porous solid with carbon
yielding liquid precursor or SiC yielding liquid precursor, thereby the impregnant liquid has

access to the inner fine pore. This can be used to make composites with complex structures.

CVI *" ™ is the most studied technique to prepare advance ceramic carbon composites due to its
low processing temperature and ability of fabricating complex structural composites. There are
several variants of CVI technique such as Isothermal Chemical Vapor Infiltration (ICVI) ¢,
Thermal gradient Chemical Vapor Infiltration Process ®, Differential pressure process *, Forced
flow-thermal gradient CVI (FCVI) * and Film boiling CVI ®. Composites with much higher
densities can be prepared by a combination of liquid infiltration and CVI as the small pores

resulting from multiple impregnations can be filled.

1.4.3 Development of organosilicon precursors: literature survey

SiC is most widely used material especially for corrosion resistance application. In past, many
SiC coatings have been produced by the CVD technique, however, most SiC coatings deposited
have been grown at relatively high temperatures of 1300 °C- 1380 °C and at atmospheric
pressure using separate precursors for Si and C * 7. For instance, SiH, or Si,Hg have been used
for Si and CHy4 or C3Hg have been used for C 8 Combination of methyltrichlorosilane (CH3SiCls
or MTS) and hydrogen is the most popular single molecular precursor, partially because MTS
contains the same number of silicon and carbon atoms "°. To achieve an optimal oxidation
resistance, it is important that stoichiometric SiC is deposited. Although the C/Si molar ratio in

MTS is one, deposition of silicon with SiC is encountered at temperature below 1000°C, whereas
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carbon is deposited with SiC above 1600 °C. The mechanism of SiC deposition can be regarded

as two independent subsystems, i.e. the deposition of carbon and the deposition of Si. Equal rates

will result in stoichiometric SiC. Detailed knowledge of the kinetics in the gas phase and on the

surface is, however, limited especially for chlorine containing SiC precursors like CH3SiCls. The

gas phase kinetic for the SiHy-hydrocarbon system is relatively well understood **' but more

knowledge of the surface chemistry is needed. The use of MTS requires a source of hydrogen

gas to combine with the chlorine atoms liberated during decomposition. The reaction forms

hydrogen chloride as a by-product, which must be removed, thus requiring a scrubber as part of

the equipment. Since the hydrogen chloride is corrosive, all equipment must be corrosion

resistant. Table 1.1 shows examples of commonly used SiC gaseous precursors and their

applications.

Table 1.1

Commonly used SiC gaseous precursors and their applications

Condition of synthesis

Application
SiC Precursors Temperature (°C) Pressure (kPa)
CH;SiCl; 1323-1673 n.r. Coating
1200 1.7 Coating
973-1073 10 to 35
973-1173 10 to100 Composite (CVI)
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1052-1070 2to 13.3
CHj3SiCl3/CHy 1273-1523 4.6 Coating
SiCls/CH4 1200-1400 100 Coating
(CH;),SiCl, 1473-1600 n.r Coating
SiCly/carbon 1300-1500 100 Coating
SiH4/CHy 1573-1723 100 Electronic

n.r. = not reported.

M—X, (M—0—X, (M—R, Mo,

Halides Alkoxides Alkyls Carbonyls
M
R—N—M), M{RNRCNR]" |<7=
Re—N—M), M{RNRCNR]- | & |
Alkylamines Amidinates Cyclopentadicnyl
- Cyclopentadienyl

R

CHy p-diketominate

n

N-alkoxy-p-diketominate
Fig. 2.1 The organic groups used for synthesis of organometallic precursor compounds.

Recent practice of using halogen free single source compounds in chemical vapor

deposition is, in some cases, enjoying low deposition temperature and accurate stoichiometry.

47



Since the single molecular precursor already has a Si-C bond in the precursor itself, it does not
need further activation energy to make a Si-C bond in the film, resulting in growth temperatures
below 1000 °C. In chemical vapor deposition, the solid phase is formed on a surface from a gas
phase via one or several chemical reactions. A key issue is the generation of the gas phase,
whose composition must be stable during the deposition run. Hence, the choice of the precursors
as well as of the delivery scheme is of utmost importance. Generally, organometallic precursors
are preferred rather than halides since they are usually volatile at a much lower temperature (<
300 °C). The organic groups used for synthesis of organometallic precursor compounds broadly
belong to B-diketonates, carbonyl & phosphine, cyclopentadienyl and olefin & allyl family (Fig.
2.1). Most commonly used precursors such as tetramethyl-heptanedionate compounds (tmhd:
C11H190;), which are solid at room temperature belong to the B-diketonates family. These
precursors can be dissolved in an appropriate solvent, like mono-glyme or octane. In case of
organosilicon compounds the complexes with above mentioned ligands generally leads to co
deposition of oxygen/oxides with the desired phase. To avoid this mostly aliphatic/cyclic
organosilicon compounds are preferred as SiC precursor which has only carbon and silicon

atoms.

Many research groups have thus performed growth of SiC either on different substrates using
single precursor having carbon and silicon atoms. L.Golecki et. al. ** had grown single crystalline
epitaxial cubic(100) films on (100) Si substrates at 750 °C by low pressure CVD, using
methylsilane, CH3;SiH; and H,. They obtained the stichiometric SiC composition at low
temperature because methylsilane can generate vapor which is stable at room temperature. The
drawbacks of methylsilane are very low boiling point (-57 °C), pyrophoric and irritant gas and

commercially available at high cost. A.J.Steckl et al. ** have grown the cubic SiC on Si using the
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precursor trimethylsilane and they have investigated the effect of temperature, flow rate of

precursor on on-axis Si (100) and off-axis Si (111) substrates.

The use of trimethylsilane to form amorphous or polycrystalline SiC films is also known in the
art. For instance, Kaplan et al. ™ have described the formation of SiC coatings on video disks
using trimethylsilane in a glow discharge chemical vapor deposition process. Trimethylsilane gas
is colorless, noncorrosive and nonpyrophoric precursor but excess carbon is deposited during
SiC deposition. There are other organosilane type precursors available to obtain SiC film. K.
Yasui et al. ** have used dimethylsilane to get cubic SiC film while Y. Avigal et al. *® have
grown the SiC on the Si-SiC-C system using different precursors such as tetramethylsilane
(b.p.=26-28 °C), diethylsilane (b.p.=56 °C), and tripropylsilane (b.p.=171 °C). The SiC has been
grown in the range of 700-1400 °C regardless of the atmosphere but the films are contaminated
with inclusions of silicon and free carbon. They found that pyrolysis of tetramethylsilane in H;
produces less free carbon than in the presence of helium. It was also noticed that at lower
temperature the CHj3 deposits more free carbon while at higher temperatures the C;H; deposits
more free carbon. Tetramethylsilane, diethylsilane and tripropylsilane are stable at room
temperature. First two precursors have low vaporization temperature and tripropylsilane has high

vaporization temperature. All three precursors are safe to handle but are costly.

S.H.Jeong et. al. ¥ have prepared thin films of cubic SiC on Si(100) by high vacuum MOCVD
using diethylmethylsilane [DEMS, (C,Hs)>(CH3)SiH)] (b.p.= 78 °C) at various temperatures.
DEMS is stable at room temperature, nontoxic and no explosive. With a deposition temperature
of 900 °C, relatively well oriented 3C-SiC layers were obtained. When the deposition
temperature was increased from 700 to 900 °C, there was an improvement in crystallinity and

grain size. However, above 900 °C crystallinity decreased with increasing temperature and
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growth time due to a crystal shape change. These results show that the deposition temperature

and time are important factors for influencing film crystallinity and carbon deposition.

JH. Boo et. al. ™ have used a new precursor dimethylisopropylsilane
[(CH3),CHSiH(CH3),] (b.p.= 66-67 °C) to deposit cubic SiC films on Si (100) and Si (111)
substrates at the temperature range of 750-970 °C using low pressure organometallic chemical
vapor deposition (LP-OMCVD). They found that at low temperature amorphous SiC films and
free carbon were deposited. They obtained cubic-type SiC films on uncarbonized Si (100)
surfaces at 850 °C and a polycrystalline cubic SiC film on a carbonized Si (100) substrate at 960
°C. But they were not successful in obtaining epitaxial growth of cubic SiC on carbonized Si

(100) using the same precursor.

The synthesis routes of these organosilane type precursors are described in literature.
In general, in these methods first chlorine substituted silanes are taken that are product or
byproduct of a technical process e.g. methyldichlorosilane is a technical product which is

obtained as a by-product of the direct synthesis.

The organic groups can be introduced into these chlorinated silanes by the Grignard process
(scheme-1.1) in which only the Si-CI bond (but not the SiH bond) is involved. The Grignard
reaction is of fundamental importance for the whole field of organosilicon chemistry *. It

utilizes organomagnesium compounds to transfer organic groups to silicon:

Scheme-1.1:

~ ;
RMgX + XSi— —— RSi— + MgX;

AN

X = halogens (1.1)
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Conversely, the chlorine in chlorosilanes already containing organic substituents can
be replaced by hydrogen (scheme-1.2). Reactions with metal hydrides, such as lithium

tetrahydroaluminate *°, lithium hydride °', sodium hydride °*

, and the reactive aluminum
tetrahydroborate AI(BH,); °> are most suitable for the reaction, which proceeds in principle as

follows:

Scheme-1.2:

—>Si—CI +MH ———> —>Si—H + MCl

M = metal (1.2)

The action of aluminum tetrahydroborate on trimethylchlorosilane can be represented

schematically in scheme-1.3:
Scheme-1.3:

2AI(BH,)3 + 6(CHg)sSICI —»  Al,Clg + 3B,Hg + 6(CHg)3SiH (1.3)

The reaction with sodium hydride dispersed in mineral oil or another inert high-
boiling hydrocarbon requires temperatures of 175 to 350 °C **. The addition of catalysts can
lower the reaction temperature or increase the yield. Alkylborons, boricacid esters, and
triethylaluminum are suitable catalysts ***°. An interesting embodiment of the substitution
reaction consists in passing the halogen compound through a eutectic melt of an alkali-metal
halide containing lithium hydride. In this way, at 360 to 400 °C dimethyldichlorosilane yields

dimethylsilane (CH3),SiH, with 95% conversion and 89% yield *°.
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J. H. Boo et al. ” have used a new single molecular precursor 1,3-disilabutane containing two
silicons and carbon atoms. They have grown the cubic SiC films on Si (100) and Si (111)
substrates in the temperature range 650-900 °C by LP-OMCVD using this precursor.
Polycrystalline cubic SiC films were formed on Si(100) substrates at such a low temperature as
650 °C. The films obtained on carbonized Si (100) substrates at temperatures higher than 850 °C
showed improved crystallinity in their X-ray diffraction patterns. On the other hand, highly
oriented SiC films in the [111] direction were formed on carbonized Si(111) substrates at 900 °C.
The precursor 1,3-disilabutane which contains silicon and carbon atoms at a ratio of 1:1 was
obtained by reduction of 1,1,3,3-tetrachloro-1,3-disilabutane. The synthesis of 1,1,3,3-

tetrachloro-1,3-disilabutane was reported by Jung *® as follows.

The reaction of (chloromethyl)methyldichlorosilane with elemental silicon and hydrogen
chloride using copper as a catalyst and cadium as a cocatalyst leads to the attachment of a silicon
atom to the organochlorosilane molecule, producing 1,1,3,3-tetrachloro-1,3-disilabutane.
Reduction of this compound with metal hydrides (e.g., lithium aluminum hydride) in ether

replaces the chlorine atoms with hydrogen atoms. The final compound is 1,3-disilabutane *°.

J. Steckl et al. * have grown the SiC films on different substrates using silacyclobutanes. In
these precursors deposition of carbon occurs in SiC film, because of Si:C ratio is 1:3.

Silacyclobutane is synthesized according to scheme-1.4.

Scheme-1.4:
H,PtClg Mg LiAlH,
H,C=CHCH,Cl + HSICl; — =  ClSICH,CH,CH,Cl ——= o [
heat S|C|2 n-BuZO S|H2 (1 4)
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The 3-halopropyltrichlorosilanes are prepared by addition of trichlorosilane to an

100-101
can be

allylhalide with chloroplatinic acid as catalyst. The 1,1-dichloro-1-silacyclobutane
prepared from Cl3SiCH,CH,CH,Cl using magnesium powder. This 1,1-dichloro-1-

silacyclobutane is reduced using lithiumaluminumhydride in n-butyl ether at 0°C to get

silacyclobutane, (CH;)3SiH,.

Another precursor which is used because of same number of silicon and carbon
atoms is 1,3-disilacyclobutane. D. J. Larkin et al. '®> and A. K. Chaddha et al. ** have used this
precursor to get stoichiometric SiC but this precursor needs relatively high temperature to grow
SiC film and it has tedious synthesis route. It can be prepared by the LiAlH4 reduction of 1,1,3,3-
tetrachloro-1,3-disilacyclobutane. This 1,1,3,3-tetrachloro-1,3-disilacyclobutane is obtained by

103

pyrolyzing 1,1-dichloro-1-silacyclobutane at 700 °C according to methods described by

Nametkin et. al. ', This type of pyrolysis reaction is of considerable interest and it is postulated

ClelZ CH2

to go through the intermediate.

The process is given in scheme-1.5:

Scheme-1.5:
| LiAIH,
700°C A n-Bu,O %

(1.5)

The strained cyclic molecule i.e. 1,3-disilacyclobutane allows to grow B-SiC film
at a temperature >300 °C but lower than possible with a similar straight chain reagent. It is

proposed that decomposition of the cyclic precursors directly produces intermediates that can
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lead to deposition of stoichiometric SiC. The synthesis routes of cyclic compounds are
complicated and tedious. Cyclic precursors are promising for both depositions of single crystal
films at high temperature as well as for polycrystalline and single crystal films at low

temperature.

