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Abstract

The processing and synthesis capabilities of vapor phase transport and a 

combustion synthesis reaction are used to produce SiC with unique microstructures and 

properties. The presence of a reactive atmosphere significantly modifies the synthesis 

of (3-SiC due to vapor transport. The amount of SiC powder reacted in HC1 appears to 

be both temperature and time dependent. There also appears to be two competing 

synthesis processes when the reactant mixture is exposed to a reactive HC1 atmosphere. 

The combustion synthesis reaction of SiC in HC1 and argon is also time and 

temperature dependent. The particle size produced by these methods is appropriate for 

subsequent consolidation and sintering and the process has the potential of producing 

low cost powders.
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1. Introduction

This thesis explores the combined effects of vapor phase transport and a 

combustion synthesis reaction on the production of SiC powders. The primary purpose 

is to determine whether the process can be used to produce submicron, sinterable SiC 

powder.

Silicon carbide is well known for many excellent properties such as high 

hardness and strength, oxidation and corrosion resistance, low coefficient of thermal 

expansion, and high heat transfer capabilities. These superior properties have been the 

basis for the use of this material in applications such as electrodes, molds, abrasives, 

electronic materials, and composites. Recently, SiC powder has received significant 

attention because of its interest as an advanced structural ceramic.

The combustion synthesis process has been demonstrated to be an effective and 

economical method for producing ceramics, composites, and intermetallic materials. [1 ] 

This method is typically characterized by highly exothermic reactions with rapid 

reaction rates. The generation of high combustion temperatures can possibly volatilize 

impurities which results in higher purity products. In addition, the rapid reaction rates 

provide short processing times and potentially lower manufacturing costs.

If the reaction is carried out in a reactive HC1 atmosphere, high partial 

pressures of the vapor species, specifically chlorides, are produced because of the high 

temperatures of the combustion synthesis reaction. The presence of gaseous species 

have been used to alter the microstructure during combustion synthesis and sintering of 

ceramics. [2] It is hoped that combustion synthesis in a reactive atmosphere will lead 

to a more uniform microstructure consisting of fine particles that can be comminuted to 

a sinterable powder.
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The synthesis of ultrafine ceramic powders is possible by a gas phase reaction 

alone; unfortunately, this method is expensive. In contrast, combustion synthesis 

exhibits short processing times and is less costly. Thus, combining these two methods 

potentially provides an inexpensive, rapid process for producing fine sinterable SiC 

powders.
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2. Processing of SiC

2.1. Introduction

Fine powder preparation can be accomplished by breaking down or by building 

up. [3] The breaking down process, such as ball milling, atomization, or 

micronisation, consists of comminuting coarse particles (bulk material). Unfortunately, 

the end product of these techniques are usually relatively coarse and obtaining pure fine 

powders (<  1 pm) is difficult. [4,5] The building up processes, such as liquid- 

precipitation and vapor-condensation, produce highly pure fine powders as a result of a 

nucléation and growth process under a high degree of super saturation. [3] For this 

reason, vapor phase reactions have great potential for the production of high quality 

SiC powders. Silicon carbide had been produced by gas phase reactions as early as 

1909. [6 ] Pring and Fielding used SiCl4  (g) - C6 H6  (g) in H2  (g) at 1700 °C to 2000 °C to 

produce this powder. It wasn't until the early 1980's when new interests were aroused 

for the preparation of SiC powders due to the need for high performance structural 

materials.

Literature review of powder preparation of SiC can be classified into: 1) gas 

phase reactions including high intensity arcs, plasma jets, and lasers; 2 ) chemical 

reaction-condensation processes including reactions conducted in a tube furnace; and 3) 

carbothermal reduction of silica or compounds containing silica.
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2.2. Powder Preparation

2.2.1. High Intensity Arcs

High intensity arcs can produce temperatures as high as 7000 K in the tail flame 

evaporating the material. [3] The temperature of the vapor falls rapidly after leaving 

the arc flame. A high degree of supersaturation is achieved by this supercooling effect 

which leads to rapid condensation. The particle size diameters range from 5 run to 

1 0 0  run.

Ando and Uyeda [7] constructed an arc device to produce P-SiC powders. The 

arc device used a carbon rod as an electrode that was oriented vertically above a block 

of silicon. The carbon and silicon were then evaporated by an arc discharge producing 

p-SiC powder with a particle size of 10 - 80 ran.

2.2.2. Plasma-jet

Plasma heating is also capable of generating high temperatures to produce large 

quantities of ultrafine ceramic powder. [3] This technique has been used successfully 

to produce fine silicon carbide powder.

In 1983, Hollabaugh et al. [8 ] developed a new high temperature R.F. plasma 

system that overcame the meltdown problem of the water- and gas- cooled quartz 

plasma tubes commonly used. Radial injection of silane, methane, and hydrogen into 

the tail flame of the plasma produced ultrafine silicon carbide powder. The particle 

size ranged from 1 0  - 2 0  run.
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Kong et al. [9] used a high temperature plasma by a reaction between methane 

and silicon monoxide to also synthesize |3-SiC. The particle size produced by this 

reaction ranged from 2 to 40 nm.

Baumgartner [10] also produced unagglomerated, highly pure, and 

homogeneous P-SiC powders with an arc-plasma reactor. Hydrogen was used as the 

plasma gas and the silicon feedstock was silicon tetrachloride. This reactor was 

capable of producing approximately 4 kg of silicon carbide powder per hour. These 

powders were sintered without pressure at 2100 °C to 98% theoretical density with the 

addition of very small amount of boron.

More recently, Allaire et al. [11] synthesized ultrafine SiC powders by the gas 

phase reaction of silicon tetrachloride with methane in a d.c. thermal plasma. This 

reaction produced powders with the average particle size of 0.1 pm. Higher yield was 

achieved by increasing the SiCl4  feeding rate and using a metallic filter with smaller 

pores.

2.2.3. Lasers

Recently, lasers have been used for the preparation of fine powders such as SiC 

from the gas phase. This technique allows for reliable process control. 

Unagglomerated, very finely divided powders of various oxides, borides, carbides, and 

silicides have been prepared by this method. [12] However, this technique has been 

limited to laboratory use because of the large overhead requirements.

Haggerty, J.S. and his coworkers [13-17] developed a novel process to produce 

a wide variety of ceramic powders. Si, Si^N^, and SiC were produced from C 0 2  laser- 

heated gas-phase reactants including NH3, SiH4, C2 H4, and CH4. In addition, these
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researchers found that SiC powders could only be produced by a gas reaction involving 

SiH4  and CH4. [17] The yield of SiC collected was greater than 90% with various 

amounts of free Si and C depending on the reaction temperatures. The particle sizes 

ranged from 18 nm to 49 nm and the size of particles increased with increasing laser 

intensity, increasing cell pressure, and increasing SiH4  flow rate.

More recently, Suzuki et al. [18] prepared ultrafine SiC powders by irradiating 

SiH2 Cl2 -C2 H 4  gas mixtures with a C 0 2  laser at atmospheric pressures. It was found 

that SiC powder formed at both high and low reaction flame temperatures. These 

powders that were prepared at the ratio of C2 H4  to S it^C ^ = 0.5 consisted of 

spherical particles with the size of 0.04 - 0.07 pm.

2.2.4. Tube Furnace

The tube furnace has also been used to prepare a variety of fine powders, such 

as Mo2C and T i02, by a chemical vapor phase reaction. [4,19,20] This technique has 

been applied to the preparation of SiC.

Okabe et al. [21] used the vapor phase reaction of (CH3)4Si (g) and H 2  (g) in a 

tube furnace to produce fine silicon carbide powders. The powders produced were 

spherical and the particles had an average size of 0.02 - 0.12 pm. In addition, the 

particle size decreased with increasing reaction temperatures and with decreasing 

(CH3)4Si concentration. The yield of these powders increased rapidly with increasing 

temperatures up to 900 °C.

Varshnery et al. [22] produced SiC powder by vapor-phase reactions of 

(CH3)4Si in an argon atmosphere in a vertical tube furnace. Research indicated that at 

600 - 800 °C pyrolysis of (CH3)4Si to SiC was incomplete. However, at 1100 °C, the
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pyrolysis of (C H ^Si was complete yielding spherical particles with a diameter of 

approximately 0.1 pm to 4 pm.

Wu et al. [5] also produced silicon carbide powders by gaseous thermal 

decomposition of Si(CH3 ) 4  in a flow-through furnace reactor between 800 °C and 1500 

°C. These researchers found that the particle size decreased with increasing reaction 

temperature and increased with increasing tetramethylsilane (TMS) partial pressure. It 

was found that single phase SiC is produced under certain deposition conditions 

however, a core structure of either partially-pyrolyzed TMS or carbon resulted from 

reactions in the cooler end of the furnace. Both core structures were easily removed by 

heat treating the materials.

In contrast, Chen et al. [23] used the chemical vapor deposition of SiH4  + CH4  

+ H 2  to synthesize P-SiC powders at temperatures between 1523 K and 1673 K. The 

particle size increased with the reaction temperature and gas concentration and 

decreased with gas flow rate. The average particle size ranged from 46 to 114 nm.

2.2.5. Carbothermal Reduction of Silica

The primary production of silicon carbide today is conducted in massive forms 

by the carbon reduction of silica. The preparation of SiC was originated by E.G. 

Acheson. [24] Shortly after, he devised a production furnace to produce SiC. [25] 

Interestingly, this production process for the most part has not changed during the last 

century. The resulting SiC is either in the form of fine powder or large bonded masses 

which are crushed, milled, and sorted for commercial use.

More recently, variations of the carbothermic reduction of silica have occurred. 

Lee and Cutler [26] decomposed rice hulls containing 15 to 20 wt% silica to synthesize
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SiC. This method produced clusters of extremely fine SiC particles approximately

0.1 pm in size. These researchers concluded that the rate controlling step for the 

formation of SiC is carbothermal reduction of silica to form SiO and CO. Jong [27] 

prepared silicon carbide by reacting silica residues and carbon. The average particle 

size of the SiC powder measured by nitrogen adsorption was 0.04 pm. Wei [28] also 

produced (3-SiC powders by carbothermic reduction of silica with carbon in a high 

temperature rotary furnace. This process produced agglomerates of fine particles of 

SiC. The SiC powder was then doped with 0.6 wt% of boron nitride and hot pressed 

to 96% density at 2000 °C and 62 MPa.

These gas phase reactions are potentially useful for synthesizing ultrafine 

ceramic powders; unfortunately, these methods are expensive. SiC powder has been 

prepared by other methods such as the combustion synthesis process. This method will 

be discussed in the following section.
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3. The Combustion Synthesis Process

3.1. Overview

Combustion synthesis, also known as self-propagating high-temperature 

synthesis (SHS), provides a method for processing advanced materials such as 

ceramics, ceramic-composites, and intermetallic compounds. [1] The combustion 

synthesis process is characterized by high exothermic reactions which can become self- 

sustaining in the form of a combustion or reaction wave. The exothermic reaction, 

which is initiated at the ignition temperature (Tig), generates heat and raises the 

temperature to the combustion temperature. This is schematically illustrated in Figure

1. The temperature of a combustion wave can be in excess of 5000 K and the rate of 

wave propagation can be rapid as 25 cm/s. [29]

In the typical combustion synthesis reaction, the mixed reactants are pressed 

into a green pellet (i.e. an unfired reactant pellet) and then exposed to a heat source 

typically in the form of a tungsten filament or furnace. This heat source ignites the 

pellet either locally at one point or the entire pellet uniformly. When the reaction is 

initiated at one end of the sample a combustion wave forms and propagates through the 

reactants. This is known as the self-propagating high-temperature synthesis (SHS) 

mode. If the pellet is uniformly heated until the synthesis reaction occurs 

spontaneously through the whole sample then this is known as the "thermal explosion"



Time

Figure 1. Schematic representation of the combustion synthesis process
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mode. These two reaction modes are illustrated in Figure 2.

