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Nanosized SiC powder was synthesized by the non-catalytic gas phase reaction 

between SiO vapor and CH4 in a tubular flow reactor, operated at 1500 °C and 1560 

°C. The SiO vapor was generated from equimolar mixtures of Si and SiO2 powders. 

The supply of CH4 was adjusted so that the molar ratio of CH4 / SiO entering the 

reacting zone was in the range between 5 and 35. In order to obtain as much 

undissociated CH4 as available for the reaction, H2 was introduced into the system at a 

fixed H2/ CH4 ratio of 8.8. The dissociation of CH4 in an alumina tube at 1500 °C 

and 1560 °C was also investigated. 

The products collected from various sections of the reactor system showed five 

different morphologies, i.e., whiskers, crystal aggregates, shiny black scale, fine 

powder, and very fluffy fine powder. X-ray diffraction, IR spectroscopy, electron 

probe microanalysis, scanning and transmission electron microscopy were used for 

products characterization. Whiskers and crystal aggregates appeared to be the minor 

product, while shiny scale was the major product. At 1560 °C, the total yield of SiC, 

based on the amount of SiO generated, could reach as high as 99 %, from which 
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20 - 50 % was obtained as nanophase powder of 20 nm in average size. The powder 

was mixed with Si / SiO- mixtures, condensate of SiO, and carbon from the 

decomposition of CH4. The purity of the powder obtained depended on the molar feed 

ratio of CH4/ SiO. A minimum Si / Si02 impurity of about 7 % could be obtained 

when CH4 / SiO ratio in the reacting zone was as high as 20. 
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SYNTHESIS OF NANOSIZED SiC POWDER FROM SiO - CH4 REACTION 

CHAPTER 1
 

INTRODUCTION
 

Silicon carbide (SiC), a relatively new artificial material, is one of the most 

promising materials for applications in severe high temperature and high stress 

conditions. It was accidentally synthesized by Dr. E.G. Acheson in 1891. Since then, 

silicon carbide has been known for many superior properties such as high hardness 

and strength, high thermal and electrical conductivities, low coefficient of thermal 

expansion, and outstanding resistance to oxidation and corrosion. Such attractive 

characteristics establish the uses of SiC as an abrasive, a refractory material, 

metallurgical additives, heating elements, and so on. 

The usefulness of SiC is often limited by its low degree of sinterability. The 

characteristics of raw SiC powders give significant effects on the sintering process. In 

order to obtain a high densification rate at low sintering temperature, modern sintering 

technology requires sufficiently fine powders to be sintered. 

At present time, the only method for mass production of SiC appears to be the 

Acheson process. This classic carbothermal reduction method produces coarse SiC 

ingots. By extensive grinding, followed by acid leaching to remove any contaminants, 

the ingots are transformed to fine powder suitable for the production of highly sintered 

dense bodies of SiC. These further treatments need to be eliminated so that the 

production rate can be increased and the cost can be reduced. With this regard, the 
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final objective of the researches done on SiC is to obtain a high production rate of 

high purity nanosized SiC powder at a low cost. 

The purpose of the present study is to investigate the possibility of producing 

nanosized SiC powder via non catalytic gas phase reaction between SiO vapor and 

CH4 in a tubular flow reactor operated at 1500 °C and 1560 °C. The SiO vapor is 

generated by equimolar mixtures of Si / SiO2 powders. All the reactant materials are 

easily available at relatively low cost. 

This thesis is divided into 5 chapters. To review the chapters briefly, a 

literature survey of various methods currently investigated to synthesize ultrafine SiC 

powder is presented in Chapter 2. The proposed method of SiO CH4 reaction is also 

introduced in this chapter. 

Realizing that at high temperature CH4 will dissociate into C and H2 leads to 

the study divided into two sections: CH4 dissociation study and SiC formation from 

SiO CH4 reaction. Chapter 3 describes the experimental apparatus and procedures 

used for both studies. The experimental findings obtained in this attempt of 

synthesizing nanosized SiC powder are discussed in Chapter 4. Finally, chapter 5 

summarizes the conclusions of the SiO CH4 reaction. The chapter finishes with some 

recommendations for future work. 
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CHAPTER 2
 

LITERATURE REVIEW AND THE PROPOSED SiO - CH4 REACTION 

In recent years, there has been remarkable progress in developing advanced 

ceramics of higher strength and toughness because of their potential applicability as 

high temperature structural materials. No metal can be used under mechanical load at 

temperatures above 1100 °C for any length of time without the use of some cooling 

system [Gauckler, 1989]. Combining the properties of low specific weight and high 

strength, ceramics have a very high strength to weight ratio which is particularly 

important for rapidly moving components in machines. The most important examples 

of advanced structural ceramics are aluminum oxide, zirconium oxide, silicon nitride, 

and silicon carbide. 

2.1 Silicon Carbide 

Silicon carbide has been attracting much attention because of its potential 

applicability as a high temperature structural material. Silicon Carbide is an artificial 

material with a strong covalent bonding structure [Nagai and Kimura, 1989]. Its color 

varies from nearly clear through pale yellow or green to black depending upon the 

amount of impurities. SiC is well known as a hard material occupying a relative 

position between alumina and diamond [Grayson, 1985]. It is estimated that roughly 

50 % of SiC produced is used for abrasives, 35 % for metallurgy applications, and 15 

% for refractories. Furthermore, SiC's electrical resistance is utilized for heating 
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elements. In addition, SiC with high purity is used in the electronic industry [Ault and 

Crowe,1995]. 

2.2 Synthesis Processes of Silicon Carbide 

Since SiC is not readily sintered, high temperature and pressure as well as 

special additives are usually required during the sintering process. In order to obtain a 

well-densified SiC body, it is essential to use SiC powder of small particle size as the 

starting material. Various studies have been carried out in order to achieve an 

industrial method of synthesizing high purity ultrafine SiC powder. The main 

synthesis routes for silicon carbide production are: carbotermal reduction of silica, 

direct reaction of Si and C, sol-gel technique, and laser or plasma driven gas phase 

reaction or gas phase pyrolysis. Among these processes, the only method that can be 

easily employed as an industrial process in the near future is the carbothermal 

reduction process. Accordingly, many researchers have been driven to improve the 

carbothermal reduction process. 