Koji et. al. ' have used the hexamethyldisilane (HDMS) (b.p.= 112-114 °C) to get
cubic SiC films on Si and other substrates. At temperatures lower than 1100 °C, the growth rate
is limited by thermal decomposition of HMDS molecules. At higher temperatures, the growth
rate is limited by thermal diffusion of (CH3),-Si-Ha4., species through stagnant gas layers at the
substrate surface. Temperature dependence of crystallinity of grown films reveals that the gas
system is effective for low temperature epitaxy. With and without buffer layers, single-
crystalline 3C-SiC containing twinnings were grown on a Si (111) substrate at 1100 °C. In the
case of Si (100) substrates, single crystals were grown only with a buffer layer. Even though
growth temperatures were as low as 1100 °C crack lines were observed in a 5 um thick layer
grown on a Si (111) substrate. HDMS is stable at room temperature and gives codeposition of

free carbon with SiC film.

An alternate of the single molecular precursors are the organometallic polymer
precursors specially polysilanes and polycarbosilanes. These polymer compounds which,
contains polysilanes and polycarbosilanes, must be volatile for CVD use. Generally the polymers
of sufficiently high molecular weight, crosslinks before significant volatilization occurs. Such
cross-linking before volatilization is highly undesirable for the application under consideration,
where excessive silicon and carbon remain in polymer and do not come in vapor form. Presently,

research is going on to get a polymer precursor, which gives stoichiometric SiC film and can be
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used in CVD process but so far no precursor has been obtained in our knowledge which fulfills

all criteria of an ideal precursor.

In the commercial available precursors for SiC, presently precursors are available with the name
CVD 2000 ' and CVD 4000 '°. CVD 2000 is a single molecular organometallic liquid
precursor while CVD 4000 is single component liquid precursor having basic structure of [SiH,-

CH:;],. Their synthesis routes have not been disclosed and have high cost.

In the current section of chapter mostly precursors suitable for CVD/CVI technique were
discussed. The other organosilicon precursors prepared and coated through sol-gel technique will
be briefly described in current section. The sol-gel technique allows a good reproducibility of
coating performances even though some problems have been evidenced due to complex shape
substrate and thick film deposition. Moreover, in some case, coating cracking induced by the
thermal treatment performed at the end of deposition, has been reported '”’. Usually, a thermal
treatment at a temperature around 600 °C provides a good chemical homogeneity and good
corrosion resistant features to substrates. Nevertheless, some promising results, in terms of
corrosion resistant, have also been obtained at lower temperature (400 °C) '®. Even using sol-gel

technique infiltration of second phase with parent matrix can be achieved at lower temperature.

In general terms, the sol-gel process involves three stages: (i) a partial hydrolysis of the
metallorganic compound in order to produce reactive monomers, (ii) a polycondensation of the
reactive monomers which forms oligomers of colloidal size (sol) and (iii) and finally an
additional hydrolysis which initiates and further promotes the polymerization and cross-linking
of the precursor. The last step, gelation, will produce polymeric compounds of given morphology

which upon pyrolysis yield oxide/nonoxide ceramics. The above reactions can be influenced by
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controlling parameters such as pH, nature and composition of the solvent, temperature, reaction
time, ratio of [RO]/[H,0 ] (RO is alkoxy group attached to metal) and the type of the R group'®”"
"9 The nature of the starting metallorganic material undoubtedly constitutes an important
parameter which influences all the steps of the sol-gel process. The most frequently used and
studied precursors for silica and carbon are Tetraethylorthosilicate (TEOS) '',
Tetramethylorthosilicate (TMOS) ''* and activated carbon powder, isopropanol, carbon
nanotubes respectively. These precursors have been shown to behave differently under similar
conditions. This indicates the importance of the molecular structure in the process and the need
for more research and studies of the structure/sol-gel relationship in which all the reaction
parameters are involved. Silicon alkoxides are usually used as precursors and their hydrolysis
rate can be controlled easily as compared to other faster hydrolyzed derivatives, such as SiCly
and Si(OCOCH;),. Silicic acid and its acetate are also able to produce SiO,. The solvent will
influence the physical characteristics of the final product, and in the case of methanol as the
solvent, the porosity of the product will be lower than that produced from TEOS under similar
conditions. Similarly, the bulk density increases with temperature and is higher when MeOH is
used as solvent. In the acid-catalyzed system the hydrolysis rate usually decreases with an
increase of C atoms in the straight-chain alkoxy group because of an inductive effect, whereas
the rate is lowered with increased branching of the alkoxy group of the organosilicon alkoxides
due to steric reasons. The polycondensation being a nucleophilic reaction will be influenced by
the same factors up to the point at which cross-linking takes place. Other phenomena, such as
diffusion and collisions between polymeric chains are increasingly involved and thus the kinetics
depends on additional parameters. In general, the hydrolysis reaction is much faster than the

condensation. Nevertheless, condensation starts as soon as an alkoxy group has been hydrolyzed
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and thus the final results of the sol-gel of the silicon alkoxides will be influenced by a

combination of the above mentioned factors. The gelation characteristics of gels produced from

methoxy (TMOS), ethoxy (TEOS) and butoxy (TBOS) silicon alkoxides support the above

theory. An increase of gelation time is observed when the same alkoxide is used in solvents of

increasing molecular weight, e.g., MeOH, EtOH and PrOH. A similar increase is observed with

increasing molecular weight of the alkoxide used ''*. In this way sol-gel process has given a

scope for deriving SiC from non corrosive, non toxic and commercially available precursors.

1.4.4 Objectives and scope of the present thesis

Owing to the development of different economical and environment friendly techniques for SiC

coating/composite preparation, in the present thesis, following points have been studied.

Different organosilicon compounds have been synthesized which are non toxic, non
corrosive, easy in handling, having economical synthesis routes and requisite properties
as a SiC precursor for chemical vapor deposition and sol-gel technique.

The low temperature CVD process was developed using synthesized and commercial
available SiC precursors, for SiC deposition. The coating studies were carried out on
various substrates such as graphite, C/C composites, TRISO particles and Zircaloy sheet.
Different morphological SiC were deposited using organosilicon compounds and Taguchi
method was used to optimize the process parameters for different morphological SiC
materials growth.

Sol-gel route fabrication and oxidation resistance property study of SiC nanowire/carbon
fiber/ SiC matrix composite were carried out. The dense and nanowire morphological SiC

phases were impregnated simultaneously in carbon preform using current sol-gel process.
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e The oxidation resistive properties and kinetics of oxidation of different morphological
coated carbon samples and SiC impregnated samples were investigated in different

oxidative environment.
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CHAPTER 2

SYNTHESIS OF

ORGANOSILICON

COMPOUNDS



2. Synthesis of Organosilicon compounds

This chapter describes two different aspects: (i) Proper selection of organosilicon compound for
growth of SiC and, (ii) Synthetic process development for bulk production of such organosilicon
compounds.

There is a continued demand for the development of coating techniques, having environmentally
safe chemicals which in turn should be easily and safely manufactured in bulk. In this view, a
thorough literature survey has been carried out to obtain suitable SiC precursors. MTS is the most
common and commercial precursor used for SiC deposition using CVD process. Since MTS is
corrosive, toxic in nature and needs high temperature to deposit SiC, a lot of alternative precursors
are proposed in the literature to replace it. The halogen free single molecular organometallic
precursors such as dimethylsilane, [(CHj3),SiH;] 5 trimethylsilane, [(CH3);SiH] e,
tetramethylsilane, [(CH3)4Si] % 1,3-disilabutane, (H;SiCH,SiH,CH3) 'V, 1,2-bis(silyl)ethane,
(H3SiCH,CH,SiH3) %, diethylsilane, [(C;Hs),SiH,] *¢, tripropylsilane, [(CsH7)sSiH] *°,
silacyclobutane, [c-CsHeSiH;] 83, 1,3-disilacyclobutane, [C,H;3Sis] 8, and hexamethyldisilane,
[(CH3)6Siz] '* were reported as alternates to MTS. Deposition of SiC has been reported using these
precursors at relatively low temperature. The polymeric organometallic precursors such as
polysilanes and polycarbosilanes have also been reported for SiC deposition ''*!'”. To form SiC by
CVD, the precursor composition must be cleanly and easily vaporizable. Many polymers are viscous
oils or solids, which cannot be easily evaporated at very low pressure. Except CVD process, sol gel
process is also one of the viable options for deposition of SiC using harmless precursors. Keeping all
aspects in mind the potential precursors of SiC have been screened. The selection criteria of a
suitable chemical precursor for SiC deposition were;

(a) Stability at room temperature,
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(b) Low vaporization temperature and high saturation vapor pressure for use in CVD process,

(c) Undergo decomposition/chemical reaction at a temperature below the melting temperature and
phase transformation of the substrate depending on the engineering applications,

(d) Low toxicity, not explosive, not corrosive and not inflammable,

(e) Cost-effective for SiC deposition.

On the basis of above criteria, 2,4,6-trimethyl-2,4,6-trisila-heptane (Trimethyltrisilaheptane), 2,4,6-
trisilacyclohexane, mixture of organosilicon compounds (named as CVDP) and sol gel precursors
comprising tetracthylortho silicate (as silicon source) and glycerine and phenol formaldehyde resin
(as carbon source) have been selected as potential precursors for SiC. Three compounds, 2,4,6-
trimethyl-2,4,6-trisila-heptane, 2,4,6-trisilacyclohexane and mixture of organosilicon compounds
(CVDP) were identified as potential SiC precursor especially for CVD application. Synthesis of such
precursors has been carried out. The detail synthesis processes for sol gel precursors has been

discussed in Chapter 4.
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2.1 Organosilicon precursors
2.1.1 2,4,6-Trimethyl-2,4,6-trisila-heptane

The synthetic sequence of 2,4,6-trimethyl-2.4,6-trisila-heptane is shown in Fig.2.1.

LiAlH, ,
diethyleneglycol
H3C_ _cH,cldibutylether H.C Mg/THF
: 1 ? - 3%\, ~CH.Cl V8 H3C{ ._CH,MgCI
H4C Cl 0 H.c” > H 1
Temp.= 45°C 3 HsC” “H
chloromethyl- chloromethyl- methylenemagnesium
dimethylchlorosilane dimethylsilane chlor}i]dedimeglylsilane
(liquid) (liquid) (liquid)
(Grignard reagent)
SSig + Si _SiT
methyldichloro
silane
reflux, 20h
\J
G G gh
- - - -
’SIIVSIIVSII\CH3 2MgCl,

2,4,6-trimethyl-2,4,6-trisilaheptane

Fig. 2.1 Reaction scheme for synthesis of 2,4,6-trimethyl-2,4,6-trisila-heptane

Its synthesis involves two steps. In the first step, chloromethyldimethylsilane was synthesized by
reducing chloromethyldimethylchlorosilane using lithium aluminum hydride. In the second step,
Grignard reagent was prepared by reacting stoichiometric amount of chloromethyldimethylsilane

and magnesium at room temperature. This Grignard reagent further reacted with
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methyldichlorosilane and yielded 2,4,6-trimethyl-2,4,6-trisila-heptane. The structure of 2,4,6-

trimethyl-2,4,6-trisila-heptane was confirmed from NMR data.

2,4,6-Trimethyl-2,4,6-trisila-heptane is a colorless liquid organosilane of low viscosity. It
is soluble in common organic solvents such as hexane, toluene, THF, chloroform etc. It is
insoluble in water and stable in air. The precursor synthesized is chlorine free and single
compound SiC precursor. The main chain of compound comprises repeating Si-C units. The
carbon to silicon ratio in the precursor compound is a relatively low 7:3. This compound contains
no element other than Si, C and H. The chlorine free features provide a non-corrosive reaction
environment and products. The composition is non-corrosive. The compound synthesized is
chlorine free, single compound rather than a polymer, oligomers, mixture of compounds or
reaction products. This compound can be conveniently used to form SiC coating by vapor
deposition.

The final yield of 2.,4,6-trimethyl-2,4,6-trisila-heptane was very poor. It was observed
that in the first step the yield of chloromethyldimethylsilane was 20-30%. To improve its yield, a
series of experiments were carried out by varying first step temperature from 40-80 °C and
duration from 24-48 h. It was observed that about 40-45% yield was obtained when the first
reaction was performed at 60°C for 36 h. In the second step Grignard reaction was performed to
obtain desired compound 2.4,6-trimethyl-2,4,6-trisila-heptane. But after second step,
improvement in yield of final product was not achieved. The overall yield obtained for the final
compound ie.  2,4,6-trimethyl-2,4,6-trisila-heptane =~ was  5-10%  starting  from
chloromethyldimethylchlorosilane. There was no significant increase in the yield of final product

2,4,6-trimethyl-2,4,6-trisila-heptane.
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2.1.2 2,4,6-Trisilacyclohexane

The synthesis of 2,4,6-trisilacyclohexane was carried out in two steps. In first step, tri-

(dichlorosilylmethylene) was synthesized and in the second step it was reduced to get the desired

T

CLSi SiCl,
Si+Cu , “ -
CH::[]: —_— (G:SICH:J: or
300 °C
Si
Cls
H H
K-S Si-X
1. CIMgOSi(SiRa)- CIESJ/\“SJCI;_ LiAlH
H " 2. LiAH, /fether —_— e (SIHCH));
S R=Me.Et etc Butyldiglyme
X S
e Cl, —
X=-0Si(SR,)s 3MesST WigCl
2. LiAIH ¢ fether
HSi/ESIME?
1. 3MesSi(CHo)MICl | 1 3MesSiMgCl
2.LiAlHgether 2. LidH g/ether
/\\ : .
Me.Si_(H.C) —5i Bi-(CH,). SiMe, HSi Si-—=siMe,
z2l5H L) [CHz)q € r'u'TE?SiE"I WH 3
1

g

 H-H
|:|:H2].-|Sir'\'1l33 MEaS|_S| S|_S|M93

H.
S.'
SiMe,

Fig. 2.2 Reaction scheme for synthesis of different organosilicon compounds from tri-
(dichlorosilylmethylene)

compound. The compound tri-(dichlorosilylmethylene) synthesized in first step can be used as
pre-precursors for different organosilicon compounds, which can be used as SiC precursor as
shown in reaction scheme in Fig. 2.2. The compound tri-(dichlorosilylmethylene) is a potential

pre-precursor for many SiC precursors e.g. reduction of tri-(dichlorosilylmethylene) using
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lithium aluminum hydride leads to the 2,4,6-trisilacyclohexane compound. Further by
substituting chlorine of this compound by different groups such as —SiRj (trialkylsilyl group)
results in different types of organosilicon compounds, which can be possible precursor for SiC.