Research on the combustion synthesis process started as early as the 1960's by 

the Soviet Union. The Russians have produced more than 500 materials using this 

method. Some of these materials are listed in Table 1 and their applications include 

electronic materials, metallic and ceramic superconductors, composites, intermetallics, 

refractories, abrasives, and lubricants. [30,31]

3.2. Historical Perspective

The discovery of "black powder" approximately 2000 years ago by the Chinese 

is considered one of the earliest exothermic reactions known to man. [32] These black 

powders sparked military interest throughout the world and soon emerged as dynamite 

and nitroglycerin. [33] As early as 1825, Berzelius [34] found that zirconium oxide 

could be made by heating amorphous zirconium metal below redness and could be 

ignited lower than room temperature. In 1895, discovery of the original thermite 

reaction:

8A1 + 3Fe3 0 4  -» 9Fe + 4A12 0 3  (2.2.1)

was made by Hans Goldschmidt [34] in Germany. He found that metal oxides other 

than alkalies and alkaline-earth metals are reduced by heating them with aluminum 

powder. [34]
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Figure 2. Schematic representation illustrating a comparison between propagating 
wave mode and thermal explosion mode of combustion synthesis
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Table 1. Examples of materials prepared by the combustion synthesis process

Carbides SiC, TiC, HfC, B4 C, AI4 C 3 , TaC, WC, 
ZrC, NbC, Cr3 C2

Borides TiB2, ZrB2, NbB2, TaB2, MoB2, LaB6, 
HfB2, CrB, VB

Carbonitrides TiC-TiN, NbC-NbN, TaC-TaN

Silicides MoSi2, Ti5 Si3, Zr 5 Si3, Nb5 Si3, NbSi2, TaSi2, 
ZrSi2, WSi2, VgSi3

Nitrides TiN, ZrN, BN, AIN, Si3 N4, TaN, HfN, 
NbN

Hydrides TiH2, ZrH2, NbH2

Intermetallics NiAl, FeAl, BnGe, TiNi, CoTi, CuAl

Chalcogenides MoSi2, TaSe2, BnS2, WSe2

Composites
TiC-TiB2, TiB2 -Al2 0 3, TiN-Al2 0 3, MoSi2- 
A12 0 3, MoB-A12 0 3, Cr2 C 3 -Al2 0 3, 
6Vn-5Al2 0 3, TiC-Al2 0 3

Cemented Carbides TiC-Ni, TiC-(Ni,Mo), WC-Co, Cr3 C2- 
(Ni,Mo)
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Scientists from the United States began research on these types of reactions for 

materials processing purposes as early as the 1940's and 1950's. One American 

scientist, Alexander, [35] found that hydrides could be produced with an exothermic 

process from calcium metal ingots. Walton and Poulos [36] discovered the production 

of a high-temperature coating on a lower-melting metallic substrate. This process 

consisted of oxidizing powdered aluminum to form AI2 O3  and a metallic phase by 

reducing the oxide. [36] Other independent researchers investigated self-sustaining 

exothermic reactions in the same decade. They include Kraph in Germany, [37,38] 

Merzhanov in the Soviet Union, [39,40] Mckennea in the United States, [41] and 

Stringer and Williams in Australia. [42] It wasn't until the 1980's when new interests 

were aroused by McCauley et al., [43] and Holt and Kingman [44] conducted research 

in combustion synthesis.

Today, much of the modern combustion synthesis research is due to the efforts 

in the USSR. In 1967, a systematic investigation of these reactions began at the 

Institute for Chemical Physics USSR Academy of Sciences by Merzhanov, 

Borovinskaya, and Skhiro. [45] Merzhanov studied gasless combustion in hopes of 

obtaining a simple combustion system. He finally chose a mixture of Ti and B for their 

experiments. These experiments had shown that the product of the combustion process 

was hard and dense and had retained its original shape. The researchers from the 

Soviet Union soon realized the potential for a simple process and began investigating 

the synthesis of various ceramics and ceramic-metal composites. This work in the 

USSR eventually lead to further research in SHS and allowed them to examine the 

synthesis of a large number of ceramics, composites, and intermetallics. Much of this 

work was performed at the Institute of Structural Macrokinetics, Chernogolovka near 

Moscow, Russia. [39]

Recently, extensive research has been performed in the United States and Japan.
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The combustion synthesis research programs in the United States were primarily 

funded by the Department of Defense, specifically, DARPA (Defense Advanced 

Research Projects Agency), between the years 1984 and 1986. [46] The Ti - B - C 

system and numerous refractory ceramic processes were studied extensively via the 

SHS process at the U.S. Army Materials Laboratories. [43,47] Rice et al. [48,49] 

described a method to obtain dense bodies of ceramic materials and composites (TiC- 

or TiB2- based bodies) by hot pressing during the SHS process. Logan and Walton 

[50] performed thermite-type reactions to process TiB2  and TiB? - A12 0 3  composite 

powders. Current research is being conducted on various topics such as the 

manufacture of functionally-graded composite materials, the production of ceramic 

coatings for corrosion and wear resistance, and the simultaneous reaction and 

densification of ceramic materials and composites.

In Japan, Koizumi and Miyamoto studied combustion synthesis at the Institute 

of Scientific and Industrial Research at Osaka University, [51] and Odawara performed 

research at the Government Industrial Research Institute in Tohoku to investigate 

geothermal energy applications. [34] A large number of ceramic powders, including 

SiC, which will be discussed later, have been synthesized in Japan since 1984.

3.3. SHS Process to Synthesize SiC

The combustion synthesis process is considered a simple, rapid, and economical 

method for producing ceramics and/or composites and, for this reason, researchers 

have recently tried to apply this technique to produce SiC.

The combustion synthesis process of SiC can be traced back to the early 1970's 

and 1980's by a group of Russian scientists. [45] In 1985, Yamada, Miyamoto, and 

Kiozumi [52] used a high pressure self-combustion sintering (HPCS) process based on
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SHS to produce dense SiC. It was shown that high pressure consolidation techniques 

used in conjunction with the SHS reaction could effectively produce SiC. The SiC 

compact obtained was composed of fine (3-SiC grains (~ 5 pm in diameter) with a 

theoretical density of 90%. These researchers latter enhanced this procedure using a 

new ignition process called the "direct passing method of electric current". [53] In this 

method, a constant voltage was applied between both ends of the reactant while in an 

inert (Ar) gas. It was shown that stoichiometric |3-SiC powder could be synthesized in 

a short time. In addition, the conversion efficiency into SiC powder increased and its 

particle size decreased by decreasing the particle size of the reactants.

The Si - C system was also studied by Pampuch and his coworkers at the 

Institute of Materials Science in Cracow, Poland. [54,55] In 1987, Pampuch, 

Stobierski, and Raczka [54] showed that submicron |3-SiC could be obtained through 

the SHS method and solid combustion method. These methods were characterized by 

inductively heating pellets up to 1200 °C and 1300 °C to cause ignition. They reported 

ignition temperatures as low as 1250 °C - 1300 °C. The P-SiC powders produced had a 

uniform grain size between 0.2 and 0.5 pm.

Recent research performed by Rigtrup and Cutler [56] in 1992 has shown that 

synthesis of submicron SiC can be obtained through the carbothermal reduction of S i0 2  

in the presence of Mg. This technique provides a rapid production of fine powders at 

temperatures of 1400 °C using the SHS process. Thus, the combustion synthesis 

process is a successful method for producing SiC.
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3.4. Theoretical Considerations

3.4.1. Thermodynamics: Enthalpies of Reaction

The high combustion temperatures associated with an SHS reaction is related to 

the enthalpy change between the reactants and products. For a theoretical reaction:

xA (s) + yB (s) -» AxBy (s) (3.4.1.1)

the enthalpy of reaction can be calculated as the difference between the enthalpies of 

the product and reactants. Standard enthalpies of formation, temperatures, enthalpies 

of phase changes and heat capacity models are required data for this type of 

calculation. The calculation of this model is illustrated below.

The enthalpy at the reaction temperature can be calculated based on standard 

enthalpies. The reactant A is assumed solid in the standard state (i.e. 298 K and at 1 

atm) and the reaction is assumed to start at an ignition temperature (Tig). The 

calculations of enthalpies will begin with the reactant A. After applying Kirchoff's 

loop, the enthalpy of A at a temperature other than the standard state becomes:

H a = H ° mK + J  C p (A,  so lid )  d r  (3.4.1.2)
298X

In the case of a complicated reaction system one must consider a phase 

transition occurring such as melting or vaporization. To calculate the enthalpy of 

reactant A as it is raised to a temperature through its melting point and then its boiling
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point:

H a — H A jnK +

T  (boiling)

+ j Cpjiqmd (A)dT + AHhoiling (A) + |  Cp vapor (A)dT
T (m elting)

T  (m elting)

|  Cp'Sal» {A )d T  + fuelling (.A')
298 K

(3.4.1.3)

T (boiling)

The enthalpy of component A at any temperature can be expressed in its general form

as:

H A  =  H A ,2 9 8 K  +  X
M= 1

t i  i I  j

J "  ^  p , phase u ( A )  d T  +  p ^ ase L.j,)afjgL,

T (  phase change  z v + 1 )

I C ,
7  (p h a se  change u) 

T

(3.4.1.4)

+ j C p , phase v (  A ) d T

T( phase change v)

where v is the number of possible phases that occur between the standard state and the 

temperature of interest.

This result can be analogously extended to components B and AxBy and obtain:

7'(phase  change  z v + 1 )

I  C
T  ( phase change u)

j  C  p . p h a x ,  ( B ) d T  +  b H p h a * change u - w

(3.4.1.5)

+  {  C p , phase w (  B ) d T

T (p h a se  change  w )
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and

H ax By H a xBy ,298A" + 
M̂ = 1

T(phase change z v + 1 )

I  c
T {phase change n)

J  ^  p,phaseu ( ^ x  c),anye

(3.4.1.6)

+  J  C p ,  phase z i A x B y ) d T
T( phase change z )

The overall enthalpy of reaction can be expressed as the difference between the 

products and the reactants:

( n  = ( T) -  X#, ( n  -  ( n  0 .4 .1.7)

Expanding Eqn. (3.4.1.7) and using Eqns. (3.4.1.4), (3.4.1.5), and (3.4.1.6) we 

obtain:
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(^) =

- x

H  AXB V , 298 K  +
zv — 1

I ’(phase  change u + 1 )J C p phaSe u ( -A.x B y') dT + AH pj ê change u-
T (phasse  change u)

+  J C p , phase-. ( A x B v ) d T

T (phase  change z)

H  A , 298 K  +

T (phase  change m+1)

J C   ̂ /7/,flST„ ( A) d T  + A //
T  (phase  change u)

phase change u - v

+ J C p  phase  v ( ^ ) J r
7'( phase change v )

H  B , 298 K  +
ZV =  1

T (p h a se  change m + 1 )

J C
7 (phase  change u)

J  d '  p ,  phase u ( ^ )  d T  +  phase change u - w

y

+ j  CpphaMW( B) dT
T( phase change w)

(3.4.1.8 )

Under adiabatic conditions, the temperature of the product is raised to the 

maximum combustion temperature or adiabatic combustion temperature (Tad). This 

assumes the reaction goes to completion and no heat is lost to the surroundings. 

However, this not the case with typical combustion synthesis experiments. In reality, 

heat is lost to the surroundings and is called the combustion temperature (the maximum 

temperature achieved under nonadiabatic conditions).
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The heats of reaction in a combustion synthesis process can be better understood 

with a graphical representation of a thermodynamic system. This is illustrated in 

Figure 3. In this figure, the enthalpy of the reactants and products are plotted as a 

function of temperature.