2.2.1 Carbothermal Reduction of SiO, 

At present time, the mass production of SiC appears to be the so-called 

Acheson process, the carbothermal reduction of silica [Nagai and Kimura, 1989]. The 

classical Acheson process involves mixing silica and carbon, and reacting them at an 

extremely high temperature of 2400 °C to produce coarse SiC ingots. The ingots then 

go through a series of milling operations and acid treatment before being transformed 
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into sintered bodies of SiC. Numerous studies have been done to improve the 

Acheson process, focusing mainly on the use of fine silica and carbon starting 

materials to lower the reaction temperature and to produce fine powder requiring no 

further grinding and purification procedures [Ono and Kurachi, 1991; Kevorkijan et 

al., 1992; Krstic, 1992; Weimer et al., 1993]. The overall reaction of the carbothermal 

reduction of silica is represented by 

SiO2 (s) + 3 C (s) > SiC (s) + 2 CO (g) (2.1) 

It is believed that the above reaction can be divided into two elementary reaction steps 

[Klinger et al., 1966; Biernacki and Wotzak, 1989] : 

SiO2 (s) + C (s) SiO (g) + CO (g) (2.2) 

SiO (g) + 2 C (s) > SiC (s) + CO (g) (2.3) 

According to Weimer et al. [1993], the rate of carbothermal reduction process is 

controlled by the second reaction, the reduction of intermediate SiO vapor to SiC. 

It has been reported that the proposed operating temperatures for the improved 

carbothermal reduction process are in the range of 1400 °C to 2000 °C [Ono and 

Kurachi, 1991; Krstic, 1992; Weimer et al., 1993]. The possibility of reducing the 

reaction temperature to 1150 °C has also been investigated. However, the reaction 

was carried out under vacuum conditions (- 1 Pa) [Kevorkijan et al, 1992]. The SiC 

powders produced by these carbothermal processes have an average size of 

submicrometer. 

It has also been reported that the synthesized powder is mixed with unreacted 

carbon and SiO2. The product is then heated in air to remove the excess carbon, and 

acid treated to remove residual oxygen and other impurities [Krstic, 1992; Weimer et 
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al., 1993; Kevorkijan et al., 1992]. The oxidation process needs to be done in a 

condition such that SiC will not be oxidized into SiO2. 

2.2.2 Direct Reaction of Si and C 

Yamada et al. [1989] and Narayan et al. [1994] reported the feasibility of 

producing SiC by self-propagating high-temperature synthesis (SHS) or combustion 

synthesis according to : 

Si (1) + C (s) SiC (s) (2.4) 

According to Narayan et al., the free energy of the above reaction, AG°, at 1727 °C is 

calculated to be 8.9 kcal/mol, which represents a relatively moderate driving force. 

The SHS process is based on the rapid propagation of a strong exothermic 

reaction. In this process, a mixture of Si and C powders is heated at above 2000 °C. 

The size of SiC powder produced depends on the size of the starting materials. 

2.2.3 Sol - gel Technique 

In sol gel processing, colloidal particles in a suspension, a sol, are mixed with 

a liquid and then aged to form a continuous network called a gel. The gel is then 

dried, calcined, and milled to form powder [Reed, 1987]. The starting materials used 

in the sol gel process are usually metal alkoxides. Powders synthesized from these 

precursors have been limited to oxides. However, Hatakeyama and Kanzaki [1990] 

have shown that it is possible to synthesize SiC powder by heating a gel derived from 
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the hydrolysis of phenyltriethoxysilane (C6H5Si(OC2H5)3) and tetraethylorthosilicate 

(Si(OC2H5)4) mixture. 

Instead of using phenyltriethoxysilane, Seog and Kim [1993] demonstrated the 

use of phenyltrimethoxysilane (C6H5Si(OCH3)3) as their starting material. The major 

disadvantages of this technique are the cost of the metal alkoxides and long processing 

time. Hence, it is difficult to visualize the industrial application of this technology in 

the near future. 

2.2.4 Gas Phase Reaction and Gas Phase Pyrolysis 

Gas phase reactions have large potential to synthesize ultrafine and high purity 

ceramic powders. However, most of those gas phase reactions have to be performed 

at high temperatures due to their low equilibrium constants. Plasma [Lee et al., 1990; 

Zhu et al., 1993; Guo et al., 1995] and laser [Cauchetier et al.,1988; Fantoni et al, 

1990; Li et al., 1994] technologies are suitable as the heat sources because they can 

provide much higher temperatures compared to other conventional methods. The 

following vapor phase reactions and pyrolysis are usually used for the production of 

ultrafine SiC powders. 

SiH4 + CH4 > SiC + 4 H2 (2.5) 

SiC14 + CH4 --> SiC + 4 HC1 (2.6) 

(CH3)4Si > SiC + 3 CH4 (2.7) 

CH3SiC13 > SiC + 3 HC1 (2.8) 
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A fairly high temperature, greater than 2000 °C, is required for these reactions. 

The problem with such synthesis routes is their high production cost. The precursors 

are normally expensive, and the production rate is low. 

2.3 SiO - CH4 Reaction 

SiC whiskers have usually been synthesized through the vapor-liquid-solid 

(VLS) mechanism [Milewski et al., 1985, Urretavizcaya and Lopez, 1994; Choi and 

Lee, 1995]. In this process, SiO vapor, generated from Si02 and C, reacts with CH4 

gas with the presence of a catalyst to form SiC whiskers on a graphite substrate. Iron 

or stainless steel is usually used as the catalyst. The CH4 reactant gas can either be 

externally supplied [Urretavizcaya and Lopez, 1994] or self-generated from C and H2 

[Choi and Lee, 1995]. 

Kubaschewski and Chart [1974] investigated the SiO generation by the reaction 

of Si and Si02 according to : 

Si (s) + Si02 (s) 2 SiO (g) (2.9) 

The equilibrium vapor pressure Psi() of SiO vapor, generated by the above 

reaction, becomes significant ( >100 Pa) when Si / Si02 mixtures are heated at 1270 

°C or higher. By reacting SiO vapor produced by reaction (2.9) with carbon powder, 

Ledoux et al. [1988] were able to synthesize SiC powder with a high specific surface 

area of 60-400 m2/g. 