Considering the cost and simplicity of synthesis route, the synthesis of 2,4,6-trisilacyclohexane
compound was carried out. Silicon powder, copper powder and anhydrous methylene chloride
(CH,Cl,) were used as the reagents. The direct synthesis procedure ''* of organosilicon
compounds by the reaction of methylene chloride with silicon-copper contact masses has been

used in the current process.

Before reaction

Si (111) ——— After reaction
] o : CuCl
S :
E Si (220)
E- | .
7 & Si (311)
3
=
Cu(111)
o CU(Z.EIO) Cu(220)
20 3% 4 _ s e 70
20 value

Fig. 2.3 XRD pattern of silicon —copper pellet before and after reaction.
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In typical synthesis route, the charge of silicon and copper powders were mixed in 9:1 ratio and
pressed and sintered to form the pellets. This mixture was fired in hydrogen atmosphere at 1100
°C for about 4 h to reduce any oxide layer present on silicon and copper powder. The XRD of
reduced silicon and copper pellets (Fig. 2.3) show that there was no impurities and oxide phase

of silicon or copper present in the silicon-copper mixed pellet. The reduced silicon copper pellets

Dichloromethane
{CH,CL)

burette

peristaltic
pump

Condenser

mass flow [D E]: Pre- %%////////////%

meter |:L| Ul' heater
Niroge HVTOgen Si-Cu
n Pellets
] Product _
Reaction Set Up s
Dry ice

Fig. 2.4 Schematic of reaction setup used for synthesis of 2,4,6-trisilacyclohexane compound.
were reacted with methylene chloride at reaction temperature 300 °C. The Fig. 2.3 shows XRD
pattern of silicon—copper pellet after reaction. It shows formation of some copper chloride phase
in the pellets after reaction. The role of copper has been well studied in the literature in such kind

of reaction. The main function of copper metal catalyst are, primarily to make the halogen of
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alkyl halide readily available to react with and activate silicon and secondarily to make the
organic group more available by transporting the free radicals and also prolonging their life in
the form of copper alkyl.

The schematic of reaction setup used for synthesis is shown in Fig. 2.4. The condensate product
collected contains small quantities of low boiling chlorosilanes. The unreacted methylene
chloride was separated by fractional distillation at atmosphere pressure, leaving a fraction boiling
above 155 °C. The latter fraction was vacuum (~10 mm) distilled at 90 °C to get the tri-
(dichlorosilylmethylene). In the second step reduction of tri-(dichlorosilylmethylene) (1 eq.) was
carried out using lithium aluminum hydride (4 eq.) to yield 2,4,6-trisilacyclohexane. The
compound 2,4,6-trisilacyclohexane was distilled out at 140 °C at atmospheric pressure. 'H and
3C NMR study of the synthesized compound confirms its structure. 2,4,6-trisilacyclohexane is a
colorless liquid organosilane of low viscosity. It is soluble in common organic solvents such as

hexane, toluene, THF, chloroform etc. It is insoluble in water.

Since the final yield of the compound 2,4,6-trisilacyclohexane was low, reaction
parameters such as methylene chloride flow rate and reaction temperature were varied in the
range 0.5 — 1 ml/min and 200-400 °C, respectively, keeping other parameters constant to observe
their effect on the yield of 2,4,6-trisilacyclohexane. It was observed that with decrease in the
methylene chloride flow rate from 1 to 0.5 ml/min, there was an increase in the conversion of
methylene chloride to different organosilicon compounds. Finally, there was about 10% increase
in the yield of the 2.,4,6-trisilacyclohexane. It was observed that lower the temperature, more
efficient was the incorporation of organic group in to the organosilicon products leading to

increase in the yield of products. But the temperature has to be raised to one at which the
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reaction has a convenient rate, as in the present case at reaction temperature 300 °C maximum

yield of products was observed.

This compound can be a novel precursor to SiC due to its low boiling point 140 °C. The
compound synthesized was chlorine free and single compound. The main chain of compound
comprises repeating Si-C units in cyclic ring. The carbon to silicon ratio in the precursor
compound is 1:1. This chlorine free precursor contains no element other than Si, C and H. The
chlorine free features provide a non-corrosive reaction environment and products and 1:1 ratio of
Si to C provides stoichiometric deposition of SiC. This compound can be used to form SiC

coating by chemical vapor deposition.

2.1.3 Mixture of organosilicon compounds (CVDP):

As in the previous process the final yield of 2,4,6-
trisilacyclohexane was low and to make this process
more economical, it was modified. In the modified

process rather than taking pellets of silicon and

copper only powder of silicon was used as the

reactant. The fluidized process was used to

efficiently react silicon powder and dichloromethane

aje|d Jopnqysiq

vapor. The fluidized bed process effectively ' "‘ '

increases the contact area and duration between the
solid and gaseous reactants. A fluidized bed is Fig. 2.5 Schematic of fluidized bed
system

formed when a quantity of a solid particulate

substance (usually present in a holding vessel) is placed under appropriate conditions to cause
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the solid/fluid mixture to behave as a fluid (Fig. 2.5). This is usually achieved by the introduction
of pressurized fluid through the particulate medium. This results in the fluidized medium having
many properties and characteristics of normal fluids; such as the ability to free-flow under
gravity, or to be pumped using fluid type technologies. The resulting phenomenon is called
fluidization. Fluidized beds are used for several purposes, such as fluidized bed reactors (types of
chemical reactors), fluid catalytic cracking, fluidized bed combustion, heat or mass transfer or
interface modification, applying a coating onto solid items. In the Fig. 2.5 typical fluidized
process is shown. The zoom area shows the fluidization region and how the particles movement

occurs in this region.

Condenser

Furnace

Methylene chloride b
(CHCl,) — ——>|| Purette

peristaltic
pump

]? Powder

o
mass flow Pre-heater

meter ‘_L[j I'_L Product

Dry ice condenser
Ar Hyrogen

Fig. 2.6 A schematic diagram of reaction setup for synthesis of mixture of organosilicon
precursor.

The schematic and actual reaction setup for modified process are shown in Figs. 2.6 & 2.7.
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Fig. 2.7 Actual reaction setup for synthesis of mixture of organosilicon precursor and
schematic of fluidized bed zone.
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The methylne chloride was passed through peristaltic pump to pre heater chamber and the carrier

CHyCly) + Sity) 770000 HyCLSICH,SiH,Cl, + H,CLSICH2SICH2SiH,Cl,

+ (ClL,SiCH,); etc.
(Cl; 2); where x+y=3

Lithium Aluminum Hydride (LAH)
(Butyl diglyme)
T=50°C

H,SiCH,SiH; + H;SiCH,SiCH,SiH; + (H,SiCH,); etc.

Fig. 2.8 Reaction scheme for synthesis of mixture of organosilicon precursor.

argon gas takes it to reaction zone. The efficient reaction between silicon powder and methylene
chloride occurred in reaction zone due to rigorous mixing of reactants. The unreacted methylene
chloride, products and byproducts were swept away with carrier argon gas from the reaction
zone and condensed and collected. Further distillation was carried out of condensate collected.

Two stage reactions occurring during synthesis of organosilicon compound is shown in Fig. 2.8.

The XRD of reduced silicon powder (Fig. 2.9) shows that there were no impurities and oxide
phase of silicon present in the silicon powder. The first stage involves the reaction of vapors of
methylene chloride with silicon powder at 400 °C. The organohalosilane products were
condensed and collected. The unreacted methylene chloride and other highly volatile silane
products were removed by distilling the condensed product at 170 °C. The organohalosilane
compounds were mixture of H,Cl,SiCH,SiH,Cl,, H,CLSiCH,SiCH,SiH,Cl; and (Cl,SiCH,)3
etc. The second stage involves the reduction of organohalosilane compounds with lithium
aluminum hydride and the reduced compounds were mixture of H3;SiCH,SiH3,

H;SiCH,SiCH,SiHs, (H,SiCH»); ete and higher molecular weight polymer viscous compounds.
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Fig. 2.9 XRD pattern of the silicon powder used for the organosilicon precursor synthesis.
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Fig. 2.10 The thermogravimetric weight loss curve of synthesized organosilicon precursor.
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The process parameters such as temperature of reaction, dicholoromethane flow rate, argon flow
rate and reaction time have been optimized for bulk synthesis of CVDP precursor. It was
observed that for process parameters, temperature of reaction: 400 °C, dicholoromethane flow
rate: 0.25 ml/min, argon flow rate: 500 sccm and reaction time: 3 h maximum yield of CVDP

precursor was obtained.

The TG data of mixture of organosilicon compounds obtained after second stage reduction is

shown in Fig. 2.10. It was observed that there was approximate 90-95% weight loss of the

120 -

100 - ﬂ
F, i
R B0+
0 I
[})
§ 60
:
E 404 " 1H0em’
4
|—

20 - -
258 em” J
04 o’ ﬂ N 20 cm?
M20an’ 1140 an’

I L I T I T I 1 l 1 I I I 1 I I I
500 1000 1500 2000 2500 3000 3500 4000 4500

Wave number (cm'1l

Fig. 2.11 The IR spectra of volatile organosilicon (named as CVDP) precursor.
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mixture of organosilicon compounds upto 200 °C. The remaining approximate 5% liquid was
colorless highly viscous liquid. The volatile part of mixture of organosilicon compounds was

termed as CVDP precursor.

The IR spectra (Fig. 2.11) of CVDP precursor shows significant peaks at 1256 and 871 cm™: Si-
CH; 1120 cm™ and 1140 cm™ (multiplet) ; Si-(CH,),-Si 1410 cm™ ; Si-C=C 2180 cm™ ; Si-H
2950 cm’ ; Si-C-H. The IR spectra has confirmed that the CVDP precursor was mixture of
different organosilicon compounds such as H3SiCH,SiHs, H3SiCH,SiCH,SiH3, (H,SiCHy);. The
CVDP precursor was less viscous colorless liquid. This CVDP precursor was further used for

SiC coating and has been discussed in Chapter 3.

A comparative study of commercial SiC precursors CVD 2000 ' and CVD 4000 '* with other
conventially used precursors and synthesized precursor CVDP was given in Table 2.1. It shows

that CVDP is a potential precursor of SiC which can be economically produced.
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Table 2.1

Comparison of commercial available precursors

CVD 2000 | CVvD 4000 MTS Silane Organometallic
precursors
developed in our
lab

Precursors Only CVD | Only CVD MTS plus H, | Silane Plus | mixture of
2000 4000 (in exact Methane organosilicon
ratios) (CHy) compounds
(CVDP)
Precursors Flammable | Flammable Corrosive, Pyrophoric | Easy to handle;
Hazards (FP=51°C) | FP=9°C). toxic, '
Noncorrosive | flammable Non corrosive and

Non and nontoxic | (FP=3°C). nontoxic

COTTOSIVE Moist air and

and Air, moisture | yater

nontoxic reactive at reactive at 20

140 °C oC
% SiC in 63% SiC 91% SiC 27% SiC Silane - (CVDP)
Precursor (25% C, (9%H) (71%Cl, 87% SiC
12%H) 2%H) (13% Hy), | Approx. 80-83%
Silane + SiC
Methane -
83% SiC
(17% Hy)
By Products | H;and H, HCI (highly H, H,
of the CVD | Methane corrosive) as
Process (CHy) well as H,
and silanes
Coating Varies 1:1£0.5% 1:1£1.2% 1:1+ 5- 1:1£ 5%, no trace
Composition | with plus Cl and 10% metal deposition
Si:C substrate trace metals

temp.,

1:1+5-15%

carbon

Deposition 800-900 600-900 °C 1000-1400 1200-1500 | 700-1000 °C
Temperature | °C °C °C
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2.2 Conclusion

2,4,6-trimethyl-2,4,6-trisila-heptane, 2,4,6-trisilacyclohexane and mixture of organosilicon
compounds (CVDP) were identified as potential SiC precursor especially for CVD application
and there synthesis carried out. The yield of 2,4,6-trimethyl-2,4,6-trisila-heptane was very poor
and could not be increased after variation in synthesis parameters. Considering the cost and
simplicity of synthesis route, the synthesis of 2,4,6-trisilacyclohexane compound was carried out.
Silicon powder, copper powder and anhydrous methylene chloride (CH,Cl,) were used as the
reagents. The direct synthesis procedure of organosilicon compounds by the reaction of
methylene chloride with silicon-copper contact masses has been used. Reaction parameters such
as methylene chloride flow rate and reaction temperature were varied keeping other parameters
constant to observe their effect on the yield of 2,4,6-trisilacyclohexane. It was observed that by
varying these parameters, there was 10-15% increase in the yield of 2,4,6-trisilacyclohexane and
the final yield can reach upto 20-25%. As in the previous process the final yield of 2.,4,6-
trisilacyclohexane was low and to make this process more economical, it was modified. In the
modified process, mixture of compounds (CVDP) was synthesized with the same direct process
which can be used as the SiC precursor rather than going for single molecule precursor. The
CVDP precursor was synthesized by reacting methylene chloride with fluidizing silicon powder.
The process parameter has been optimized for bulk synthesis of CVDP precursor. The
comparative study of commercial SiC precursors and other conventially used precursors with
synthesized precursor CVDP has shown that CVDP is a potential precursor of SiC which can be

economically produced.
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2.3 Experimental Section

2.3.1 General Details

All reactions were performed in oven-dried (120 °C) or flame-dried glass apparatus under dry
nitrogen (N;) or argon (Ar) atmosphere.

Solvent purification: The solvents were dried and distilled from the indicated drying agents:
THF from sodium/benzophenone; DMSO from CaH; and then stored over Ca metal. EtOH was
dried over Mg and then stored over MS 4A. All other alcohols were dried from CaH, and stored
over molecular sieves.

