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ABSTRACT

Silicon carbide (SiC) is an attractive ceramics due to its excellent physical and
chemical properties. Compared with bulk SiC, nanostructured SiC especially
one-dimensional (1D) SiC nanostructures, exhibits more excellent performance on their
electrical, magnetic, optical, and chemically reactive properties, which make them to be
an important source of advanced ceramics. Although various methods have been
developed to synthesis of nanostructured SiC, more simple and low-cost approaches are
still needed. In this study, the rice husk (RH), a prolific and low-cost agricultural
byproduct, was used as the precursor to synthesize nanostructured SiC. The study is
mainly organized as follows:

Chapter 1 introduces general background of SiC especially nanostructured SiC,
including some synthesis techniques and their various applications. Moreover, the
properties of RH and its various applications were introduced briefly. Based on the
purposes that attempt to control the morphology of SiC in nanoscale and simplify the
synthesis procedures, the goal of this study was established.

Chapter 2 describes a facile route to synthesize nanostructured B-SiC including
particles and 1D nanostructures by direct pyrolysis of RH in argon atmosphere. The
effects of pyrolysis temperature and duration on microstructure of B-SiC were
investigated. The results revealed that a complete carbothermal reduction reaction was
achieved at 1500 °C for 4h or at 1600 °C for 2h. The B-SiC obtained on the bodies of
pyrolyzed rice husk (PRH) was mainly particles, as well as a small amount of B-SiC
whiskers. The B-SiC particles obtained at 1600 °C for 2h had the smallest particle sizes

of 100-200 nm. On the other hand, 1D B-SiC nanostructures were obtained from the
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vapor deposited products formed on graphite crucible walls. The B-SiC/Si0, nanochains
were synthesized at 1500 °C for 2h. Pure B-SiC whiskers with diameter of ~160 nm and
tens of micrometers in length were obtained at 1500 °C for 4h. As the pyrolysis
temperature increased, B-SiC whiskers showed shorter length, larger diameter and lower
density of stacking faults. It is found that the nanostructured SiC, especially the B-SiC
whiskers is an excellent blue light emission material.

Chapter 3 reports an effective method to synthesize homogeneous and fine 3-SiC
nano-powders. In this method, phenolic resin was used as a liquid carbon source to mix
with carbonized rice husk (CRH) powder and rice husk ash (RHA) powder, respectively,
to act as the precursors for carbothermal synthesis of B-SiC. It was revealed that the
adding amount of phenolic resin greatly influenced the microstructure of B-SiC. The
B-SiC powder with particle sizes of 70—150 nm was obtained from the precursor with
the resin:CRH weight ratio at 0.5:1. On the other hand, the B-SiC powder with particle
sizes of 90—170 nm was synthesized from the precursor with C:Simolar ratio at 5:1.

Chapter 4 describes a simple and rapid route to synthesis of nanostructured SiC
powders with using RH as the precursor. In this method, rapid carbothermal reduction
reactions were achieved in a 2.45 GHz microwave field in an argon atmosphere. The
XRD patterns revealed that a complete carbothermal reduction reaction was achieved at
1300 °C for 60 min or at 1500 °C for only 15 min by microwave heating, resulting in
B-SiC formation. The FE-SEM images showed that the B-SiC powders were mixtures of
particles and whiskers. The B-SiC particles had diameters of 60—130 nm and the B-SiC
whiskers, which were several to tens of micrometers in length, had diameters of
110-170 nm. Compared to the conventional heating method, the microwave heating

method proved to be an efficient approach for synthesis of SiC in terms of energy and
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time saving, as well as for fabrication of nanostructured SiC.

Chapter 5 reports a simple and eco-friendly way to fabricate a novel B-SiC
whiskers reinforced alkali-bonded SiC-based composite. The SiC-based composites
were fabricated through a low temperature process with using inorganic binder that is
suitable to replace the sintering process. The B-SiC powders (a mixture of particles and
whiskers) were synthesized from CRH powder and the inorganic binder was prepared
by dissolving the rice husk ash (RHA) in 5SM KOH solution. It is revealed that the
RHA:SiC weight ratio influence the strength and microstructure of the composites. As
the RHA:SiC weight ratio increase to 3:7, continuous inorganic binder phase is formed.
The B-SiC whiskers acts as the reinforcement of the composites. The B-SiC powder
synthesized at 1600 °C and 1700 °C is beneficial to obtain the composites with higher
strength due to the higher content of whiskers, which can be up to 60—-80 MPa.

Chapter 6 describes the overall conclusions of the present work and the future
directions for research. The techniques presented in this study provide a good

foundation for the controllable synthesis of nanostructured SiC from RH.
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CHAPTER | GENERAL INTRODUCTION



1.1 Silicon carbide

1.1.1 Crystalline structure

Silicon carbide (SiC) is a binary compound semiconductor consisting of carbon
and silicon. In one way, it is very simple, because there are only two atoms building up
the crystal silicon and carbon, where each atom is sp’-hybridized and forms four bonds
to four other atoms of the opposite kind. In another way, SiC is quite complicated,
because the crystal structure gives rise to polytypism, which is a one-dimensional
polymorphism. Unlike most other semiconductors, which only occur in one or two
different crystal structures each, SiC is known to exist in over 250 kinds of polytypes
[1].

All polytypes have a fundamental structural unit that is a covalently bonded
tetrahedron of four carbon atoms with a single silicon atom at the center as shown in
Figure 1.1. The difference between the polytypes is the stacking sequence along the
c-axis of the lattice. The stacking sequences for the most commonly used 3C, 4H and
6H polytypes are shown in Fig. 1.2. The letters C, H and R represent cubic, hexagonal
and rhombohedral structures, and the numbers 3, 4 and 6 denote the periodicity of the
stacking sequences, respectively. The cubic polytype is named as B-SiC, whereas the
hexagonal and rhombohedral structures are referred as a-SiC. Due to the low stacking
fault energy, it is easy to form different SiC polytypes, make it possible to obtain a

variety of SiC crystals with different properties for different applications.



Fig.1. 1 Unit cell structure of SiC single crystal.

N @ R v

Fig.1. 2 Stacking sequences of 3C, 4H and 6H SiC polytypes [2].



1.1.2 Properties and application

SiC has been widely studied for tribological and structural applications, because of
its high Young’s modulus and hardness, excellent oxidation and corrosion durability,
high strength at elevated temperatures, and good thermal shock resistance [3-5].
Moreover, SiC is a promising semiconducting materials for applications in areas of high
temperature, high power, high frequency and harsh environments. Therefore, the
synthesis and application of SiC for electronic devices have been widely investigated in
the past few decades. As a result of the large band gap of SiC (2.39 eV for 3C-SiC, 3.02
eV for 6H-SiC, 3.26 eV for 4H-SiC, and 3.33 eV for 2H-SiC at room temperature), it
shows a very high breakdown field (2.12 MV/cm for 3C-SiC, 2.2 MV/cm for 4H-SiC,
and 2.5 MV/cm for 6H-SiC) [6]. In addition, the prominent thermal conductivity of SiC
(3.2 Wem' K for 3C-SiC, 3.7 W ecm™ K™ for 4H-SiC, and 4.9 W cm™ K for 6H-SiC)
is typically 2-3 times higher than that of silicon (1.5 W cm™ K™), which allows SiC to

remove heat more efficiently [7].

1.1.3 Synthesis of SiC by Acheson process
It is well known that the fabrication of SiC is high energy-consumption process.
Most of SiC powders produced nowadays are manufactured using the Acheson process
[8]. The overall formation reaction of SiC can be described as:
SiOx(s) + 3C(s) = SiC(s) + 2CO(g) (1.1)

The quartz sand and petroleum cokes are usually used as the silicon source and



carbon source, respectively. This process is a several hours-long carbothermal reduction
reaction and usually carried out in an electrical resistance furnace at temperatures above
2000 °C. Due to the high reaction temperatures and long reaction times of the process,
the synthesized SiC powders have large particle size and consist of mostly alpha-phase
SiC. Therefore, extensive milling is needed to convert the as-synthesized products to
sinterable powders with particle sizes ranging from a few micrometers to
submicrometers, which is inevitably accompanied by the contamination from the
milling media. Thus, the drawbacks of this industrial production process lie in
high-energy consumption and low product purity. So, more simple and economical

approaches to synthesize fine SiC powders are still needed.

1.1.4 SiC nano-powders

The physical and chemical properties of material critically depend on the grain
sizes of materials due to the fact that for different grain sizes a significantly different
fraction of atoms forms the surface of the grain. When the grain size is reduced to the
nanoscale, the corresponding nanostructure shows remarkably different properties from
those of bulk materials. When SiC powders are reduced to very fine size, more excellent
performance will be shown on their electrical, magnetic, optical, and chemically
reactive properties, which make them to be an important source of advanced ceramics.
Fine SiC powders are beneficial for the sintering process, as coarse powders are usually

difficult to be sintered. SiC nanoparticle is also an important as a functional filler to



improve the properties of materials such as polymers [9, 10], ceramics [11] and metals
[12].

Much effort has been paid to the synthesis of SiC nanopowders recently. Various
technologies were developed to synthesize SiC nanoparticles, including, chemical vapor
deposition (CVD), sol-gel processes, laser gas phase pyrolysis or laser evaporation
processes, and carbothermal reduction reaction. Hollabaugh et al. synthesize pure SiC
nano-powders by CVD method with using SiCly and C,H4 as precursors [13]. Zhu et al.
have synthesized silicon carbide powders with the average size of 22 nm by
conventional CVD method [14]. Viera et al. have prepared SiC nanometric powders by
plasma technique from CH4 and SiH4 gas mixtures [15]. Li et al. [16] developed a
two-step sol-gel process to synthesize SiC from phenol resin-SiO; hybrid gels. Jin et al.
[17] synthesize the fine sized B-SiC powders with diameter of ~400nm by combustion
synthesis with aid of a mechanical activation process. However, due to the immaturity
of these methods, they have not been applied extensively for commercial production.
The carbothermal reduction method has been proved to be an economic and effective
method to synthesize nano-sized SiC powder, with using various kinds of carbon source
and silicon source. Martin et al. synthesized nanocrystalline SiC powder by from a
solution of sugar in silica sol [18]. Zhang et al. fabricated the nano-sized SiC powders
by carbothermal reduction of Si0, and Si0,-Al,O3; xerogels [19]. Yoshioka et al. used
liquid carbon source of phenolic resin and various silica sources to synthesize SiC

powders. Ultra-fine SiC powder with a grain size of 10-30nm was obtained from TEOS



and liquid C by carbothermal reaction at 1600°C [20].

1.1.5 One-dimensional SiC nanostructures

Since the discovery of carbon nanotubes (CNTs) [21], a great deal of interest has
been paid to the formation and characterization of other one-dimensional (1D)
nanostructures, including inorganic materials (metals, ceramic, glasses) and organic
materials (biomolecules, polymers) [22]. Such 1D nanostructures have great potential
for improving our understanding of the fundamental concepts of the roles of both
dimensionality and size on physical and chemical properties, as well as for potential
applications in electronics, optics and materials science. Therefore, the synthesis and
application of 1D nanostructures has become one of the main targets of present
nanoscience.

Among the various 1D nanostructures, 1D SiC nanostructures have been
extensively studied in recent years. 1D SiC nanostructures were proved to have unique
electronic [23], field-emitting [24], optical [25], superhydrophobic [26], and mechanical
properties [27], which can be ascribed to their low dimensionality, quantum
confinement, and shape effects [28-30]. A variety of techniques for fabricating 1D SiC
nanostructures, particularly SiC nanowires, have been developed, including chemical
vapor deposition (CVD) [31, 32], carbon nanotube confined reaction [33], arc-discharge
[34], metal catalyst-assisted vapor-liquid-solid (VLS) growth [35, 36] and carbothermal

reduction [37].



