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Abstract Synthesis of silicon carbide has been carried

out using thermal plasma processing technique using SiO2

as the solid feed and CH4 as the gaseous reducing agent.

Thermochemical calculations have been performed varying

the molar ratio of silicon dioxide and methane to determine

the feasibility of the reaction. Experiments using a molar

ratio of SiO2:CH4 equal to 1:2 produced maximum yield of

SiC of about 65 mol % at a solid feed rate of 5 g/min.

Mostly spherical morphology with some nanorods has been

observed. The presence of Si had been observed and was

quantified using XRD, HRTEM, Raman spectroscopy and

X-ray photoelectron microscopy (XPS). Si acts as a

nucleating agent for SiC nanorods to grow.

Keywords Silicon carbide � Thermal plasma � High

resolution transmission electron microscopy (HRTEM) �
Raman spectroscopy � X-ray photoelectron microscopy

(XPS)

1 Introduction

Plasma is, in general, defined as the gas that is partially or

fully ionized containing electrons, ions, neutral atoms and/

or molecules. There can be two possible states of plasma,

either thermal or non-thermal. Non-thermal plasmas are

characterized by their low temperature while thermal

plasmas have relatively very high temperatures and very

high energy content. Partial thermal equilibrium is attained

between the electrons and the heavy particles of the plasma

plume. In the mid to late twentieth century, thermal plas-

mas have been tested and used extensively in many

applications such as extractive metallurgy, process metal-

lurgy, plasma spray coatings, plasma welding and cutting,

synthesis of advanced materials and toxic and hazardous

waste treatment, just to name a few. Plasma spray coating

was an $800 million industry as reported in 1990 [1] and

rose up to a $1.35 billion in 1997 [2].

Synthesis of advanced materials has become one of the

most important applications of thermal plasma due to its

high temperature, high enthalpy, clean reaction environ-

ment, and use of inexpensive feed materials. High purity

products are obtained as the reaction takes place in gaseous

phase and products are obtained faster due to the enhanced

reaction kinetics. Rapid quenching from very high tem-

peratures creates a steep temperature gradient aiding the

formation of fine sized particles. These fine particles can

reach near-theoretical density on sintering which will also

lead to improved mechanical properties. In spite of the

numerous advantages of the thermal plasma processing

technique, there are some inherent drawbacks, such as

engineering and design difficulties, that can be overcome

only with a detailed understanding of specific reaction

mechanisms. High installation and power consumption

costs, recycling costs of the process (off) gases from the

plasma reactor are some of the other major concerns that

need to be answered for an efficient operation of the pro-

cess. The processes taking place inside the reactor and

reaction mechanisms are also difficult to understand and

are specific to the reactor system.

Literature is abundant on the types of plasma arcs and

their uses and advantages in materials production [3–5].

Production of AlN [6], b00-Al2O3 and diamond [7] have

been reported in the literature. Metallic and ceramic com-

pounds such as magnesium, titanium carbide, and zinc
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ferrite have been synthesized using this processing tech-

nique [3–12]. Several composite materials such as Fe-TiN,

Fe-TiC, Fe(Ti)-TiC, Al(Ti)-TiC, and Al-SiC [13–15] have

also been successfully synthesized. The use of thermal

plasma for the production of fine and ultrafine powders has

been patented by Celik et al [16]. The process variables

such as plasma power, powder feed rate, and molar ratio of

the reactants influence the product phases and their yield.

Silicon carbide is a material of interest due to is excel-

lent properties. Some of the properties include high

strength (tensile strength is equal to 160 MPa), hardness

and elastic modulus (421 ± 10) GPa. This low density

(3.165 g/cm3) ceramic also possesses lower thermal

expansion coefficient, excellent resistance to thermal shock

and high thermal conductivity. It also has chemical inert-

ness to numerous corrosive media. Such excellent proper-

ties of silicon carbide make it a good candidate for

application in numerous fields. It is also a good semicon-

ductor material with its conductivity dependant on the type

and amount of dopant used.