Reagents: All the chemicals such as chloromethyldimethylchlorosilane, lithium aluminum
hydride, magnesium, methyldichlorosilane, silicon powder, copper powder and methylene

chloride were obtained either from Sigma Aldrich and Spectrochem (India).

NMR Study: "H NMR and "*C NMR spectra were recorded on a Bruker 200 MHz spectrometer.
Spectra were referenced to residual chloroform (8 7.26 ppm, 'H; 77.00 ppm, °C). Chemical shifts are
reported in ppm (3); multiplicities are indicated by s (singlet), d (doublet), t (triplet), q (quartet), quint

(pentet), m (multiplet) and br (broad).

IR Study: IR spectra was recorded on a Nicolet Impact 410 FT IR spectrophotometer in NaCl cells

or in KBr discs. Peaks are reported in cm™.
2.3.2 General synthesis procedure for 2,4,6-trimethyl-2,4,6-trisila-heptane compound
The detail steps involved in synthesis of 2,4,6-trimethyl-2,4,6-trisila-heptane are as follows.

Q) Synthesis of Chloromethyldimethylsilane
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A mixture of 20.0 ml of chloromethyldimethylchlorosilane and 40.0 ml of anhydrous
butyl diglyme in a 500 ml flask was cooled by an ice water bath. Then 1.8 g of lithium aluminum
hydride powder was added to the silane solution. The resultant mixture was stirred in the ice-
water bath for 3 h and heated at 60 °C with stirring at this temperature for 36 h. After bringing it
to room temperature, the reduced mixture was quenched with alkali solution. The organic layer
was separated and dried over anhydrous sodium sulfate. Distillation in the temperature range of

80-82 °C at atmospheric pressure gave rise to the 8 ml of chloromethyldimethylsilane.

(i) Synthesis of 2,4,6-trimethyl-2,4,6-trisila-heptane

A solution of 5 ml of chloromethyldimethylsilane in 30 ml of anhydrous
tetrahydrofuran (THF) was added dropwise to 1.0 g of magnesium powder in a flask equipped
with a stirrer and a condenser. The rate of addition was regulated to maintain reflux for the
Grignard solution. To this Grignard reagent solution was then added dropwise 1.5 ml of
methyldichlorosilane in the 15 ml THF. The resultant mixture was stirred overnight with gentle
reflux. After cooled down to room temperature, the reaction was worked up by adding water.
The organic phase was separated and dried over anhydrous sodium sulfate. Solvent THF was
removed by atmospheric pressure distillation. Vacuum distillation at 85 °C yielded about 1 ml of

2,4,6-trimethyl-2,4,6-trisila-heptane.

The characterization of synthesized compound was carried out using 'H and °C NMR. In 'H
NMR spectra a overlap peak of two multiplets was obtained at 6 (ppm) value 3.97-3.99 (due to
2H and 1H, Si-H), a broad peak was obtained at 6 (ppm) value -0.16 — 0.14 (the broad peak is
overlap of (m,12H,Si-CH3 ),(m,3H, Si-CHs) and (m,4H, Si-CH,-Si)). In *C NMR spectra three
peaks were obtained at o (ppm) values —2.0, -1.7 and —0.8 corresponding to terminal methyl —Si-
CHs; , internal methyl —Si-CHj3 , methylene group carbon Si-CH,-Si.
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2.3.3 General synthesis procedure for 2,4,6-trisilacyclohexane compound

In typical synthesis route, the charge of silicon and copper powders were mixed in 9:1 ratio and
pressed & sintered to form the pellets of 10mm diameter and 5 mm height. The methylene
chloride was dried over sodium and pellets were fired in hydrogen atmosphere at 1100 °C for
about 4 h prior to reaction. A 50 mm inside diameter, 600 mm long quartz horizontal furnace,
heated externally by a resistance type furnace was used to carry out synthesis. The experiments
were carried out in single stage (20 gm scale of mixture of silicon-copper pellet). The fired
silicon copper pellets were kept in the hot zone of the furnace at temperature 300 °C and a stream
of argon containing dichloromethane was passed over it. The flow of liquid dichloromethane was
controlled using peristaltic pump as shown in Fig. 2.4 and kept at 0.5 ml/min. The products from
the furnace were condensed and collected. The condensate collected contains the small quantities
of low boiling chlorosilanes. The methylene chloride was separated by fractional distillation at
atmosphere pressure, leaving a fraction boiling above 155 °C. The latter fraction was vacuum
distilled at 90 °C to get the tri-(dichlorosilylmethylene). In the second step reduction of tri-
(dichlorosilylmethylene) (1 eq) was done using lithium aluminum hydride (4 eq) to yield 2,4,6-
trisilacyclohexane as shown in Fig. 2.2. The reduction was carried out for about 14 h and later
the reaction was worked up with water. The compound 2,4,6-trisilacyclohexane was distilled out
at 140 °C at atmospheric pressure. It has been observed that for 100 ml of methylene chloride
there was 5 ml yield of 2.4,6-trisilacyclohexane. The characterization of synthesized compound
was carried out using 'H and ?C NMR. In "H NMR spectra a multiplets was obtained at & (ppm)
value 3.50-3.79 (due to 6H, Si-H), a broad peak was obtained at 6 (ppm) value 1.31-1.42 (the
broad peak was due to 6H,C-H ). In >C NMR spectra one peak was obtained at & (ppm) values —

23.4 corresponding to methylene group carbon Si-CH,-Si.
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2.3.4 General synthesis procedure for mixture of organosilicon compounds (CVDP)

Silicon powder (Sigma Aldrich make, 99% purity, 90-200 um size) and anhydrous methylene
chloride (CH,Cl,, sigma Aldrich make) were used as the reagents. The methylene chloride was
dried over sodium and silicon powder was charged in hydrogen atmosphere at 1100 °C for 2 h
prior to reaction. A 50 mm inside diameter, 1000 mm long quartz fluidized bed reactor, heated
externally by a resistance type furnace was used to carry out synthesis. A multihole distributor
made up of silica (G3-silica porous plate) was used to achieve uniform fluidization and good gas
distribution. The fluidizing gas argon was passed through silica gel column to remove moisture.
The dry gas was then metered, passed over hot titanium sponge to remove any traces of oxygen.
The minimum fluidization velocity of silicon powder was experimentally determined and the
operating gas flow rate was fixed at 0.5 Ipm, close to the minimum fluidization flow rate in order
to achieve the plug flow condition in the fluidized bed. The fluidized process was used for
efficient reaction between silicon powder and dichloromethane vapor. The fluidized bed process
effectively increases the contact area and duration between the solid and gaseous reactants. The
experiments were carried out in single stage (20 gm scale of silicon powder) at temperature 400
°C. The methyl chloride was passed through peristaltic pump to the pre-heater zone and the
argon gas swept away the vapors of methylene chloride to the silicon powder fluidizing hot zone
at the rate of 0.25 ml/min. The products were collected in liquid nitrogen cooled condenser. The
process variables such as reaction temperature, methylene chloride flow rate, argon flow rate and
reaction time were optimized for maximum yield of the organohalosilane product. The
organohalosilane compounds were later on reduced with lithium aluminum hydride to obtain the
organosilicon compounds. The reduced mixture of organosilicon compounds was characterized

by Infra red spectroscopy and thermogravimetric analysis. From this mixture of organosilicon
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compounds, volatile fraction was separated at 200 °C and used for SiC coating. The volatile
fraction of compounds used for SiC coating was named as CVDP precursor. It has been observed
that for 100 ml of methylene chloride, the yield of CVD precursor was about 20-30 ml for 3 h of

reaction.
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CHAPTER 3

COATING STUDY OF
SILICON CARBIDE USING
ORGANOSILICON

COMPOUNDS



3. Coating study of Silicon Carbide using Organosilicon compounds

The current chapter deals with the coating studies carried out on graphite, zircaloy substrates and
tristructural isotropic (TRISO) particle using synthesized CVDP precursor and commercial

available MTS, HMDS and TMS precursors.

It is desirable that SiC should have properties such as high thermal conductivity, high hardness
and stiffness, mechanical strength at elevated temperature, low coefficient of thermal expansion,
good dimensional stability under irradiation, small neutron capture cross sections, low density
than other ceramics, and resistance to wear and abrasion so that it would be ideally suited for a
vast number of applications. In nuclear industry, it is of interest to be used as a layer on TRISO
fuels, Zircaloy, insulating material in nuclear fusion systems such as separators, insulating flow
channel inserts, between tritium breeding and neutron multiplier materials composing Li—Pb

blanket modules %1%,

In past several SiC coating have been produced by the CVD technique, However, most of the
deposits have been grown at relatively high temperatures (1300- 1380 °C) and at atmospheric
pressure, using either separate precursors for Si and C 2% or single source precursor such as
MTS *?’. The high temperature deposition results in the introduction of structural defects in the

coating layers and difficulties while using the system %

. In a typical CVD process MTS
decomposes and produces corrosive intermediate/byproducts such as HCI, SiHClI3, SiCls, SiCly,
and CH, as well as other silanes and hydrocarbons. *****° The MTS-CVD gas phase products of
chlorine results in deposition of chlorine in coating. The chlorine deposited in coating can

migrate in coating and induce defects in layer. Even chlorine can diffuse to neighboring

layer/matrix which is not desired specially in nuclear reactors. Therefore, it is worthy to employ

83



a source that is not pyrophoric, halogen free, decomposes at low temperatures and contains only
silicon, hydrogen and carbon atoms. In the current chapter all such possibilities has been

explored.

3.1 SiC layer coating using organosilicon precursor

The current section of chapter deals with the coating studies carried out on graphite / zircaloy

substrate using synthesized CVDP precursor and commercially available HMDS precursor.

3.1.1 Silicon carbide thin film coating using synthesized organosilicon (CVDP) precursor

3.1.1.1 Experimental methods and materials

The metallorganic fluidized bed CVD (MOFBCVD) technique was used for the coating purpose.
The Fluidized bed CVD reactor used in this study is illustrated in Fig. 3.1. The high-temperature
fluidized bed reactor system consists of two zones. The first zone consists of a 50 mm (ID) x 600
mm (H) quartz tube and distributor plate (G3-silica porous plate) mounted inside a vertically
oriented tube furnace at an upper temperature limit of 1000 °C. The coating on substrate was
carried out in this zone by hanging substrate using carbon fibers in uniform temperature zone.
The second zone consists of the quartz tube (ID: 50 mm x H: 200 mm) with distributor plate at
the bottom to keep the precursor boat over it. In the present work, the advantages of fluidized
bed technology such as temperature homogeneity, fast mass and heat transfer and better transport
phenomena in gas-particle systems, higher rate of sublimation, to design, construct, and test a
reliable liquid precursor delivery system for CVD reactors has been utilized. The fluidized bed

evaporator is heated at the sublimation temperature and the fluidization gas is enriched with the
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precursor vapors. SiC thin films were deposited using fluidized bed reactor as described above.
In this process, the vapor of organosilicon compound CVDP was used as the source of SiC. The

substrate material of zircaloy sheet (3 cmx3 cm) was hanged with carbon fiber through a
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Fig. 3.1 The schematic of metalloorganic Fluidized bed CVD reactor used for SiC
deposition.

detachable top in the fluidized bed reactor. The reactor was purged with argon gas through port 1
to maintain the coating system in an inert atmosphere. Prior to the deposition, the zircaloy sheet

was heated at a temperature of 900 °C. After reaching the desired temperature for the CVD
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process, the temperature of the fluidized bed evaporator was kept at 200 °C. Precautions were
taken to heat the fluidized bed evaporator chamber slowly to ensure that the pressure vaporized
congruently and continuously. The argon gas flow was kept constant at 500 sccm through port 2.
After having enough vapor pressure in fluidized bed evaporator zone, the zone separator valve
was open and gas flow from port 1 was closed. The vapor of the precursor was transported to the
high temperature deposition zone for 30 min, where the film growth onto the hot substrate was
achieved. The fluidized bed evaporator chamber was then cooled to atmospheric temperature to
avoid further transport of vapor into the deposition zone. Further experiments have been carried
out to coat graphite substrate with SiC using CVDP precursor. The coated materials were
unloaded when they completely cooled to room temperature. The phase of the deposited film
was analyzed using X-ray diffraction (XRD)- Philips X pert pro XRD unit using Cu K, radiation.
The surface or cross-sectional morphology and elemental distribution was characterized using
scanning electron microscopy (SEM)-Camscan MV2300CT/100, UK, equipped with energy

dispersive spectroscopy (EDS).

3.1.1.2 Results and discussion

The coated zircaloy sheet and graphite substrate were collected and characterized. The zircaloy
sheet was covered with a light gray color dense layer. To ensure the crystal structure and crystal
type of as deposited materials, the SiC coated zircaloy sheet was analyzed by XRD at room
temperature. The XRD pattern of the coating prepared on the surface of zircaloy substrate is
shown in Fig. 3.2, from which the diffracting peaks of cubical B-SiC were detected. The XRD
pattern showed the reflections from (111), (200) and (220) corresponding to 3-SiC phase. B-SiC
has zinc blend structure. The orientations and degrees of crystallinity in the SiC films have been
analyzed by XRD. The deposited 10-12um SiC film on zircaloy sheet was crystalline, with (111)
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face growth having the most intense reflection at 2q value of 35.5. The full width at half
maximum (FWHM), measured from the various reflections (111), (200) and (220) of SiC coated
zircaloy sheet surface were 0.69,

0.508 and 1.112 respectively. The

300

average crystallite size was sic (111)
250
evaluated using Scherrer’s 200 ]
) % SiC (220)
equation and was found to be 22.5 g 150
=

100 +

nm. This values of the grain size
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suggested that the coating is

composed of nanocrystalline SiC. 10 20 3 4 5 e 70
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SEM micrographs of the coated

different F19- 3.2 XRD pattern of the dense SiC coated zircaloy
sheet using CVDP precursor.
magnifications are shown in Fig.

carbon fiber at

3.3. The SiC deposition on the zircaloy surface was homogeneous with dense grain deposition.
The cross sectional SEM images show that the coating adhesion on the surface was strong, as no
detachment of the coating was visible. The chemical compositions of the SiC coated zircaloy
sheet surface have been characterized using EDX (Fig. 3.4). It was observed that Si and C were
the major elements present in the coating while oxygen was present in small amount. The oxygen
pick up may have come in the coating from environment during coating process. It can be

avoided by creating proper vacuum in the chamber before coating.
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Fig. 3.3 SEM image of the dense nanocrystalline SiC deposit on zircaloy substrate (a)(b)(c)
surface morphology at different magnification (d) cross sectional view of SiC coating.