9 

The objective of the present study is to investigate the possibility of producing 

nanosized SiC powder via non catalytic gas phase reaction between SiO vapor, 

generated from Si/Si02 mixtures, and externally supplied CH4 according to : 

SiO (g) + CH4 (g) ---> SiC (s) + H2O (g) + H2 (g) (2.10) 

A reaction is favored when its Gibbs free energy changes (AG°) under the 

considered temperatures are negative. Over the temperature range from 1270 to 1600 

°C, reaction (2.10) has negative values of AG°, ranging from -72 to -62 kJ /mol. 

Nevertheless, CH4 starts to decompose to C and H2 at temperature above 1000 

K [Guo et al., 1995]. 

CH4 (g) C(s) + 2 H2 (g) (2.11) 

Therefore surpressing CH4 decomposition will be one of the essential steps in this 

process. 

SiO vapor is very unstable, it will easily condense back to Si and Si02 

mixtures at low temperatures. As a result, if there is an insufficient amount of 

undissociated CH4 to react with SiO vapor, the product may contain some Si / Si02 

mixtures. The product is also expected to be mixed with either graphite or amorphous 

carbon produced from CH4 dissociation. As previously mentioned, the common 

procedures used in the purification steps of SiC product are oxidation and acid 

treatment. Thus, finding the best operating conditions that result in producing high 

purity nanosized SiC powder is the major objective of this study. 
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CHAPTER 3
 

EXPERIMENTAL APPARATUS AND PROCEDURES
 

3.1 Characteristics of Raw Materials 

SiO vapor is generated from equimolar mixtures of Si I Si02 powders. Fine Si 

and Si02 powders were used since they gave higher surface area and better physical 

contact between particles, which are important factors in solid solid reactions. The 

physical properties of these raw materials are summarized in Table 3.1. 

3.2 Experimental Apparatus 

3.2.1 SiO - CH4 Reaction to Form SiC 

The experimental apparatus designed for the synthesis of SiC powder is 

illustrated in Figure 3.1, that is essentially identical to the set-up for the ammonolysis 

of SiO to produce nanophase Si3N4 [Lin and Kimura, 1996]. An SiO generator, a CH4 

feeder, a thermocouple, and sampling tubes are all arranged effectively inside an A1203 

tubular reactor. This 44.5 mm OD, 38.1 mm ID, and 1.5 m long tubular reactor is 

placed in the center of a three feet long electric furnace. 

A Linberg Wisconsin furnace, model 54454-2Z, with molybdenum disilicate 

heating elements was used for this study. The furnace can reach temperatures up to 

1800 °C and it has a 200 mm long uniform temperature zone within ± 5 °C located in 



Table 3.1 Properties of Si and SiO2 powders 

Properties Sit SiO2t 

Crystallinity polycrystalline amorphous 

Mean particle size 2.0 pm 3.7 pm 

BET surface area 2.5 m2 / g 700 m2 / g 

Fe 0.08 Fe 0.007 

Al 0.10 Al 0.016 

Ca 0.02 Na 0.045 
Impurities (wt %) 

C 0.02 Pb 0.002 

0 0.51 Cu 0.00005 

t : Shin Etsu, Japan 
1: : Fuji Silysia Chemical Ltd, Japan 
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the middle of the furnace. The temperature of the furnace is controlled and measured 

by two separate programmable controllers. Each controller is responsible for a 30.48 

cm long heating zone. 

An alumina boat ( 10 mm W x 8 mm H x 40 mm L) containing an equimolar 

Si / SiO2 powder mixture is placed inside the 14.3 mm ID and 140 mm long SiO 

generator, as shown in Figure 3.1. In order to carry generated SiO vapor downstream 

to the reacting zone, an argon stream is injected through this mullite SiO generator 

tube. 

Considering that under high temperatures CH4 dissociates into C and H2, a 

short residence time of the reactant gas supplied through the CH4 feeder is desired. 

Hence, the CH4 feeder is made of a small 3.96 mm ID alumina tube. To enhance the 

contact of CH4 gas with SiO vapor, the feeder is placed directly above the SiO 

generator and its nozzle is tilted 30 ° downward from the horizontal direction. 

Moreover, the outlet of the nozzle is 6 cm downstream the SiO generator to avoid the 

SiC formation reaction from taking place inside the SiO generator. Both of the SiO 

generator and the outlet of the CH4 feeder are located at the upstream part of the 

uniform temperature zone. 

As illustrated in Figure 3.1, eight alumina sampling tubes that fit snugly inside 

the reactor tube are distributed along the reactor axis to collect any products. Five of 

these sampling tubes have dimensions of 34.9 mm OD and 28.6 mm ID, and are 101.6 

mm long. The other three have the same inside and outside diameters, but are 152.4 

mm long. In addition to these sampling tubes, the apparatus has also two filter units 

equipped in parallel in the gas-line to capture any products carried out of the reactor 
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by the gas flow. Paper filters were alternately replaced with new ones to avoid a 

significant increase in pressure drop. 

3.2.2 CH4 Dissociation Study 

According to the thermodynamic calculations reported by Lin [1995], CH4 will 

be 100 % dissociated to C and H2 at 1127 °C. To inhibit the dissociation, H2 needs to 

be present in great excess. 

In order to know how much undissociated CH4 is available for reaction with 

SiO vapor, an A1203 tube having the same diameter as the CH4 feeder was used as a 

reactor, placed in the center of the same furnace used for the SiO CH4 study. The 

complete dimensions of this reactor tube are 6.35 mm OD, 3.96 mm ID, and 1.52 m 

long. A flask was placed at the reactor exit to capture any carbon carried out by the 

gas flow, as illustrated in Figure 3.2. 

Reactant and product gas samples, taken from rubber hoses mounted before the 

reactor entrance and at the reactor exit, were analyzed by Gas Chromatography 

(Shimadzu, model 14-A). The Gas Chromatography is connected to a computer which 

is equipped with the E-Z Chrom data acquisition program (Shimadzu). 