Silicon carbide can be synthesized using one of the oldest

methods known as Acheson method [17]. In this process

silica, carbon, sawdust and common salt are mixed and

heated in a resistive heating furnace at 2,700 �C [18]. After

allowing reaction to occur, the temperature is decreased

slowly. The final product of this process is mainly 6H–SiC.

The yield of this process and reproducibility make it not a

good candidate for commercial production of SiC.

Lely method [19] followed later by improved Lely

method [20, 21] uses carbon crucible concentrically cov-

ered with a porous layer of SiC. The charge is loaded into

the crucible and heated in a furnace to about 2,500 �C. SiC

platelets form on the inner side of the porous SiC layer.

The predominant phase of SiC is still 6H–SiC similar to

Acheson method. The lack of control over spontaneous

nucleation and low yield are major drawbacks of the Lely

and improved Lely processes. Hence, this process is also

not commercially viable.

Seeded sublimation growth technique, also known as the

modified Lely method [22], uses a seed, and source

material in a graphite crucible at temperatures between

1,800 and 2,600 �C in Ar atmosphere from 10-4 to

1 9 105 Pa. In one configuration, the seed is at the bottom

and the source material is on the top separated by a

cylindrical graphite diaphragm [23]. Diffusion controls the

kinetics of species transport and the difference in temper-

ature between the seed and the source acts as a driving

force, where the seed temperature is maintained slightly

lower than the source temperature. In the second configu-

ration [24], the seed is at the top and the source is at the

bottom and there is no graphite diaphragm used. Due to the

high yield of this process [25], it is used extensively today

as a commercial production technique for SiC.

Sublimation sandwich method [26], chemical vapor

deposition (CVD) [27], and liquid phase epitaxy (LPE) [23,

28] are some of the other techniques by which SiC can be

synthesized. As SiC is also used as a semiconductor

material, doping is usually done during the synthesis of the

material. Al for p-type and N2/Si3N4 for n-type are the

most commonly used dopants. Vanadium doping is used to

make semi-insulating SiC. SiC exists in three major poly-

morphs, 3C-SiC (also known as a-SiC), 4H-SiC and

6H-SiC (also known as b-SiC). b-SiC exists in hexagonal

crystal structure while a-SiC is in cubic-zinc blende

structure.

In the present work, thermal plasma synthesis technique

was used to synthesize SiC using SiO2 as the solid feed and

CH4 as the reducing gas. Experiments were conducted

varying the molar ratio of the solid feed and the gaseous

reducing agent. The plasma power and the rate of solid

feed to the reactor were some of the other parameters that

were studied. The product powders formed were then

characterized for phase formation, morphology, and

chemical binding energy.

2 Experiment

An in-house built plasma reactor was used in experiments

for the synthesis of silicon carbide. The experimental setup

of the plasma reactor system is shown in Fig. 1. It consists

of a plasma power source that controls not only the current

and the voltage to the plasma torch but also the gas pres-

sure and the cooling water. The plasma gas used in the

experiments was ultra high purity argon. The reducing and

carrier gases, namely, methane and argon, pass through the

powder feeder and enter the plasma reactor at the preset

flow rate. The product powders are collected from the

water-cooled quench coils in the quench chamber while the

filter chamber retains any particulate matter from the exit

flue gases.

Experiments were conducted using silicon dioxide,

SiO2, (99.9 %, metals basis, Alfa-Aesar, MA, USA) as a

powder feed to the plasma reactor. The plasma gas to the

torch and the carrying gas to the powder feeder were ultra

high purity Ar (AR UHP300 Gr 5.0, Airgas) and the

reducing gas to the powder feeder was ultra high purity

methane (ME UHP300 Gr 4.0, Airgas). The powder feeder

was calibrated to obtain different solid feed rates, specifi-

cally 4 and 5 g/min of SiO2 in the experiments. After the

calibration of the powder feeder, the feed material was fed

to the reactor which was set to the required power level and

the product powders were collected.