1.2 Rice husk

The production of rice, one of the major food crops in the world, generates one of
the major wastes of the world, namely, rice husk (RH). RH accounts for ~20% by
weight of rice. It presents a solid waste disposal problem in the Asian and Pacific region.
If not disposed of properly, RH provides a refuge for disease-carrying creatures such as

mosquitoes, create fire hazards, and constrain the use of a completed landfill site.

1.2.1 Structure and components of RH

On average, RH i1s composed by 22% lignin, 38% cellulose, 18% hemicelluloses,
2% extractives, and 20% ashes, but its chemical composition may differ because
disparate variables (geographic area, climatic conditions, type of paddy, soil chemistry
and fertilizers) are involved in the crop growth [38].

Silicon enters the rice plant through its root in a soluble form, and then moves to
the outer surface of the plant, where it becomes concentrated by evaporation and
polymerization to form a cellulose silica membrane. There is quite general agreement
that the silica is predominantly in inorganic linkages, but some of the silica is also
bonded covalently to the organic compounds. This portion of the silica cannot be
dissolved in alkali and can withstand very high temperatures characterizations by SEM,
energy-dispersive X-ray analysis, AES, etc., suggest that the silica is mainly localized in
epidermis of the RH and that it also fills in the spaces between the epidermal cells. In

general, the silica is in hydrated amorphous form, either opal or silica gel [39, 40].
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1.2.2 Utilization of RH

Efforts to utilize RH have been handicapped by their tough, woody, abrasive
nature; low nutritive properties; resistance to degradation; great bulk; and high ash
content. Such efforts have resulted in minor usage, mostly in low-value applications in
agricultural areas or as fuel. Little advantage is taken of the RH and pollution is caused
in such disposal processes.

Because of the high silicon and carbon contents in RH, the utilization of RH has
been significantly widened in the past few decades. The synthesis of silica from RH has
been widely investigated. The silica shows high specific surface area and high activity,
which can be used as the additive in rubber [41], plastics [42] and cement [43, 44]. RH
has also been used to fabricate active carbon with high specific surface that can be up to
~1936 m?/g [45, 46]. The active carbon has advanced mesopores and can be used as the
catalyst support and water treatment.

RH contains Si0; and C simultaneously, which are two necessary raw materials for
synthesis of SiC. Moreover, both materials show very high surface area and intimate
contact, it is possible to form SiC at relatively low temperature that is far lower than
indicated by thermodynamic and kinetic calculations [47, 48]. In addition, when
pyrolyzed at high temperature, the RH can maintain the initial structure. Both the low
density and the porous structure of raw materials facilitate the formation of SiC.
Therefore, RH is economical and promising candidates for producing SiC. Since the

first report by Lee and Cutler in the 1970s [49], many efforts have been paid to



synthesis of SiC from RH [50-52]. However, the further studies on the following

aspects are still necessary:

(1) By controlling the reaction parameters to synthesize fine nanostructured SiC
including particles and 1D nanostructures. The influence of reaction parameters on
microstructure and properties of the synthesized SiC.

(2) Novel approaches with low energy consumption and less environmental pollution to

synthesize nanostructured SiC.

1.3 Objective of this work and thesis organization

The objective of this work is to develop new and facile methods to synthesize
nanostructured SiC from RH and to focus on the influence of external parameters on
microstructure and morphology of SiC. The methods presented in this work provide a
good development to controllable synthesis of nanostructured SiC. The utilization of
RH, a prolific agricultural byproduct, is economical and eco-friendly.

The thesis 1s organized as follows:

In chapter 2, the direct pyrolysis of raw RH in argon atmosphere was carried out
to synthesize nanostructured SiC including particles and 1D nanostructures. The
influence of pyrolysis temperature and time on microstructure of SiC was investigated.
Based on the obtained results, the formation mechanism of various SiC structures was
discussed in details.

In chapter 3, a liquid carbon source of phenolic resin was used as the carbon

source to mix with carbonized rice husk (CRH) powder and rice husk ash (RHA)
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powder respectively, to synthesize B-SiC nano-powders. The effect of mixing ratio on
the microstructure of SiC was investigated. Based on the results, the advantages of
liquid carbon source on synthesis of SiC nano-powders were discussed.

In Chapter 4, rapid carbothermal synthesis of nanostructured SiC was achieved by
microwave heating method. Due to the poor microwave heating properties of raw RH, a
carbonization process of RH was introduced in this method. The influences of
carbonization temperature and duration on microstructure and microwave absorption
properties of the CRH powders were investigated. Then the carbothernal synthesis of
nanostructured SiC from CRH powder in microwave field. The effects of microwave
heating temperature and duration on phase formation and microstructure of the
synthesized nanostructured SiC were studied in details.

In chapter 5, a novel B-SiC whiskers reinforced alkali-bonded SiC-based
composite was fabricated through a low temperature process with using inorganic
binder that is suitable to replace the sintering process. The B-SiC particle and whiskers
mixture powder were synthesized from the CRH powder and the inorganic binder was
prepared by dissolving RHA powder in 5SM KOH solution. The mechanical strength and
microstructure of the composites were investigated.

Finally, in Chapter 6, the concluding remarks of the present work were stated and

the future directions of this research work were recommended.
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CARBIDE BY DIRECT PYROLYSIS OF RICE HUSK
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2.1 Introduction

Compared with bulk SiC, nanostructured SiC especially one-dimensional (1D) SiC
nanostructures, exhibits more excellent performance on their electrical, magnetic,
optical, and chemically reactive properties, which make them to be an important source
of advanced ceramics. Although various methods have been developed to synthesis of
nanostructured SiC, however, most of them involve complex procedures and
manipulation, high cost precursors or require adding extra metal catalysts which is
difficult to be removed after synthetic process. Thus more simple and low-cost
approaches are still needed.

In this chapter, rice husk (RH) was used as precursor to fabricate the
nanostructured SiC by direct pyrolysis in argon atmosphere. The effects of pyrolysis
temperature and duration on microstructure of SiC were investigated in detail. Moreover,

the formation mechanism of nanostructured SiC was discussed.

2.2 Characterization of RH

The raw RH used in this study was collected from a local rice mill factory of Japan.
It 1s widely known that the composition of RH varies with the growth areas, stacking
times and other factors. Thus, the chemical analysis of raw RH before utilization is

necessary.
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2.2.1 Thermogravimetric behavior of RH

The thermal decomposition characteristics of RH have been investigated by
thermogravimetric analysis and differential thermal analysis (TG-DTA) on a combined
TG-DTA unit (Rigaku, Thermo Plus TG-8120). The measurements were carried out in
air and argon atmospheres at a heating rate of 5 °C/min over the temperature range of
ambient temperature to 800 °C. About 2 mg of sample was placed in an alumina
crucible for each analysis.

Fig. 2.1 and Fig. 2.2 show the TG-DTA curves of raw RH obtained in air and argon
atmospheres, respectively. It is noted that irrespective of the surrounding atmosphere,
there is an initial weight loss of ~5 wt% below 100 °C, due to the loss of moisture. The
main decomposition process of RH in air atmosphere occurred from ~210-470 °C with
weight loss reaching up to 82 wt%. The obtained residue is white ash that is commonly
called rice husk ash (RHA) [1]. As to the decomposition of RH in argon atmosphere,
different decomposition feature is observed. There is a rapid weight loss at temperature
range of ~210-350 °C, which is ascribed to evolution of the volatile compounds
generated during decomposition of primary hemicelluloses and cellulose [2]. A major
change in the slope of TGA curve is detected at ~350 °C and a slow degradation is
observed during ~350-530 °C, which is mainly attributed to the lignin decomposition.
Further increase the temperature, the weight loss become slower. The residue is
composed of fixed carbon and ash with showing black color, which is commonly called

carbonized rice husk (CRH).
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Fig. 2. 2 TG-DTA curves of RH in argon atmosphere.
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2.2.2 X-ray diffraction analysis

Fig. 2.3 shows X-ray diffraction analysis of raw RH and CRH obtained at
900-1100 °C for 1h in argon atmosphere. A broad peak centered at ~22° with an obvious
shoulder is detected in the XRD pattern of raw RH and the shoulder disappears after
thermal decomposition, with formation of a wide symmetrical peak centered at ~22° that
can be ascribed to the overlapping peak of amorphous SiO, and C [3, 4]. For the CRH
obtained at 1100 °C for 1 h, a typical peak centered at 21.8° corresponding to
cristobalite and characteristic peaks of B-SiC centered at 35.6°, 60.0°, and 71.8° are
detected (JCPDS Card No. 29-1129). It can be known that the formation of B-SiC can
be achieved at as low as 1100 °C by pyrolysis of RHs. Moreover, the formation of

-SiC and crystallization of SiO; take place simultaneously.

Cristobalite

SiC(111)
SiC(220) g;
@220 sica1n) 1100°C
M" e

900°C

Intensity (a.u.)

Raw RH

10 20 30 40 50 60 70 80 90
2Theta (degrees)

Fig. 2. 3 XRD patterns of rice husk before and after thermal decomposition in argon

atmosphere at different temperature for lh.
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2.2.3 Composition analysis of RHA

The composition of RHA was analyzed X-ray fluorescence (XRF), which carried
out on an energy dispersive X-ray spectroscopy (EDX, SHIMADZU, EDX-800HS) and
the results are shown in Table 2.1. The RHA contains ~90 wt% SiO, and other
impurities including 4.4 wt% K,0, 2.3 wt% SOs, 1.55 wt% Al,O3, 1.15 wt% CaO, 0.35

wt% P>0s, 0.2 wt% MnO and 0.05 wt% Fe,Os.

Table 2. 1 Elemental analysis of RHA by XRF.

Oxides SlOz KOz SO3 A1203 CaO P205 MnO F6203

Content (wt %) 90 4.4 23 1.55 1.15 035 0.2 0.05

2.2.4 Microstructure

The morphology and elemental distribution of RH were characterized by field
emission scanning electron microscopy (FE-SEM, JEOL, JSM-7600F) and an
energy-dispersive X-ray spectrometer (EDS, JEOL, JED-2300), respectively. Fig. 2.4 (a)
and (b) present FE-SEM images of outer and inner epidermises on a typical RH,
respectively. Corrugated outer epidermis and thin lamellar inner epidermis are clearly
visible. Fig.2.4 (c) shows the structural features of the cross-section. It is observed that
the internal part between outer epidermis and inner epidermis is channel structures. As

indicated by the mapping images of the cross-section (Fig.2.5), the silica is primarily
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concentrated within the outer epidermis and a small amount of silica is found to reside
within the inner epidermis. On the other hand, the carbon widely disperses on both

epidermises and the walls of channel structures.

Fig. 2. 4 FE-SEM images of RH: (a) outer epidermis (b) inner epidermis (c)

cross-section.
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Fig. 2. 5 Mapping images of cross-section.
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2.3 Experimental procedures
2.3.1 Synthesis method

In a typical procedure, 6g RH was placed in a cubic graphite crucible
(80x80x10mm) and covered by a graphite plate. The graphite crucible was put into a
vertical graphite furnace. After evacuating to ~5 Pa by a rotary pump, high-purity argon
gas (>99.999 %) was introduced to the furnace at a flow rate of 2 L/min and maintained
at a positive pressure of ~50 kPa throughout the whole following experiment. The
furnace was firstly heated to 1000 °C at a rate of 15 °C/min and then up to target
temperature at a rate of 10 °C/min. Pyrolysis of RH was carried out at 1500 °C for 2h,
4h, 6h and at 1600 °C, 1700 °C for 2h, respectively. After the pyrolysis process, the
furnace was cooled to room temperature naturally. The as-received pyrolyzed rice husk
(PRH) was calcined at 600 °C for 3h in air to remove the residual carbon and treated by
dilute HF solution (10 wt%) to eliminate undesired impurities. After being washed with
distilled water several times and dried under vacuum at 60 °C for 24h, the objective
product was obtained. On the other hand, the film-like vapor deposited products formed

on the inner walls of graphite crucible, which were also collected.