3.3 Experimental Conditions and Procedures 

Lin [1995] reported the production of SiC in the form of whiskers and crystal 

aggregates from SiO CH4 reaction at 1300 °C and 1400 °C, with CII4/ SiO molar 

feed ratios ranging from 50 to 1100 and a roughly constant H2 / CH4 molar ratio of 8. 
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Figure 3..2 Experimental apparatus for CH4 dissociation study 
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No nanophase SiC powder was produced at these conditions. In this study, an attempt 

was made to synthesize nanosized SiC powder via the SiO CH4 reaction at 1500 and 

1560 °C, with CH4 / SiO molar feed ratios in the range 10 60 and a H2 / CH4 molar 

ratio of 8.8. The system pressure was slightly higher than the atmospheric pressure. 

More detailed description of the operating conditions is given in the later section. 

3.3.1 Sample Preparation 

Equimolar Si and Si02 powders were ground in a mortar for good mixing. In 

order to obtain a mixing ratio very close to 1:1, i.e., to minimize on error resulting 

from the moisture of powders, both Si and Si02 powders were kept in an 150 °C oven, 

and weighed right after they were taken out of the oven. 

Lin [1995] also reported the effect of Si/Si02 sample porosity on the generation 

rate of SiO vapor. It was concluded that a higher porosity gave a higher generation 

rate. Since the highest porosity can be obtained by using uncompacted powder 

mixtures, the alumina boat were filled with powder mixtures without applying any 

pressure to the powder. 

The average rate of SiO generation was calculated from the measured weight 

loss of Si / Si02 mixtures divided by the reaction time. The importance of measuring 

the sample mass accurately was realized by treating the alumina boat containing 

equimolar Si / Si02 mixtures in the same way as both Si and Si02 powders, i.e. dried 

in the oven and weighed as soon as taken out from the oven. The balance used in this 

experiment has a reading accuracy of 0.00001 gram. 
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3.3.2 SiO - CH4 Reaction to Produce SiC 

After setting up the apparatus, argon gas was introduced into the reactor system 

for purging. Then, the reactor was heated at a heating rate of 10 °C/min. As soon as 

the desired reaction temperature was reached, flow of all CH4, H2, and Ar streams 

were begun. 

CH4 was mixed with H2 and Ar before entering the reactor so that as much 

undissociated CH4 as possible was supplied to the reacting zone. The molar feed ratio 

of H2 / CH4 was kept about 8.8. Argon gas was introduced to adjust the residence time 

of gaseous mixtures in the CH4 feeder. Two other Ar streams were introduced to the 

reactor system. One was injected through the SiO generator to carry SiO vapor to the 

reacting zone. The other one was directly injected through the reactor-inlet stopper to 

avoid any back flow of gases (see Figure 3.1). Table 3.2 summarizes the operating 

conditions employed in this SiO - CH4 reaction study. 

The generation rate of SiO vapor decreases with time, but it is roughly constant 

during the initial stage of reaction. In order to obtain a sufficient amount of products 

for analysis yet to assume a constant SiO generation rate, the reaction time was chosen 

to be one hour for each temperature [Lin,1995]. After operation for one hour, the 

supply of CH4 / H2 / Ar mixtures and that of Ar carrying SiO vapor were terminated. 

At the same time, the Ar stream injected through the reactor-stopper was reversed to 

change the direction of its flow. This back flow was employed to avoid any 

condensation of SiO vapor onto the products while the furnace was cooling down to 

ambient temperature. 



Table 3.2 Operating conditions for synthesizing SiC from SiO CH4 reaction 

Run 

1 

2 

3 

4 

5 

6 

Temp 

( °C ) 

1500 

1560 

1560 

1560 

1560 

1560 

SiO x 104 

(mol/min) 

1.75 

2.70 

3.07 

3.10 

2.45 

1.34 

CH4* 

(cc/min) 

77.4 

78.6 

154.8 

260.5 

336.0 

78.6 

H2 * 

(cc/min) 

684.8 

684.8 

1365.8 

2245.1 

2944.8 

684.8 

Ar *" 

(cc/min) 

2157. 3 

2157.3 

1387.3 

456.9 

0 

628.3 

Ar*f 

(cc/min) 

1356.9 

1356.9 

1356.9 

1356.9 

1356.9 

666.7 

Ar *t 

(cc/min) 

919.2 

947.0 

947.0 

947.0 

919.2 

495.0 

* : referred to room temperature 
: Ar injected into CH4 feeder 

t : Ar injected into SiO generator 
: Ar injected into reactor-stopper 
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The amount of products was determined from the total mass gain by all 

sampling tubes and paper filters. After each run, separate products were collected 

from individual sampling tubes and filters. The sampling tubes were then washed and 

dried at 150 °C oven. 

The products collected were characterized by X-ray diffraction (XRD) for 

identifying crystalline products, IR spectroscopy for detecting the presence of Si 0 

bonding, electron probe microanalysis (EPMA) for determining element contents to 

evaluate SiC yields, and scanning and transmission electron microscopy (SEM and 

TEM) for observing the size and shape of the products. 

3.3.3 Acquiring CH4 Dissociation Data 

It is important to know the amount of CH4 exiting the CH4 feeder undissociated 

so that the CH4 / SiO molar ratio at the entrance of the reacting zone can be 

determined. Thus, the operating temperatures, CH4 feeder material, and 112/ CH4 feed 

ratio were maintained identical to those for the SiC synthesis and the dissociation of 

CH4 was studied. The detailed operating conditions are summarized in Table 3.3. 

These gas flow rates were chosen such that the residence time would be the same as 

that in the CH4 feeder during the SiO CH4 reaction. 

The same furnace heating rate of 10 °C/min was set. Before running the 

experiment, argon was also used to purge the system. When the desired operating 

temperature was reached, CH4 / H2 / Ar mixtures were fed into the system. The 
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composition of the inlet and outlet gases was analyzed by gas chromatography at 35 

°C on molecular sieve 5A (60/80) with He as the carrier gas. The operating 

conditions of the gas chromatography are shown in Table 3.4. 