The product powders obtained were characterized using

X-ray diffraction (XRD), model Phillips X’Pert MPD, for

phase analysis and the corresponding volume fractions of
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phases were calculated using direct comparison method.

Scanning electron microscope (SEM), model JOEL 7,000

FE SEM, equipped with energy dispersive spectrometer

(EDS) was used to determine the morphology of the

product powders and determine the elemental composition.

Transmission electron microscopy (TEM), model Tecnai

F-20 TEM, was used to determine the morphology of the

product powders. High resolution TEM (HRTEM) was

used in observing the lattice fringes and subsequent cal-

culation of d-spacing while scanning tunneling electron

microscopy (STEM) was used to determine the phase

contrast in material and determine the elemental compo-

sition. Raman spectra of product powders were obtained

with a Bruker Senterra Raman microscope, using 785 nm

wavelength, 1 mW laser source at a 509 magnification.

X-ray photoelectron spectroscopy (XPS), model KRATOS

AXIS 165 XPS/Auger, was used to determine the chemical

binding states of the product powders.

3 Results

3.1 Thermochemistry

Thermochemical calculations were done on the SiO2: CH4

system varying the molar ratio of methane to SiO2 from 0.8

to 5 using HSC Chemistry 5.1� [29]. The calculations are

based on the principle of minimization of Gibb’s energy

[30] for a set of reactants at a given temperature and

pressure. The equation describing this principle is given

below:

G ¼
X

gas
niðg0

i þ RT ln PiÞ

þ
X

solution
ni g0

i þ RT ln Xi þ RT ln ci

� �

þ
X

pure condensed phase
nig

0
i ;

ð1Þ

where G is the total Gibbs energy of the system, g0
i stan-

dard molar Gibbs energy of species i at temperature T and

pressure P, ni number of moles of species i, Pi the partial

pressure of species i, Xi mole fraction of species i, and ci is

the activity coefficient of species i.

The amount of theoretical product formation as a

function of moles of methane in the feed at 1,520 �C is

shown in Fig. 2. The equilibrium composition shows an

increase in the amount of SiC with an increase in methane

concentration in feed from 0.8 mol and reaches a maxi-

mum at 3 mol of methane. The theoretical yield at a

methane molar ratio of 3 is about 98 mol %. The yield was

calculated only based on the condensed phases formed and

any gaseous products formed were omitted. The SiC for-

mation decreases from 3 to 5 mol of methane with a cor-

responding increase in the amount of carbon as shown in

Fig. 2. There was almost no SiO2 presence at this tem-

perature while small amounts of C and Si were observed.

Similar calculations were done at other temperatures. At

relatively lower temperatures, such as at 1,220 �C, SiO2

reduced is relatively small. The amount of carbon at

1,220 �C increases with increase in the amount of methane

consistent with the small amount of SiO2 reduced. The

amount of SiC formation is very less and is less than

1 mol % at all molar ratios of methane. When the tem-

perature is increased to 2,120 �C, SiO2 is converted to SiO

in gaseous phase at lower molar ratios of methane. Silicon

forms when molar ratio of methane is increased above 1

and its amount is a maximum at 2 mol of methane and is

about 50 mol %. SiC forms only when the molar ratio of

methane is 3 and its amount is about 63 mol %. The

amount of C increases and SiO decreases with the increase

Fig. 1 Schematic of thermal plasma processing system

Fig. 2 Thermochemical calculations to determine stable phases as a

function of amount of methane in feed at 1,520 �C
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in the amount of methane. At extremely high temperature,

for example at 3,010 �C, there was no formation of SiC.

SiO2 is converted to SiO (g) similar to 2,120 �C at lower

molar ratios of methane. Si forms above a molar ratio of

methane greater than 1 with its yield a maximum at 2 and is

about 58 mol %. The amount of SiO (g) decreases and the

amount of C increases with the increase in the methane

concentration.