2.3.2 Characterization
The samples were characterized by X-ray diffraction using an X-ray diffractometer
(XRD, Rigaku, UltimalV) with Cu Ko (A=1.5406A) radiation, Fourier transform

infrared spectra recorded on a FT-IR spectrophotometer (FT-IR, JASCO, FT/IR 6200),
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field emission scanning electron microscopy (FESEM, JEOL, JSM-7600F),
transmission electron microscopy (TEM, JEOL, JEM2010) and selected area electron
diffraction (SAED). Raman scattering spectra was produced by a micro-Raman
spectrometer (JASCO, NRS-3100) using 532nm excitation wavelength at room
temperature. The thermogravimetric analyses were determined on a Rigaku Thermo
plus TG-8120 at heating rate of 10 °C/min under oxygen atmosphere flow. The
photoluminescence (PL) spectra were performed in a spectrofluorometer (JASCO,

P-6500) with a Xe lamp at room temperature.

2.4 SiC obtained on bodies of PRH

Fig. 2.6 shows the XRD patterns of the as-received pyrolyzed rice husk (PRH).
The diffraction peaks at 20=35.6°, 41.4°, 60.0°, 71.8°, 75.5° can be indexed as (111),
(200), (220), (311) and (222) reflections of B-SiC structure (JCPDS Card No. 29-1129).
The small peak at 33.6° marked with SF is attributed to the stacking faults of B-SiC [5].
The diffraction peak at around 26° confirms the existence of residual carbon.
Characteristic peaks of cristobalite are observed in the sample obtained at 1500°C for 2h,
indicating that the carbothermal reduction of SiO, is not complete. As to the products
obtained at 1500°C for 4, 6h and at 1600°C, 1700°C for 2h, no typical peaks of SiO, can
be detected, revealing that a complete carbothermal reduction of Si0; is achieved. The
same conclusion was achieved by the FT-IR spectra of PRH samples (Fig. 2.7). The

obvious absorption peak at ~826 cm™ is ascribed to the typical peak of B-SiC. Whereas,
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the peaks at ~1094 cm” and ~478cm™ are ascribed to SiO» [6].
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Fig. 2. 6 XRD Patterns of the PRH obtained at different temperature and duration.
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Fig. 2. 7 FT-IR spectra of the PRH obtained at different temperature and duration.
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Fig. 2.8 and Fig. 2.9 display the XRD patterns and FTIR spectra of the objective
products obtained after calcination and acid leaching. It is noted that only characteristic

peaks of B-SiC can be detected, indicating that pure B-SiC were obtained.
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Fig. 2. 9 FT-IR spectra of the objective products
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Fig. 2.10 presents typical SEM images of B-SiC obtained at 1600 °C for 2h. The
obtained B-SiC still maintain its initial shape and mainly composed of particles, with
small amount of whiskers disperse on its surface. The whiskers have several to tens of

micrometers in length.

Fig. 2. 10 FE-SEM images of B-SiC obtained at 1600 °C for 2h.
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Fig. 2.11 shows the morphology of [B-SiC particles obtained at different
temperature and duration. Due to the incomplete reaction, the sample obtained at
1500°C for 2h presents the smallest particle size of less than 100 nm. As the pyrolysis
duration prolong to 4h and 6h, the complete carbothermal reduction was achieved,
however, the particles grow up with showing larger diameters, which can be ascribed to
sintering of neighbored particles. Fine B-SiC particles with diameters of 100-200 nm
was obtained at 1600 °C for 2h. Further increase the pyrolysis temperature to 1700 °C,
the particle size increase to ~180—-250nm with more aggregation.

Fig. 2.12 presents the morphology of the B-SiC whiskers obtained at different
temperature and duration. It is observed that the B-SiC whiskers obtained at 1500°C for
2h show smallest and inhomogeneous diameters of 40-80 nm due to the uncompleted
growth, because the carbothermal reaction was not completed. As the pyrolysis duration
up to 4h and 6h, fine B-SiC whiskers with diameters of 140—160 nm were obtained. On
the other hand, the diameters of the B-SiC whiskers increase with the increase of

pyrolysis temperature.
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Fig. 2. 11 FE-SEM images of B-SiC particles obtained at different temperature and

duration.
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Fig. 2. 12 FE-SEM images of B-SiC whiskers obtained at different temperature and

duration.
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Raman scattering is a useful method for the characterization of nanostructured
materials and a qualitative probe of lattice defects. According to previous research, bulk
B-SiC has two strong characteristic peaks at 796 and 980 cm™, which correspond to the
transverse optical (TO) phonon mode and longitudinal optical (LO) phonon mode at the
I’ point of B-SiC, respectively [7]. Fig 2.13 displays the Raman spectra of the B-SiC
obtained on the bodies of PRH. For the products obtained at 1500 °C for 2h, a broad TO
phonon peak is found at 776cm™ and a wide shoulder peak centered at 907 cm™ can be
ascribed to the LO phonon peak. Compared with bulk B-SiC, obvious asymmetric
broadening and down-shift in frequency are observed, which can be ascribed to the size
confinement effect and stacking faults of B-SiC [8]. As pyrolysis duration and
temperature increase, both the TO and LO phonon peaks shift positively. Moreover, the
asymmetric broadening becomes weak and the intensities of both peaks increase. All
these variation of Raman spectra can be attributed to the different grain sizes of B-SiC
particles and different amount of stacking faults. For the products obtained at higher
pyrolysis temperature or for longer duration, the B-SiC show larger particle sizes with
less amount of stacking faults, resulting in the up-shift in frequency and weakened

asymmetric broadening on TO and LO phonon peaks.
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Fig. 2. 13 Raman spectra of 3-SiC obtained on the bodies of PRH.

2.5 Vapor deposited products

Fig. 2.14 shows the XRD patterns of the as-received products and reveals the
formation of B-SiC. The intensity ratio of the peaks at 33.6° and 41.4° (R=I33 ¢2/141 4) can
be used as indicator of stacking faults density [9]. In our case, the products obtained at
1500 °C for different duration have a same R value of 0.34. As the pyrolysis temperature
increase to 1600 °C and 1700 °C, the R value decrease to 0.12 and 0.09, respectively. It
seems that lower density of stacking faults is formed at higher temperature, whereas the
vapor deposited products obtained at 1500 °C for different duration have a same density

of stacking faults.
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Fig. 2. 14 XRD patterns of the vapor deposited products.
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Fig. 2. 15 FT-IR spectra of the vapor deposited products.



Fig. 2.15 displays the FT-IR spectra of the as-received products. The absorption
peak at around 798cm™ corresponds to Si-C stretching vibration of B-SiC. Whereas the
characteristic peaks at 1127cm” and 483 cm™ are ascribed to the Si-O stretching
vibration of amorphous SiO,. Thus, it can be concluded that a composite of -SiC and

amorphous SiO; is received at 1500 °C for 2h, while other products are pure -SiC.

Fig. 2. 16 FE-SEM images of the vapor deposited products obtained at 1500 °C for 2h.

As shown in Fig. 2.16, the product obtained at 1500 °C for 2h mainly consists of
nanochains structure having one stem with diameters of 150—-160nm and tens of
micrometers in length. The beads periodically disperse on the stem with a nearly equal
distance of around 600nm.

Fig. 2.17(a) presents the TEM image of a typical single B-SiC/SiO, nanochain. It
can be known that the stem is crystalline B-SiC, whereas the beads are amorphous SiO,.
As shown in the high magnification TEM image of a [B-SiC/SiO; heterojunction

structure (insert picture in Fig. 2.17(a)), there are lots of stacking faults on the B-SiC

37



stems and the amorphous SiO; beads prefer to form on the surface where more stacking
faults exist. Bright spots as well as obvious streaks can be observed in the selected area
electron diffraction (SAED) pattern of the B-SiC/SiO, heterojunction structure (Fig.
2.17(b)), indicating that the B-SiC stem grows along [111] in length direction and

having lots of stacking faults.

Amorphous
SiO2 ball

5 1/nm
—

Fig. 2. 17 (a) TEM images and (b) SAED pattern of a typical B-SiC/SiO;, nanochain.

Fig. 2.18 shows the FE-SEM images of the products obtained at 1500 °C for 4h, 6h
and at 1600 °C, 1700 °C for 2h, respectively. The products obtained at 1500 °C for 4h
and 6h are B-SiC whiskers having tens of micrometers in length and uniform diameter
of around 160nm. As the pyrolysis temperature increase to 1600 °C, however, the
as-received B-SiC whiskers show shorter length and larger diameter. Moreover, the

B-SiC obtained at 1700 °C for 2h exhibits rod-like shapes with enhanced lateral growth.
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Fig. 2. 18 FE-SEM images B-SiC 1D nanostructures obtained at: (a, b) 1500 °C for 4h;

(c, d) 1500 °C for 6h; (e, 1) 1600 °C for 2h; (g, h) 1700 °C for 2h.
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Fig. 2. 19 TEM images of B-SiC 1D nanostructures obtained at: (a) 1600 °C for 2h (inset

picture: SEAD pattern; (b) 1500 °C for 4h; (c) 1700 °C for 2h.

Fig. 2.19(a) shows a typical TEM image of -SiC whisker obtained at 1600 °C for
2h. The stacking faults are valid on the whisker and from the SAED pattern of the B-SiC
whisker, it can be concluded that the B-SiC whisker has a single crystal structure and
grow along the [111] orientation. For the B-SiC whiskers obtained at 1500 °C for 4h,
more dark and bright fringes can be observed indicating a higher density of stacking
faults, which is consistent with the results of the XRD analysis. For the products
obtained at 1700 °C for 2h, no obvious dark and bright fringes can be detected and the
lateral growth was greatly enhanced.

Fig. 2.20 displays the Raman spectra of the vapor deposited products obtained at
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different temperature and duration. No obvious LO phonon peak can be observed,
which is similar to the results reported by Fréchette et al. [10] and Li et al [11]. The
products obtained at 1500 °C for different time have an intensive TO phonon peak with
a same peak position at 785 cm™. Compared with bulk B-SiC, the obvious asymmetric
broadening and down-shift are observed on the TO phonon peak, which can be ascribed
to the size confinement effect and stacking faults of B-SiC nanostructures. As the
pyrolysis temperature up to 1600 °C and 1700 °C, the TO phonon peak shifts to 794 and
796 cm’, respectively. Furthermore, weakened asymmetric broadening are observed,

which is attributed to the larger diameter and lower density of stacking faults.
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Fig. 2. 20 Raman spectra of the vapor deposited products.
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2.6 Formation mechanism
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Fig. 2. 21 Schematic diagram of the formation mechanism for nanostructured -SiC by

pyrolysis of raw RH.

Fig 2.21 shows the schematic diagram of the formation mechanism to synthesize
nanostructured B-SiC by pyrolysis of raw RH. Firstly, the carbothermal reduction of
Si0O; takes place at the position where the SiO, and C intimate contact with each other
[12, 13]. The reaction can be expressed by reaction (2.1), where s and g refer to the
solid state and the vapor state, respectively.