O 1 2
ull Scale 26324 cts Cursor:

Fig. 3.4 EDX data of the elements in dense nanocrystalline SiC deposit on zircaloy substrate.
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The grayish color coated graphite substrate
was characterized. The SEM images of SiC
coated graphite substrate (Fig. 3.5) shows
that there was dense layer deposition of
SiC over the graphite substrates.

The XRD and SEM results revealed
that the use of CVDP precursor yielded
dense SiC films on zircaloy and graphite
substrates. MTS is a well-known precursor
for SiC coatings in the CVD process
because of its 1:1 M ration of silicon to

carbon. However, the three moles of

CVDP

Fig. 3.5 SEM image of the dense SiC deposit on
graphite substrate (a) surface morphology (b)
cross sectional view of SiC coating.

chlorine make the compound less useful in certain industrial applications. The presently

developed CVDP precursor and fluidized bed coating process to deposit SiC coatings proves that

there exists no chlorine etching problem, and the uniform coating of SiC can be achieved.
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3.1.2 Silicon carbide thin film coating using Hexamethydisilane (HMDS) precursor

3.1.2.1 Experimental methods and materials

The SiC layer was deposited on graphite (3.5 cm x 3.5 cm x 0.5 cm) block and Zirconia

microspherical particles using CVD technique. The coating of graphite block was carried out in

Fig. 3.6 Schematic diagram of spouted bed furnace for coating on spherical microspheres.

the set up as shown in Fig. 3.1. The graphite block was hanged with carbon fibers to place it in
the hot zone. SiC coating has been carried out using HMDS as the source for SiC and argon as

carrier gas. The deposition conditions used were as follows; deposition temperature: 1000 °C, Ar
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flow rate: 500 sccm, coating time: 30 min. The coating on zirconia spherical particles was
carried out in spouted bed reactor. A schematic of the spouted bed SiC coating apparatus used in
the present experiment is shown in Fig. 3.6. SiC was deposited on a batch of 50 g of zirconia
spherical particles with a diameter of ~400 um. Argon and hydrogen were used as the carrier gas
which sweeps away the SiC precursor from the preheating zone to the hot zone of the reactor.
The deposition conditions used for HMDS were: deposition temperature: 1300 °C, liquid flow
rate: 1ml/min, Argon flow rate: 7 Ipm, H, flow rate: 1.5 Ipm, coating time: 30 min. The

deposited layers of SiC have been characterized using SEM and XRD.

3.1.2.2 Results and discussion

To ensure the crystalline nature of as deposited materials, the SiC coated zirconia microsphere
and graphite substrate have been analyzed by XRD at room temperature. The XRD pattern of the
coating prepared on the surfaces is shown in Fig. 3.7, from which the diffracting peaks of cubical
B-SiC have been detected for both the cases. The XRD pattern showed the reflections from

(111), (200) and (220) corresponding to B-SiC phase. Beta SiC has zinc blend structure.
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The SEM (Fig. 3.8) and Optical micrograph images (Fig. 3.9) of SiC coated graphite substrate

and zirconia microsphere show that there was dense layer deposition of SiC over the graphite

substrates and zirconia microsphere. The XRD and SEM results revealed that the use of HMDS
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Fig. 3.7 XRD pattern of the dense SiC coated zircaloy sheet using CVDP precursor.
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precursor yielded dense SiC coating on graphite substrates and zirconia microsphere at low

deposition temperature.
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Fig. 3.8 SEM image of the dense SiC deposit on graphite substrate (a) & (b) surface
morphology of SiC coating using HMDS.

Fig. 3.9 The cross sectional microscopic images of the deposited SiC from HMDS at different
magnification at zirconia microsphere.
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3.2: SiC layer coating studies on tri-isotropic (TRISO) Particles

Outer PyC layer (diameter = 40220 pm)
SiC layer (diameter = 35210 pm)
Inner PyC layer (diameter = 4020 pm)

Buffer PyC layer (diameter = 90£36 pm)

(UC,+ThC,) Kemel (diameter = 500250 pm)

Fig.3.10 Schematic of TRISO coated fuel particle

TRISO coated particles are used as the fuel in High Temperature Reactors. A TRISO coated
particle consists of a kernel, usually uranium oxide (UO,) or mixed uranium oxide and uranium
carbide (UCQO) which is surrounded by four layers developed by chemical vapor deposition
(CVD) (Fig. 3.10). The coated layers are: (i) buffer porous carbon layer, 90-100 um thick; (ii)
the inner pyrolytic carbon (IPyC) layer, 35-40 um thick; (iii) the SiC layer with a thickness of
~35 um; and (iv) the outer pyrolytic carbon (OPyC) layer, 35-40 um thick. The different layers
of the particle provide containment for fission products that can withstand the high operating
temperatures (>1100 °C) environment. The SiC coating in the TRISO fuel particles is of interest
to the nuclear industry due to its small neutron-capture cross-section and strong covalent/ionic
Si-C bond, one which give long term resistance to irradiation and excellent mechanical
properties. SiC coating is the most important component for structural integrity of TRISO fuel

particles as it sustains most of the internal pressure produced by the fission gases produced
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within the kernel. The SiC layer used for the formation of TRISO coated fuel particles is
normally produced at high temperatures via fluidized bed chemical vapor deposition from MTS
in a hydrogen environment. Conventionally the SiC layer in TRISO coated fuel particles is
deposited from decomposition of MTS with hydrogen (H,) at temperatures around 1200-1650
°C. Only the cubic polymorph of SiC (B-SiC) is desired for nuclear applications due to its
dimensional stability under irradiation.The high temperature coating process is not desired for
bulk production of coated radioactive TRISO coated particle. The drawbacks related to the use of
MTS for SiC layer deposition are its toxicity, corrosive nature of MTS and the generation of
gaseous corrosive reaction products. During CVD, corrosive gaseous products can attack the fuel
kernel. The chlorine retained in the SiC layer can change to its radioisotope under irradiation and
drift to the kernel. The mechanical properties of SiC can also degrade due to the presence of
chlorine. Therefore an alternate precursor is required which is non-toxic, halogen free and

contains both silicon and carbon atom as single molecule.

In the present work, the deposition of uniform SiC layers using different organosilicon
precursors such as MTS and HMDS and TMS via spouted bed chemical vapor deposition have

been studied.

3.2.1 Experimental methods and materials

The SiC coatings were grown on the pyrolytic carbon coated zirconia balls by the pyrolysis of
MTS, HMDS and TMS in reducing hydrogen atmosphere in spouted bed using a graphite
reactor. A schematic of the SiC coating apparatus used in the present experiment is shown in Fig.
3.6. SiC was deposited on a batch of 50 g of pyrolytic carbon coated zirconia spherical particles

with a diameter of ~680 um. Argon and hydrogen were used as the carrier gas which sweeps
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away the SiC precursor from the preheating zone to the hot zone of the reactor. Deposition
conditions have been optimised for the SiC coating using MTS as precursor for the present
spouted bed reactor and similar conditions were used to deposit SiC using HMDS & TMS as
precursor except for the deposition temperature. The deposition conditions used for MTS
precursor were deposition temperature: 1450 °C, MTS flow rate: 1 ml/min, Argon flow rate: 7
Ipm, H; flow rate: 1.5 Ipm, coating time: 50 min. The deposition conditions used for HMDS and
TMS were: deposition temperature: 1300 °C, liquid flow rate: Iml/min, Argon flow rate: 7 Ipm,
H, flow rate: 1.5 Ipm, coating time: 30 min. The deposited layers of SiC were characterized using

Optical Microscopy, XRD, SEM, EDX and microindentation.

3.2.2 Result and Discussion

Considering that the grain size in SiC is largely controlled by deposition temperature, (reducing

— MTS
500 — — HMDS
C (002)
500 — .
SiC (111)

400 —
=
‘© 300 4
|
it
=

200 SiC (220)

100 + ﬁ J SiC (200)

o M - . vt T
10 20 30 40 50 60 70
2theta value

Fig. 3.11 XRD spectrum of SiC deposits using MTS and HMDS.
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with lower deposition temperatures) our goal was to produce SiC coatings at temperatures below
1500 °C, so the deposition temperatures as 1450 °C for MTS and 1300 °C for HMDS were
chosen. The XRD spectra (Fig. 3.11) confirmed that the B-SiC is the main phase grown in SiC
layer using MTS and HMDS precursors. The XRD pattern showed the reflections from (111) and
(220) corresponding to B-SiC phase. The cross sectional microscopic images (Fig. 3.12, 3.14 &
3.15) of the deposited SiC from MTS, HMDS and TMS showed the deposition of adherent layer
of SiC in case of MTS and HMDS. Whereas in the case of coating deposited from TMS non
uniform layer was obtained. To obtain the cross sectional surface of SiC coating, SiC coated
particles were hot mounted in copper-loaded conductive resin. To reduce influence of the surface
roughness, the CVD SiC coatings were first ground down to obtain a flat surface, where the
micro-indentation could be carried out. The flat surface was further polished using increasingly
finer diamond suspensions until 1/4 um. The thickness of the coating after final polishing was
estimated. It was observed that the SiC layer was of uniform thickness ~60 um in case of MTS
precursor. The X-ray tomography images (Fig. 3.13(a)) further confirms the formation of
uniform layer over the spherical particle. Murakami solution (i.e. NaOH and potassium
ferricyanide) was used as etchant to see the SiC layer microstructure obtained from MTS. The
presence of fine columnar grains in the radial direction was observed (Fig. 3.13 (b)). The width
and length of grains were about 1 um and about 2-3 um respectively. It seems that etching is
stronger in the first micron from the interface 1-PyC/SiC. This phenomenon may occur due to the
existence of very small grains of SiC. The SiC layer of thickness ~30 um has been obtained in
case of HMDS precursor whereas non uniform layer of thickness ~20 pum was obtained in case of

SiC coating from TMS precursor.
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Fig.3.12 The cross sectional microscopic images of the deposited SiC from MTS at different
magnification.

Fig. 3.13 (a) X-ray tomography image of SiC coated spherical particle. (b) Murakami
etched surface of SiC layer deposited from MTS.
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Fig. 3.14 The cross sectional microscopic images of the deposited SiC from HMDS at
different magnification.
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Fig. 3.15 The cross sectional microscopic images of the deposited SiC from TMS at different
magnification.
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Fig. 3.16 EDX spectrum of SiC deposits using MTS and HMDS.
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Table 3.1

Concentration of different Elementals in different SiC coatings.

SiC deposition using MTS | SiC deposition using HMDS
Element Wt% At% Wit% At%
C 30.43 48.28 35.85 55.47
Si 60.79 41.25 60.0 39.71
O 8.79 10.47 4.15 4.83

Fig. 3.17 SEM image of the SiC surface coated Fig. 3.18 SEM image of the SiC surface
by MTS. coated by HMDS.

The density of coating was found to be around 2.5-3.0 gm/cc in MTS and HMDS cases. The
EDX data (Fig. 3.16, Table 3.1) showed that there was more deposition of free carbon with SiC
in case of HMDS as precursor. The free carbon may have come from HMDS due to
stoichiometric excess of carbon present in HMDS case. The co-deposition of oxygen occurs due
to the presence of oxygen in the reactor at the time of coating. It can be avoided by taking proper

vacuum in the reactor. Fig. 3.17 & 3.18 show the SEM images of the SiC surfaces obtained by
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different precursors. It has been observed that columnar grains with the grain size: 1w x 2| ym
were present on the SiC layer surface coated by MTS precursor. Larger columnar grains were
observed thru-wall of the SiC and Pyrolytic Carbon interface. Whereas in case of SiC layer
coated by HMDS small equiaxed grains with the grain size: 1 x 1 um were present. The larger
grain boundary surface area per unit thickness of the smaller grained SiC should in principle
retain metallic fission products better than the large columnar grain. So smaller grain size of SiC
was desired in the SiC layer. It has been observed that the grain size of SiC grains were not
reduced upto desired level even by decreasing deposition temperature below 1500 °C. Whereas
in case of SiC layer from HMDS stoichiometric SiC coating with grain sizes around 1 pm were
obtained. Silicon co-deposition can occur at low deposition temperatures for MTS due to the fact
that the silicon bearing molecules, resulting from the decomposition of MTS, have a higher
sticking coefficient than carbon species. This would mean that Si—Si bonds are formed due to the
lack of reactive carbon molecules that could form Si—C bonds. This problem can be easily
avoided in case of HMDS as in HMDS molecule has excess carbon. The decomposition of
HMDS not only results in the formation of small reactive radicals but also its decomposition in a
hydrogen environment reduces the possibility of gas saturation and the formation of larger and
more complex molecules with lower sticking coefficients. Fracture toughness and hardness were
measured using a micro-indenter. Micro-indentation was made using a Vickers indenter at a
maximum load of 0.5Kg. For MTS and HMDS SiC coatings the hardness obtained were 30GPa
and 29GPa respectively. From the theoretical hardness of SiC coating it can be concluded that
the density of MTS SiC coating was about 98% and HMDS SiC coating was about 95% of the

theoretical density.
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The Fracture Toughness was measured by using indentation technique based on the measurement
of the lengths of median-radial cracks produced by Vickers Indenter (a four-sided diamond

pyramid). The method was used to calculate fracture toughness (KIC) is as follows.
1 3
Kic = a. (E/HZ> : (P/CZ) (3.1)

Where, a is empirical constant depending on geometry of indenter (0.016)E=(480 GPa) & H is

hardness and E is elastic moduli, P is the peak indentation load (0.5 Kg).