It is concluded from thermochemical calculations that

formation of SiC is favorable at lower molar ratios of

methane and is a maximum at 3. Favorable temperatures for

the formation of SiC are from about 1,500–2,100 �C. For-

mation of Si is favored at lower molar ratios of methane as

well but is a maximum at 2 mol. Formation temperatures

favorable for Si are from about 2,100–3,000 �C. Formation

of carbon increases steadily with the increase of methane in

the feed. Relatively very low amount of SiC is formed at very

low (\1,500 �C) and at very high ([2,100 �C) temperatures.

These observations led to the design of experiments with the

variation in the mole ratio of methane to SiO2 between 0.8

and 3, two different plasma powers 18.9 and 21.6 kW and

two different solid feed rates, 4 and 5 g/min of SiO2. The

experimental conditions are given in Table 1.

3.2 Characterization of product powders

3.2.1 XRD

XRD was done on product powders from experiments to

determine the product phases. The XRD patterns from

experiments with varying molar ratios of CH4 to SiO2 from

0.8 to 2.5, a constant plasma power of 21.6 kW and a

constant feed rate of 5 g/min are shown in Fig. 3. SiC is the

major phase in all the experiments with the variation of

molar ratio of methane to SiO2. Formation of relatively

higher quantities of Si was observed at lower molar ratios

of methane. The amount of SiO2 varies inconsistently with

the variation in the molar ratio of methane. The amount of

carbon in product powders increases with the increase in

the molar ratio of methane, but the relative amount does

not exceed a maximum of 20 mol %.

Figure 4 shows the XRD patterns of the product pow-

ders from experiments with varying molar ratios of meth-

ane to SiO2 from 1 to 3, a constant feed rate of 4 g/min and

a constant power of 21.6 kW. SiC is the major phase in the

experiments similar to that observed in the 5 g/min feed

rate experiments. High amounts of silicon are observed

only in the case of 1:1 ratio of SiO2:CH4 which decreases

with the increase in the amount of methane. The relative

amounts of SiO2 and C in the product powders increase

with an increase in the molar ratio of methane to 2 and 3.

3.2.2 Lattice constant and crystallite size

The unit cell lattice constant a was calculated for SiC in its

cubic form synthesized at varying molar ratios of methane

in the feed. Equation (2) described below was used in the

calculation of lattice constant values:

1

d2
¼ h2 þ k2 þ l2

a2
; ð2Þ

where d is the spacing between two consecutive

(h k l) planes and a is the cubic unit cell lattice constant. The

strongest diffraction peak for SiC, namely, the (1 1 1) peak

was used in the calculations. The calculated lattice constant

values were compared with that published in the standard

PCPDF card (04-010-5699) (a = 4.358 8 9 10-10 m).

Figure 5 shows the variation of the lattice constant as a

function of one of the processing parameters, namely, the

molar ratio of methane. The lattice parameter from the

standard PCPDF data is shown in blue dashed line. As can

be seen from the graph, the lattice constants values are way

below the standard data for the molar ratios of methane

varying from 0.8 to 2.0 with the exception of 1. The value

of a for the experiment with methane molar ratio of 2.5 is

way higher than the standard data. The plot also shows the

crystallite size of the formed SiC as a function of the

methane molar ratio. At very low molar ratios of methane

Table 1 Experimental conditions for the production of SiC using thermal plasma

Expt. # Raw materials Molar ratio Plasma power/kW Feed rate/(g�min-1)

1 SiO2:CH4 1:1 21.6 5

2 SiO2:CH4 1:0.8 21.6 5

3 SiO2:CH4 1:1.5 21.6 5

4 SiO2:CH4 1:1 18.9 5

5 SiO2:CH4 1:2 21.6 5

6 SiO2:CH4 1:2.5 21.6 5

7 SiO2:CH4 1:1 21.6 4

8 SiO2:CH4 1:2 21.6 4

9 SiO2:CH4 1:3 21.6 4
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the crystallite size is less than 10 nm. At higher molar

ratios above 1, the crystallite size increases to over 20 nm

in size.