Table 3.3 Operating conditions used for CH4 dissociation study at 1500 and 1560 °C 

Run CH4* H2* Ar* 
(cc /min) (cc/min) (cc/min) 

1 464.7 4109.6 1387.3 

2 546.0 4550.9 949.4 

3 657.5 5975.9 0 

* : referred to room temperature 



Table 3.4 The operating conditions for GC used in CH4 dissociation study 

Column temperature 35 °C 

Injection temperature 80 °C 

Detector temperature 80 °C 

TCD temperature 80 °C 

TCD current 200 mA 
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CHAPTER 4
 

EXPERIMENTAL RESULTS AND DISCUSSION
 

Some equilibrium calculations were made to find appropriate operating 

conditions using the Gibbs free energy minimization method [Eriksson, 1971; Lin, 

1995]. Figure 4.1 illustrates part of the calculated results, indicating that the yield of 

SiC becomes close to 100 % at 1800 K (1527 °C) when the molar ratio of CH4/ SiO 

is 2 and that of H2 I CH4 is 5. In this study, two temperatures, 1500 and 1560 °C, 

were selected based on the calculations. This chapter reports the experimental findings 

obtained at these temperatures with molar feed ratios of CH4 / SiO ranging from 10 to 

60 and a constant H2 / CH4 molar ratio of 8.8. The actual CH4 / SiO ratios in the 

reacting zone were smaller than these feed ratios due to the dissociation of CH4, as 

described in the following section. 

4.1 CH4 Dissociation Study 

Suppressing the CH4 decomposition can be done by adding hydrogen to CH4 

and also by reducing the residence time of CH4 inside the feeder. The use of a small 

tube and high gas flow rates was employed to obtain short residence times. 

Thermodynamically, by mixing excess H2 with CH4 at a molar ratio of 200, the 

dissociation of CH4 will be reduced from 100 % to 85 % at 1527 °C. On the other 

hand, the experimental CH4 dissociation study at 1500 and 1560 °C with a fixed 



0 1 

0	 0.5 1 1.5 2 2.5 3 3.5 4 4.5 
CH4/SiO 

Figure 4.1 The effect of CH4/SiO ratio on equilibrium SiC yield at 1800 K with H2/CH4 = 5 



Table 4.1 Results of CH4 dissociation study at 1500 °C and 1560 °C 

Conversions 
Run CH4* 

(cc/min) 
H2* 

(cc/min) 
Ar* 

(cc/min) 1500 °C 1560 °C 

1 464.7 4109.6 1387.3 0.190 0.415 

2 546.0 4550.9 949.4 0.220 0.414 

3 657.5 5975.9 0 N/A 0.458 

* : referred to room temperature 
t : average values of 4 repeated measurements, (± 10 % error) 
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H2 / CH4 ratio of 8.8 yielded 21 % and 42 % dissociation, respectively, as shown in 

Table 4.1. Due to the short residence time, the above results are different significantly 

from the thermodynamic calculations. 

Since all the conditions (temperatures, residence time, reactor material) 

employed in this CH4 dissociation study are identical to those in the SiO CH4 reaction 

study, determining the amount of CH4 undissociated becomes possible with an 

assumption that the contribution of temperature variation inside the reactor is small. 

From this point on, the CH4 / SiO ratio represents the ratio at the entrance of the 

reacting zone, unless otherwise specified, that is re-evaluated using the actual fraction 

of CH4 dissociation. Thus, 

( CH4 / SiO )reacting zone = ( CH4 / SiO 'feed X ( 1 - X )measured 

where X is the fraction of CH4 dissociation. 

4.2 SiC Formation from SiO - CH4 Reaction 

4.2.1 Product Distributions 

Products collected from various locations in the reactor showed five different 

morphologies: whiskers, crystal aggregates, shiny black scale, fine powder, and fluffy 

fine powder. The relationship between product distributions and the temperature 

profile inside the reactor is shown in Figure 4.2. SiC whiskers formed around the 

nozzle of the CH4 feeder. Crystal aggregates were found on the inner wall beneath the 

CH4 feeder outlet. Both whiskers and crystal aggregates were obtained from the 

uniform temperature zone close to the CH4 source. When CH4 / SiO ratios were high, 
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Figure 4.2 Products distribution and the temperature profile along the reactor at 1560 °C 
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a small amount of crystal aggregates could also be found on the external wall around 

the clearance between the first three sampling tubes, as shown in Figure 4.2. Shiny 

black scale deposited next to crystal aggregates, and its formation extended toward the 

end of heating zone. Product also precipitated as powder along the reactor where the 

temperature decreased by about 200 °C or more. The powder became fluffier toward 

the exit of the reactor. In addition to the powder collected by the inserted sampling 

tubes, fluffy powder was also collected by the paper filters mounted in the reactor-exit 

line. 

4.2.2 Product Characterization 

The XRD patterns of five different types of products obtained in a run at 1560 

°C are shown in Figure 4.3. It can be seen that both whiskers (a) and crystal 

aggregates (b) have strong SiC peak intensities with minor graphite peaks. On the 

other hand, shiny black scale (c) is identified mostly as graphite. Powder product (d) 

collected close to the furnace end has weak intensities of both SiC and graphite. The 

spectra of fluffy powder (e) collected in sampling tube # 6, # 7, and paper filters show 

a significant increase in SiC peak intensities whereas graphite peaks diminish. In spite 

of the disappearance of graphite peaks, products are suspected to contain amorphous 

carbon because their color is dark. The higher the CH4 / SiO ratio, the darker the 

color. The color of the powder deposited just outside the heating zone was black, and 

the color changed to greenish gray toward the reactor exit. This behavior could be 

explained by the decrease in the amount of carbon precipitated along the reactor axis. 



sample holder 

sample holder 

20 24 28 32 36 40 44 48 52 56 60 64 68 72
 

2 0 

Figure 4.3 X-ray diffraction pattern of five different types of products obtained at 1560 °C 



1500.81 1404.36 1307.9 1211.45 1115 1018.54 922.09 825.64 729.19 632.73 536.28 439.83 
Wavenumbers ( cm -1) 

Figure 4.4 IR spectra of five different types of products obtained at 1560 °C 
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The XRD patterns of products obtained at different conditions are roughly identical to 

those shown in Figure 4.3 (see Appendix A). 