The fracture toughness obtained for MTS SiC coating was 2.5-2.8 MPavm and for HMDS SiC
coating was 1.9-2.1 MPavm. It has been observed that there was no significant difference in the

hardness and fracture toughness of the different coatings obtained by MTS and HMDS.

The microstructure and mechanical properties of SiC coatings obtained from different
precursors using spouted bed CVD process have been studied. Dense and uniform coatings of
SiC were obtained for MTS and HMDS in our spouted bed system. Higher deposition of free
carbon with SiC occurs in case of HMDS as precursor which may be due to the
nonstoichiometric ratio of Si and C in HMDS. SiC coatings with a sub-micrometer grain size
were deposited on simulated TRISO fuel particles by spouted bed CVD at a low temperature
1300 °C wusing HMDS as precursor. The mechanical properties were studied using
microindentation. The microstructures were analyzed using SEM. SiC coatings using HMDS and
MTS have shown almost similar harness and fracture toughness. The hardness and fracture
toughness values of the coated SiC layers show that the coating has good strength. HMDS liquid
precursor has a potential to replace corrosive and toxic precursor MTS for SiC layer coating in

TRISO particle.
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3.3: Dense and nanowire morphology coating: Taguchi method study

SiC coating of different morphology using MTS and hydrogen by chemical vapor deposition
under ambient pressure are presented in the current section. Taguchi method has been used to
design experiments to get the optimum parameters for growing SiC wires of diameter in
nanometer range. Chemical vapor deposition hydrogen reduction of MTS is most prominent
method for production of SiC nanowires with controlled morphology. In a typical SiC nanowire
synthesis process the cracking of MTS has been carried out in reducing atmosphere of hydrogen
using chemical vapor deposition technique at high temperature and normal atmospheric pressure.
Taguchi method is very useful to design experiments especially in the cases where large numbers
of variables are to be considered. This statistical method has been used to design experiments for
obtaining optimum parameters for bulk production of SiC wires of uniform diameter in nano
meter range. Further, the effect of different parameters on the morphology of SiC deposit has

been discussed.
3.3.1 Brief Introduction of Taguchi Method

Taguchi method *3* of experimental design provides a systematic and efficient approach for
conducting experiments to determine near optimum settings of process parameters for optimal
performance, e. g. nanodimensional growth of SiC wires in present case. Taguchi's method for
experimental design is straightforward and easy to apply to many engineering situations, making
it a powerful yet simple tool. It can be used to quickly narrow the scope of a research project or
to identify problems in a process from data already in existence. The Taguchi method utilizes

132

orthogonal arrays ~*“ to study a large number of variables with a small number of experiments.

Using orthogonal arrays significantly reduces the number of experimental configurations to be
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studied. The conclusions drawn from small scale experiments are valid over the entire
experimental region spanned by the control factors and their settings. This method can reduce

research and development costs by simultaneously studying a large number of parameters.

There are three types of objective function i.e. larger-the-better, smaller-the-better and nominal-
the-best. The influences are commonly referred in terms of S/N (signal to noise) ratio as shown
in Eq. 3.2 where n is the objective function to be optimized, n is the measured signal (e.g.

diameter of SiC wires) and o is the standard deviation of the signal to noise ratio.

c 3.2)

For optimization of deposition rate and growth diameter of SiC wires, smaller-the-better
type of objective function was used. In this case, the exact relation between S/N ratio and the
signal is given by Eqg. 3.3 where y; is the signal (deposition rate or diameter of SiC wires)

(193]

measured in each experiment averaged over “n” repetitions.

n

5/, (¢8) =1010g( ). y?

i (3.3)

The effect of a parameter level on the S/N ratio, i.e., the deviation it causes from the overall
mean of signal, is obtained by analysis of mean (ANOM). The relative effect of process
parameters can be obtained from analysis of variance (ANOVA) of S/N ratios. Computation of
ANOM and ANOVA are carried out using relations in Equations. 3.4 and 3.5.
1
m; = (N—)ZS/ N
| (3.4)
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Sumof squares(SoS) =i§N| (m; —(m;))?
i (3.9)

Where m; represents the contribution of each parameter level to S/N ratio, <m;> is the average of
m;’s for a given parameter and the coefficient and N; represents the number of times the
experiment is conducted with the same factor level in the entire experimental region. SoS is
obtained by using ANOVA. This term is divided by corresponding degrees of freedom (DoF =
number of parameter level minus 1) to derive relative importance of various experimental

parameters by utilizing Equation. 3.6.

SoS
{DoF X >.(SoS/DoF)}

Factor effect =

(3.6)

Several research groups 3*3* have extensively used this technique in optimization of
parameters. To the best of our knowledge, this was the first use of this technique for the

optimization of the parameters to get nano-dimensional SiC wires by CVD method.

Using the Taguchi method for parameter design, the predicted optimum setting need not
correspond to one of the rows of the matrix experiment. Therefore, an experimental confirmation
is run using the predicted optimum levels for the control parameter is required. The purpose is to
verify that the optimum conditions suggested by the matrix experiments do indeed give the
projected improvement. If the observed and the projected improvements match, the suggested
optimum conditions will be adopted. If not, it will be concluded that the additive model
underlying the matrix experiment has failed, and ways need to be found to correct that problem.
The corrective actions include finding better quality characteristics, or S/N ratios, or different

control factors and levels, or studying a few specific interactions among the control factors.
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3.3.2 Experimental methods and materials

3.3.2.1 Parameter Selection for Taguchi Optimization

The objective of the present studies was to synthesize SiC wires of nanometer (nm) diameter

range from MTS. Based on the concept of smaller-the-better function in Taguchi method; the

parameters for lowest deposition rate and growth of minimum diameter of SiC wires have been

optimized. Four parameters at three different levels have been identified for optimization. These

are: (i) temperature of the synthesis (1100/1300/1500 °C), (ii) MTS flow rate (0.5/1.0/ 2.0

ml/min), (iii) hydrogen flow rate (0.8/ 1.2/2.0 Ipm) and (iv) total flow rate (2/4/6 Ipm). Table 3.2

shows the parameters and their levels. This is a four-factor-three-level design. Therefore, L-9

orthogonal array has been chosen as per design and is presented in Table 3.3.

Table 3.2

Selection of parameters and their levels for Taguchi method.

Parameter Level 1 Level 2 Level 3
Temperature (°C) 1500 1300 1100
MTS rov_v rate 10 05 20

(ml/min)
Hydrogen flow rate 20 0.8 19
(Ipm)
Total flow rate 5 4 5

(Ar+H)(Ipm)
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Table 3.3

Design of L-9 orthogonal array for experiments.

Exp. No. Total flow (Ipm) Hydr((l)grenr; flow I\(/In':'lf nl:ll(r)]\;v Tem?o(eg)alture
= 5 2 1.0 1500
T2 2 0.8 0.5 1300
= 5 17 20 1100
= 2 5 0.5 1100
T5 4 0.8 2.0 1500
T6 4 1.2 1.0 1300
= 5 5 2.0 1300
= 5 08 1.0 1100
T9 6 1.2 0.5 1500

3.3.2.2 Experimental Set up and synthesis of SiC wires

The SiC wires were grown on C/C composite (3.5 cm x 3.5 cm x 0.5 cm) using CVD technique.
A high temperature vertical cylindrical graphite reactor of dimension (I x d) 40 cm x 6 cm was
used for the coating studies. Schematic diagram of the coating system is shown in Fig. 3.19. SiC
coating has been carried out using MTS as the source for SiC and hydrogen-argon mixture as
carrier gas. The MTS feed flow rate was varied using a peristaltic pump and was pumped at
particular rate to the feed line that was connected to the vertical furnace (heated at 200 °C) (Fig.
3.19). Hydrogen-argon mixture was used as carrier gas to sweep the MTS vapors into the reactor.
Initially, a set of nine experiments were carried out as per the L-9 array (Table 3.3). Later on the

experiments have been performed using optimized parameters and varying hydrogen to MTS
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ratio. The deposition temperature was kept constant at 1300 °C. The total amount of MTS (30
ml) used in each experiment was kept constant. The effect of hydrogen to MTS ratio on the

morphology of grown SiC wires is presented in Table 3.4. The as grown SiC wires have been

: S
Carrier 92
cy\mde"
Carrier gas
cylinder

Fig. 3.19 Schematic diagram of experimental setup for growing SiC coating.

characterized by XRD and Raman spectroscopy for phase identification. SEM analysis was

carried out for the micro structural and morphology details.
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3.3.3 Results and discussion

3.3.3.1 Taguchi optimization

calculations

Lee ** proposed that lower deposition
rates and lower temperature for fcc crystals
result in development of lowest surface
energy plane i.e. {111} plane while higher
temperature and higher deposition rates
causes development of higher surface

energy, i.e. the {110} plane.

The lower deposition rate at lower
temperature limits the saturated precursor
vapor concentration in the gaseous
mixture. Therefore effective precursor
vapor concentration near to the deposit
surface must be lowest leading to deposit
of [111] texture (Fig. 3.20 & 3.21).

Keeping the above facts in mind, the aim

Fig. 3.20 Schematic representation of lowest
surface energy growth direction in fcc crystal.

was to minimize the deposition rate of SiC and increase the amount of deposits having [111]

texture. Further, our aim was to reduce the diameter of the SiC wires from micron to nanometer

range. The Taguchi calculation has been used for minimizing the deposition rate as well as

reducing the diameter of grown SiC.

110



Table 3.4

Experiments performed by varying Ho/MTS ratio at 1300 °C.

Total gas Ar H, MTS o Average
Flow Deposition |
Exp. | flow rate Flow Flow H,/MTS Rat diameter
ate
No. | of mixture | rate rate rate ratio ) of SiC
(9/min) _
(Ipm) (Ipm) (Ipm) (ml/min) wires
1. 2 1.6 0.4 2.0 1.16 0.0223 1.5 um
2. 2 1.2 0.8 2.0 2.32 0.0229 1.79 um
3. 2 1.6 0.4 1.0 2.33 0.0195 900 nm
4, 2 0.8 1.2 2.0 35 0.025 2 um
5. 2 1.2 0.8 1.0 4.65 0.013 700 nm
6. 2 1.2 0.8 0.5 9.3 0.00679 5um
7. 2 0.8 1.2 0.5 14.0 0.00644 3um
8. 6 4.8 1.2 0.5 14.0 0.0045 Dense
9. 2 0 2.0 0.5 23.28 0.016 1.69 pum
10. 5 15 35 0.5 40.7 0.012 350 nm
11. 2 2 0 0.5 0 0.0089 Dense
12. 8 2 6 0.5 70 0.0062 50 nm
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The results of the experiments as per the L-9 array and the corresponding S/N ratios are

given in Table 3.5. The effects of each parameter on the deposition rate and the diameter of SiC

were calculated by Equations. 2-5
and are presented in Tables 3.6-3.7.
From the XRD pattern (Fig. 3.22), it
could be inferred that the SiC deposit
obtained through the experiments as
shown in the Table Il corresponds to
the B-SiC phase. The XRD pattern
showed the reflections from (111)
and (220), corresponding to B-SiC
phase. From SEM images (Fig.
3.23), it has been observed that there

is no growth of SiC wires (dense SiC

Fig. 3.21 Schematic representation of higher surface
energy growth direction in fcc crystal.

deposition) at deposition temperature of 1500 °C. In addition, it was observed that the effect of

MTS flow rate was maximum (56%) and the total flow rate has minimum effect (1.97%) on the

deposition rate of SiC produced by CVD technique. The effect of deposition temperature and

hydrogen flow rate was 18.6% and 23.2%, respectively.
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Table 3.5

Results from deposition, micro structural analysis of SiC and corresponding S/N ratio.

Exp. Ave. Deposition , _Ave. Modified
No. rate (D_R) 10xDR S/N (dB) Diameter _ ave. ) S/N (dB)
(gm/min) (nm) diameter
T1 0.0007 0.007 43.1 dense 2000 -66.0
T2 0.0184 0.184 14.7 265 265 -48.5
T3 0.091 0.91 0.82 1000 1000 -60
T4 0.0035 0.035 29.1 250 250 -47.9
T5 0.029 0.29 10.7 dense 2000 -66.0
T6 0.023 0.23 12.8 350 350 -50.9
T7 0.035 0.35 9.1 497 497 -54
T8 0.00193 0.0193 34.3 559 559 -55
T9 0.0076 0.076 224 dense 2000 -66.0

("Since some of the average deposition values were too low, all deposition values have been

multiplied by 10 to facilitate in calculations.

“In case of dense deposition the average diameter was assumed to be 2000 nm to get the effects
of different parameters on the growth diameter of SiC wires)
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Table 3.6

Effect of different parameters on the deposition rate of SiC.

Ave. Deposition rate

Factor Level m; | amp | SoS | % effect
(gm/min)

Total flow rate (Ipm) 2 0.367 195|196 | 9.7 1.96
4 0.185 17.5
6 0.148 21.9

Hydrogen flow rate (Ipm) 2 0.13 27.1|19.7 | 11409 | 23.2
0.8 0.164 19.9
1.2 0.405 12.0

MTS flow rate (ml/min) 1.0 0.085 30.0 | 19.7 | 275.69 56.1
0.5 0.097 22.1
2.0 0.52 6.9

Temperature (°C) 1500 0.12 25.4 1 19.7 | 91.63 18.6
1300 0.25 12.2
1100 0.32 21.4

114



Table 3.7

Effect of different parameters on the growth diameter of SiC.

Factor Level | Ave. diameter (nm) m; amj> SoS | % effect
Total flow rate (Ipm) 2 1088.3 -58.2 | -57.1 | 7.49 4.89
4 866.7 -54.9
6 1018.7 -58.3
Hydrogen flow (Ipm) 2 915.7 -56.0 | -57.1 | 5.17 3.38
0.8 941.3 -56.5
1.2 1116.7 -59.0
MTS flow (ml/min) 1.0 969.7 -57.3 -57.1 | 17.45 11.39
0.5 838.3 -54.1
2.0 1165.7 -60.0
Temperature (°C) 1500 2000 -66.0 | -57.1 | 123 80.34
1300 370.7 -51.1
1100 603.0 -54.3
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Fig. 3.22 XRD spectrum of the Different SiC deposits obtained through different experiments
as presented in Table I1.