It can be concluded that the lattice expansion or con-

traction is observed in the product powders obtained from

thermal plasma synthesis. The closest match to the standard

PCPDF data was obtained in the case of SiO2:CH4 equal to

1:1. It can also be concluded that lower molar ratios of

methane, i.e., SiO2:CH4 B 1:1, yield relatively lower crys-

tallite sizes compared to higher molar ratios of methane.

3.2.3 Volume fraction calculation

To determine volume fraction of product powders from the

XRD patterns, direct comparison method was used. The

volume fraction calculation was done on the product

powders in condensed phase. Any products that escaped

the reaction chamber in gaseous phases such as SiO are not

accounted for. Similarly, amorphous phases that are pres-

ent in the product powders will not show peaks in the XRD

pattern. They will rather add to the background and hence,

are not accounted for in these calculations. Equation (3)

describes the expression for the calculation of volume

fraction of product powders using direct comparison

method. Some of the constants required to solve for the

volume fraction were obtained from Cullity [31]. The

atomic positions of the elements in unit cell were obtained

from ICDD cards [32].

ISiC

ISiO2

¼ RSiCcSiC

RSiO2
cSiO2

;
ISi

ISiO2

¼ RSicSi

RSiO2
cSiO2

;

IC

ISiO2

¼ RCcC

RSiO2
cSiO2

; cSiC þ cSiO2
þ cSi þ cC ¼ 1;

ð3Þ

where ISiC, ISiO2, ISi and IC represent the intensities of SiC,

SiO2, Si and C respectively; cSiC, cSiO2, cSi and cC represent

the volume fractions of SiC, SiO2, Si and C respectively; and

RSiC, RSiO2, RSi and RC represent the volumes of inverse unit

cell lattices of SiC, SiO2, Si and C respectively.

The volume fraction calculated using the direct com-

parison method was converted to corresponding mole

percent values using molecular weights and densities of

corresponding pure condensed phases.

3.2.4 XPS

XPS spectra of product powders from experiment 1 were

obtained to determine the chemical binding states of spe-

cies. Figure 6 shows the Si 2p binding energy of powders

from experiment 1. The original peak was de-convoluted

into three individual peaks. The peak at a binding energy of

about 101.6 eV corresponds to elemental Si bonding, while

Fig. 3 XRD patterns of product powders formed at various amounts

of methane in the feed and at a solid feed rate of 5 g/min SiO2

Fig. 4 XRD patterns of product powders formed at various amounts

of methane in the feed and at a solid feed rate of 4 g/min SiO2

Fig. 5 Calculated lattice constant and observed crystallite size of

synthesized SiC from XRD patterns
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the peak at about 104.8 eV corresponds to the SiC bonding.

The peak at about 108 eV corresponds to SiO2 in the

product powders. The peak positions for SiO2 and SiC have

also been reported in the literature [33, 34]. The change in

the peak positions by 2–4 eV might be due to the fluo-

rescence effect of the powders used to determine the

binding energy. This provides further substantiation for the

presence of Si, SiC and SiO2 in the product powders.

3.2.5 SEM

SEM was used to determine the morphology of the product

powders from the experiments. Figure 7a and b shows the

morphology of the products from experiment 1 with

methane molar ratio of 1, solid feed rate of 5 g/min and a

power of 21.6 kW. The particles are almost spherical with

an average diameter varying between 200 and 500 nm as

seen from Fig. 7a at low magnification. It can also be seen

from Fig. 7b (high magnification) that formation of nano-

rods is observed in the morphology.

The product powder’s morphology from experiment 2

with methane molar ratio of 0.8, solid feed rate of 5 g/min

and a power of 21.6 kW is shown in Fig. 8. It is seen that

the nanorod formation is prominent from this experiment

as well. Figure 9, on the other hand, shows the morphology

of powders from experiment 5 with 2 mol of methane and

5 g/min solid feed. Mostly spherical particulates are

observed in this case with an average particle size distri-

bution between 200 and 500 nm.