The IR spectra of the same products as presented in Figure 4.3 are shown in 

Figure 4.4. No absorption peak is observed in the IR spectra of shiny scale (c) and 

fine powder (d), although their XRD results indicate that they are composed of SiC 

and either graphite or amorphous carbon. Because of their intensive dark color, the 

transmission of IR seems to have been insufficient to detect any bonding. The spectra 

of the fluffy powder (e) show minor Si 0 bond absorption, indicating the presence of 

Si02 in the products. The IR spectra of products obtained at different conditions are 

given in Appendix B. 

According to XRD and IR spectra, all the SiC products are crystalline and, 

depending on their location, they are mixed with graphite, amorphous carbon, and 

amorphous Si / Si02 mixtures. 

4.2.3 Product Morphology 

Scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM) were used to observe the size and shape of the collected products. 

Figure 4.5 shows SEM images of whiskers (a) and crystal aggregates (b). The 

radii of SiC whiskers appear to be about 0.1 rim. Figure 4.5 (b) shows that the 

structure of each individual crystals of the aggregates is hexagonal. TEM images of 

the fluffy powder are shown in Fig 4.6. It can be seen that the size of individual 



1C-1400-Crysta 

Figure 4.5 SEM images of (a) whiskers and (b) crystal aggregate:; 
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i-, mil 
B471 2H.80 X1T atm 

Figure 4.6 TEM image of fluffy fine powder 
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Figure 4.7 Selected area diffraction pattern of fluffy powder 
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particle is about 20 nm. Though some particle agglomerations are also observed, the 

fluffy powder produced is basically nanosized SiC powder. Figure 4.7 is the selected 

area diffraction (SAD) pattern of fluffy powder, indicating that the powder is 13-SiC. 

4.2.4 Product Composition and SiC Yield 

As explained earlier, products may contain C, resulting from CH4 dissociation, 

and Si/Si02 mixtures, resulting from the condensation of unreacted SiO vapor. 

Electron probe microanalysis (EPMA) was conducted to determine contents of 

principal elements in the products so that the product composition could be 

determined. EPMA gave the analytical composition of products as weight % of Si, C, 

and 0. However, the analysis of C does not usually give accurate results, so the value 

of C was used for reference. From the weight % of oxygen, the amount of Si02 

condensate ( weight % Si02) could be evaluated. An equimolar of that Si02 would 

give the weight % of free Si impurity. The remaining weight % Si, (i.e., weight % 

total Si weight % Si as Si / Si02 impurities) would be weight % Si as SiC. Thus, 

weight % of SiC could be calculated. The weight % of C was evaluated as the 

balance. An example of determining product composition from the element analysis is 

given below, 

Analytical composition of product: 55 wt % Si, 5 wt % 0, 40 wt % C 

MW Si02 9
wt % Si02 x wt % 0 x 5 = 9.39 

MW 02 2 32.0 
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MW Si 28.09wt % Si as Si02 x wt % Sia, x 9.39 = 4.39-, 60.09MW Si02 

wt % free Si = wt % Si as Si02 = 4.39 

wt % Si as SiC = wt % total Si wt % Si as Si02 wt % Si = 46.22 

MW SiC
wt % Si SiC x wt % Si as SiC 4° '1 x 46.22 = 65.98 

MW Si 28.09 

wt % C = 100 wt % Si wt % Si02 wt % SiC = 20.24 

where MW is the molecular weight.
 

Thus, the product composition is 9.39% Si02, 4.39% Si, 65.98% SiC, and 20.24% C.
 

After determining the product composition, SiC yield could then be calculated. 

The yield of SiC was calculated based on the amount of SiO generated and shown in 

Table 4.2. It is seen in run 2 through 5 that the total yield of SiC increases with the 

molar ratio of CH4 / SiO. The plot of SiC yield vs CH4 / SiO ratio is shown in Figure 

4.8. Because the amount of SiO generated is roughly constant, the total yield seems to 

increase with the CH4 supply. To have a yield close to 100 %, the CH4 / SiO molar 

ratio needs to be about 35 or higher at 1560 °C. 

Table 4.3 summarizes the results from each different run in terms of product 

distributions. Whiskers and crystal aggregates appear to be minor products. Majority 

of the product takes a form as hard shiny scale. The composition of the shiny scale is 



Table 4.2 Yield of SiC ( % ) 

Run # Temp ( °C) CH4 / SiO Yield ( % ) 

1 1500 14.7 64.4 

2 1560 6.9 61.9 

3 1560 12.0 73.5 

4 1560 20.0 84.5 

5 1560 32.5 98.9 

6 1560 14.0 79.3 
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Figure 4.8 The dependency of SiC yield on CH4/SiO molar ratio 
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Table 4.3 Products distributions ( % mass ) 

Run Temp Powders 
CH4 / SiO Whiskers Crystals Scale 

inside filter(°C) 
reactor collected 

1 1500 14.7 8.2 3.9 57.4 12.0 18.5 

2 1560 6.9 3.1 2.4 69.9 7.8 16.8 

3 1560 12.0 3.3 7.1 43.4 16.6 29.6 

4 1560 20.0 6.2 7.0 49.1 9.9 27.8 

5 1560 32.5 3.5 4.2 60.0 22.6 9.7 

6 1560 14.0 4.7 3.3 58.0 9.2 24.8 
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75 99 % graphite, depending on the CH4 / SiO ratio, as shown in the Table 4.4. A 

higher CH4 / SiO ratio gives a higher fraction of graphite, as expected. Table 4.3 also 

suggests that most of the powder product was collected by paper filters, even when the 

residence time was doubled (Run 6). However, when the CH4 / SiO ratio became as 

high as 32.5 (Run 5), the products distributions were shifted toward inside the reactor, 

i.e., more products were collected inside the reactor. 