At point (a), the SHS reaction is activated with further heat supply. This point 

represents the ignition temperature, Tig. The exothermicity of the reaction raises the 

temperature either to point (b) or (c). If heat is not lost to the surroundings the 

resulting products attain a temperature at point (c). This point is known as the 

adiabatic temperature (Tad) and can be estimated by drawing a horizontal line from the 

reactant enthalpy at Tig or point (a) until it intercepts with the product enthalpy (point 

c). In most cases, however, the Tad is not observed in experiments due to heat lost to 

the environment. This corresponds to the combustion temperature (Tc) or point b.

Assuming adiabatic conditions (i.e. no heat loss), the enthalpy of reaction, AH, 

or the maximum enthalpy liberated during the reaction is Qtotal . However, heat is 

typically lost to the surroundings and the heat transferred to the reaction products is 

reduced by this amount, Qloss. The difference between maximum enthalpy, Qtotal, 

minus the heat loss, Qloss, is the actual heat transferred to the reaction products, Qactual.

To summarize, the adiabatic combustion temperature achieved during a reaction 

can be affected by both the heat lost to the environment and the exothermicity of the 

reaction. Thus, higher exothermic reactions will produce higher values of Tc, whereas, 

increased heat loss to the environment, such as radiation, convection, and conduction, 

should lower Tc.
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Figure 3. Schematic representation of the enthalpy versus temperature plot for a
typical combustion synthesis reaction; Tig is the ignition temperature, Tc the 
combustion temperature, and Tad is the adiabatic combustion temperature.
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3.4.2. Thermodynamics: Gibbs Free Energy of Reaction

The Gibbs free energy of a reaction will determine whether a reaction proceeds 

to completion. In general, if the change in Gibbs free energy is negative the 

reaction is considered favorable and a reaction will tend to proceed in order to 

minimize the overall Gibbs free energy of the system. The Gibbs free energy, AG, is 

determined from:

The enthalpy changes of reaction calculated in section 3.4.1 can be applied to the above 

equation. The entropy changes of reaction can be determined with an entropy term

AG = AH - T  AS (3.4.2.1)

J — ——  . Corresponding to Equation (3.4.1 .8 ), we can express the change in

entropy for the reaction in the following equations:
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c" + V
L -S  A  J1 OOO P I /  J'^,298^

u = \

T (phase dumgeu+\) f '  /  A D  \
f  ^ p ,p h a s e  u V ^x r  y /

T(phasse change u) T
dT  +

A//,phase change u - z

Tphase change

+
T  (phase change z )

C p ,  phase z  ( A ^ > )

r
d r

Sa , 298K +

T (p h a se  change zv + 1)

T  (phase  change u)

C  p ,  phase u

T
dT +

AH phase change u - v

T.phase change

+
T ( phase change v)

C p ,  phase v ( ^ )

f
dT

' 5 , 2 9 8 * : + I
W = 1

T  (phase  change u+\ )  r v  Z n \  a r r
J* p ,p h a se  u ^ j 1 phase change u-

T (p a h se  change u) T T.phase chatige

~ y 1

+
T (pahase  change w)

C p ,  phase  w ( ^ )

T
dT

(3.4.2.2)

To conclude, the determination of the expression for the Gibbs free energy can be 

calculated by substituting Eqns. (3.4.1.8) and (3.4.2.2) into Eqn. (3.4.2.1).
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4. The Vapor Transport Process

4.1. Vapor Transport and Sintering

Kuczynski [58] and Kingery and Berg [59] examined vapor transport and 

diffusion and developed models describing a mechanism of neck growth in the initial 

stages of sintering. Vapor transport and bulk diffusion will be compared.

These mechanisms stated above can lead to neck growth with densification 

during the sintering process. However, Readey et al. [60,61] have shown that in the 

presence of a reactive atmosphere, vapor transport of material was enhanced and 

densification was limited compared to the same materials fired in air. Therefore, the 

enhancement of vapor transport results in considerably reduced densification which 

ultimately effects the particle growth.

4.1.1. Vapor Transport

The formation of vapor transport species which react or condense to form solid 

species is considered the dominant mechanism in the vapor transport process. This is 

also known as evaporation-condensation. The presence of the transport species in the 

gas phase promotes the transport of matter and reduces the overall surface area, thus, 

decreasing or lowering the overall Gibbs free energy for the system. In this process, 

neck growth is promoted and no shrinkage is noted in the ceramic body.

Quantitative models for evaporation-condensation have been developed by 

Kuczynski [58] and Kingery and Berg [59]. They described the rate of neck growth as
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a function of time. A sintering model of this mechanism is shown in Figure 4. In this 

model, sintering occurs by material filling in between the spheres. The initial radius, 

r, of the sphere is assumed unchanged during the sintering process and the interface 

grows to a radius, x.

In accordance with the Kelvin equation:

the pressure difference between the neck and the grain boundary can be approximated 

Here, p t is the vapor pressure at the curved surface, p0  is the vapor pressure above a 

flat surface, M is the molecular weight, d is the density, and y is the surface tension. 

Through a series of approximations and manipulations an equation:

is obtained for vapor transport. [59] Here, r is the initial radius of the sphere and x is 

the radius of the neck. This mechanism postulates that the vapor diffusion is very rapid 

and the rate controlling step is the surface reaction to form and condense gaseous 

species. [62] However, if the rate limiting step is assumed to be gas phase diffusion 

the equation can be expressed as:

(4.1.1.2)
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Figure 4. Model for initial stages of the vapor transport process [59]



T-4640 28

24Z) Q 2y p 0 t 
ti { R T f

(4.1.1.3)

where Q is the molar volume, D is the surface diffusion coefficient, y is the surface 

tension, pn is the vapor pressure above a flat surface, and t is the time. In either case,

during the initial stages of sintering the neck radius will vary as time to the one-third 

power for vapor transport processes.

4.1.2. Bulk Diffusion

Bulk diffusion is considered the dominant mechanism in a conventional sintering 

process. As the temperature is increased in this process, transport of material and 

diffusion of vacancies from the particle bulk to the grain boundaries are being 

promoted, thus, creating a net shrinkage of the particle. A sintering model [59] is 

shown in Figure 5. In this model, sintering may occur by vacancies diffusing from the 

neck to the grain boundaries.

Using a modification of the Kelvin equation the difference in vacancy 

concentration, AC, given as:

Eqns. 4.1.1.2 and 4.1.1.3 exhibit a time dependence of t 1 / 3  power. This indicates that

(4.1.2.1)
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Figure 5. Model for initial stages of the bulk diffusion process [59]
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is determined between the flat particle boundary and the curved neck area. Here, y is 

the surface tension, Q is the molar volume, C is the concentration of vacancies at the 

flat interface, R is the gas constant, T is the temperature, p is the radius of the 

curvature at the neck, and x is the radius of the neck. Again, through a series of 

approximations and manipulations an equation:

160Z)*Qy r 2t
x 5 = ----------- ------  (4.1.2.2)

RT

is obtained for bulk diffusion. Here, D is the self-diffusion coefficient, r is the radius 

of the sphere, and t is time. In this model, the neck radius varies with time to the one- 

fifth power. This contrasts with the vapor transport mechanism where the neck radius 

varies with time to the one-third power.

Readey et al. [62] made a comparison of the vapor transport and bulk diffusion 

processes based on neck growth rates and values of diffusion constants. These 

researchers concluded that for systems demonstrating partial pressures greater than 1 0 ~ 3  

atm vapor transport dominates unless D is greater than 10" 7  cm2 /sec. Since the 

majority of ceramics (i.e. oxide and nonoxide ceramics) have diffusion coefficients 

several orders of magnitude lower than this, then the vapor transport process will 

dominate when the transport species has significantly higher partial pressures. [63]
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5. Experimental Procedure

5.1. Preparation of Reaction Samples

Quantities of reactant powders were mixed according to the appropriate 

stiochiometric ratio.

The overall chemical reaction studied in this research is as follows:

5.1.1 Si - C Reaction System

For the reactions Si - C ( Equation 5.1.1 ), silicon and carbon powders were 

combined in the mole ratio of 1:1. The samples of the reaction powders were prepared 

in air and stored in a sealed environment to prevent oxidation and hydration. Data 

from the manufacturers for the Si - C reaction system are shown in Table 2.

(5.1.1)

and in a reactive HC1 atmosphere the following reactions are proposed:

Si (s) + 4HC1 (g) => SiCl4  (g) + 2H2  (g) 

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

SiCl4  (g) +  CH4  (g) => SiC (s) + 4HC1 ^

(5.1.2)

(5.1.3)

(5.1.4)
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Table 2. Data from Manufacturer's for the Si - C Reaction System

Chemical Manufacturer Nominal Size Stated Purity Lot Number
Silicon Cerac1 < 1 0  pm 

-325 Mesh
99.96 % 36379-B-l

Carbon Alfa Johnson 
Matthey2

< 1  pm 99.9995 % I30C20

A Sartorius Basic balance (precision ± 0.0001 g) was used to weigh all reactant 

mixtures and samples in these experiments. The desired Si:C mole ratio of 1:1 was 

achieved by dry mixing 28.086 g of silicon with 1 2 . 0 1 1  g with a rotary ball mill and 

alumina balls in a Nalgene jar for a minimum of 3 hours. The same prepared mixtures 

of reactant powder were used for all the reactions, all derived from the same 

manufacturers' powder lots, and stored identically.

5.1.2. Green Forming System

A specific amount of reactant powder was weighed out into a plastic boat for 

each experiment. This reactant powder was then emptied into a hardened steel die.

The die was placed in a Carver Laboratory hydraulic press and compressed to form a 

green pellet. The pressing pressure for all the reaction samples was 67.78 MPa 

(10,000 psi) (± 5 - 10 % error).

1 Cerac, Inc., Milwaukee, WI
2 Alfa Johnson Matthey, Ward Hill, MA
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5.2. Experimental Apparatus

An apparatus was constructed for studying and monitoring the effect of vapor 

phase reactions and combustion synthesis reactions for experiments at high 

temperatures under controlled atmospheres. The apparatus consists of three parts: 1) 

the vertical reaction chamber with a sealing apparatus used for the majority of the 

experiments; 2 ) the horizontal reaction chamber with sealing apparatus used for 

monitoring combustion synthesis reactions and temperature measurements; and 3) the 

piping and valve system for atmosphere control. This apparatus is shown in Figure 6 .

5.2.1. Vertical Reaction Chamber

The vertical reaction chamber is shown in detail in Figure 7. The chamber was 

constructed with a sealed mullite tube that was closed at one end. These tubes were 

obtained from the Coors Ceramics Company. The tube had a diameter of 3.15 cm 

(1.24 inches) and an overall length of 71.12 cm (28 inches). Tube wall thickness was 

approximately 0.38 cm (0.15 inches). During the experiments, a inner mullite tube 

closed at one end was utilized to concentrate vapor species around the crucible and 

pellet. The inner tube had a diameter of 2.29 cm (0.90 inches) and an overall length of 

55.24 cm (21.75 inches). Due to the configuration of this apparatus and the 

corrosiveness of the reactive HC1 atmosphere, temperature measurements were not 

performed. Also, during these experiments, the open end was closed with a removable 

vacuum tight plug. The plug was a series of Viton rubber rings each 0.64 cm (0.25 

inches) thick and 2.54 cm (1 inch) in diameter. A inner hole was drilled in each Viton 

ring to allow for passage of a threaded shaft. The Viton rings were separated by steel
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Reaction Vertical Oriented
Chamber 1 50 0  C Tube

Furnace

Horizontal Oriented 
1 500  C Tube Furnace

Pressure
Gauge

Reaction
Chamber Argon

Camcorder/
Pyrometer

□
Controller Controller

HCI

Vacuum /
Vent

Figure 6 . Experimental apparatus for controlled atmosphere - combustion synthesis 
reactions using a horizontal and vertical furnace configuration
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Figure 7. Schematic representation of the reaction chamber oriented vertically
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washers and were assembled on a 1.27 cm (0.50 inch) threaded shaft of a bolt. A hex 

nut was threaded on the exposed end of the shaft. Adjustment of this hex nut allows 

the Viton rings to be compressed creating an excellent seal for the chamber. This inner 

mullite tube was placed on top of the crucible to serve as a partial seal between the 

mullite tube and the crucible. Again, this allows for concentration of vapor species in 

the area and minimizes material loss.