Si0x(s) + C(s) — SiO(g) + CO(g) 2.1)

Then, the generated CO can also react with SiO, to form gaseous SiO and CO, by
reaction (2.2). The generated CO, reacts with the surrounding carbon to produce CO by

reaction (2.3), leading to the gaseous CO under a supersaturated condition.
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SiO(s) + CO(g) — SiO(g) + COx(g) (2.2)
C(s) + COx(g) — 2CO(g) (2.3)

The gaseous SiO reacts with the carbon and CO to produce SiC via reactions (2.4)
and (2.5). The B-SiC nanoparticles are formed by nucleation via reaction (2.4) with
gas-solid interaction, whereas the growth of B-SiC whiskers is believed to undergo a
gas-gas interaction by reaction (2.5). Thus, a mixture of B-SiC particles and whiskers
are synthesized.

SiO(g) + 2C(s) = SiC(s) + CO(g) (2.4)
SiO(g) + 3CO(g) = SiC(s) + 2C0O(g) (2.5)

John et al. studied the intrinsic reaction and self-diffusion kinetics for silicon
carbide synthesis by rapid carbothermal reduction [14]. They showed that as soon as
SiC formed on the surface of the carbon primary particles, the primary particles began
to grow by sintering and the particles tended to grow at higher temperatures, because of
the increased sintering. Therefore, as the pyrolysis temperature and duration increase,
the B-SiC particles show larger diameters.

On the other hand, the SiO and CO vapors diffuse to the inner surface of graphite
crucible. The SiC nucleuses are formed on graphite via reaction (2.4) and (2.5), and then
grow up with continuous deposition to the B-SiC whiskers by reaction (2.5).
Furthermore, the B-SiC whiskers prefer to grow along [111] direction due to the lowest
surface energy. However, reaction (2.5) can only occur under a supersaturated condition

of CO at higher temperature. When pyrolysis was carried out at 1500 °C for 2h, the
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reaction (2.5) cannot be finished completely. During the cooling stage, SiO vapor is
prevail and reaction (2.6) will occur with generating SiC and Si0, simultaneously.
3Si0 (g) + CO (g) — SiC(s) + 2Si0; (s) (2.6)
Furthermore, part of the SiO, is likely to react with the volatile of alkaline
compound, which derives from the K,O in RH, with forming poly alkaline silicates.
Because the temperature in furnace is still higher than the melting point of poly alkaline
silicates, the poly alkaline silicates show liquid phase and prefer to aggregate on the
high stacking faults surfaces of B-SiC stem due to their better wettability and lower
growth energy [15]. After continuous deposition of SiO,, the SiO, beads are formed.
When pyrolysis time is prolonged to 4h and 6h, the whiskers grow up entirely by
reaction (2.5), resulting in pure B-SiC whiskers. Moreover, the reaction rate becomes
higher and the lateral growth will be enhanced at higher temperature. Therefore, B-SiC
whiskers and rod-like B-SiC having larger diameters and shorter lengths are obtained at

1600 °C and 1700 °C, respectively.

2.7 Photoluminescence spectra

The photoluminescence (PL) properties of the products were investigated at room
temperature under excitation wavelength at 367 nm. The PL spectra of the
nanostructured B-SiC obtained at 1600 °C for 2h are shown in Fig. 2.22. It can be found
that the B-SiC obtained on the bodies of PRH (SiC-PRH) and the B-SiC whiskers

obtained from the vapor deposited products display strong blue light emission at 446 nm

44



and 448 nm, respectively. Compared with that of bulk B-SiC (519 nm) [16], the PL peak
position is considerable blue-shifted. This is attributed to the quantum confinement
effect and involved defects [17]. Furthermore, the B-SiC whiskers show higher peak
intensity, indicating that the B-SiC whiskers have a better light emission performance
than the B-SiC particles. It is believed that the more excellent light emission property of
the B-SiC whiskers is ascribed to the high length/diameter aspect ratio and large

amounts of stacking faults of one-dimensional structure.
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Fig. 2. 22 PL spectra of nanostructured 3-SiC obtained at 1600 °C for 2h.

2.8 Effect of RH stacking density
It is known that the evaporation of the SiO and CO gas phase is beneficial for the
growth of 1D B-SiC nanostructures, however, causes the loss of SiC yield. Thus,

different stacking state of RH can influence the yield and microstructure of the -SiC.
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As shown in Fig. 2.23, raw RH, RH powder and compressed RH powder with same
mass were used to synthesize B-SiC at 1600 °C for 2h in argon atmosphere. The RH
powder was obtained by ball milling of RH for 1h by a planetary high-energy ball mill
(Fritsch, Pulverisettle 5) using zirconia grinding media. The ball-to-CRH weight ratio
and the rotational speed were 7/1 and 300 rpm, respectively. The compressed RH

powder cylinder was obtained by pressing RH powder at 1.27 MPa for 1min.

RH RH powder Compressed RH powder

— —

Fig. 2. 23 photo graphs of different raw RH materials and their pyrolyzed products.

As shown in Fig. 2.24, typical peaks of carbon and B-SiC are detected and the
relative peak of carbon decrease as the stacking density of RH increase. It is indicated
that the carbon content in pyrolyzed pyrolyzed decrease. After calcination, the excessive

carbon was removed and only characteristic peaks of B-SiC are observed (Fig. 2.25).
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Fig. 2. 24 XRD patterns of the pyrolyzed products obtained from: (a) raw RH; (b) RH
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Fig. 2. 25 XRD patterns of B-SiC obtained from: (a) raw RH; (b) RH powder; (c)
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TGA curves of the pyrolyzed products are displayed in Fig. 2.26. It is observed that

the weight loss of the samples decrease as the stacking density of samples increasing,

indicating a lower content of carbon and higher yield of B-SiC. As the RH stacking state

become more intimate, the yield of B-SiC increase, which is ascribed to the less weight

loss by evaporation of SiO gas.

Weight loss (%)

Fig. 2. 26 TGA curves of the pyrolyzed products.
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Fig. 2.27 presents the morphology of the B-SiC obtained at 1600 °C for 2h. It is

observed that all the samples are mixture of particles and whiskers. As the RH stacking

state become intimate, the 3-SiC whiskers show decreasing the length. Thus, it can be

known that the free space is preferred to obtain B-SiC whiskers with high aspect ratio,

although it will cause the lower yield of SiC.
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Fig. 2. 27 FE-SEM images of the 3-SiC obtained at 1600°C for 2h from: (a) RH; (b) RH

powder; (¢) compressed RH powder.
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Fig. 2.28 displays the Raman spectra of the samples. It is noted that as the stacking
density of raw RH increase, the TO and LO phonon peaks of the obtained B-SiC shift

positively, indicating a lower density of stacking faults.
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Fig. 2. 28 Raman spectra of the 3-SiC obtained from: (a) RH; (b) RH powder; (c)

compressed RH powder.

2.9 Conclusions

Nanostructured p-SiC particles and 1D [B-SiC nanostructures have been
synthesized by pyrolysis of RH. The effects of pyrolysis temperature and duration were
investigated. The B-SiC obtained on bodies of PRH and the vapor deposited products
formed on graphite crucible walls were studied, respectively. The results revealed that a
complete carbothermal reduction of SiO, was achieved at 1500 °C for 4h or at 1600 °C

for 2h, with fine B-SiC particles and whiskers formation. As to the vapor deposited
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products formed on graphite crucible walls, -SiC/Si0, nanochains were synthesized at
1500 °C for 2h. The B-SiC stems have diameters of 150—160nm, tens of micrometers in
length and the SiO, beads having diameters of 300-400nm periodically dispersed on
B-SiC stems. Pure B-SiC whiskers with diameter of ~160nm and tens of micrometers in
length were obtained at 1500 °C for 4h and 6h. As the temperature was increased, -SiC
whiskers showed shorter length, larger diameter and enhanced lateral growth. Raman
spectra revealed that the lower density of stacking faults on B-SiC nanostructures were
obtained at higher pyrolysis temperature.

The effect of stacking density of RH was also investigated. The results showed that
as the RH stacking state become more intimate, the yield of B-SiC increase, which is
ascribed to the less weight loss by evaporation of SiO gas. Compared with the -SiC
obtained from RH, the B-SiC powder synthesized from RH powder and compressed RH
powder show increasing diameters of particles and whiskers, with the length of

whiskers decreasing.
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CHAPTER 3 SYNTHESIS OF SILICON CARBIDE NANO-POWDERS

FROM RICE HUSK AND PHENOLIC RESIN
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3.1 Introduction

The carbothermal reduction process of silica by carbon that widely used to
industrial mass production is a heterogeneous reaction between solid powders. The
synthesized SiC powders usually have large particle sizes. The difficulties caused by the
heterogeneous reactions can be mitigated by using fine powders or liquid organic
compounds as staring materials.

Phenolic resin is a low-cost liquid carbon source and proved to be a good candidate
to synthesis of SiC nano-powders. Shi et al. develop novel three-step process with using
silicon and phenolic resin as precursors to fabricate submicron silicon carbide powders.
The particle size of the obtained silicon carbide powders varies from 0.1 to 0.4 um and
the mean particle size is 0.2 pum [1]. Yoshioka et al. used three kinds of silica particles
with different sizes and a liquid silicon source of tetraethoxysilane oligomer as silicon
source, and phenolic resin as carbon source synthesized SiC powders with a grain size
of 10-30nm at 1600 °C [2]. Ishihara et al. proved that the hydrophilic fumed silica was
effective to synthesize more homogeneous SiC powders than the hydrophobic fumed
silica [3].

In this chapter, phenolic resin was used as a liquid carbon source to mix with
carbonized rice husk (CRH) powder and rice husk ash (RHA) powder, respectively, to
act as the precursors for carbothermal synthesis of B-SiC. The effect of mixing ratio on

morphology and microstructure of SiC were investigated.
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3.2 Experimental section
3.2.1 Starting materials
3.2.1.1 Phenolic resin

The phenolic resin used in this experiment is resol-type (in ethanol) and the solid
content is ~88 wt%. Ethanol of analytical grade is used as solvent. The carbon content
of the phenolic resin was determined by drying and pyrolyzing the resin up to 1100°C in

flowing Ar. The yield of the pyrolyzed carbon was determined to be ~56.6 wt%.

3.2.1.2 CRH powder

The raw RH used in this chapter is same as that used in chapter 2. The CRH
powder was fabricated from the raw RH. Firstly, raw RH was washed by distilled water
to eliminate dirty and dried at 130°C for 24 hours in vacuum. Then a carbonization
process of RH was carried out at 600°C for 30min in a vertical graphite furnace in argon
atmosphere. The as-received CRH was milled for 1h at room temperature by a planetary
high-energy ball mill (Fritsch, Pulverisettle 5) using zirconia-grinding media. The
ball-to-CRH weight ratio and the rotational speed were 7/1 and 300 rpm, respectively.
After ball milling and passing through 355 mesh sieves, the CRH powder was obtained.

As indicated by TGA curve (Fig. 3.1), the CRH powder contains 37 wt% RHA
which is mostly Si0,. From XRD pattern (Fig. 3.2), it is known that the SiO, in CRH
powder is still amorphous. The CRH particles have sizes in sub-micrometer to several

micrometers (Fig. 3.3).

56



Weight loss (%)

Intensity (a.u.)

100 200 300 400 500
Temperature (°C)

Fig. 3. 1 TGA curves of the CRH powder.
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Fig. 3. 2 XRD patterns of CRH powder
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Fig. 3. 3 FE-SEM images of CRH powder

3.2.1.3 RHA powder

The RHA powder was obtained after calcination of CRH powder at 600°C for 2h in
muffle furnace. Fig. 3.4 presents the XRD pattern of the synthesized RHA powder. The
wide peak centered at 22° indicates that the SiO, in RHA powder is still amorphous
phase. Fig. 3.5 shows the morphology of the RHA powder. As can be seen, the particles

have submicrometers to several micrometers in size.
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Fig. 3. 4 XRD pattern of RHA powder.