Table 4.5 shows the temperature effect on the composition of the powders 

collected from approximately the same CH4 / SiO, H2 / CH4 ratios as well as residence 

times. It can be seen that the fraction of Si / SiO2 impurities decreases with an 

increase in reacting temperature. 

In order to determine best operating conditions that yield highest purity, several 

runs were made at 1560 °C. Table 4.6 summarizes the composition of collected 

powder products. As mentioned earlier, the color of the powder collected by sampling 

tube #4 and #5 was black and changed to greenish gray toward the rector exit. The 

result of EPMA shows that the powders in sampling tube # 4 and # 5 are mainly 

carbon, hence they are black. Looking at Si / SiO2 impurities, one may find that the 

mass fraction of Si / SiO2 mixtures decreases with an increase in the CH4 / SiO molar 

ratio at a fixed H2 / CH4 feed ratio. However, a further increase in the CH4 supply 

does not reduce the fraction of Si / SiO2 impurities, as shown by Run 5. 

Table 4.6 also shows that fluffy powder collected outside the heating zone 

(sampling tube #6, #7, and paper filters) contains 20 65 % carbon by mass. Ledoux 

et al. [1988] reported that heating SiC powder in air at 1000 °C eliminates carbon 



Table 4.4 Mass composition ( weight % ) of the shiny scale 

Run 1, T = 1500 °C Run 2, T = 1560 °C Run 3, T = 1560 °C Run 4, T = 1560 °C Run 5, T = 1560 °C 
CH4/ SiO = 14.7 CH4/ SiO = 6.9 CH4/ SiO = 12.0 CH4/ SiO = 20.0 CH4/ SiO = 32.5 

C SiC C SiC C SiC C SiC C SiC 

1 87.3 12.7 81.1 18.9 91.7 8.3 83.2 16.8 87.9 12.1 

2 85.8 14.2 77.3 22.7 87.0 13.0 94.3 5.7 89.1 10.9 

3 87.5 12.5 75.0 25.0 91.9 8.1 94.3 5.7 97.4 2.6 

4 93.4 6.6 92.2 7.8 95.9 4.1 98.8 1.2 99.2 0.8 

1 : shiny scale deposit in sampling tube # 1 
2 : shiny scale deposit in sampling tube # 2 
3 : shiny scale deposit in sampling tube # 3 
4 : shiny scale deposit in sampling tube # 4 



Table 4.5 Mass composition of collected powders obtained from 1500 °C and 1560 °C runs 

Temperature ( °C ) 

CH4 / SiO at reacting zone 

H2 / CH4 

Si /SiO2 

PW 5 42.9 

PW 6 30.6 

PW 7 30.6 

PW 8 38.2 

PW 5 : powder deposited in sampling tube # 5 
PW 6 : powder deposited in sampling tube # 6 
PW 7 : powder deposited in sampling tube # 7 
PW 8 : powder collected by paper filters 

Run # 1 Run # 3 

1500 1560 

14.7 12.0 

8.8 8.8 

SiC C Si/Si02 SiC C 

8.8 48.3 19.2 29.6 51.2 

51.0 18.4 24.8 45.8 29.4 

51.0 18.4 17.1 54.6 28.3 

43.2 18.6 13.4 64.6 22.0 



Table 4.6 Mass composition ( weight % ) of the powder produced at 1560 °C 

Run 2, CH4/SiO = 6.9 Run 3, CH4/SiO = 12.0 Run 4, CH4/SiO = 20.0 Run 5, CH4/SiO = 32.5 

Si/Si02 SiC C Si/Si02 SiC C Si/Si02 SiC C Si/Si02 SiC C 

1 4.1 3.8 92.1 0.5 0 99.5 0.2 0.1 99.7 0.3 0.2 99.5 

2 28.2 0.4 71.4 19.2 29.6 51.2 18.0 0.1 81.9 12.4 16.3 71.3 

3 39.0 32.2 28.8 24.8 45.8 29.4 6.4 71.8 21.8 8.4 59.8 31.8 

4 37.1 30.2 32.7 17.1 54.6 28.3 8.4 53.7 37.9 7.4 53.7 38.9 

5 31.9 43.6 24.5 13.4 64.6 22.0 7.5 66.3 26.2 7.2 28.1 64.7 

1 : powder collected in sampling tube # 4 
2 : powder collected in sampling tube # 5 
3 : powder collected in sampling tube # 6 
4 : powder collected in sampling tube # 7 
5 : powder collected by paper filters 
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impurity without oxidizing SiC. Fine powder may require milder oxidation conditions 

such as the use of diluted air and lower oxidation temperature. Removing Si/SiO2 

impurities can be done by using acid leaching as mentioned before. 
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CHAPTER 5
 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

5.1 Conclusions 

The synthesis of nanophase SiC powder via non catalytic gas phase reaction of 

SiO - CH4 was studied in a tubular flow reactor operated at 1500 and 1560 °C. SiO 

vapor was generated by heating equimolar Si / Si02 powder mixtures in the reactor, 

while CH4 was externally supplied. 

In order to determine the amount of undissociated CH4 entering the reaction 

zone, study on CH4 dissociation at the same operating conditions as the SiO - CH4 

reaction was conducted. It was found that CH4, mixed with I-12 and Ar at a H2 / CH4 

feed ratio of 8.8, dissociated by 21 and 42 % at 1500 and 1560 °C, respectively. 

SiC product collected from various locations in the reactor showed five 

different morphologies: whiskers, crystal aggregates, shiny scale, powder and fluffy 

fine powder. Product contains Si / Si02 mixtures, resulting from the condensation of 

unreacted SiO vapor, and also graphite or amorphous carbon, produced from CH4 

dissociation. The fraction of Si / Si02 impurities decreases with an increase in reaction 

temperature. At 1560 °C, the total yield of SiC, calculated on the basis of SiO 

generated, increased with the CH4 supply and reached as high as 99 %. 