The threaded bolt used in these experiments was drilled through with a 0.476 

cm (0.1875 (3/16) inch) hole to allow for chamber pressurization and evacuation. The 

outer exposed end of the bolt had 0.64 cm (0.25 inch) 316 stainless steel tube 

compressed in it allowing for a 2 -way valve to be connected to the reaction chamber. 

This valve acted as a shut off valve for gas flow.

5.2.2. Horizontal Reaction Chamber

The reaction chamber is shown in detail in Figure 8 . This reaction chamber 

was primarily used for optically monitoring vapor phase reactions, combustion 

synthesis reactions, and temperature measurements. Like the vertical reaction 

chamber, the horizontal chamber was also constructed with a sealed mullite tube closed 

at one end that was obtained from the Coors Ceramics Company. The tube dimensions 

for this reaction chamber were the same as these mention previously (see section 

5.2.1). During these experimental runs, the open end was closed by a removable 

vacuum-tight viewing apparatus. The viewing apparatus consisted of three separate 

pieces: 1 ) a threaded flange which slipped over the open end of the mullite tube; 2 ) a 

double sided flange which was tapped for gas flow; and 3) a flange with a glass 

viewing port allowing for data acquisition. The viewing apparatus was constructed 

with a series of copper washers between each flange and six bolts to connect each
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T-4640 38

flange. The threaded flange with a Viton O-ring was used to seal the viewing 

apparatus to the mullite tube. The double flange was drilled to provide for chamber 

pressurization and evacuation. Attached to this hole is a 2-way valve allowing for gas 

flow.

5.2.3 Piping and Valve System

The piping and valve system is illustrated in Figure 9. The piping apparatus 

consists of 0.64 cm (0.25 inch) 316 stainless steel for the evacuation, purging, 

atmosphere control, and pressure monitoring of the reaction chambers. Both 2-way 

and 3- way valves consisted of adjusting Whitey 43 Series stainless steel ball valves and 

Nupro P4T Series stainless steel plug valves.

5.3. Experimental Procedure

The experimental procedure for preparing and conducting vapor phase - 

combustion synthesis reactions are explained in detail in Appendix A.

5.4. Data Acquisition

Data acquisition consisted of temperature measurements which were performed 

with a 0.013 cm (0.005 in) diameter matched tungsten -5%  rhenium vs. tungsten - 

26% rhenium type C thermocouple3  and a Ircon MR - OR15 - 350 optical pyrometer. 

The thermocouple was used for the initial experiments in an argon atmosphere.

3 Equipment purchased from Omega Corporation, Stamford, CT
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Thermocouple insulators3  (99.9% alumina, 0.16 cm (1/16 in) OD x 0.04 cm (1/64 in) 

ID, two holes) were installed to provide mechanical support for the thermocouple 

wires. A model 680 digital thermocouple thermometer3  provided temperature read out. 

This thermometer provided an analog output signal of 1 mV/°C which was sent to a 

model 2030 strip chart recorder3  to display temperature versus time measurements. The 

optical pyrometer is schematically illustrated in Figure 10. The infrared thermometer 

measures temperatures from the ratio of radiation signals of two adjacent wave-lengths 

and operates in a spectral region of 0.70 to 1.08 microns. It measures temperatures 

from 1500 0  C to approximately 3500 ° C and provides a means to measure the 

combustion temperature of the reaction.

The optical pyrometer is positioned in front of the viewing port (see Appendix 

A). The power is turned on, the read-out is reset, and then the lens is focused on the 

center of the sample. During the reaction the combustion temperature is recorded.

5.5. Video Analysis

Video analyses were performed with a Panasonic AG - 180 video recorder. This 

apparatus is also illustrated in Figure 10. A JVC - TM - 63V video monitor attached 

to the video recorder is used to monitor the sample before, during, and after the 

reaction. The video recorder is positioned so that it can be focused on the view sight 

of the optical pyrometer. This allowed for simultaneous temperature measurements and 

recordings of the reactions. The videotape of the recorded reactions were analyzed 

frame by frame with a VCR and TV monitor.
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5.6. XRD Analysis

XRD analyses were performed on the Rigaku 0 - 2 ©  x-ray diffraction unit 

located in the Physics Department at the Colorado School of Mines. A water-cooled 

rotating copper anode is used in this unit to produce Cu - Ka x-rays that have a 

wavelength of 1.5406 À. A set of crystal monochromators are installed on the inlet 

beam, and Soller slits are installed on the inlet beam and outlet beam paths to guarantee 

the monochromicity of the radiation. A typical powder pattern was run at 40 KeV 

acceleration voltage and 55 mA current. The detection limit of the x-ray diffraction 

unit for a powder sample varies from 2 - 5 % depending on the step width and step time 

used during a run. Large step widths (i.e. 0.5° or 1°) and small step times (typically 

less than 1 second) results in a detection limit of approximately 5%. However, 

decreasing the step width (ex. 0.1°) and increasing the step times (2 or 4 seconds) can 

improve the detection limit to 2 - 3 %. This allows for increased accuracy which 

thereby decreases error in detection. In addition, more complex patterns (i.e. 

components with multiple phases and overlapping peaks) can also decrease the 

detection limit. These patterns usually require extensive analysis with very small step 

widths and large step times.

An IBM PS/2 computer running Micro-Peak software4  was used to acquire 

data. Samples were ground to powder in a mortar and pestle. This powder was 

mounted on an aluminum frame. It has a 1.9 cm x 1.9 cm (0.75 inch x 0.75 inch) 

square hole cut away allowing for powder insertion. The typical 2 0  scan range was 

from 15 to 96 degrees, with a step width of 0.10 0  and a step time of 1 or 2 sec/step. 

Initially, the Micro-Peak software was used for data analysis. The ASCII count data 

from the Micro-Peak software were then imported into Microsoft Excel 4.0. Finally,

4 Information on Micro-Peak software obtained from the Physics Department at CSM
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data were normalized and plotted and the experimental peaks were compared to JCPDS 

card file data and also to standards of reacted (3-SiC and unreacted Si + C.

Details of the Micro-Peak program can be summarized below. This software 

provides two choices of background subtraction from the x-ray diffraction pattern. An 

algorithm fits either linear or quadratic segments to the background, and then subtract 

this background from the experimental data plot.

A linear or quadratic function is fitted to the first block of data (typically 50 

points). The algorithm then compares measured y values with calculated y values, and 

discards any point in the data which exceeds the calculated value by more than three 

standard deviations. A new best-fit linear or quadratic is then calculated on the first 

data set. The process continues until the calculated background converges on the true 

background or to a maximum of 2 0  iterations.

To find peak areas the Goehner algorithm is used. The peaks are located with a 

second derivation search. The Savitzky-Golay least squares technique is used to 

calculate the second derivative of the data. The significant peaks are labeled in the plot 

and a corresponding output of peak position (2 -theta), d-spacing, peak area, intensity, 

and relative width is given.

The peak area is calculated from the product of the actual area under the peak 

between the second derivative and a constant which accounts for the area contributed 

by the tails of the peak.

5.7. SEM Analysis

Microstructure analysis was performed on a JEOL JXA-840 scanning electron 

microscope located in the Department of Metallurgical and Materials Engineering at the
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Colorado School of Mines. Micrographs were typically taken at a voltage of 15 KeV 

and probe current of 3 X 10 1 0  amp.

5.8. Ball Milling Procedure

Comminution of product powders consisted of ball milling samples with a U.S. 

Stoneware 784 - VM Jar Mill. The powders were dry and wet milled in a stainless 

steel jar with stainless steel balls (approximately 100 - 110 balls) for 15 - 16 hours.

The reacted pellet was partially crushed with a mortar and pestle then milled. Wet 

milling solution consisted of distilled water and a dispersing agent (Tamol SN15  ). The 

stainless steel jar was half-filled with stainless steel balls, then distilled water was 

placed in the jar just above the maximum height of the balls. The dispersing agent was 

measured as 0.1% of the weight of the distilled water. Both dry and wet milled 

products were leached with aqueous HCI to wash out contaminants (i.e. iron) picked up 

from the milling media. Each solution was leached for a minimum of one hour, 

washed with distilled water, and then dried for subsequent particle size analysis.

5.9. Particle Size Distribution Analysis

Particle size analyses for powders were performed on a Leco 2001 Image 

Analysis System in the Department of Metallurgical and Materials Engineering at the 

Colorado School of Mines. This imaging unit provides an automatic method for 

distinguishing individual particles using optical contrast between the powder and the

5 Obtained from the Coors Ceramics Company, Golden, CO



T-4640 45

SEM stud. The powder was diluted in a methanol suspension, placed on a metal stud 

in the form of a drop, and allowed to dry. The sample was then sputtered with gold 

and micrographs were taken on the SEM. Typical particle size analysis consisted of a 

1000 - 2000 particle count. The micrographs were then analyzed on the image analysis 

unit. The resulting data were entered into Microsoft Excel 4.0 and plotted with Origin 

2 . 0  software.

The particle size for each distribution consisted of an average value from a 

1000-2000 particle count. Both particles and agglomerates were measured in this 

analysis. Typical distributions ranged from 1 to 5 pm, however, most individual 

particles were less than one micron. It appeared that the agglomerate size ranged from 

2-5 pm and only occupied approximately 5 % of the total particle count. For this 

reason, all particle size distributions were taken from 0  to 1  microns.



T-4640 46

6 . Experimental Results

6.1. Reactant Materials Analysis

A series of analyses were performed to determine the quality of the reactant 

materials. First, XRD data were obtained to determine the individual phases and purity 

for each reactant powder. Next, a qualitative overview of the reactant powders was 

determined by obtaining SEM micrographs.

6.1.1. Silicon

The silicon powder was purchased from Cerac, Inc., Milwaukee, WI (stock 

number S - 1052, lot number 36379 - B - 1). The purity for this silicon powder was 

stated as 99.96% and the phase purity was confirmed with XRD as shown in Figure 

11. SEM micrographs of the as-received silicon powder are shown in Figure 12. It is 

apparent from Figure 12 that the silicon powder is agglomerated and a wide variation 

of agglomerate size exists. The agglomerate size of silicon powder ranges from 1 pm 

to approximately 20 pm. The manufacturer specifies this powder to be - 325 mesh and 

"typically 1 0  microns average or less".

6.1.2. Graphite Powder

The graphite powder was purchased from Alfa Johnson Matthey, Ward Hill, 

MA (lot number I30C20). The manufacturer states purity for this material to be 

99.9996%.
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The phase purity is confirmed by XRD analysis shown in Figure 13. SEM 

micrographs of the graphite powder are shown in Figure 14. Although the powder was 

specified by the manufacturer to be less than 1 micron, it is apparent from Figure 14 

that this is not the case. The thickness of each graphite platelet appears to be 

approximately less than 1  micron, however, the length of each platelet varies a great 

deal. The size ranges from approximately 2 pm to 20 pm in length.

6.2. XRD Standards for Determination of the Degree of Reaction

The Si - C reaction did not always proceed to completion, therefore, XRD 

analyses were performed to quantify the extent of reaction. Powder mixtures of 

unreacted 1:1 mole ratio of Si and C and pure product P-SiC powder6  were prepared 

for use as standards in XRD analysis. Table 3 shows the quantities of the standard 

powders. The XRD patterns for these standards are given in Figure 15. Mixtures of 

0 to 100% were prepared and then analyzed using x-ray diffraction. The ratio of the 

largest peak of the product SiC (111) was taken with the largest peak of the reactant 

carbon (002). The inverse ratio (i.e. C:SiC) was also taken.