Fig. 3. 5 FE-SEM image of RHA powder.
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3.2.2 Synthesis procedures
3.2.2.1 Synthesis of SiC from phenolic resin and CRH powder

Fig. 3.6 shows the flowchart of synthesis procedures for fabricating SiC powders
from phenolic resin and CRH powder. Firstly, the phenolic resin was mixed with proper
amount of ethanol by mechanical stirring to achieve a uniform solution and then mixed
with CRH powder. After continuously stirring to uniform slurry, the black mixture was
dried at 130 °C in a laboratory oven, with composite precursors obtained. The resulting
composites precursors were pyrolyzed at 1600 °C or 1700 °C for 2h, respectively, in a
graphite vertical furnace. High-purity argon gas (>99.999 %) was introduced to the
furnace at a flow rate of 2 L/min and maintained at a positive pressure of ~50 kPa
throughout the whole following experiment. The furnace was firstly heated to 1000 °C
at a rate of 15 °C/min and then up to target temperature at a rate of 10 °C/min. Then the
pyrolyzed products were calcined at 700 °C for 3h in muffle furnace and the SiC
powders were obtained. In this study, different resin:CRH weight ratios at 0.5:1, 1:1 and

1.5:1 were investigated.
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Calcination l700°C for 3h

S1C powders

Fig. 3. 6 Flowchart of synthesis procedures for fabricating SiC powders from phenolic

resin and CRH powder.

3.2.2.2 Synthesis of SiC from phenolic resin and RHA
The synthesis of SiC powder from phenolic resin and RHA powder was carried out
in the same procedures and conditions stated above, with replacing the CRH powder by

RHA powder. The effect of C: Si molar ratios ranging from 2:1 to 6:1 were investigated.

3.2.3 Characterization
The samples were characterized by X-ray diffraction using an X-ray diffractometer

(XRD, Rigaku, UltimalV) with Cu Ko (A=1.5406A) radiation and field emission
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scanning electron microscopy (FESEM, JEOL, JSM-7600F). Raman scattering spectra
was produced by a micro-Raman spectrometer (JASCO, NRS-3100) using 532nm

excitation wavelength at room temperature.

3.3 Results and discussion

3.3.1 SiC synthesized from CRH and phenolic resin

Fig. 3.7 shows the XRD patterns of the pyrolyzed products obtained at 1600°C for
2h. Characteristic peaks of B-SiC are detected in all the samples. The broad peak
centered at 26° can be ascribed to the (002) plane of C. A typical peak centered at 21.8°
corresponding to cristobalite is observed in the product synthesized from the precursor
with resin:RHA weight ratio at 1.5:1, indicating that the carbothermal reduction of SiO,
is not completed. It is known that in the process of heating treatment, the carbothermal
reduction of SiO,, graphitization of carbon and crystallization of SiO, take place
simultaneously. Because the graphitization process is an endothermic reaction, the
carbothermal reduction of SiO, is suppressed at high content of carbon. Thus higher
temperature or longer duration is needed to achieve a complete carbothermal reduction
reaction. Fig. 3.8 displays the XRD patterns of the pyrolyzed products obtained at
1700°C for 2h. No obvious characteristic peak of cristobalite is observed, indicating that

a complete carbothermal reduction of Si0,.
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Fig. 3. 9 FE-SEM image of the pyrolyzed products obtained at 1700°C for 2h from the

precursors with resin: CRH weight ratios: (a) 0.5:1 (b) 1:1 (c) 1.5:1.
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Fig. 3.9 presents the FE-SEM images of the pyrolyzed products obtained at 1700°C
for 2h. It is noted that a denser structure was obtained from the composites precursors
with higher resin:CRH weight ratio.

Fig. 3.10 displays the XRD patterns of the final products obtained at 1700°C for 2h,
with excessive carbon being removed by calcination. The diffraction peaks at 26=35.6°,
41.4°, 60.0°, 71.8°, 75.5° can be indexed as (111), (200), (220), (311) and (222)
reflections of B-SiC structure (JCPDS Card No. 29-1129). The small peak at 33.6°
marked with SF is attributed to the stacking faults of B-SiC. The intensity ratio of the
peaks at 33.6° and 41.4° (R=I33 6°/141 4°) can be used as indicator of stacking faults density.
It is noted that as the resin:CRH weight ratio increase, the R value decrease, indicating a

lower density of stacking faults.
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Fig. 3. 10 XRD patterns of the products obtained at 1700°C for 2h (after calcination).
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Fig. 3.11 presents the FE-SEM images of the -SiC powders obtained at 1700°C
for 2h. It is observed that fine B-SiC particles having diameters of 70—150nm were
obtained from the precursor with resin:CRH weight ratio at 0.5:1. As the resin:CRH
weight ratios increase to 1:1 and 1.5:1, the B-SiC show larger particle sizes and become

more agglomerated.

Fig. 3. 11 FE-SEM images of the 3-SiC powder obtained at 1700°C from the precursors

with different resin:CRH weight ratios: (a, b) 0.5:1; (¢, d) 1:1; (e, f) 1.5:1
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Fig. 3. 12 Raman spectra of the -SiC powders obtained at 1700°C from the precursors

with different resin:CRH weight ratios.

Fig 3.12 shows the Raman spectra of the B-SiC powders. The obvious and sharp
peak is ascribed to the TO phonon peak, whereas the shoulder peak is attributed to the
LO phonon peak. The variation of Raman spectra has a great relationship with the
morphology and microstructure of -SiC powders. The B-SiC powder synthesized from
the precursor with resin:CRH weight ratio at 0.5:1 has the smallest particle sizes and
highest density of stacking faults. Therefore, largest down-shift relative to bulk B-SiC is
observed. As the resin:CRH weight ratio increase, the obtained B-SiC powder show
larger particle sizes and agglomeration, with resulting in lower density of stacking faults.
Thus, the TO phonon peak up-shifts to a higher wavenumber and the asymmetric

broadening is weakened with showing a smaller peak full-width at half maximum.
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3.3.2 SiC synthesized from RHA and phenolic resin

Fig. 3.13 shows the XRD patterns of the products obtained at 1600°C for 2h. For
the products obtained from the precursor with C:Si molar ratio of 2, obvious typical
peaks of cristobalite are detected. As C:Si molar ratio up to 3 or above, no characteristic
peak of SiO, is found, revealing that a complete carbothermal reduction reaction was

achieved.
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Fig. 3. 13 XRD patterns of the pyrolyzed products obtained at 1600°C for 2h from the

precursors with different resin:RHA molar ratios.

Fig.3.14 presents the low-magnification FE-SEM images of the synthesized B-SiC

powders obtained at 1600°C for 2h. For the powder with C:Si molar ratio at 2, the
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particles were boned by glass phase due to the unreacted SiO,, with showing coarse
morphology. As C:Si molar ratio up to 3 or above, fine -SiC powders were obtained.

Moreover, very few whiskers are detected in all the samples.

Fig. 3. 14 Low-magnification FE-SEM images of the 3-SiC powders obtained at 1600°C

for 2h from the precursors with different resin:RHA molar ratios.

High-magnification FE-SEM images of the synthesized -SiC powders are shown
in Fig 3.15. As C:Si molar ratio increase from 3 to 5, the particle sizes decrease. When
C:Si molar ratio is 3, the formed SiC primary particles are easy to sinter and grow to

larger particles. Whereas the proper amount of excessive carbon is beneficial for
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nucleation of SiC and hinder the tendency to grow up. Thus, when C:Si molar ratio is 5,

the smallest particle sizes with particle sizes of 90—170 nm were achieved.

Fig. 3. 15 High-magnification SEM images of -SiC powders obtained at 1600°C for 2h

from the precursors with different resin:RHA molar ratios.
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3.4 Conclusions

In this chapter, a liquid carbon source of phenolic resin was used as the carbon
source to mix with CRH powder to synthesize -SiC nano-powders. The B-SiC powder
with particle size of 70—-150nm was obtained from the precursor with the resin:CRH
weight ratio at 0.5:1. As resin:CRH weight ratio up to 1:1 and 1.5:1, the -SiC particles
show enhanced agglomeration and lower density of stacking faults.

The B-SiC nano-powders were also synthesized from the composites of phenolic
resin and RHA with different molar ratios. A complete carbothermal reduction was
achieved at 1600°C for 2h from the precursors with C:Si molar ratio at 3 or above. As
the C:Si molar ratio is increased to 5, the homogeneous B-SiC powder with particle
size in the range of 90—170nm was obtained. It is known that appropriate amount

excessive carbon is beneficial for the formation of nano-sized particles.
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CHAPTER 4 RAPID CARBOTHERMAL SYNTHESIS OF

NANOSTRUCTURED SILICON CARBIDE FROM RICE HUSK BY

MICROWAVE HEATING
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4.1 Introduction

The Acheson process based on the carbothermal reduction of SiO, by C is a
commercially used method to synthesize SiC [1]. The overall formation reaction of SiC
can be described as:

SiOx(s) + 3C(s) = SiC(s) + 2CO(g) 4.1

The carbothermal reduction reaction is usually carried out in an electrical
resistance furnace. However, high temperatures and long reaction times are needed for
this method, and so the method consumes much energy. Furthermore, the SiC powders
derived from the Acheson approach show large particle sizes and require extended
milling for further utilization.

It is well known that microwave heating is a promising technique that may resolve
the problems arising from conventional synthesis methods. In microwave heating,
energy 1s delivered to materials via molecular-level interactions with the
electromagnetic field [2, 3]. In this case, materials couple with microwaves and absorb
the electromagnetic energy volumetrically and transform it into heat. In other words,
heat is generated at each point of the material by the dissipation of microwave energy as
a consequence of the interaction of the microwave field with the molecular structure
(phonons) of the material. This is different from conventional methods in which heat is
transferred between objects by the mechanisms of conduction, radiation and convection.
In conventional heating, the material surface is first heated followed by the heat flow

moving inward. This means that there is a temperature gradient from the surface to the
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inside. However, microwave heating generates first heat within the material and then
heats the entire volume. This heating mechanism is advantageous due to uniform, rapid,
and volumetric heating, high reaction rates and selectivity, dramatically reduced
reaction times, and high product-yields. This method can save energy and time, thereby
reducing the costs of final products [4].

In principle, the exothermic phenomenon (heat energy; P: W/m®) occurs from the
interior of the starting material, which absorbs a microwave according to the following
equation:

P=1/20 |E|* + nfeoe,”|E|* +afiou,"|H) 4.2)
where o is the electric conductivity (S/m), E is the electric field (V/m), f'is the frequency

”

(s1), & is the vacuum dielectric constant (F/m), &" is the dielectric loss, u is the
vacuum magnetic permeability (H/m), " is the magnetic loss, and H is the magnetic
field (A/m). In equation (4.2), the first term is defined as Joule loss, and the second and
third terms represent dielectric loss and magnetic hysteresis loss, respectively. In the
case of a starting sample consisting of SiO, and C, the Joule loss term becomes
important. On the contrary, dielectric loss and magnetic hysteresis loss can be ignored
[5]. Therefore, the carbon is the main reason for the samples to achieve a high
temperature for carbothermal reduction reaction.

In this charpter, a simple and rapid way to synthesize nanostructured SiC from RH

by a microwave heating method was developed. Moreover, the effects of reaction

temperatures and times on the production of SiC were investigated in detail.
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4.2 Experimental section
4.2.1 Fabrication of CRH powders

Due to the poor microwave absorbance of RH, a carbonization process is necessary
to increase this absorbance. Moreover, in order to decrease the heat loss in the
microwave heating process, as well as increase the contact between SiO, and C, the
CRH was milled to powder. The details of both processes are described as follows.