Morphology of product powders from experiment 7

using lower solid feed rate of 4 g/min SiO2, power of

21.6 kW and a methane molar ratio of 1 is shown in

Fig. 10. Similar to the higher feed rate counterpart (see

Fig. 7), the product powders consist of particulate matter

no bigger than 500 nm. Along with the particles, nanorod

formation is also evident from the micrograph.

Fig. 6 XPS of product powders from experiment 1 showing the Si 2p

peak resolved into SiO2, SiC and Si peaks

Fig. 7 SEM images showing the morphology of product powders

from experiment 1 at a low and b high magnifications

Fig. 8 SEM image showing the morphology of product powders

from experiment 2
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3.2.6 TEM

The morphology of the product powders were further

analyzed at high resolution using TEM. The powders from

experiment 1 using 5 g/min solid feed rate, 21.6 kW power

and methane molar ratio of 1 is shown in Fig. 11. The

nanorods shown in Fig. 11a are about 20–50 nm in diam-

eter. This is similar to that observed in the SEMs. High

resolution TEM image was obtained from the product

powders of experiment 1, as shown in Fig. 11b. The

d-spacing calculations show the presence of SiO2 in the

sample. The d-spacing of about 0.33 nm corresponds to the

(1 0 1) plane of SiO2.

STEM image of product powders from experiment 1 is

shown in Fig. 12a. The image shows darker spot that

consists of numerous nanoscale particles. The darker

spheres correspond to Si while the lighter areas surround-

ing it correspond to SiO2. Figure 12b shows an EDS

spectra of the spot 1 marked in red on the STEM image. It

is observed that Si is the major component, with a small

quantity of elemental O observed due to the surrounding

SiO2. Cu in the EDS is from the copper grid used to load

the powder sample.

Experiment 2 shows the presence of nanorods as shown

in Fig. 13a similar to that observed from experiment 1 (see

Fig. 11a). The nanorods formed from experiment 2 were

about 20–50 nm in diameter. High resolution image of the

product powders shows the presence of Si (see Fig. 13b).

The d-spacing calculation on the lattice fringes show that

the d-spacing of about 0.31 nm corresponds to the close-

packed (1 1 1) plane of Si. The tip of a nanorod shown in

Fig. 13b is Si.

SiO2 is also found in the product powders from exper-

iment 2 as suggested by the d-spacing of about 0.33 nm.

Figure 14 shows SiO2 as a single crystal. The insets show a

magnified portion from the high resolution image and the

corresponding diffraction pattern of the area. The width of

Fig. 9 SEM image showing the morphology of product powders

from experiment 5

Fig. 10 SEM images showing the morphology of product powders

from experiment 7

Fig. 11 TEM images showing the morphology of the product

powders from experiment 1
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the nanoparticle shown in the micrograph is less than

20 nm in size. This suggests one of the two following

phenomena taking place inside the reactor. First, the silicon

dioxide solid feed completely vaporized and recrystallized

into smaller particles due to shorter residence time. Second,

complete vaporization did not occur while surface melting

and drastic particle size reduction took place inside the

plasma reactor.

3.2.7 Raman spectra

Inelastic Raman spectra measurements were made on

product powders from experiments 1, 2 and 3, as shown in

Fig. 15. Presence of carbon in all the samples is substan-

tiated by the peaks at wavenumbers 1,302.17, 1,573.89 and

2,593.51 cm-1. The peaks at wavenumbers 789 and

925.63 cm-1 correspond to SiC. It is reported in the liter-

ature that these wavenumbers correspond to SiC in nanorod

form [35]. The peaks corresponding to SiC are observed

only in experiments 1 and 2 but in experiment 3. Same is

the case with the peaks corresponding to Si at wavenumber

512.49 cm-1. Noticeable amounts of Si and SiC nanorods

are present in the product powders from experiments 1 and

2, similar to the volume fraction calculation using XRD.