For mixtures less than 60 percent, area ratios (i.e. SiC:C) were plotted as a 

function of weight fraction which is shown in Figure 16. A best-fit polynomial 

regression curve was calculated on this data and, from this, an equation was obtained. 

Subsequent area ratios obtained from experimental data were substituted into the 

equation and approximate weight fractions of reacted p-SiC were calculated.

For mixtures greater than 60 percent, inverse area ratios (i.e. C:SiC) were also 

plotted as a function of weight fraction. This is shown in Figure 16. The inverse area 

ratio was taken to approximate a straight line. A best-fit linear line was calculated on

6 P-SiC powder purchased from the Johnson Matthey Company (AESAR), Lot number B02D19
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Figure 14. SEM micrograph of as-received graphite powder a) 500x b) lOOOx
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this data set. A second equation was obtained for weight fractions greater than 60 

percent. Again, area ratios obtained from experimental data were substituted into the 

equation and approximate weight fractions of reacted P-SiC were calculated.

Therefore, if the SiC:C ratio obtained from experimental data was less than 4 

then this value would be applied to the polynomial equation (see Figure 16). However, 

if the ratio was greater than 4 then the inverse ratio (C:SiC) would be taken and 

substituted into the second equation (straight line) for weight fractions between 0.60 to 

1 . 0 .

Unfortunately, there are errors associated with this method. Some possible 

errors include actual calculation of peak areas and the calculation of the regression 

lines. Despite these sources of error this method appeared adequate and produced 

consistent results.

Table 3. Quantitative XRD standards of the Si - C system

Standards Percent p-SiC Weight of P-SiC (g) Weight of Si:C (g)

1 0 0.00 2.00

2 10 0.20 1.80

3 40 0.80 1.20

4 60 1.20 0.80

5 80 1.60 0.40

6 90 1.80 0.20

7 100 2.00 0.00
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6.3. Thermodynamics for the Combustion Synthesis Reaction

The Janaf tables [64] were used to determine the thermodynamic quantities for 

the reaction species. The heat capacity, standard enthalpies, and enthalpies of phase 

changes as a function of temperature were calculated at the temperatures of interest. 

Due to data not being available above 3100 K, estimates of enthalpies for the 

reaction species at and above this temperature were made.

The calculated enthalpy of the Si - C reaction system as a function of 

temperamre is illustrated in Figure 17. The heat of reaction for [3-SiC is listed in the 

Janaf tables as - 72.221 kJmof1 ± 6.3 kJmol"1. [64] The ignition temperature of the 

reaction was observed at the melting point of silicon (1683 K). This corresponds to a 

predicted high adiabatic combustion temperature of approximately 3100 K. 

Interestingly, the melting point of SiC takes place at this temperature. Experimentally, 

a combustion temperature of 2200K was observed and this corresponds to an 

approximate heat loss of 31%.

6.4. Thermodynamic Calculation of Vapor Species

The determination of gas phase partial pressures were accomplished with a 

computer software package called Solgas Mix. [65] This software calculates the 

equilibrium partial pressures using simultaneous solutions of mass balance and 

minimization of Gibbs free energy equations. [6 6 ] The program then uses linearization 

and matrix manipulation to solve these simultaneous equations.

A constant volume of 347 cm3  was used for the Si - C system. The required 

number of moles of HCI to achieve 1 atm at temperatures between 1000K and 2500K
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was calculated to be 1.14 x 10" 4  moles and the number of moles of reactant powder was 

determined with a 2 . 0  g reactant pellet.

The equilibrium partial pressures of the species in the Si C -  HCI system are 

illustrated in Figure 18. The formation of the SiClx species appears to be 

thermodynamically favored at temperatures between 1200K and 2500K in this system. 

However, the carbon species, CH4  , is only favored at lower temperatures (1000K to 

1500K). The partial pressure of CH4  drops dramatically at temperatures above 1500K. 

This decrease in partial pressure appears to be too low to aid in vapor phase transport, 

however, the pressures for the SiClx species are sufficient to account for transport 

effects. CH4  was the only hydrocarbon considered in the calculations since all others 

would be at an even lower partial pressure.

6.5. Ignition and Combustion Temperature Effects in the Si - C System

Preliminary experiments on Si:C green pellets were conducted in a horizontal 

reaction chamber in an argon atmosphere as a function of heating rate, sample mass, 

and green density to understand the effects on the ignition temperature (Tig) and 

combustion temperatures (Tc) in the Si - C system. Both Tig and Tc were measured 

with a tungsten - rhenium thermocouple and measurements were obtained with a strip 

chart recorder (see section 5.4). Two ignition temperatures with corresponding 

combustion temperatures were observed under certain conditions (see Table 4 , 5 ,  and 

6 ). A schematic representation of these four temperatures are illustrated in Figure 19. 

The strip chart recorder measured two separate exothermic areas. The first peak was 

recorded below the melting point of silicon and after the reaction chamber reached the 

desired temperature a second peak (usually at the Tm of Si) was observed. This
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Figure 19. Schematic representation of the temperature profile associated with the 
passage of a complex combustion wave.



T-4640 60

representation applies for all samples that displayed two separate ignition temperatures 

with corresponding combustion temperatures.

6.5.1. Effect of Heating Rate

Experiments were performed for 2.0 g samples of Si:C pressed at 67.78 MPa 

(10,000 psi). Table 4 illustrates the effect of heating rate on Tig and Tc. Interestingly, 

at a variable heating rate the average ignition temperature for the reaction system is 

observed at the melting point of silicon (1410 °C), however, at the fastest heating rate 

(275 °C/min) a second ignition temperature (1440 °C) and combustion temperature 

(1570 °C) was noted approximately 5 minutes after the first Tig and Tc (see Figure 19 

for schematic representation).

SEM micrographs in Figure 20 indicate a variation in size for the SiC 

crystallites as a function of heating rate. XRD analyses were performed in order to 

verify that reactions under these conditions proceeded to form P-SiC. The results of 

these analyses, given by Figure 21, indicate that at these heating rates, greater than 

90% conversion to p-SiC occurs.
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Table 4. Ignition and combustion temperatures for the Si - C system as a function of 
heating rate

Heating Rate (°C/min) Ignition Temperature (°C) Combustion Temperature (°C)

13.6 1439 1642

19 1402 1800

61 1380 1662

88 1360 1692

110 1420 1689

275
1240 1840

1440 1570

6.5.2. Effect of Sample Mass

Green pellets of Si:C pressed at 67.78 MPa (10.000 psi) were reacted with a 

high heating rate (average heating rate 236 °C/min) in a horizontal reaction chamber. 

Table 5 illustrates the effect of sample mass on Tig and Tc. An interesting phenomenon 

was observed for samples reacted with fast heating rates . A second ignition 

temperature with a corresponding combustion temperature was recorded after the first 

Tig and Tc for each reaction despite the varied sample mass (see Figure 19). With the 

exception of the 1.5 g sample, all first ignition temperatures were noted at 

approximately 1240 °C and second ignition temperature at the melting point of silicon
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Figure 21. XRD analysis for Si:C at varied heating rates a) 19 °C/min, b) 110 °C/min, 
and c) 275 0 C/min
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(1410 °C). The time between each exothermic area (i.e. time between peaks) increased 

as sample mass increased (see Table 5). The corresponding combustion temperatures 

ranged from 1580 °C to > 2000 °C.

Table 5. Ignition and combustion temperatures in the Si - C system as a function of 
sample mass

Sample 
Mass (g)

First
Tig (°C)

First 
Tc (°C)

Time between 1st and 
2nd exothermic area 

(min)

Second
Tjg (°C)

Second
Tc (°C)

1.5 1343 1810 5.4 1425 1580

2 . 0 1240 1840 5.2 1440 1570

2.5 1260 1845 9.2 1460 > 2 0 0 0

3.0 1260 1800 8.16 1460 1835

Figure 22 illustrates samples of varying masses that were produced at high 

heating rates. Few microstructural differences were observed in this figure. However, 

the 1.5 g sample appears to have the widest particle size variation. All products exhibit 

what appears to be well distinguished crystallites of SiC. Subsequent XRD analyses 

(Figure 23) indicated that the reaction products with varied sample mass proceeded to 

form p-SiC at high heating rates.
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F igure 22. SEM  m icrographs o f pellets reacted in an argon atm osphere at high
heating rates ( avg. 236 C /m in) as a function o f sam ple m ass a) 1.5 g,
b) 2 .0  g, c) 2 .5  g, and d) 3 .0  g
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Figure 23. XRD analyses for Si:C with varied samples masses a) 1.5 g, b) 2.0 g, 
and c) 3.0 g
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6.5.3. Effect of Green Density

Si - C reactions of 2.0 g pellets with an average heating rate of 90 °C/min 

conducted with varied green densities produced similar ignition temperatures. This is 

illustrated in Table 6 . Again, these products exhibited ignition temperatures at Tm of 

Si. Recorded combustion temperatures ranged from 1662 °C to 1970 °C. Interestingly, 

the sample pressed at 33.89 MPa (5,000 psi) displayed a second Tlg and Tc after the 

first ignition and combustion temperature in accordance with the schematic 

representation in Figure 19. Table 6  also indicates that large amounts of porosity still 

exist despite the use of high pressing pressures.

Table 6 . Ignition and combustion temperatures for the Si - C system as a function of 
green density

Green 
Density (g/cm3)

% Theoretical 
Density

Applied 
Load (MPa)

(°C) Tc (°C)

1.34 41 33.89
1420 1970

1463 1890

1.47 45 67.78 1380 1662

1.54 47 1 0 1 . 6 8 1420 1804

1.54 47 1 0 1 . 6 8 1400 Not recorded

1.59 49 135.57 1440 1750

1.59 49 135.57 1402 1898
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Figure 24 illustrates very little microstructural differences among samples 

produced with varied green density. Products contain what appears to be hexagonal 

shaped SiC crystallites. Results of XRD analyses (Figure 25) at these green densities 

revealed that reaction to P-SiC was greater than 90% conversion.

6.6. Effect of Atmosphere

Samples or green pellets of Si:C were reacted in the reaction chamber (see 

experimental procedure and Appendix A) in both HC1 and argon atmospheres. The 

tube furnace was ramped up with a slow heating rate (approximately 20 °C/min) until 

reaching a desired temperature. At this time each sample was left in the chamber for a 

predetermined amount of time and cooled slowly.

6.6.1. Effect of Atmosphere on Microstructure

Equivalent experiments were performed for a 2.0 g sample of Si.C in both HC1 

and argon atmospheres. Significant differences in microstructures were observed in 

different atmospheres. The most dramatic differences in microstructures between each 

atmosphere were noted at 1200 °C, 1250 °C, and 1300 °C. Figure 26 illustrates 

microstructure differences at 1200 °C. For the reaction conducted in the argon 

atmosphere (Figure 26(a)) silicon particles and graphite platelets are unreacted and 

appear unaffected, however, the introduction of a HC1 atmosphere (Figure 26(b)) 

caused "bumps" on the graphite platelets to occur which are scattered throughout its 

structure.
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F igure  24. SEM  m icrographs o f 2 .0  g pellets reacted in an argon  atm osphere w ith an 
average heating rate o f 90 °C /m in as a function o f green  density a) 1.34 
g /cm 3, b) 1.47 g /cm 3, c) 1.54 g /cm 3, and d) 1.59 g /cm 3
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Figure 25. XRD analyses for Si:C with varied green densities a) 1.34 g/cm3, b) 1.54 
g/cm3, and c) 1.59 g/cm 3
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Figure 26. Products for the Si - C system reacted at 1200 °C for 4 hours in a) argon
and b) HC1
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XRD analyses were performed to determine the extent of reaction for both 

argon and HC1 atmospheres at 1200 °C. The results are illustrated in Figure 27.

Figure 27(a) indicates no production of SiC, whereas, Figure 27(b) shows very small 

peaks of (3-SiC. This could indicate the initiation of SiC formation.