In case of optimization of diameter of SiC wires, the temperature has the maximum effect
(80%) and the hydrogen flow rate has the minimum effect (3.4%) on the growth diameter of SiC
produced by CVD technique. The effect of total flow rate and MTS flow rate was 4.9% and
11.4% respectively. From the above studies it was inferred that temperature is the crucial

parameter that decides the morphology of the grown SiC crystals.
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Fig. 3.23 SEM images of the SiC deposits grown by experiments designed by Taguchi
method.
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Figs. 3.24 and 3.25 show the graphical representation of the average effect of the

parameters on the desired result. It shows that the minimum deposition rate would be obtained at
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Fig. 3.24 Graphical representation of the average effect of different factors on the deposition rate

of SiC.
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Fig.3.25 Graphical representation of the average effect of different factors on the growth
diameter of SiC.
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total flow rate 6 Ipm, hydrogen flow rate 2 Ipm, MTS flow rate 1 ml/min and deposition
temperature of 1500 °C. The minimum growth diameter of SiC wires would be obtained at total
flow rate 4 Ipm, hydrogen flow rate 2 Ipm, MTS flow rate 0.5 ml/min and 1300 °C deposition

temperature.

3.3.3.2 Morphological study by changing Hydrogen to MTS ratio

The result of the Taguchi optimization method showed that for minimum deposition rate, the
total flow rate of 6 Ipm and temperature 1500 °C were the optimum parameters. But under such
conditions, the chances of grain growth are very high. Therefore, for the growth of SiC wires in
nanometer dimension, the optimized parameters obtained by minimum growth diameter of SiC
are suitable. The deposition temperature as optimized for diameter of grown SiC wire i.e. 1300
°C was kept constant and total flow rate and hydrogen to MTS ratio has been varied to observe
its effect on the morphology of SiC wires. The experiments as designed and tabulated in Table
3.4 were performed to observe the effect of hydrogen to MTS ratio on the morphology of grown
SiC. SEM images (Fig. 3.26) shows the growth of SiC wires of different diameter depending on
the different growth parameters. The effect of hydrogen to MTS ratio on the diameter of grown
SiC has been shown in Fig. 3.27. It has been observed that there were three different regions
depending on the variation of diameter of SiC with H,/MTS ratio, smoothness of surface and

homogeneous growth of SiC on the substrate.
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Exp. No.1.- H,/MTS =1.16 Exp. No.2.- Ho/MTS = 2.32

Avg. Diameter = 1.5 um Avg. Diameter = 1.79 pm Exp. No.3.- Ho/MTS =2.33  Exp. No.4.- Ho/MTS = 3.5

Avg. Diameter = 900 nm Avg. Diameter = 2.0 ym

i) : % R0 e S y
Exp. No.5.- H/MTS=4.65 Exp. N0.6.- H/MTS=9.3 Exp. No.7.- H/MTS=14 EXp. No.8.- Ho/MTS=14
Avg. Diameter = 700 nm Avg. Diameter = 5 pm Avg. Diameter = 3 pm Dense deposition

Exp. N0.9.- HJ/MTS = 23.3  Exp. N0.10.- Hy/MTS = 40.3 Exp. No.11.- H/MTS = 0 Exp. N0.12.- Ho/MTS =70
Avg. Diameter = 1.69 ym  Avg. Diameter = 350 nm Dense deposition Avg. Diameter = 50 nm

Fig. 3.26 SEM images of the SiC deposits grown by varying H,/MTS ratio.
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Fig. 3.27 Effect of H,/MTS ratio on the growth morphology of SiC and deposition rate of SiC.

In the Ist region i.e. where the H,/MTS ratio < 4, it has been observed that with decrease
in Ho/MTS ratio the diameter of grown SiC wires also decreases but there is a critical ratio of
H,/MTS ratio below which there is no formation of SiC wires. At this point there was multi
dimensional growth of SiC crystals resulting in growth of SiC grains. The observation (Exp. no.
11 of Fig. 3.27) that when H,/MTS ratio was 0, there was no growth of SiC wires. It has been

observed that in this region that the deposition rate also decreases with decreasing H,/MTS ratio.
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The average diameter of grown SiC wires in this region was ranging several microns. As the
deposition rate decreases there was decrease in the diameter of SiC wires and formation of

smoother surface with equal diameter distribution of SiC.

In the IInd region i.e. H/MTS ratio between 4 and 20, it has been observed that there was
random variation in the diameter of the SiC wires. The SiC wires were randomly grown with

unequal deposition.

In the Ilrd region, where Ho/MTS ratio > 20, it was observed that the diameter of the
grown SiC wires decreases from micron to nanometer range with increasing H,/MTS ratio. Also,
with increasing Ho/MTS ratio, the purity of SiC wires gradually increased. When H,/MTS ratio
reached to about 70, SiC wires without other SiC crystallites were deposited on the C/C
composite. The SiC wires grown at this Ho/MTS ratio value were equally distributed on the

surface with almost equal distribution of diameter.
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These experiments have proved that for uniform diameter growth of SiC, smoothness of

surface and homogeneous growth of SiC on the substrate, the hydrogen to MTS ratio must be

high. For nanometer size diameter growth, the H,/MTS ratio should be greater than 20. At a

particular Ho/MTS ratio the MTS flow rate should not be too high. As it has been shown in the

Exp. nos. 2 & 3(Table 3.4) that at a particular Ho/MTS ratio, as the MTS flow rate increases the

diameter of SiC wires also increases. The temperature of deposition should be around 1000-1300

°C for crystalline SiC wires and the total flow rate should be moderate for a particular Hy/MTS

ratio. It has been observed in Exp. nos. 7 & 8 (Table 3.4) that at particular Ho/MTS ratio 14, as

the total gas flow rate increases from 2 to 6 Ipm the wire morphology of SiC disappears and
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Fig. 3.28 Variation of deposition rate and morphology of SiC deposits with MTS
flow rate at constant hydrogen to MTS ratio.
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formation of grain occurs.

These findings verified the optimized parameters obtained by Taguchi method for growth of SiC
wires of diameter in nanometer range. These experiments have proved that for uniform diameter
growth of SiC, smoothness of surface and homogeneous growth of SiC on the substrate, the

hydrogen to MTS ratio must be high (for nano dimensional diameter growth H2/MTS ratio
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Fig. 3.29 Variation of deposition rate and morphology of SiC deposits with Total flow rate at
constant hydrogen to MTS ratio.

should be greater than 20). At particular H2/MTS ratio the MTS flow rate should not be too high.
As it has been observed from the Fig. 3.28, that at particular H2/MTS ratio as the MTS flow rate

increases, the diameter of SiC wires increases. The results indicate that the reaction is very fast at
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higher concentration of MTS i.e. the decomposition of MTS was fast. It means enough reaction
intermediates were generated at high MTS flow. This high concentration of intermediates leads
to the increase of diameter of SiC wires. In this situation still the intermediate concentration does
not reach the saturation point. As discussed earlier at hydrogen to MTS ratio zero there was grain
growth in the SiC deposits. It means at this point the MTS concentration was very high leading
to drastic increase in the intermediate concentration. It means enough intermediates were
generated which reached the saturation level and this intermediate concentration was enough for

grain growth.

Further it was concluded from above observation that the temperature of deposition should be
around 1000-1300 °C for crystalline SiC wires and total flow rate should be on moderate side for
particular Ho/MTS ratio. It has been observed in Fig. 3.29, that at particular Ho/MTS ratio 14 as
the total gas flow rate increases from 2 to 6 lpm the morphology of SiC changes from wire to
grain. It can be attributed from above result that at lower total gas flow rate the intermediate
reactant concentration was below saturation leading to wire morphology growth. According to
the mass transfer mechanism there was less transport of reactive intermediates on the substrate
surface. But when the total gas flow rate increases there was efficient transport of intermediates
on the surface leading to the drastic increase in the intermediate concentration. This

concentration reaches to the saturation level leading to the grain growth.

Further, the best obtained SiC nano wires in Exp. 12 (Table 3.4) were characterized by
XRD and the patterns are depicted in Fig. 3.30. The peaks at (111), (200) and (220) confirm that
the SiC nano wires are 3-SiC. Beta SiC has zinc blend structure and shows two strong Raman
peaks (Fig. 3.31) at 796 cm™ (transverse optical mode, TO mode) and 972 cm™ (longitudinal

optic mode), respectively. SEM image (Fig. 7, H,/MTS = 70) of SiC wires shows the growth of
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homogeneous nanometer dimensional wires having diameter around 50 nm. EDX (Fig. 3.32)

have been done to determine chemical composition of the SiC wires.
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Fig. 3.30 XRD spectrum of the SiC wires
grown at H,/MTS =70 and T = 1300 °C. It
shows the characteristic peaks of SiC and
graphite.
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Fig. 3.31 Raman spectrum of the SiC wires
grown at Hy/MTS =70 and T = 1300 °C. It
shows the TO (796 cm™ ) and LO (972 cm™)
mode of B-SiC.
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Fig. 3.32 EDX spectrum of the SiC wires grown at H/MTS = 70
and T = 1300 °C. It shows the characteristic peaks of Si, C, O and
corresponding table indicates the elemental concentration.
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Fig. 3.33 TEM images of the SiC nanowires grown at H,/MTS = 70 and T = 1300 °C.

The elemental composition of the SiC wires were C- 53.27 At%, Si- 40.01 At% and O- 6.72
At%. The co deposition of oxygen occurs due to the presence of oxygen in the reactor at the time
of coating. It can be avoided by carrying experiments in vacuum. Transmission electron
microscopy (TEM) was performed to characterize the morphology and structure of the SiC
nanowires grown by the Exp. 12 (Table 3.4). The TEM image (Fig. 3.33a,b and c) reveals that
the nanowires possess a core-sheath structure. Fig. 3.33c shows the typical core-sheath
nanowires with a dark inner core surrounded by a sheath layer. The core region of the uniform-
core nanowires looks smooth. The uniform core nanowires have core diameters ranging from 35
to 45 nm. The core of nanowires is made of SiC surrounded by a SiO, sheath layer. EDX data
confirms the presence of Si and O in the deposition. The thickness of the sheath layer for the

uniform-core nanowires is 2-10 nm.

3.3.3.3 Growth Mechanism of SiC nanowires:

In the growth process of SiC micron and nano wires, the whole reaction involves the solid and
vapor phase. So the SiC wires grown in the present process follow the Vapor Solid (VS)

mechanism.
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In a typical VS mechanism
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occur. The morphologies of as deposited SiC crystals are affected primary by the supersaturating
degree of gaseous reactant, which was depended on the deposition temperature and the
concentration of MTS in the process. As it has been seen in taguchi experiments, at higher

deposition temperature, the SiC crystal dimensions increased and the morphologies of the as
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grown SiC crystal change from nanowires to grains. The concentration of MTS plays a vital role
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Fig. 3.35 The optimum deposition conditions for uniform diameter growth of SiC nano wires,
smoothness of the surface and homogeneous growth of SiC.

in deciding the morphology and nature of the grown SiC. Fig. 3.35 shows the summary of
different deposition conditions for different morphological growth of SiC. The SiC crystal nuclei
apt to grow along the least energy direction i.e. along <111> direction, until the chemical reaction
driving force are less than a certain value. As it has been seen in the Ist region (Fig. 3.27) that the

SiC wires have diameter in micron range and with increasing the MTS concentration the wire
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shape changes to grain shape. It means in this region the supersaturating degree of the gaseous
reactant and the driving force of chemical reaction crosses the limit after a certain concentration

of MTS and results in the growth of SiC crystal in several directions.

It was observed in the Ilird region (Fig. 3.27) that the SiC wires have diameter in nano meter
range and with decreasing the MTS concentration the wire diameter decreases. It was also
observed in this region that the deposition rate of SiC decrease with increase in H,/MTS ratio.
The decrease in the concentration of decomposition products at the growth site occur for higher
Ho/MTS ratio. This low concentration of reactive intermediates restrains the multi directional
growth of SiC. Then the radial directional growth rate of the SiC wires becomes slow and the

SiC wires grow along a certain direction and the purity of SiC whiskers is relatively high.

3.4 Conclusion

Different morphological SiC coating were carried out using different organisilicon compounds.
Dense SiC coatings were carried out on graphite / zircaloy substrate using synthesized CVDP
precursor and commercial available HMDS precursor. Uniform layer coating of SiC was
achieved using CVDP precursor and fluidized bed coating process on zircaloy and graphite
substrate. Uniform layer SiC coatings were also achieved using commercially available precursor
HMDS on graphite and zirconia microsphere substrate. The CVDP precursor and HMDS

precursor has shown that SiC can be deposited at low temperature.

Further SiC layer coating studies were carried out on TRISO particles using MTS, HMDS and
TMS precursors via spouted bed chemical vapor deposition process and their properties were
measured. Dense and uniform coatings of SiC were obtained for MTS and HMDS in our spouted

bed system. Higher deposition of free carbon with SiC occurs in case of HMDS as precursor
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which may be due to the nonstoichiometric ratio of Si and C in HMDS. SiC coatings with a sub-
micrometer grain size were deposited on simulated TRISO fuel particles by spouted bed CVD at
a low temperature 1300 °C using HMDS as precursor. The mechanical properties were studied
using microindentation. The microstructures were analyzed using SEM. SiC coatings using
HMDS and MTS have shown almost similar harness and fracture toughness. The hardness and
fracture toughness values of the coated SiC layers show that the coating has good strength.
HMDS liquid precursor has a potential to replace corrosive and toxic precursor MTS for SiC

layer coating in TRISO particle.