Firstly, the as-obtained RH was washed with distilled water to eliminate dirt and
then dried at 130 °C for 24h in vacuum. Then, the RH was carbonized at 600—-1000 °C
for 0.5h and at 800 °C for 0.5-2.5h in a vertical graphite electric furnace in an argon
atmosphere. The as-received CRH was milled for 1h at room temperature by a planetary
high-energy ball mill (Fritsch, Pulverisettle 5) using zirconia grinding media. The
ball-to-CRH weight ratio and the rotational speed were 7/1 and 300 rpm, respectively.
After ball milling and passing through a 355 mesh sieve, the CRH powders were

obtained.

4.2.2 Rapid carbothermal synthesis of nanostructured SiC by microwave heating
As shown in Fig. 4.1, microwave heating was carried out in a multimode 2.45 GHz
microwave furnace (Takasago, MWK-B-3.0) with a maximum operating power of 3kW.
The microwave heating processes were operated by a program controller (Yokogawa,
Green Series UP550) and a PC-based parameter setting tool (Yokogawa, LL100),

making it possible to adjust the microwave power and register the temperature or
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supplied power schedules running in the synthesis processes. The CRH powder was
placed in an alumina crucible that was fixed in the insulator. The temperature of the
samples was measured by an infrared pyrometer located above the samples at a distance
of approximately 60 cm and temperature measurement started at 400°C. Prior to starting
the microwave furnace, high purity argon (>99.999%) gas was flowed into the alumina

crucible at a constant flow rate of 2 L/min and maintained throughout the experiments.

Infrared pyrometer
(400-2000°C)
Glass window

CRH powder

Outlet

Alumina crucible
Argon
I:> — [ Insulator
Inlet

— e
Magnetron Magnetron
2.45GHz | | : 2.45GHz

Metal chamber

Fig. 4. 1 Schematic diagram of the microwave heating apparatus.

As shown in Fig. 4.2 and Fig. 4.3, the heating-up time was fixed and the samples
were heated to the setting temperatures in only 25 min of microwave exposure.
Different synthesis experiments were carried out in the temperature range of 1100—1500
°C for 60min and at 1500 °C for 5, 15, and 30 min. For comparison with the microwave

heating, the carbothermal reduction was carried out at 1500 °C and 1600 °C for 2h in the
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conventional graphite furnace at an argon flow rate of 2L/min. The furnace was first

heated to 1000 °C at a rate of 15 °C/min and then up to the target temperature at a rate of

10 °C/min.
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Fig. 4. 2 Time—temperature plots of the CRH powders at different temperatures for 1h

in microwave furnace.
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Fig. 4. 3 Time—temperature plots of the CRH powders at 1500 °C for different time in

microwave furnace.

After microwave treatment, the as-obtained products were calcined in air at 600°C
for 3h to remove any excess carbon and then leached in a dilute hydrofluoric acid
(10wt.% HF) to remove undesired impurities. After washing with distilled water three

times and drying in vacuum, the desired products were obtained.

4.2.3 Characterization

The CRH powder was characterized by field emission scanning electron
microscopy (FE-SEM, JEOL, JSM-7600F) equipped with an energy-dispersive X-ray

spectrometer (EDS, JEOL, JED-2300) to investigate the morphology and composition.
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Thermogravimetric analysis (TGA, Rigaku, Thermo Plus TG-8120) was used to
evaluate the contents of pyrolyzed carbon and RHA in the CRH powders. The
measurement was carried out in oxygen atmosphere at a heating rate of 10 °C/min over
the temperature range of 30-550 °C. The X-ray diffraction pattern of CRH powder was
recorded on an X-ray diffractometer (XRD, Rigaku, Ultima IV) using Cu Ka
(A=1.5406A) radiation with a step-scanning technique in the 20 range of 10-90°. The
graphitization of carbon was analyzed by Raman scattering spectra that produced by a
micro-Raman spectrometer (JASCO, NRS-3100) using 532 nm excitation wavelength at
room temperature. The microwave heating performance of CRH powder was evaluated
by irradiation testing that was carried out in the following apparatus shown in Fig. 4.4.
2g of CRH powder was pressed to a cylinder under pressure of 35.8 MPa for Imin, with
showing diameter of 2 cm and height of ~0.59 cm. The output power is fixed at 200 w
and a fiber thermometer with test range at room temperature to 200 °C was attached to
the surface of CRH cylinder to test the temperature.

XRD was also used to analyze the phase composition of the carbothermal
reduction products obtained after calcination and the final products obtained after acid
leaching. The morphology of the final products was characterized by FE-SEM. The
specific surface area of the -SiC powders was calculated using the BET method based
on the nitrogen adsorption/desorption isotherms, which were produced by an automatic
surface area and pore size distribution analyzer (BEL Japan, Inc., BELSORP-max) at

liquid nitrogen temperature.
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Fig. 4. 4 Schematic diagram of the apparatus for testing the microwave heating

performance of the CRH powders.

4.3 Results and discussion

4.3.1 Characterization of CRH powder

4.3.1.1 Effect of carbonization temperature

Fig. 4.5 shows the XRD pattern of the CRH powders obtained at 600—1000°C for
0.5h. The obvious broad diffraction peak centered at ~22° is ascribed to an overlapping
peak of amorphous SiO; and C. The broad peak centered at ~44° with low intensity
corresponds to the plane (100) of C [6]. As the carbonization temperature increase, both
peaks become narrower, indicating an increasing crystallinity. The TGA curves of the
CRH powders are shown in Fig. 4.6. The weight loss is ascribed to the loss of pyrolyzed

carbon and the residual is RHA. It is noted that lower content of pyrolyzed carbon are
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achieved at higher pyrolysis temperatures.
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Fig. 4. 5 XRD patterns of the CRH powders obtained at 600—1000°C for 0.5h.
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Fig. 4. 6 TGA curves of the CRH powders obtained at 600—1000°C for 0.5h.
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Raman spectroscopy is widely used for characterization of the structure of carbon
materials, because this technique is able to examine the bonding state of carbon atoms
within a given material [7]. As shown in Fig. 4.7, there are two overlapping peaks are
detected in the range of Raman shift from 1000 to1900 cm™ for all the samples. A broad
peak centered at lower Raman shift is D band and a relatively sharp peak centered at
higher Raman shift is G band. According to previous literature [8], D band is a
breathing mode of A;, symmetry involving phonons near the K zone boundary, which is
forbidden in perfect graphite and becomes active in the presence of disorder or
finite-size crystals of graphite. G band corresponds to the E>, mode due to stretching
vibrations of sp” bond, which can be produced by all sp” sites and not only by graphitic
carbon.

It is noted that the intensity ratio of the D and G bands (Ip/Ig) and the peak position
vary with the carbonization temperature, and the corresponding values are listed in
Table 4.1. It is found that as the carbonization temperature increase, the D peak shifted
to a lower wavenumber and Ip/Ig value visibly increased. The enhancement in the D
peak height relative to the G peak height and downshift of the D peak was observed in
other Raman spectra studies of heating-treated amorphous carbon or amorphous
carbon-metal composite films [9]. This phenomenon of D peak development can be
explained by growth of the finite-size crystals of graphite. Furthermore, it can be
observed that as the carbonization temperature increase, the G peak shift towards a

higher wavenumber. It is reported that incorporation of a metal into the disordered
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carbon matrix film gives rise to an up-lift of the G peak owing to the breaking of sp

carbon bonds and formation of shorter carbon chains [10].

Gband  =——600°C
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Fig. 4. 7 Raman spectra of the CRH powders obtained at 600—1000°C for 0.5h.

Table 4. 1 Raman data of the CRH powders obtained at 600—1000°C for 0.5h.

600°C 700°C 800°C 900°C 1000°C

Gband (em™) 15867  1587.8  1590.9  1593.8  1595.3
Dband (em™) 13548 13448 13437 13394 13374
Distance (cm™)  231.9  243.0 2472 2544 2579

In/lc 0.82 0.88 0.93 1.05 1.09
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Fig. 4. 8 Temperature—irradiation time curves of the CRH powders obtained at

600—1000°C for 0.5h. (Operating power: 200W)

Fig. 4.8 displays the temperature—irradiation time curves of the CRH powders. It is
noted that the CRH powder obtained at higher carbonization temperature is easier to be
heated to high temperature in microwave field. This can be explained by the increasing

finite-size crystals of graphite, with leading to a larger Joule loss.

4.3.1.2 Effect of carbonization duration

As shown in Fig. 4.9, when carbonization duration was prolonged to 1.5h, the
broad peak centered at ~44° that corresponds to the plane (100) of C becomes narrower.
Further prolonging the carbonization duration to 2.5h, no obvious difference can be

detected. Fig. 4.10 shows the TGA curves of the CRH powders obtained at 800 °C for
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different duration. As the carbonization duration prolong from 0.5h to 1.5h, the content
of pyrolyzed carbon in CRH powder decreases from 57.7 wt% to 50.5 wt%. Prolong the

carbonization duration to 2.5h, the content of pyrolyzed carbon decrease slightly to

50.2wt%.
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Fig. 4. 9 XRD patterns of the CRH powders obtained at 800 °C for different duration.
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Fig. 4. 10 TGA curves of the CRH powders obtained at 800 °C for different duration.

Fig. 4.11 shows Raman spectra of the CRH powders obtained at 800 °C for
different duration and the corresponding values are listed in Table 4.2. It is noted that
the position of D peak varies with the carbonization duration. As the carbonization
duration increase from 0.5h to 1.5h, the D peak shifted negatively with a Raman shift of
7.9 cm™, indicating that the growth of the finite-size crystals of graphite was enhanced.
Further prolong the carbonization duration to 2.5h, a smaller Raman down-shift of 3.3
cm’ is observed, revealing that growth of the finite-size crystals of graphite become
slower. Compared with the variation of peak positions, the variation of Ip/Ig value with

the increase of carbonization duration is not obvious.
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Fig. 4. 11 Raman spectra of the CRH powders obtained at 800 °C for different duration.

Table 4. 2 Raman data of the CRH powders obtained at 800 °C for different duration.

0.5h 1.5h 2.5h
G band (cm™) 1590.9 1594.9 1598.3
D band (cm™) 1343.7 1335.8 1332.5
Distance (cm™) 247.2 259.1 265.8
In/Ig 0.93 0.94 0.94
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Fig. 4. 12 Temperature—irradiation time curves of CRH powders obtained at 800°C for

different duration. (Operating power: 200W)

Fig. 4.12 displays the temperature—irradiation time curves of the CRH powders
obtained at 800 °C for different duration. As carbonization duration prolong from 0.5h
to 1.5h, the microwave absorption properties was greatly improved. Further increase the
carbonization duration to 2.5h, however, the microwave absorption performance
become poorer. In present study, it is difficult to determine the main reason for the
deterioration of microwave absorption. Because the CRH powder is a mixture of Si0;
and C, the impedance matching condition of CRH powder may be changed after
carbonized at 800 °C for 2.5h and the reflection loss is increased, which may be a

explanation for the deterioration of microwave absorption [11].
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4.3.2 Nanostructured B-SiC powders

Fig. 4.13 shows the XRD patterns of the products synthesized by microwave
heating method with the excess carbon being removed by calcination. The typical peaks
at 20=35.6°, 41.4°, 60.0°, 71.8° and 75.5° can be indexed as (111), (200), (220), (311)
and (222) reflections of B-SiC structure (JCPDS Card No. 29-1129). The peak at 33.6°
marked with SF corresponds to the stacking faults of B-SiC. A halo between 15° and 30°
can be observed on the XRD patterns of the products synthesized at 1100-1200 °C for
60min and at 1500 °C for 5 min, indicating that the carbothermal reduction of SiO; is
not complete and the unreacted SiO; is still amorphous. As to the products obtained at
1300-1500 °C for 60 min and at 1500 °C for more than 15 min, no typical peak of Si0,
can be detected, revealing that a complete carbothermal reduction reaction is achieved.
In addition, the small peak at 30.2° is ascribed to the ZrO, contamination introduced by
ball milling. Fig. 4.13 displays the XRD patterns of the final products obtained after
dilute HF solution leaching. Only typical peaks of B-SiC are observed, indicating that

pure B-SiC powders are obtained.
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Fig. 4. 13 XRD patterns of the products synthesized by microwave heating (after

calcination).
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Fig. 4. 14 XRD patterns of the final products synthesized by microwave heating (after

acid leaching).
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Fig. 4. 15 Low magnification FE-SEM images of the b-SiC powders synthesized at (a)
1300 °C for 60 min and (b) 1500 °C for 15 min by microwave heating method,
high-magnification FE-SEM images of (¢ and d) $-SiC whiskers and (e and f) B-SiC

particles.