More "bumps" are noted at reactions conducted in HC1 at 1250 °C. The 

graphite platelets have a "chewed away" appearance with small particles dispersed on 

the surface. This is illustrated in Figure 28 (b). This contrasts significantly with the 

reaction conducted in an argon atmosphere shown in Figure 28 (a). The microstructure 

appears unreacted with residual graphite platelets and silicon particles.

XRD analyses performed at 1250 °C, shown in Figure 29, denotes the 

progression of (3-SiC formation and illustrates the dramatic difference between argon 

and HC1 atmospheres. Figure 29 (b) shows a partial conversion to (3-SiC in HC1, 

whereas, Figure 29 (a) reveals unreacted Si and C in argon.

The most significant differences for each atmosphere were noted at 1300 °C.

The particle size of the reacted samples in argon appear to be much smaller than that in 

HC1. This is illustrated in Figure 30. In HC1 (Figure 30 (a)) varied size of hexagonal 

shaped SiC crystallites are dispersed throughout the microstructure, whereas, in argon 

(Figure 30 (b)) a significant difference in particle size is noted. It appears that relics of 

graphite platelets have been replaced with very small particles of SiC. These relics are 

scattered throughout the microstructure.

Subsequent XRD analyses (see Figure 31) reveals that the reaction in both 

atmospheres proceeds to completion, however, broader peaks of |3-SiC are noted in 

argon (Figure 31(a)) compared to that in a HC1 atmosphere (Figure 31(b)).

Finally, Figure 32 illustrates the sample microstructure conducted at 1350 °C. 

Both grain sizes roughly appear to be about the same with each containing larger SiC 

crystallites dispersed throughout the structure.
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Figure 27. XRD analyses for products reacted at 1200 °C for 4 hours in a) argon and
b) HC1
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Figure 28. Products for the Si - C system reacted at 1250 °C for 4 hours in a) argon
and b) HC1
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Figure 29. XRD analyses for samples reacted at 1250 °C for 4 hours in a) argon and
b) HC1
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F igure  30. Reacted sam ples for the Si - C system  at 1300 °C for 4 hours in a) HC1 and
b) argon
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Figure 31. XRD analyses for pellets reacted at 1300 °C for 4 hours in a) argon and b)
HC1
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a)

Figure 32. SEM micrographs of products reacted at 1350 °C for 4 hours in a) argon
and b) HC1
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6.6.1.1. Effect on Macro structure and Morphology

Samples reacted in argon exhibit two different morphologies. Samples at 1250 

°C and 1300 °C appear to exhibit a different macrostructure (see Figure 33) than that at 

1350 °C. The pellet reacted at 1250 °C and 1300 °C (Figure 33 (a)) expands both 

vertically and radially during reaction. It exhibits a light gray, green appearance. 

However, at 1350 °C (Figure 33 (b)) pellets only expand vertically (i.e. a typical 

combustion sample). The structure appears to be porous and shale-like with a green 

appearance. Samples reacted in a HC1 atmosphere at 1350 °C appear to have 

combusted and have a microstructure similar to those in argon at this temperature.

The texture of these reacted samples are also significantly different. Those 

samples at 1250 °C and 1300 °C break apart into a powder with the slightest pressure 

making it impossible to remove them from the crucible without destroying their 

original shape. In contrast, samples in argon and HC1 at 1350 °C take more pressure 

or force to break apart.

6 .6 .1.2. Effect of Inner Mullite Tube in an Argon Atmosphere

Different macrostructures and microstructures were observed in products when 

an inner mullite tube was used in the vertical reaction chamber. Samples reacted in 

argon with an inner mullite tube for 2 and 4 hours at 1300 °C exhibit a macrostructure 

like that in Figure 33(b) whereas those reacted without this inner tube appear like 

samples illustrated in Figure 33(a).

Products also show pronounced microstructure differences with the use of this 

tube. Figure 34 and 35 illustrates the effect of the inner tube in an argon atmosphere.
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F igure  33. M acrostructu re  o f products reacted in an argon atm osphere w ith a vertical 
furnace configuration at a) 1250 °C (greater than 8 hours) or 1300 C and
b) 1350 °C. Low  viscosity epoxy7 was poured inside the crucible to 
stabilize the pellet and then cut in half. (Note: scale =  centim eters)

7 Low viscosity epoxy obtained from M ager Scientific, Inc. (CM -164-H and CM -164-R)
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Figure  34. SEM  m icrographs o f products reacted w ith a vertically  oriented furnace in 
an argon atm osphere at 1300 °C for 2 hours a) w ith the use o f an inner 
m ullite tube and b) w ithout the use o f an inner m ullite tube
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F igure  35. SEM  m icrographs o f products reacted with a vertically  oriented furnace in 
an argon  atm osphere at 1300 °C for 4 hours a) w ith the use o f an inner 
m ullite tube and b) w ithout the use o f an inner m ullite tube
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Samples reacted without the inner mullite tube (Figure 34 (b) and 35 (b)) appear to 

have much smaller particles compared to that when this tube is used (Figure 34 (a) and 

35 (a)). Subsequent XRD analysis confirms the reaction to P-SiC, however, two 

different patterns arise. When an inner tube is not used, broad peaks of p-SiC are 

noted (Figure 36 (a)). This contrasts with samples reacted with an inner tube in which 

XRD analyses (Figure 36 (b)) reveals much narrower peaks of P-SiC.

6.6.2. Effect of Time and Temperature on Microstructure

Slight differences were observed in the product microstructure as a function of 

time and temperature while in an argon atmosphere (see Figure 37). However, XRD 

analysis given in Figure 38 shows a significant change from 4 hours to 8  hours in 

argon at 1250 °C. This figure shows the conversion to P-SiC from 2 hours to 8  hours. 

This conflicts with the apparent microstructure in Figure 37 (b). It appears that 

platelets of graphite and particles of silicon remain unaffected, however, if looked at 

closely, the micro structure is more apparent. After 8  hours, it appears that the graphite 

becomes replaced with tiny particles of SiC leaving relics of platelets. There also 

remains unreacted silicon and graphite. Samples reacted in HC1 at 1250 °C (see Figure 

39) also show a microstructure difference. This conversion is seen at an earlier time 

compared to those samples in argon. At 2 hours the powder remains unreacted, but 

after 4 hours, bumps appear on the graphite platelets. XRD analyses were performed 

to determine the extent of reaction at 1250 °C in an HC1 atmosphere. Figure 40 shows 

the conversion to |3-SiC from 2 hours to 8  hours. This conversion is very similar to 

those samples produced in an argon atmosphere, however, reaction is not complete. 

Figure 40 illustrates the partial production of (3-SiC after 4 hours. This partial reaction
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a) W ithout inner tube
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Figure 36. XRD analyses of products produced in a vertical reaction chamber in an 
argon atmosphere a) without an inner mullite tube and b) with an inner 
mullite tube



T-4640 85

F igure  37. M icrostm ctu res o f reaction  products at 1250 °C in an argon  atm osphere 
show ing the effect o f tim e at a) 4 hours and b) 8 hours
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Figure 38. XRD analyses for products reacted in an argon atmosphere at 1250 °C 
for a) 2 hours, b) 4 hours, and c) 8  hours
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Figure 40. XRD product analyses for samples reacted in a HC1 atmosphere at 1250 °C
for a) 2 hours, b) 4 hours, and c) 8 hours
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does not increase despite increased times in the reaction chamber.

Samples reacted for one hour in a HC1 atmosphere change significantly between 

1300 °C to 1320 °C. At 1300 °C (Figure 41 (a)) products only appear partially reacted 

showing large particles of what appears to be SiC and unreacted silicon and graphite. 

On the other hand, samples reacted at 1320 °C (Figure 41 (b)) appear to have SiC 

crystallites dispersed throughout. XRD analyses confirms this conversion from 1300 

°C to 1320 °C. Only partial reaction of (3-SiC is observed at 1300 °C and 1310 °C 

(Figure 42 (a) and (b)), however, complete reaction is noted at 1320 °C (Figure 42 (c)).

6.6.3. Effect of Time and Temperature on the Extent of Reacted SiC

Figure 43 illustrates the effects of a HC1 atmosphere as a function of time and 

temperature. The data strongly suggest that samples above 1300 °C have combusted 

and are completely reacted and those at 1250 °C appear to be suppressed. Samples at 

1200 °C have reacted to a very limited amount (maximum of 12%). On the other hand, 

Figure 44 shows that at lower temperatures (1250 °C to 1310 °C) partial reaction 

occurs, however, above 1320 °C samples presumably combust and react completely.

This contrasts to those samples reacted in an argon atmosphere as shown in 

Figure 45. These data suggest that samples containing SiC, have combusted, are 

completely reacted, and the time for combustion to occur varies with temperature. 

However, in samples which do not combust there is no reaction to SiC.
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Figure 41. SEM  m icrographs o f products reacted in a HC1 atm osphere for one hour 
at a) 1300 "C and b) 1320 "C
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Figure 42. XRD analyses of samples reacted in a HC1 atmosphere for 1 hour at 
a) 1300 °C, b) 1310 °C, and c) 1320 °C
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Figure 43. Percent reacted (3-SiC product as a function of time in a HC1 atmosphere
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Figure 45. Percent reacted p-SiC product as a function of time in an argon atmosphere
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6.6.4. Milled Product Analysis

A goal of this research is the production of fine SiC powders and, for this 

reason, the particle size was studied closely. As mentioned in the experimental 

procedure, all products were leached in aqueous HC1 to wash out contaminants (i.e. 

iron) picked up from the milling media. XRD analyses (see Figure 46) illustrates a 

product before and after leaching. This figure indicates that the iron was successfully 

leached from the product. Little information was seen in literature regarding milling 

media and technique, therefore, two different milling approaches were tried. The 

products were milled both dry and in distilled water. The wet milled samples had a 

dispersing agent (Tamol SN15  ) with the hopes of producing better milling action (see 

section 5.8).

6.6.4.1. Characterization of Comminution Products

Reacted samples in argon at 1300 °C and 1350 °C without the use of the inner 

mullite tube and those reacted in HC1 at 1350 °C exhibited different particle size 

distributions. Dry grinding and comminution of the microstructures illustrated in 

Figure 30 yielded significantly different products. In general, dry milled products 

produced in argon at lower temperatures (1300 °C) yield much finer particles on 

comminution than corresponding products produced in HC1 and argon at higher 

temperatures (1350 °C). SEM micrographs of comminution products are given by 

Figure 47. The comminution products produced in argon at 1300 °C appear smaller 

than those produced at higher temperatures.

5 Obtained from the Coors Ceramics Company, Golden, CO
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a) Before MCI acid leach 
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Figure 46. XRD analyses of reacted products dry milled for 15 hours in a stainless 
steel jar with stainless steel balls a) before leaching and b) after leaching
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c)

Figure  47. SEM  m icrographs o f reaction products dry m illed for 15 hours in a 
stainless steel ja r  w ith stainless steel balls at a) 1300 °C in argon, 
b) 1350 "C in argon, and c) 1350 °C in HCI
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Particle size analyses for corresponding comminution products produced in 

argon at these temperatures are given in Figure 48. This particle distribution at 1300 

°C illustrated in Figure 48 (a) clearly indicates finer particles than those at 1350 °C 

(Figure 48 (b)). The average particle size in argon at 1300 °C according to the 

distribution analysis is 0.163 pm with a standard deviation of 0.112 pm. In contrast, 

the average particle size at 1350 °C is 0.320 microns with a standard deviation of 0.165 

pm. On the other hand, those samples produced in HCI at 1350 °C (Figure 47) appear 

very similar to those produced in argon at the same temperature. Analysis indicates the 

average particle size (0.258 pm with a standard deviation of 0.167 pm) in HCI is close 

to that in argon (0.32 pm), Figure 49. XRD analyses for these comminution products 

are shown in Figure 50.