4 Discussion

4.1 Effect of molar ratio of methane

The effect of molar ratio of methane for experiments with

constant power of 21.6 kW and 5 g/min solid feed rate is

shown in Fig. 16. As can be seen, SiC is the major phase

formed with a minimum of about 40 mol % and a

Fig. 12 a STEM images of product powders from experiment 1 and

b EDS corresponding to spot 1

Fig. 13 TEM images showing the morphology of the product

powders from experiments 2
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maximum of about 65 mol % at 2 mol of methane in the

feed. The amount of Si is a maximum at 1 mol methane

and is determined to be about 40 mol %. SiO2 in the

product powder varies between a minimum of about

5 mol % and a maximum of about 35 mol %. The amount

of C is relatively low in the experiments using a feed rate

of 5 g/min of SiO2 and is a maximum of about 20 mol % at

a methane molar ratio of 2.5.

Similar calculations were done on the product powders

from experiments conducted at a solid feed rate of 4 g/min

of SiO2 and a constant power of 21.6 kW. It can be seen

from Fig. 17 that the amounts of SiC and Si are both a

maximum at a methane molar ratio of 1. The experimental

yields of SiC and Si were found to be about 55 and

35 mol % respectively. The amount of SiO2 in the product

powders seems to be almost constant with the change in the

moles of methane and is about 10 mol %. An enormous

increase in the amount of C was observed with the increase

in the molar ratio of methane to 2 and 3. While the C

concentration was about 5 mol % at a methane molar ratio

of 1, it increased to 45 and 55 mol % with increase in

moles of methane to 2 and 3 respectively.

Fig. 14 TEM image showing a single crystal SiO2 from experiment 2

(magnified image (top inset) and diffraction pattern (bottom inset))

Fig. 15 Raman spectra of product powders from experiments 1, 2

and 3 using a solid feed rate of 5 g/min

Fig. 16 Effect of molar ratio of methane at a solid feed rate of

5 g/min SiO2 and plasma power of 21.6 kW

Fig. 17 Effect of molar ratio of methane at a solid feed rate of

4 g/min SiO2 and plasma power of 21.6 kW
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4.2 Effect of solid feed rate

The effect of solid, SiO2, feed rate on the experimental

yield of product powders were compared at two different

molar ratios of methane, 1 and 2. At lower molar ratio of

methane equal to 1, the effect of the solid feed rate is

almost negligible. The maximum relative variation in

product yield is (±16) mol %. This is, of course, not the

case at a molar ratio of 2.

The effect of solid feed rate at a molar ratio of SiO2:CH4

equal to 1:2 is shown in Fig. 18. The increase in the yield

of SiC is almost double when the feed rate increases from 4

to 5 g/min. The relative amounts of SiO2 and carbon have

reduced in half while the yield of Si remains unaltered with

the increase in the feed rate.

4.3 Effect of plasma power

The effect of plasma power was studied at a constant solid

feed rate of 5 g/min and constant molar ratio of SiO2:CH4

equal to 1:1. The two plasma powers used were 18.9 and

21.6 kW. The effect of increase in the plasma power is

shown in Fig. 19.

An increase in power from 18.9 to 21.6 kW increased

SiC yield by 4 times. The experimental yield of Si also

increased by 3 times compared to the yield at lower power.

The increase in power also resulted in corresponding

decrease in the amount of SiO2 by 4 times and a drastic

decrease in the amount of carbon by almost 10 times.

4.4 Comparison of theoretical and experimental yield

Temperature is one of the implicit parameters that are

varied with the change in the plasma power. Hence the

experimental yield of SiC at various molar ratios of

methane using 5 g/min feed rate and 21.6 kW plasma

power was compared with theoretical yield of SiC at var-

ious temperatures.