Fig. 4.15(a, b) presents low magnification FE-SEM images of the B-SiC powders
synthesized at 1300 °C for 60 min and at 1500 °C for 15 min, respectively. It can be
observed that both powders are mixtures of particles and whiskers. The -SiC whiskers
are several to tens of micrometers in length. As shown in Fig. 4.15(c-f), the B-SiC
whiskers have a bone-like shape with diameters of 110—170 nm and the B-SiC particles

have diameters of 60—130 nm.
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The formation mechanism of nanostructured -SiC in microwave field is shown in
Fig. 4.16. In microwave field, the carbon is firstly heated to high temperature. Then the
carbothermal reduction takes place in a vapor-solid growth process that includes the

following reactions:

SiOx(s) + C(s) = SiO(g) + CO(g) (4.3)
SiOx(s) + CO(g) = SiO(g) + COA(g) (4.4)
SiO(g) + 2C(s) = SiC(s) + CO(g) (4.5)
SiO(g) + 3CO(g) = SiC(s) + 2COx(g) (4.6)

The first step begins with the reaction of SiO; and carbon to generate SiO and CO
vapors via reaction (4.3). The generated CO can also react with SiO, to form gaseous
SiO and CO; by reaction (4.4). The gaseous SiO reacts with the carbon and CO to
produce SiC nucleus via reactions (4.5) and (4.6). Then the carbon and SiC can absorb
the microwave energy simultaneously to maintain high temperature. The nano-sized
B-SiC particles are formed by nucleation via reaction (4.5) with gas-solid interaction,
whereas the growth of B-SiC whiskers is believed to undergo a gas-gas interaction by

reaction (4-6). Thus, a mixture of B-SiC particles and whiskers are synthesized.
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Fig. 4. 16 Schematic diagram of the formation mechanism by microwave heating.
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Fig. 4. 17 XRD patterns of the products synthesized by conventional heating method: a.
1500°C for 2h (after calcination), b. 1600°C for 2h (after calcination), ¢. 1600°C for 2h

(after HF solution leaching).
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Fig. 4.17 presents the XRD patterns of the products obtained by the conventional
heating method. For the product obtained at 1500 °C for 2h with the excess carbon
being removed, both B-SiC and unreacted SiO, can be detected. Furthermore, part of the
amorphous SiO, transforms to a crystal type of cristobalite, which is not detected in the
products synthesized by the microwave heating method. In the conventional heating
method, heat is transferred between objects by the mechanisms of conduction, radiation
and convection. Both the amorphous SiO, and the carbon are slowly heated to high
temperature. Therefore, the formation of B-SiC by carbothermal reduction reaction and
the crystallization of SiO, take place simultaneously. It is known that the exothermic
phenomenon of materials in a microwave field is derived from the effects of Joule loss,
dielectric loss and magnetic hysteresis loss. In the case of the carbon and SiO, powder
mixture, the Joule loss becomes important, whereas the dielectric loss and magnetic
hysteresis loss can be ignored. The carbon is firstly heated to high temperature in a short
time and the carbothermal reduction of SiO, is rapidly achieved. Thus, the
crystallization of SiO, can be ignored. As the reaction temperature is increased to
1600°C in conventional heating, only the B-SiC and a trace of ZrO; can be detected,
indicating that a complete carbothermal reduction of SiO; is achieved. After leaching by

dilute HF solution, pure -SiC powder is obtained.
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Fig. 4. 18 Low-magnification FE-SEM images of the B-SiC powder synthesized at
1600°C for 2h by conventional heating method; high-magnification FE-SEM images of

(b) B-SiC whiskers and (c¢) B-SiC particles.
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As shown in Fig. 4.18(a), the B-SiC powder obtained at 1600 °C for 2h by
conventional heating method is also composed of particles and whiskers. The B-SiC
whiskers have a diameter of ~220 nm with a length of several to tens of micrometers
(Fig. 4.18(b)) and the B-SiC particles have diameters of 180-250 nm (Fig. 4.18(c)). It is
found that the B-SiC particles and whiskers fabricated by conventional heating show
larger sizes than those synthesized by microwave heating.

John et al. studied the intrinsic reaction and self-diffusion kinetics for silicon
carbide synthesis by rapid carbothermal reduction [12]. They showed that as soon as
SiC formed on the surface of the carbon primary particles, the primary particles began
to grow by sintering and the particles tended to grow at higher temperatures, because of
the increased sintering. On the other hand, the gas phase reactions to growth of B-SiC
whiskers will be accelerated and the growth along the vertical direction to the axis will
be enhanced at higher temperatures, resulting in larger diameters [13, 14]. In this study,
the complete carbothermal reduction of SiO, was achieved at lower temperatures in less
time by microwave heating compared to conventional heating. Thus, the 3-SiC particles
and whiskers synthesized by microwave heating have smaller sizes.

Table 4.3 lists the BET surface area of the B-SiC powders synthesized by
microwave heating and conventional heating. It is noted that the B-SiC powders
synthesized by microwave heating show higher BET surface areas than the sample
obtained at 1600 °C for 2h by conventional heating, and the sample synthesized at

1500°C for 15 min in microwave field has the highest surface area of 12.2 m*/g. As the
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heating times are prolonged to 30 min and 60 min, the BET surface areas of B-SiC
powders decrease to 11.1 m?*/g and 10.1 m*/g, respectively. This can be ascribed to the

sintering of the primary crystalline particles.

Table 4. 3 BET surface area of synthesized -SiC.

Method Temperature (°\C) Time (min) Surface area (m”/g)
Microwave 1300 60 10.2
Microwave 1400 60 11.5
Microwave 1500 60 10.1
Microwave 1500 30 11.1
Microwave 1500 15 12.2

Conventional 1600 120 9.1

4.4 Conclusions

Nanostructured B-SiC particles and whiskers have been successfully synthesized in
a 2.45 GHz microwave field in an argon atmosphere using RH as the precursor.
Complete carbothermal reduction can be achieved at 1300 °C for 60 min or at 1500 °C
for only 15 min. The B-SiC particles have diameters of 60-130 nm and the B-SiC
whiskers show diameters of 110—170 nm with a length of several to tens of micrometers.
The B-SiC powder synthesized at 1500 °C for 15min has the highest surface area. Thus,
the microwave heating is an efficient approach for synthesis of SiC in terms of energy

and time saving, as well as for the fabrication of nanostructured SiC.
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CHAPTER 5 FABRICATION OF ALKALI-BONDED SIC-BASED

COMPOSITES FROM RICE HUSK
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5.1 Introduction

Silicon carbide (SiC) ceramics is a promising ceramic material that can be used in
a range of applications, such as automotive heat engines, heat exchangers, microwave
absorbers and mechanical seals. These applications are due to the unique properties of
SiC-based materials, such as high temperature strength, low density and oxidation of
resistance, as well as excellent thermal shock and wear resistance [1-3]. Because it is
difficult to obtain high-density SiC-based ceramics owing to the strong covalent
bonding between silicon and carbon, high temperature and high pressure, as well as
some additives are necessary for the sintering of SiC-based ceramics to reach specific
mechanical and functional properties [4, 5]. Thus, this method is a high-cost and
complex process.

Consolidation by using chemically activated inorganic binders is suitable to
replace the sintering step. It is well known that a high active Si0, powder with a highly
concentrated aqueous alkali hydroxide proceed a polycondensation of silica complexes
at relatively high rate, resulting in formation of inorganic polymer. The inorganic
polymer is a gel network, having metal-siloxane bridges (—O-Si-O-M—-0O-Si-O-). If
the aluminosilicate powders were used as the raw materials, the so-called geopolymer
will be formed, where the silica gel structure is partially substituted with tetrahedral
AP" sites charge-balanced by alkali cations [6-8]. These inorganic polymers act as
binders between ceramic particles and are responsible for solidification into strong body

at room temperature.
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As indicated by our previous studies [9-11], the rice husk (RH) is a good candidate
for synthesis of nanostructured SiC powder that is a mixture of B-SiC particles and
B-SiC whiskers. In addition, the rice husk ash (RHA) powder obtained by complete
combustion of RH contains large amount of amorphous and high active SiO,, as well as
small amount Al,Os; and K,O. Therefore, the RHA powder can be used to produce
inorganic binder. In this chapter, we develop a simple and eco-friendly way to fabricate
a novel B-SiC whiskers reinforced alkali-bonded SiC-based composite, with using RH
as raw materials. The microstructure and mechanical strength of the composites were

investigated.

5.2 Experimental section
5.2.1 Synthesis of B-SiC powders and RHA powders

Firstly, the RH was washed by distilled water to eliminate dirty and dried at 130 °C
for 24 hours in vacuum. Then a carbonization process was carried out at 500°C for
30min in a vertical graphite furnace in argon atmosphere. The as-received carbonized
rice husk (CRH) was milled for 1h at room temperature by a planetary high-energy ball
mill (Fritsch, Pulverisettle 5) using alumina-grinding media. The ball-to-CRH weight
ratio and the rotational speed were 7/1 and 300 rpm, respectively. After ball milled and
passed through 355 mesh sieve, the CRH powder was obtained.

The CRH powder was calcined at 600 °C for 2h in a muffle furnace to remove the

carbon component with formation of RHA powder. On the other hand, the carbothermal
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synthesis of SiC powder from CRH powder was carried out in the vertical graphite
furnace at an argon flow rate of 2L/min. The furnace was firstly heated to 1000 °C at a
rate of 15°C/min and then up to target temperatures at a rate of 10 °C/min. Different
carbothermal synthesis experiments were carried out at 1500°C for 4h and at 1600°C,
1700°C for 2h, respectively. Then, the as-obtained products were calcined in air at

700°C for 3h to remove any excess carbon and [3-SiC powders were obtained.

5.2.2 Fabrication of SiC-based composites

Rice husk
Carbothermal lCal‘bonization and ball milling
reduction - -
Carbonized rice husk powder
‘l, Calcination
Calcination
—> SiC Rice husk ash KOH solution(5M)

Mixing and degassing

Slurry

Casting, delaying
and solidification

A 4
SiC-based composites

Fig. 5. 1 Flow chart of the procedures for fabrication of the alkali-bonded SiC-based

composites
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Fig. 5.1 shows the fabrication procedures of SiC-based composites. In a typical
procedure, 7g KOH (5mol/L) solution mixed with 10g mixture of SiC and RHA
powders. After mixing at 2000 rpm for 5 min and degassing for 3 min by a conditioning
mixer (THINKY, ARE-250), the slurry was obtained. Then, the slurry was casted into
mold in a vibrating table for Smin and made to gel at room temperature for 2h by
keeping the mold covered, then allowed to dry at 40 °C for 7 days by removing the mold
covers. After complete solidification of slurry, the SiC-based composites were obtained.
In this study, the effects of SIC:RHA weight ratios ranging from 9:1 to 5:5 and different
SiC raw powders were investigated. For comparison, a commercial a-SiC powder with
submicrometer-size (Yakushima Denko Co. Ltd., Yakushima, Japan) was also used

fabricate the SiC-based composites.