In contrast to the dry milled samples, the average particle size in the wet milled 

products shown in Figure 51 are harder to distinguish. SEM micrographs of the wet 

milled reaction products at 1300 °C and 1350 °C in argon given in Figure 51 (a) and 

(b) and at 1350 °C in HCI (Figure 51 (c)) appear similar to those samples dry milled, 

with the addition of what appears to be more agglomerates and/or aggregates in the 

surrounding area. The products reacted in argon at 1300 °C have an average particle 

size of 0.467 pm with a standard deviation of 0.215 pm (Figure 52 (a)) and those 

reacted in argon at 1350 °C have an average size of 0.536 pm with a standard deviation 

of 0.22 pm (Figure 52 (b)). Likewise, those pellets reacted in HCI at 1350 °C have an 

average particle size of 0.463 pm with a standard deviation of 0.184 pm (Figure 53). 

Interestingly, all distributions have a bimodal distribution.
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Figure 48. Particles size analyses for products dry milled for 15 hours produced in 
argon at a) 1300 °C and b) 1350 °C. Average particle size for samples 
produced at 1300 °C (a) is 0.163 pm and at 1350 °C (b) is 0.320 pm.
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Figure 50. XRD analyses for products dry milled in a stainless steel for 15 hours at
a) 1300 °C in argon, b) 1350 °C in argon, and c) 1350 °C in HCI
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Figure 52. Particle size analyses for samples wet milled with a dispersing agent for 15 
hours produced in argon at a) 1300 °C and b) 1350 °C. Average particle 
size for samples produced at 1300 °C (a) is 0.467 pm and at 1350 °C (b) is 
0.536 pm.
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Figure 53. Particle size analyses for samples wet milled with a dispersing agent for 15 
hours produced at 1350 °C in a) argon and b) HCI. Average particle size 
for samples produced in argon (a) is 0.536 pm and in HCI (b) is 0.463 pm.
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6.7. Time and Temperature Considerations for Combustion versus Vapor Phase 
Reaction on the Si - C System

A significant time and temperature dependence was observed when conducting 

experiments in an argon and HCI atmosphere. For this reason, further experimentation 

was performed to understand this phenomena.

Green pellets of Si:C were reacted in a horizontal reaction chamber with a glass 

viewing port. The reactions were monitored through this view port with an optical 

pyrometer and video recorder (see experimental procedure and Appendix A).

Great difficulty was encountered in attempts to utilize a thermocouple in the 

horizontal reaction chamber due to the complexity of the experimental apparatus and 

the use of an HCI atmosphere. For this reason, a dual wave optical pyrometer was 

used to measure the combustion temperature for each reaction (see section 5.4). 

However, the temperature parameters for this instrument is between 1500 °C and 3500 

°C which happens to be above the Tig for the Si - C system. Therefore, it was decided 

to use the digital read-out of the furnace temperature controller as the temperature for 

Tig. In order to rely on this, the read-out the accuracy between the furnace temperature 

controller and the inside of the reaction chamber had to be determined. To do this a 

tungsten-rhenium thermocouple was imbedded in a compressed SiC green pellet and 

placed inside a horizontal reaction chamber. The furnace was ramped up at 20 °C/min. 

Both the temperature of the thermocouple and the furnace temperature controller read

out were recorded. From these data, a calibration curve, given in Figure 54, was 

constructed to correlate these two temperatures. This figure shows that at low 

temperatures a large deviation exists between the thermocouple temperature and the 

read-out of the controller. However, as the temperature is increased, particularly
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Figure 54. Calibration curve constructed for a horizontal reaction chamber with a 
tungsten-rhenium thermocouple inside a SiC pellet. This curve shows a 
close correlation from 1000 °C to 1500 °C.
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between 1000 °C and 1500 °C, the two temperature measurements are very close. 

Therefore, the temperature read from the controller can be considered to be quite close 

to the actual temperature of the sample.

Since in the reaction experiments, the tube furnace was ramped up with the 

same slow heating rate (approximately 20 °C/min) until reaching a desired temperature, 

the temperature of the sample should be very close to that of the furnace.

6.7.1. Effect of Atmosphere on the Reaction

Similar experiments were performed for a 2.0 g sample of Si:C in both HCI and 

argon atmospheres. A schematic representation of the reaction path for a green pellet 

in a HCI atmosphere is illustrated in Figure 55. When a green pellet is exposed to a 

temperature below a critical value "growth " 8  is observed. After "growth" combustion 

would follow, however, this was not predictable. The combustion synthesis process 

was not reproducible at lower temperatures (i.e. 1300 °C and 1320 °C). During these 

particular experimental runs large convection cells of particulates were noted close to 

the glass view port of the reaction chamber. XRD analyses indicated that a combusted 

sample goes to complete reaction (Figure 56 (a)), whereas, those that do not combust 

are only partially reacted (Figure 56 (b)). When the same pellet is exposed to a 

temperature above this critical value no "growth" is observed and combustion takes 

place. XRD analyses shows that these samples also reacted to completion (Figure 57).

Frames from a videotape of the reactions in a HCI atmosphere are given in 

Figure 58. This figure shows the sequence of a reaction when a green pellet is exposed 

to a temperature (1300 °C) below the critical value. "Growth" is first noted with this

8 Growth of a pellet is defined as vertical expansion prior to combustion
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T > T  (critical)
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Figure 55. Reaction path for a Si:C green pellet produced in a reaction chamber 
oriented horizontally for the HCI system
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Figure 56. XRD analyses of products reacted in HCI at temperatures below a critical 
value that exhibit a) combustion and b) no combustion
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Figure 57. XRD analysis representative of products reacted at temperatures above 
critical value in HCI that exhibit no "growth" and combustion
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reaction. After a period of time the top part of the sample ignites and then propagates 

through the pellet. For this reason, this reaction appears to be a propagating 

combustion wave reaction. Figure 59 illustrates the sequence of a reaction when a 

pellet is exposed at a temperature (1340 °C) above this critical value. This reaction 

appears to be more of a simultaneous combustion process.

A significant difference is noted in the reaction path for a green pellet in an 

argon atmosphere. This is schematically illustrated in Figure 60. When a green pellet 

is exposed to a temperature below a critical value "growth" is observed followed by 

combustion. This contrasts with products obtained in an F1C1 atmosphere in that 

"growth" was always followed by combustion in argon. XRD analyses were 

performed in order to verify that the reactions proceeded to completion. The results of 

the analyses, given by Figure 61 (a), indicate complete conversion to (3-SiC occurs. 

When the same pellet is exposed to a temperature above this critical value no "growth" 

prior to combustion is observed. XRD analyses (Figure 61 (b)) also reveals that these 

samples have completely reacted.

Frame by frame pictures of a videotaped reaction are given in Figure 62 of a 

reaction when a pellet is exposed to a temperature (1300 °C) below the critical value. 

Again "growth" is noted first and, after a period of time, combustion follows. 

Interestingly, there appears to be many ignition points in the pellet. Figure 63 shows 

the sequence of a reaction when a pellet is exposed to a temperature (1340 °C) above 

the critical value. In this case, there seems to be a single ignition point which then 

travels in a propagating mode.

Most of these video experiments show quite conclusively in the Si - C system 

that there really is no “simultaneous combustion”. Rather, combustion begins at one 

or only a few points within a sample and then spreads in a fashion similar to the 

“propagating mode”.
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7 Pellet

T <  T(critical) /  \  T >  T(critical)

G ro w th  No G ro w th

C o m b u s t io n

C o m p le te
R ea c to n

Figure 60. Reaction path for a Si:C green pellet produced in a reaction chamber 
oriented horizontally for the argon system
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a) "G row th"  (T <  T  critical 

(3-SiC

P-SiC

^ A

P-SiC

/i
P-SiC

P-SiC

b) No "grow th" (T >  T  critical )

Si Si

Si

.A__________________

0 2 0  4 0  6 0  8 0

2 Thêta  (degrees)

1 0 0

Figure 61. XRD analyses of samples reacted in an argon atmosphere that exhibit
combustion with a) "growth" and b) no "growth"
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6.7.2. Effect of Atmosphere on Microstructure

Moderate microstructural differences were revealed in products that exhibited 

"growth" and combustion in each atmosphere. The samples produced in an HC1 and 

argon atmosphere (Figure 64 (a) and (b)) appear to have a homogeneous microstructure 

that contains small particles. This contrasts to products that exhibit no "growth" with 

combustion (Figure 65). The particles produced in a HC1 atmosphere, given in Figure 

65 (a), also appear to have a more homogeneous microstructure and, in addition, 

contain smaller particles compared to that in an argon atmosphere (Figure 65 (b)). 

Finally, samples that displayed "growth" without combustion were only seen in an HC1 

atmosphere. This is evident in Figure 6 6 . Semi-reacted graphite platelets and what 

appear to be larger SiC crystallites are seen throughout the sample.

6.7.3. Effect on the Combustion Temperature

All samples were held at a specific temperature in a given atmosphere until the 

combustion temperature was recorded. The combustion temperatures were recorded 

with a dual wavelength optical pyrometer (see experimental procedure and Appendix 

A). Table 7 reveals the combustion temperature as the temperature is varied. It was 

hard to evaluate atmosphere effects on the combustion temperature due to the difficulty 

recording Tc in a HC1 atmosphere. Again, large convection cells were observed in the 

cold end of the reaction chamber creating on obstacle (see section 6.7.1). For this 

reason only limited data were obtained in HC1.
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F igure  64. M icrostructu res o f reacted products produced in a horizontal cham ber that 
exhibit both ’g ro w th ” and com bustion in a) HC1 and b) argon
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F igure  65. SEM  m icrographs o f pellets produced in a horizontal reaction cham ber as 
a function o f tim e and tem perature that exhibit no "grow th" and com bustion 
in a) HC1 and b) argon
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Figure 66. M icrostructures o f sam ples reacted in a tube furnace oriented horizontally  
w ith HC1 gas w hich exhibits "grow th" and no com bustion
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Table 7. Combustion temperatures and time to combust for a green pellet in a 
horizontal reaction chamber as a function of holding temperature

Holding 
Temp. (°C)

Argon HC1

Time to 

Combust (min) t c t o
Time to 

Combust (min) t c t o

1300
45 2055 30 not obtained

48 2128
*

N/A

1320
19 2253 9 not obtained

14 2134 * N/A

1340 5 2146 1 0 1848

1360 0.42 2266 0.33 2286

1400 immediate 2208 immediate 2046

These are the only experimental runs that exhibited "growth" and combustion. All others at these 
specific temperatures and times only showed "growth" without combustion
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6.7.4. Effect on Time to Combustion

As the holding temperature was decreased longer periods of time were required 

for the sample to combust. Figure 67 illustrates the effect on the time to combust as a 

function of temperature. This figure clearly indicates a strong dependence on time and 

temperature. As the temperature decreases from 1360 °C to 1300 °C it takes a longer 

time period for the sample to react. Interestingly, below 1320 °C it takes less time for 

samples in a HC1 atmosphere to react than those in argon. The apparent activation 

energy for this incubation period (see Figure 67) was determined to be 1634 klmol" 1 for 

samples reacted in argon and 1447 kJmoF1 for pellets reacted in HC1.

7
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Argon
Q = 1 634  kJ/mole

1 0 0  L

(1320 °C)

1300 °C)1340 °C)

HCI
Q = 1447 kJ/mole

(1360  °C)

6.10 6.15 6.20 6.25 6.30 6.35 6 .40

10  4 /T (K-1 )

Figure 67. The time to combustion as a function of holding temperature for pellets 
produced in horizontal reaction chamber
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7. Discussion

7.1. Effect of Reaction Parameters on the Ignition and Combustion Temperatures

Figures 20, 22, and 24 detail the product microstructure for the samples that 

combusted in an argon atmosphere as a function of heating rate, sample mass, and 

green density, respectively. Despite these parameter variations, the apparent crystallite 

size of SiC was quite large (approximately 1 - 1 0  microns) and appeared to be 

"bonded" together. In addition, the average ignition temperature (see Table 4, 5, and

6 ) for these reactions was close to the melting point of silicon (approximately 1410 °C). 