Figure 20 shows the comparison of the theoretical yield

and the experimental yield of SiC. It is observed from the

graph that the yield of SiC at lower molar ratios of methane

follows theoretical yield at 1,520 �C and maximum varia-

tion is about 15 mol %. The variation in yield is lower at

molar ratios of 1.5 and 2 mol of methane per mole of

SiO2 at 1,520 �C. The maximum variation is seen about

30 mol % at a methane molar ratio of 2.5. In spite of the

Fig. 18 Effect of solid, SiO2, feed rate at a molar ratio of SiO2:CH4

equal to 1:2 and a plasma power of 21.6 kW

Fig. 19 Effect of plasma power on the yield of products at a solid

feed rate of 5 g/min and a molar ratio of SiO2:CH4 equal to 1:1

Fig. 20 Comparison of theoretical yield of SiC at various temper-

atures to experimental yield of product powders formed at various

amounts of methane in feed and a solid feed rate of 5 g/min
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small variation in the comparison of yield, it can be con-

cluded that the formation temperature of SiC inside the

plasma reactor is in the range of 1,500–2,100 �C and is

closer to 1,500 �C for the given experimental conditions of

5 g/min SiO2 feed rate and 21.6 kW plasma power.

4.5 SEM-EDS

A single particle of about 700 nm in width from experi-

ment 1 (power–21.6 kW; SiO2:CH4 is equal to 1:1; solid

feed rate is equal to 5 g/min) was analyzed using EDS and

an elemental line profile was generated as shown in

Fig. 21a. It is confirmed from the elemental composition

graph shown in Fig. 21b that the hexagonal particle is Si.

The presence of carbon could be due to any SiC on the

surface of the particle and also from the carbon tape used to

load the sample. Gold is from the coating used to make the

material electronically conductive so as to reduce the effect

of charging and obtain good resolution.

A single nanorod of about 20–25 nm in diameter from

experiment 1 was analyzed using EDS as shown in

Fig. 22a with its corresponding elemental line profile. The

nanorod formed is SiC due to the presence of Si and C from

the elemental analysis (see Fig. 22b). The presence of

excess C is due to the carbon tape used to load the sample.

As mentioned earlier, the gold is from the coating of the

sample to make it conductive.

4.6 Formation of nanorods

It was also observed that the formation of nanorods was

observed only when the molar ratio of methane in the feed

was 1 or less. Correlating with the phases formed from the

XRD patterns, it can be concluded that the formation of

nanorods is due to the presence of Si in the product pow-

ders. This conclusion is justified by the presence of silicon

at the tip of the nanorod (see Fig. 18b). Inelastic Raman

spectra also show presence of high quantities of Si from

experiments 1 and 2 and the corresponding formation of

SiC nanorods, further justifying the formation of nanorods

due to the presence of Si.

Fig. 21 Line profile elemental analysis of product powder from

experiment 1 Fig. 22 Line profile elemental analysis of a SiC nanorod from

experiment 1
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5 Conclusions

SiC was successfully produced using thermal plasma using

SiO2 as the solid feed and methane as the reducing gas.

Thermochemical calculations suggest that the yield of SiC

is a maximum at a temperature of 1,520 �C and a molar

ratio of SiO2:CH4 equal to 1:3. Formation of Si and SiO

(g) was also observed from the calculations. Experiments

using a molar ratio of SiO2:CH4 equal to 1:2 produced the

maximum yield of SiC with a solid feed rate of 5 g/min and

a power of 21.6 kW. The unit cell lattice constant calcu-

lations show that lattice contraction or expansion occurs in

the product powders during thermal plasma synthesis.

Smaller crystallite sizes (100 nm) were observed at lower

molar ratios of methane (B1). Comparison between the

theoretical and the experimental yield suggests that the

temperature in the plasma reactor might be in the range of

1,500–2,100 �C. The size and shape of the final products

changed with the change in the process parameters.

Spherical particulate matter of no greater than 500 nm and

nanorods of about 20–30 nm in diameter were observed. It

was concluded from HRTEM, SEM-EDS and Raman

analysis that Si acts as a nucleating agent for the nanorods

to grow. XPS confirms the presence of Si, SiO2 and SiC in

the samples.
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