5.2.3 Characterization

The X-ray diffraction patterns of the samples were recorded on an X-ray
diffractometer (XRD, Rigaku, UltimalV) using Cu Ka (A=1.5406A) radiation with a
step-scanning technique in the 20 range of 10-90°. The microstructure and morphology
of the SiC powders and SiC-based composites were characterized by field emission
scanning electron microscopy (FE-SEM, JEOL, JSM-7600F).

The mechanical strength of the samples was obtained by three-point bending
strength testing on a universal testing machine (SHIMADZU, AGS-G) at a crosshead

speed of 0.5 mm/min and using a load of 500 N. The samples for testing were cut into
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pieces S0mm X Smm X Smm in size.

5.3 Results and discussion
5.3.1 Synthesized RHA and SiC powders

As indicated by the XRF results shown in Table 2.1 (in chapter 2), the RHA
powder is composed of ~90 wt.% SiO; and ~10 wt.% other impurities including K,O,
SOs, AL O3, CaO, etc. Fig. 5.2 shows the XRD pattern of RHA obtained at 600 °C for 2h.
The halo between 15° and 30° indicates that the SiO, is amorphous phase. Fig. 5.3
displays morphology of RHA powder. The RHA particles are aggregate of nano-sized
particles and show particle sizes of several hundreds of nanometers to several

micrometers.

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
2Theta (degree)

Fig. 5. 2 XRD pattern of RHA powder obtained at 600 °C for 2h by calcination.
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Fig. 5. 3 FE-SEM images of the RHA powder

Fig. 5.4 shows the XRD pattern of the carbothermal reduction products synthesized
from CRH powder with excessive carbon being removed by calcination. The typical

peaks at 20=35.6°, 41.4°, 60.0°, 71.8° and 75.5° can be indexed as (111), (200), (220),
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(311) and (222) reflections of B-SiC structure (JCPDS Card No. 29-1129). The peak at

33.6° marked with SF corresponds to the stacking faults of B-SiC.
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7 (311)
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SiChiv1500 ° i A
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Intensity (a.u.)

Fig. 5. 4 XRD patterns of the synthesized 3-SiC powders.

Fig. 5.5 display the typical FE-SEM images of the commercial a-SiC and the
synthezied B-SiC powders. The commercial a-SiC powder are composed of particles
with submicrometer-size and no SiC whiskers can be detected. Whereas, the B-SiC
powders synthesized from CRH powder are mixtures of particles and whiskers. The
morphologies of the B-SiC powders seem to vary with reaction temperatures. It seems
that the B-SiC powders obtained at 1500 °C for 4h are mainly particles and have lower
yield of whiskers than those synthesized at 1600 °C and 1700 °C. Moreover, the B-SiC

whiskers obtained at higher reaction temperature show larger diameters. It is believed
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that the carbothermal reduction reaction at 1600 °C or higher is more favorable for the
growth of B-SiC whiskers by gas-gas reaction between CO and SiO vapors [12, 13]. In
addition, the B-SiC whiskers prefer to grow in the free space of CRH powder, with a

randomly and uniform dispersion in the synthesized -SiC powder.

x : : T AN : L

Fig. 5. 5 FE-SEM images of the commercial a-SiC and the synthezied -SiC powders

obtained at different temperature.

5.3.2 Composites with different RHA:SiC weight ratios
Fig. 5.6 presents the three-point bending strengths of the SiC-based composites. It

is noted that the RHA:SiC weight ratio greatly influences the strength of the composites.
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As the RHA:SiC weight ratios increase from 1:9 to 3:7, a rapid increase of the strength
can be observed. Further increase the weight ratio of RHA, the increase of strength

become slowly.
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Fig. 5. 6 Three-point bending strength of the composites with different RHA:SiC ratios.

Fig. 5.7 shows the morphology of fracture surface on SiC-based composites. For
the composite with RHA:SiC weight ratio at 1:9, the B-SiC particles and whiskers pack
loosely and the microstructure is coarse. As the RHA:SiC weight ratio increase to 2:8,
obvious amorphous gel phase corresponding to the inorganic binder is observed.
However, the gel phase is not continuous and many voids can be detected. Further
increasing the RHA:SiC weight ratio to 3:7, continuous inorganic binder phase is

formed, although few voids still exist. After weight ratios up to 4:6 and 5:5, a fine
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coverage of binder phase is achieved and no void can be observed.

Fig. 5. 7 FE-SEM images of fracture surface of the composites with different RHA:SiC

weight ratios.

5.3.3 Composites fabricated from different SiC powders
Fig. 5.8 shows the bending strength of the SiC-based composites that fabricated

from different SiC powders. It is found that the composites fabricated by RH-derived
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SiC powders show higher strength than that fabricated by commercial a-SiC powder.
Moreover, the composites fabricated from the 3-SiC powders obtained at 1600 °C and
1700 °C show much higher strength than that fabricated from the B-SiC powder

obtained at 1500 °C for 4h, due to the higher content of 3-SiC whiskers.
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Fig. 5. 8 Three-point bending strength of the composites fabricated from different SiC

powders.

Fig. 5.8 (a-d) presents the morphology of fracture surface of the composites. It is
observed that the composites fabricated from the a-SiC is smooth and a fine coverage
of binder phase is achieved, although it has the lowest strength. Some voids can be

observed on the composites fabricated from RH-derived B-SiC powders. Furthermore,
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the composites fabricated from B-SiC powders obtained at 1600 °C and 1700 °C have
more voids, although both samples show higher strength. As shown in Fig. 5.9, the
B-SiC whiskers randomly dispersed in the matrix and the voids likely to form around
whiskers. Thus, it can be concluded that the -SiC whiskers reinforce the composites, as

well as result in formation of voids, due to the poor wettability [14].

Fig. 5. 9 FE-SEM images of the fracture surface of the composites fabricated from

different SiC powders: (a) commercial a-SiC; (b) SiCry-15004h; (¢) SICru-1600-2h; (d)

SiCru-1700-2n
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Fig. 5. 10 Typical FE-SEM image of the composites with B-SiC whiskers reinforcement.

5.4 Conclusions

In this chapter, a novel B-SiC whiskers reinforced alkali-bonded SiC-based
composite was fabricated through a low temperature process with using inorganic
binder that is suitable to replace the sintering process. The B-SiC particle and whiskers
mixture powder were synthesized from the CRH powder and the inorganic binder was
prepared by dissolving RHA powder in SM KOH solution. The RHA:SiC weight ratio
influence the strength and microstructure of the composites. As the RHA:SiC weight
ratio increase to 3:7, continuous inorganic binder phase is formed. The B-SiC whiskers
acts as the reinforcement of the composites. The B-SiC powder synthesized at 1600 °C
and 1700 °C is beneficial to obtain the composites with higher strength due to the higher

content of whiskers, which can be up to 60—80MPa.
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CHAPTER 6 CONCLUDING REMARKS AND POTENTIAL

DIRECTIONS FOR FUTURE RESEARCH
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6.1 Concluding remarks

In this dissertation, new and simple processes to synthesize nanostructured SiC
from rice husk (RH) have been developed. The techniques presented in this study
provide a good understanding for controllable synthesis of various SiC nanostructures.
The microstructure and formation mechanism of nanostructured SiC were studied in
detail.

Chapter 1 introduces general background of SiC especially nanostructured SiC
including synthesis techniques and various applications. Moreover, the properties of RH
and its various applications were introduced briefly. Based on the purposes to control
the microstructure of nanostructured SiC and simplify the synthesis procedures with
reducing the cost, the goal of this study was established.

In chapter 2, nanostructured B-SiC including particles and 1D nanostructures have
been obtained by direct pyrolysis of RH in argon atmosphere. The effects of pyrolysis
temperature and duration on microstructure of B-SiC were investigated. The results
revealed that a complete carbothermal reduction reaction was achieved at 1500 °C for
4h or at 1600 °C for 2h. The B-SiC obtained on the bodies of pyrolyzed rice husk (PRH)
was mainly particles, as well as a small amount of -SiC whiskers. The B-SiC particles
obtained at 1600 °C for 2h had the smallest particle sizes of 100—200 nm. On the other
hand, 1D B-SiC nanostructures were obtained from the vapor deposited products formed
on graphite crucible walls. The B-SiC/SiO; nanochains were synthesized at 1500 °C for

2h. Pure B-SiC whiskers with diameter of ~160 nm and tens of micrometers in length
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were obtained at 1500 °C for 4h. As the pyrolysis temperature increased, B-SiC whiskers
showed shorter length, larger diameter and lower density of stacking faults. It is found
that the nanostructured -SiC, especially B-SiC 1D whiskers is an excellent blue light
emission material.

In chapter 3, a liquid carbon source of phenolic resin was used as the carbon source
to mix with CRH powder to synthesize -SiC nano-powders. The B-SiC powder with
particle size of 70—150 nm was obtained from the precursor with the resin:CRH weight
ratio at 0.5:1. As resin:CRH weight ratio up to 1:1 and 1.5:1, the B-SiC particles show
enhanced agglomeration and lower density of stacking faults. On the other hand, the
B-SiC nano-powders were also synthesized from the composites of phenolic resin and
RHA with different molar ratios. A complete carbothermal reduction was achieved at
1600 °C for 2h from the precursors with C:Si molar ratio at 3 or above. As the C:Si
molar ratio is increase to 5, the homogeneous B-SiC powder with particle size in the
range of 90-170 nm was obtained. It is known that appropriate amount excessive
carbon is beneficial for the formation of nano-sized particles.

In chapter 4, rapid carbothermal synthesis of nanostructured SiC were achieved in
a 2.45 GHz microwave field in an argon atmosphere. The XRD patterns revealed that a
complete carbothermal reduction reaction was achieved at 1300 °C for 60 min or at
1500 °C for only 15 min by microwave heating, resulting in B-SiC formation. The
FE-SEM images showed that the B-SiC powders were mixtures of particles and

whiskers. The B-SiC particles had diameters of 60—130 nm and the B-SiC whiskers,

119



which were several to tens of micrometers in length, had diameters of 110—170nm.
Compared to the conventional heating method, the microwave heating method proved
to be an efficient approach for synthesis of SiC in terms of energy and time saving, as
well as for fabrication of nanostructured SiC.

In chapter 5, a novel B-SiC whiskers reinforced alkali-bonded SiC-based
composite was fabricated through a low temperature process with using inorganic
binder that is suitable to replace the sintering process. The B-SiC particle and whiskers
mixture powder were synthesized from the CRH powder and the inorganic binder was
prepared by dissolving RHA powder in 5SM KOH solution. The RHA:SiC weight ratio
influence the strength and microstructure of the composites. As the RHA:SiC weight
ratio increase to 3:7, continuous inorganic binder phase is formed. The B-SiC whiskers
acts as the reinforcement of the composites. The -SiC powder synthesized at 1600 °C
and 1700 °C is beneficial to obtain the composites with higher strength due to the higher

content of whiskers, which can be up to 60—-80 MPa.

6.2 Potential directions for future research

It is known that the SiC 1D nanostructures are more valuable than particles in
many applications. Thus, the efforts to enhance the yield of whiskers should be devoted.
It has been revealed that the free space is beneficial for growth of B-SiC 1D
nanostructures. In future research, therefore, the techniques to produce high yield of

whiskers by improve the porous structures of rice husk should be investigated.
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The nanostructured -SiC powders synthesized in this dissertation are commonly
mixtures of particles and whiskers. Whereas the 3-SiC whiskers and particles usually
have different applications. In future research, therefore, the techniques for separation of

-SiC whiskers from particles should be developed.
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