Whiskers and crystal aggregates were minor product. The radii of the whiskers 

appear to be about 0.1 pm. 20 50 % of the product SiC was obtained as very fine 

powder, having an average size of 20 nm. The powder was mixed with carbon and 

Si/Si02 impurities. The fraction of carbon impurity increases with an increase in the 
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CH4 / SiO molar ratio while the fraction of Si / SiO2 mixtures decreases. A minimum 

Si / SiO2 content of 6.4 % by mass and a maximum SiC content of 72 % by mass were 

obtained when the CH4 / SiO ratio was 20. 

5.2 Recommendations for Future Work 

The non catalytic gas phase reaction between SiO vapor and CH4 appears to be 

a potential method for synthesizing nanosize SiC powder. Listed below are some 

suggestions for achieving better understanding of this SiO CH4 reaction. 

1. Since the current SiC powder contains some carbon and Si / SiO2 impurities, further 

study on purification methods should be done. 

2. By raising the reaction temperature, the fraction of Si / SiO2 impurities was 

reduced. At 1560 °C, the minimum achievable Si / SiO2 impurity is 6.4%. Further 

increase in the operating temperature may give SiC powder of higher purity. 

Accordingly, further study at higher temperatures should also be considered. 

3. Under higher temperature conditions, CH4 dissociation will be enhanced. Thus, 

studying the kinetics of CH4 dissociation to find conditions that inhibit the dissociation 

will help improve this process. Appendix C shows some differential flow analysis 

obtained in CH4 dissociation experimental runs made without adding hydrogen into the 

system. 

4. Further study on a continuous process should also be done, including the 

applications of fluidized-bed and/or pneumatic flow reactors. 
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APPENDIX C
 

Differential Flow Analysis for CH4 Dissociation Study
 

At high temperature, methane will dissociate into C and H2 according to 

CH4 (g) -> C (s) + 2 H2 (g) 

The reaction rate for above reaction can be represented by 

rCH4 = k CCH4 (C.1) 

where n is the reaction order and k is the rate constant. 

In the case of steady state plug flow reactor, the differential equation of the 

material balance over a control volume dV is given as 

FAO dXA = rA dV (C.2) 

where FAO is molar input of A and XA is conversion of A. 

For the whole reactor, the above equation can be written in 

v x
dXdV r A= 

J -r0 FAo 0 A 

As shown by equation (C.1), rA is a function of concentration, hence it is also a 

function of XA. If XA is small, the concentration in the reactor can be assumed to be 

constant so that rA can also be assumed constant. In this case, equation (C.2) can be 

integrated to obtain 

XAV _ 
FA0 -rA, 
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FAO XA 
-ra,ave 

V 

Using the average value of both - rAave and CAA, equation (C.1) can be rearranged to 

get 

In ( rAave = In (k) + n In ( CA 

where CA ave is the average of the inlet and outlet concentration. 

Looking at the above expression, the reaction order, n, can be obtained by 

determining the slope of In ( rA,ave ) vs. in ( CA,ave ) plot at a fixed temperature. The 

intercept of the same plot will give In (k), which is the temperature dependence term. 

The temperature dependency of the rate constant (k) is often fitted by an 

Arrhenius law 

k = exp ( E/RT ) 

where E is the activation energy [ J/mol ] and R is gas constant [ 8.314 J/mol K 

A plot of In (k) vs 1/T will give -E/R as the slope and In (k°) as its intercept. 

The result of the differential flow analysis for CH4 dissociation study are 

represented in the following table. Gas chromatography was used to analyzed the inlet 

and outlet gas samples, hence the conversion (XA) could be determined. In summary, 

the reaction rate of CH4 dissociation in this particular study can be represented by 

rCH4 = 4.412 x 108 exp (-242.9/RT) CcH41 63 

where R is 8.314 x 10-3 kJ/mol K and T is temperature in K. 



T = 1215 C 
CH4,o Ar,o Fa,o Ca,o X Ca,f Ca,ave -ra n k 
(cc/min) (cc/min) (mol/min) (mol/m3) 

369.75 628.3 0.0151 3.034 
(mol/m3) (moUm3) (moUm3 -sec) 

0.22 2.367 2.701 7.391 
(mol (4/3)/m2 -sec) 

446.27 
446,27 
446.27 

628.3 
362.9 

269 

0.0183 
0.0183 
0.0183 

3.401 
4.517 

5.11 

0.19 
0.27 
0.38 

2.755 
3.297 
3.168 

3.078 
3.907 
4.139 

7.704 
10.947 
15.408 

1.6 1.3974 

T = 1235 C 
CH4,o Ar,o Fa,o Ca,o X Ca,f Ca,ave -ra n k 
(cc/min) (cc/min) (mol/min) (moUm3) (moUm3) (moUm3) (mol/m3-sec) (mol (-2/3)/m2-sec)

265.7 789.5 0.0109 2.035 0.166 1.697 1.866 4.008 
369.7 628.3 0.0151 2.994 0.213 2.356 2.675 7.156 1.57 1.5077446.27 628.3 0.0183 3.356 0.208 2.658 3.007 8.434 

T = 1260 C 
CH4,o Ar,o Fa,o Ca,o X Ca,f Ca,ave -ra n k 
(cc/min) (cc/min) (mol/min) (mol/m3) (moUm3) (mol/m3) (moUm3 -sec) (mol ("2/3)/m2-sec)

176.7 949.4 0.0072 1.247 0.18 1.023 1.135 2.89 
265.72 789.5 0.0109 2.002 0.29 1.421 1.712 7.001 1.71 2.4583
303.76 789.5 0.0124 2.209 0.27 1.612 1.911 7.452 
369.75 628.3 0.151 2.945 0.3 2.062 2.503 10.078 
446.27 628.3 0.0183 3.302 0.36 2.113 2.707 14.597 



Differential flow analysis of CH4 dissociation at 1215 °C , 1235 °C and 1260°C 

100.000 
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1235 °C 
* 0 , 

1.000 

1.000 
CA, average ( mol/m3) 10.000 
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Arhenius relationship between rate constant and temperature 

Ink= 19.905 - 242.9 / RT, where R= 8.314 x 10-3U / mol-K 

R2= 0.8864 

1 

6.52 6.54 6.56 6.58 6.6 6.62 6.64 6.66 6.68 6.7 6.72 6.74 

1 /Tx 104(KI) 0 