A comprehensive study on synthesis of SiC nanowires of high purity and homogeneous diameter
by hydrogen reduction of MTS by a simple atmospheric pressure CVD method without using a
metallic catalyst has been carried out. Taguchi method has been used to design experiments to
get the optimum parameters for growing SiC wires of diameter in nanometer range. The
optimum deposition conditions for uniform diameter growth of SiC nano wires, smoothness of
the surface and homogeneous growth of SiC on the surface have been obtained as shown in Fig.
3.35. The hydrogen to MTS flow rate ratio should be above 20 for the growth of SiC wires of
nanometer diameter. The deposition temperature for the growth of crystalline SiC wires should
be 1100-1300 °C. The total flow rate of carrier gas comprising of argon and hydrogen for a
particular Ho/MTS flow rate ratio is critical for morphological outcome of SiC. In the present
study it was 2 Ipm for Ho/MTS flow rate ratio 14 to obtain wire morphology. When the total gas
flow rate was increased to 6 Ipm for the same H,/MTS flow rate ratio 14, the wire morphology of
SiC disappeared and the formation of grains occurred. The optimum deposition temperature i.e.
1300 °C was kept constant and further experiments have been conducted by changing Ho/MTS

mole ratio to verify morphological outcome of SiC.
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Still there are many research opportunities to explore the application of these synthesized SiC
nanowires. In coming years it is expected that many research laboratories across the world will

take this synthesis method and application of these SiC nanowires to the higher level.
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CHAPTER 4

STUDIES ON SOL-GEL
ROUTE PREPARATION OF
SIC AND SIC/CARBON

COMPOSITE



4. Studies on sol gel route preparation of SiC and SiC/carbon composite

This chapter describes two step sol gel process for generating SiC material using
tetraethylorthosilicate as silicon source and phenol formaldehyde as carbon source. A fabrication
process has been developed for prepare SiC impregnated carbon fiber matrix composite. Further
the feasibility of deriving SiC in carbon matrix using Polymethylhydrosiloxane (PMHS) as

silicon source and Glycerine as carbon source by sol gel method was also studied.

Extensive research and development in the past decade have resulted in increasing awareness of
the importance of chemical synthesis, particularly using organic precursors, in the processing and
fabrication of ceramics such as SiC. The sol gel technique offers an easy route to synthesize SiC
by employing alkoxides and a suitable carbon source *****®, Synthesis of SiC through the sol-gel
process without using an external carbon source has also been reported *****!, The sol-gel
process is used commercially in many applications. The process gives excellent control of
product purity and composition for the simple reason that the process starts with pure materials.
The three basic steps in the sol-gel process are summarized in Fig. 4.1. The conversion of sol to a
gel occurs by hydrolysis and condensation reactions. The gel is converted into oxides/carbide by

drying and firing.

Hydrolysis Drying
& &

- Condensation

Fig. 4.1 The basic steps in sol-gel process using metal alkoxides.
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Preparation of sol is the first requirement for sol-gel reaction. Of many available silicon
alkoxide, Tetraethoxyorthosilicate (TEOS) is the most commonly used compound. It is insoluble
in water, but water is necessary for hydrolysis reaction. Hence one needs to select a solvent for
both the alkoxide and water. Ethanol is suitable solvent, and a typical formulation contains three
main components: 43 vol% Si(OC,Hs)4, 43 vol% C,HsOH and 14 vol% H,0. This sol generates
silica so for generating carbide equivalent amount of carbon source is also needed. Generally
carbon source should be liquid so that it could be totally miscible in sol and makes homogeneous

solution. The most frequently used silicon and carbon source are shown in Table 4.1.

Metal alkoxide undergo hydrolysis very easily. In many cases they are so sensitive to moisture
that special precaution must be taken in handling and storage. During the initial stage of
hydrolysis an alcohol molecule, ROH, is expelled (Equation 4.1). This is an example of a
condensation reaction involving the elimination of an alcohol. The hydroxyl metal alkoxide

product can react by a further condensation reaction to form polymerizable species (Equation 4.2

& 4.3).

M(OR), + H,0 — M(OH)(OR)y_, + ROH (4.1)
M(OH)(OR)x_, + M(OR), - (RO)x_{MOM(OR),_, + ROH (4.2)
2M(OH)(OR),_; — (RO)x_{MOM(OR),_, + H,0 (4.3)

Hydrolysis can be carried out either under basic or acidic conditions. In the context of sol-gel
processing, acid catalyzed conditions are defined as pH <2.5; base catalyzed conditions are
defined as pH > 2.5. Of course, this is not usual definition of acid and base, where a neutral pH is
7, but corresponds to the point of zero charge (PZC) at which the surface is electrically neutral.

The experimental variables used in the first stage of the sol-gel process determine the kinetics of
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the hydrolysis of the sol to form a gel and have a major influence on gel structure. The relevant

variables are:

= Alkoxide concentration

= Reaction medium

= Concentration of catalyst (The rates of hydrolysis and condensation can be affected by
the addition of small amounts of acid (e.g. HCI) or base (e.g. NH4OH), respectively.)

= Temperature

The second stage involves the transition from sol to gel. At the transition there is an abrupt
increase in viscosity. After gelation the gel usually consists of a weak skeleton of amorphous
material containing an interconnected network of small liquid filled pores. The liquid is usually
mixture of alcohol and water, which must be removed by drying and firing step. Shrinkage
during this step is usually large. After firing final compounds were obtained. There are several
methods used for drying gels. Each method produces a dried gel with specific microstructure. In
most cases, either an aerogel or a xerogel were obtained, but other microstructures were also

possible as shown in Table 4.1.
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Table 4.1

List of frequently used silicon and carbon precursors in sol-gel method and the various type of

dried gel formation during drying and firing.

Commonly used silicon and
carbon precursors

The various type of dried gel formation

Name of the Name of the Type Drying conditions Microstructure
silicon carbon
alkoxide precursors
precursors

Silicon phenolic resin Aerogels | In and autoclave, The fluid [ A network

tetraheptoxide is removed by hypercritical | consisting of ~

(Si(OC7H15)4, evacuation 95% porosity

Yellow liquid)

Silicon ethylcellulose Xerogels | Natural evacuation Dried gel has

tetrahexoxide about 40-60% of

(Si(OCgH13)4, the fired density

colorless and contains small

liquid) pores

Silicon polyacrylonitrile |l Sonogels [ Gel exposed to ultrasound in | Assists in the

tetramethoxide [(PAN) the 20-kHz range prior to formation of

(Si(OCHy3)s, autoclave treatment multicomponents

colorless gels

liquid)

monomethyl  |starch Cryogels | Freeze dried Finely divided

triethoxysilane powder, not

(MTES) suitable for
producing
monolithic
ceramics

Vepogels | A fluid stream of SiCl4 is Allows

injected into acidified water;
this allows rapid gelation;
the gel is then dried to a
xerogel

incorporation of
additives into the
gel
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The present investigation employs the sol-gel process by preparing silica gel containing
commercially available carbonaceous materials such as phenolic resin and glycerin by hydrolysis
condensation of easily available TEOS and Polymethylhydroxysilane (PMHS). The gel obtained
when carbonized at 1000 °C in argon and later heated to 1550 °C in argon yielded SiC. The effect
of heating the gel at different temperatures has been investigated and shown that the formation of
crystalline SiC takes place as low as 1200 °C. Further using sol gel impregnation approach, the
fabrication of composite structure of carbon fibers and high density SiC nanowires with dense
SiC matrix was reported. Here, sol containing silicon and carbon were generated using different
silicon and carbon source and later on in-situ impregnation in carbon fabric and gel formation

has been carried out at atmospheric condition.

4.1 Deriving silicon carbide carbon composite by sol-gel route using tetraethylorthosilicate

as silicon source and phenol formaldehyde as carbon source
4.1.1 Experimental methods and materials

Small specimens (10x5x5 mm®) were cut from layered 2-D carbon fabric as preform. The carbon
fibers used in the preform were PANEX35, 50K Tow, Zoltek make. The carbon fiber preforms
were carbonized from room temperature to 1000 °C at a very slow heating rate (0.2 °C/min) in
inert gas atmosphere before impregnation. These carbonized carbon fiber preforms were
impregnated by sol gel technique. The modified sol gel process was used for preparing SiC
nanowire/SiC matrix on C/C specimen surface different from reported in the literature **2. The
process includes the preparation of a carbonaceous silica xerogel, its impregnation in carbon
fiber matrix and subsequent carbothermal reduction of the xerogel with carbon fiber matrix. The

method is described in Fig. 4.2.
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Firstly, 16 g of phenolic resin (Novolac type phenol formaldehyde (PF) condensation resin; para-
toluene sulphonic acid (PTSA) is used as the cross-linking agent) was dissolved in 60 ml of
ethanol and then mixed with 50 ml of tetraethoxysilane (TEOS) under stirring. The amount of
TEQOS corresponding to particular amount of PF resin was decided based on the silica yield from
silica gel after heating gel to 1000 °C at 1.5 °C/min heating rate and carbon yield from PF resin
after its carbonization to 1000 °C at 1.5 °C/min heating rate. Then, 8 ml of oxalic acid (3.4 wt %)
was added into the mixture under stirring. After addition, final solution was sonicated for 2 h
under stirring condition to enhance the hydrolysis of TEOS. The sonication step drastically
increased the hydrolysis rate and reduced the sol formation time. After sonication the solution
was stirred at 80 °C for 10 h to form the carbonaceous silica sol. Carbon fiber preform was
dipped in this solution for one h so that it could soak the solution and then the sol was cooled in
ice bath for rapid gelation. Enough time was given for soaking to completely wet the carbon
fiber preform. The gel formation occurred after rapid cooling in the ice bath. The carbonaceous
silica gel impregnated carbon fiber preform was separated from rest of the gel and cured for
3days. The curing of PF resin occurred during 3 days and after curing sample was dried at 100 °C
for 20 h. The gel impregnated carbon fiber samples were heat treated in argon atmosphere (100
sccm) to 1000 °C at rate of 1.5 °C/min and maintained for 120 min. Further these heat treated
samples were heated to 1200 and 1500 °C at the rate of 2 °C/min and maintained for 120 min.
Before high temperature heat treatment, the furnace was kept under high vacuum and then inert
gas was inserted in the furnace to avoid any trace of oxygen in the furnace. The heat treated

samples were further characterized for phase and microstructure analysis.

139



Slowand stepwise mixing of PF resin, sulfonate, EtOH, H,0,
HCland TEOS

y

Sonicationfor2hrs
Stirring at80°C for12h

|

Si0, and carbon sol

€

Carbon fiberpreform dipping for 1h

€

Carbon fiber preform dippedsol

€

Coolinginice bath

€

Carbon fiber preform dipped gel

v

Cured for 3days in atmospheric condition
Dried at 100 -C for 20 h

|

Impreganated carbonfiberpreform

v

Heating in Ar atmosphere at 1000, 1200 and 1500°C

\

SIC nanowires/C fibre/SiC matrix
composite

Fig. 4.2 Flow sheet for preparation of SiC impregnated carbon composite by sol gel method.

The surface morphology of different SiC impregnated carbon composites and SiC powder were

characterized by SEM. The microstructure of SiC nanowires were analyzed by a transmission

140



electron microscope (TEM, 2000FX JEOL). The crystalline structures of the different SiC
impregnated carbon composites were characterized by XRD. Small angle x-ray scattering
(SAXS) was further used to characterize the nanostructured SiC and SiC matrix with carbon
fiber preform. Measurements were performed using a laboratory based SAXS facility using
CuK,, source. The size of the incident photon beam on the sample was 0.4 mm diameter. The
SAXS detector was mounted at a sample-to-detector distance of 1.07 m, corresponding to a Q-
range of 0.1 — 2.5 nm™. The magnitude of the scattering wave vector q, is represented as q =
4nsin(0)/A, where 20 is the scattering angle and A=0.154 nm the used wavelength. SAXS arises
from the fluctuations of electron density in a mesoscopic length scale (1-100 nm) in a specimen
and hence scattering profile contains the information about the size/size distribution, shape etc.
of the inhomogeneities. It is worthy to mention here that microscopy and SAXS are two
complementary techniques to study such system. The carbon fabrics before and after
impregnation were studied by X-ray tomography. They were scanned using a high resolution
computer tomography (CT) system comprising of FXE160.50 Fein-Focus micro-focus X-ray
source and Fiber-optically bonded charge-coupled device (CCD) camera. The source was
operated at constant power (60 kV and 450 IA) for stable flux during the entire scanning
operation. 400 radiographs, each with 15 s exposure, were recorded. Image reconstruction and
two dimensional (2D) and three dimensional (3D) analyses were carried out using dedicated

software supplied with instrument. The reconstruction grid was 787x787x256 pixels.
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4.1.2 Result and Discussion

4.1.2.1 Morphology studies

S \ N -,

e

SiC wires
IS asuad

Fomm

Fig. 4.3 SEM images of (i) Bare carbon fabric (ii),(iii),(iv),(v) &(vi) Surface of the SiC
impregnated carbon composite at different magnification.

Fig. 4.3 (i-vi) shows the typical microstructures of carbon fabrics before and after impregnation.

It can be seen that the impregnated SiC deposit was composed of dense SiC and SiC nanowire.
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Fig. 4.4 TEM images of (i) SiC nanowires (ii) middle portion of a SiC nanowire (iii) SAD
pattern of a SiC nanowire.

The SiC nanowires were uniformly distributed all over the SiC matrix. The nanowires were
randomly oriented with the length of hundreds of micrometers. There were strong interaction
between SiC matrix and carbon fibers at the interface of SiC matrix and carbon fiber. Fig. 4.4
shows TEM images of the SiC nanowire grown with dense SiC matrix. The TEM image reveals

that the nanowire posses a core-sheath structure. TEM images show the typical core-sheath
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nanowire with a dark inner core surrounded by a sheath layer. The core region of the uniform-
core nanowire looks smooth. The uniform core nanowire has core diameters ranging from 35 to
50 nm. The core of nanowire was made of SiC surrounded by a wrapping layer. The reflection at
(111) in selected area diffraction (SAD) spectra (Fig. 4.4) confirms the formation of SiC
nanowire. The thickness of the sheath layer for the uniform-core nanowire was 3 nm to 6 nm. It

was observed from Fig. 4.3 & 4.4 that the diameters of the SiC wires range from 50 to 300 nm.

4.1.2.2 X-ray micro-tomography studies: SiC matrix distribution and Matrix—core

interact