This clearly indicates that the silicon must melt before a reaction is sustained. Sawyer 

and Page [67] noted the same type of behavior for reaction-bonded SiC; namely, the 

reaction began when silicon melted. These researchers proposed that the mechanism 

for this type of reaction was the precipitation of silicon carbide from a supersaturated 

solution of graphite in liquid silicon onto local nucléation sites. The heat of reaction in 

the system accelerates the rate of carbon dissolution and allows the reaction to go to 

rapid completion.

Samples reacted with a fast heating rate (see Table 4 , 5 ,  and 6 ) also displayed 

an interesting phenomenon. A second ignition temperature with corresponding 

combustion temperature was recorded for each reaction. The first Tig was recorded at 

1250 °C and the second Tig at the melting point of Si (% 1410 °C). In addition, the time 

between exothermic peaks (see section 6.5 and Figure 19 for the details of this 

phenomenon) increased as the sample mass increased (Table 5). The time ranged from 

5 minutes to 10 minutes. The mechanism for this phenomenon is not completely clear. 

However, at high heating rates, it is very likely that the pellets are not at a uniform
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temperature. Therefore, one can speculate that at the first Tlg (approximately 1250 °C), 

the heat of reaction was not high enough to allow the pellet to self-propagate. The 

reaction becomes unstable and, as a result, the pellet quenches out. Thus, the 

remaining part of the pellet needs an additional amount of time to "heat up" before the 

propagating combustion wave can continue. This theory is corroborated with the 

effects of sample mass seen in Table 5. As the sample mass increases, longer times are 

required before the second exotherm initiates.

Another possible explanation for this quenching phenomenon could be the 

presence of cracks in the green pellet. There may be enough space in these cracks to 

actually cause the pellet to quench out preventing the combustion wave to travel 

throughout in one continuous motion. However, this is less likely than temperature 

nonuniformity and could be expected regardless of the heating rate and sample mass.

7.2. Effect of Atmosphere on the Microstructure

7.2.1. Argon Atmosphere

Vapor transport effects are assumed to be negligible for samples produced in an 

argon atmosphere. However, the resulting microstructures appeared to be altered with 

the variation of time and temperature. Figure 30 (b) and 32(a) demonstrate the 

variation of particle size as the temperature is increased. The particle size produced at 

1300 °C (Figure 30 (b)) appears much smaller than the particle size at 1350 °C (Figure 

32(a)). At 1350 °C (Figure 32 (a)), varied size SiC crystallites are dispersed 

throughout the microstructure; whereas, at 1300 °C (Figure 30 (b)) it appears that
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relics of graphite platelets have been replaced with very small particles of SiC. Particle 

size distributions given in Figure 48 confirms that particles are finer at 1300 °C than 

those at 1350 °C.

These microstructures of samples produced in argon were strongly dependent on 

the presence or absence of the inner mullite tube (see section 6 .6 .1.2). Therefore, 

discussion of these results will be based on examination of how this variable affects the 

reaction process.

7.2.1.1. Effect of an Inner Mullite Tube

Different macrostructures and microstructures were observed in products when 

an inner mullite tube was used in the vertical reaction chamber. Figure 33 illustrates 

the macrostructure produced with and without an inner mullite tube. Further, the 

macrostructures can be linked to the different microstructures. When the tube is not 

used, the apparent particle size is small (Figure 34 (b) and 35 (b)). In contrast, 

particles are larger when an inner tube is utilized (Figure 34 (a) and 35 (a)). XRD 

analyses (Figure 36) indicates two different patterns exist (i.e. broad versus narrow 

peaks) also suggesting a variation of particle size between the samples.

The reason for these differences might be explained by the different thermal 

conditions that exist during combustion with and without the tube. When an inner 

mullite tube is used, as in the case of Figure 34 (a) and 35 (a), the heat from the 

furnace is basically contained within the crucible. This tube creates a seal (Figure 7) 

that probably limits radiation heat transfer, and possibly produces a higher combustion 

temperature. On the other hand, when this tube is not used, heat loss could be much 

greater. Since some of the heat generated due to the reaction exothermicity is allowed
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to radiate to the cool end of the reaction chamber giving a lower Tc. The different 

combustion temperatures, in turn, can be linked to the resulting microstructures shown 

in Figure 34 and 35. Samples with higher combustion temperatures will have more 

grain growth, whereas, those with lower temperatures will not exhibit as much growth. 

Hence, the samples with lower combustion temperatures (i.e. more heat loss) exhibit 

smaller particle sizes and those with less heat loss exhibit larger particle sizes. Even 

though the combustion temperatures were not recorded, both qualitative data (different 

macrostructures and microstructures) and quantitative data (particle size distributions) 

suggests that this may be the most likely reason for the effect of the inner mullite tube.

7.2.2. HCI Atmosphere

Samples reacted in an HCI atmosphere at 1200 °C and 1250 °C were found to 

have markedly different microstructures than similar samples reacted in argon. Figures 

26 (b) and 28 (b) demonstrate a "chewing away" of the graphite platelets. This is 

represented by small bumps scattered throughout the platelets. XRD analyses of 

Figures 27 (b) and 29 (b) indicate that only partial reaction to (3-SiC (approximately 12 

to 40 % conversion) occurs. A mechanism can be proposed for these partially-reacted 

samples. Both Figures 26 (b) and 28 (b) appear to show reaction only on the graphite 

platelets and not on the silicon particles. These observations suggest that the 

mechanism is an isolated gas-solid surface reaction. The calculated partial pressures of 

the gaseous species in the Si - C system are illustrated in Figure 18. At temperatures 

of interest, only the silicon chloride species are calculated to be at very high partial 

pressures, 10° to 10' 2  atm. On the other hand, the carbon species, CH4, which was 

thought might play an important role in this system, appears to be too low to aid in the
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vapor phase transport of carbon. The different partial pressures for the gaseous silicon 

and carbon species suggest that a reaction of the silicon chloride gas species occurs 

with the solid graphite powder.

A representation of this vapor phase mechanism is illustrated in Figure 6 8 . The 

sequence of this mechanism is as follows: 1) HCI diffuses to the silicon particles, 

reacting to form silicon chloride species according to the reaction:

xSi + xHCl => SiCl, (7.2.2.1)

The gaseous chloride species then diffuse to the surface of the graphite platelet and 

form solid SiC. As a result, very small SiC crystallites are formed on the surface of 

the graphite platelet giving the appearance of "bumps". Again, evidence of these 

bumps is given in Figures 26 (b) and 28 (b).

As the temperature increases to 1300 °C in an HCI atmosphere a different 

mechanism appears to dominate. The reaction appears to occur by the combustion 

synthesis process. Since the microstructure of the samples produced in HCI above 

1300 °C are to a strong function of time and temperature, these results will be 

discussed more fully.

7.3. Relation of Time and Temperature to the Degree of Completion

Reactions performed in an HCI atmosphere, given in Figure 43 and 44, are a 

strong function of temperature and time. At 1200 °C and 1250 °C, products 

are only partially reacted (see Figure 43). Formation of "bumps" appear on the
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Silicon

Graphite

Figure 6 8 . Proposed vapor phase mechanism for the Si - C system in an HCI 
atmosphere
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graphite platelets suggesting a gas-solid reaction (Figure 26 (b) and 28 (b)). The 

proposed mechanism for the formation of these "bumps" is illustrated in Figure 6 8 . 

Interestingly, samples produced at these temperatures do not react to completion 

despite increased periods of time in the reaction chamber. The reason for this limited 

reaction is not completely clear. A SiC barrier layer may form by vapor transport 

preventing the combustion reaction from occurring.

At 1300 °C and above two different microstructures were observed (see Figure 

41). This suggests two different reaction mechanisms could be occurring 

simultaneously at these temperatures. Those samples reacted in HCI at 1300 °C for 

less than two hours are only partially reacted (Figure 41 (a)), possibly due to a vapor 

phase reaction, whereas, those reacted for more than two hours appear to have 

combusted and are completely reacted (Figure 30 (a)).

In contrast, combustion appears to be the only mechanism taking place for 

samples reacted in an argon atmosphere. This is supported by data in Figure 45 and 

XRD analysis given in Figure 38. However, the strong temperature dependence on the 

time to initiate combustion is not well understood. The evidence suggests that ignition 

occurs nonuniformly at isolated regions within a sample. Therefore, longer times at 

temperature simply make it more likely for a local region within the sample to achieve 

the right conditions for combustion to initiate. Since the exothermicity of the reaction 

is small, the higher the temperature, the more likely that some local region will achieve 

the right conditions for combustion. Thus, as the temperature increases less time is 

required for the sample to combust.
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7.4. Comminution of SiC Powder

The primary purpose of this research was to investigate the production of fine 

SiC powders and the effects of the process variables: atmosphere, temperature, and 

time. Products that were dry milled and reacted in different atmospheres as a function 

of varying temperatures are shown in Figure 47. Subsequent particle size analysis for 

these milled powders are given in Figures 48 and 49. Milled products produced in 

argon at 1300 °C without the use of an inner mullite tube exhibited finer particles than 

those reacted at 1350 °C. The cause for the difference in particle sizes appears to be 

temperature related, however, further experimentation (see section 6 .6 .1.2 and 7.2.1.1) 

has shown that particle size depended on the presence or absence of the inner mullite 

tube. In contrast, the materials produced in argon and HCI at 1350 °C (Figure 49) also 

exhibit small particle sizes. However, more aggregates and/or agglomerates are 

apparent indicating that these products are not as amenable to comminution as are the 

products produced at 1300 °C.

At any rate, the majority of the samples produced at 1300 °C and 1350 °C 

appear amenable to comminution and provide a good source for potentially low cost, 

sinterable, fine SiC powders. A cost analysis for the production of SiC powders from 

the raw materials silicon and graphite is provided in Appendix B.

In contrast, the comminution products from wet milling appear more 

agglomerated than those from dry milling. This is evident from the particle size 

distributions in Figure 52 and 53. These figures show a bimodal distribution 

suggesting many more agglomerates exist compared to those that were dry milled. 

Therefore, the wet milling approach, as used in this research, does not appear to be an 

effective method for the comminution of SiC.
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7.5. Effect of Atmosphere on Reaction in a Horizontal Reaction Chamber

Interesting phenomena were observed for materials produced in a horizontal 

reaction chamber. Under certain conditions "growth" and/or combustion was observed 

in both argon and HCI atmospheres. These observations were strongly dependent on 

temperature.

In HCI, "growth" (defined as vertical expansion) of a green pellet occurred 

when exposed to a temperature below a critical value. It is presently unclear why this 

"growth" phenomenon is seen, however, one possible explanation could be the 

expansion of hot gases within the pores of the pellet. Another, more likely, 

explanation is that the partial reaction observed in these samples in some way produces 

expansion. After "growth" samples would either combust or not combust. 

Unfortunately, it has not been determined why a green pellet will either "grow" and 

combust or only combust.

If the sample did not combust, a partial reaction, illustrated by the reaction path 

given in Figure 55, is observed. Partial reaction is also evident from the 

microstructure shown in Figure 6 6 . "Chewed away" graphite platelets and large 

crystallites of what appears to be SiC are scattered throughout the microstructure. This 

partial reaction may be a vapor phase reaction according to the mechanism illustrated in 

Figure 6 8 . The thermodynamically favored formation of transport species, indicated in 

Figure 18, also suggests the mechanism is a vapor phase reaction. Samples that 

partially react in a HCI atmosphere also do not combust. One possible explanation for 

this lack of combustion could be that at the low temperatures at which the sample is 

reacted, the partial reaction forms a diffusion barrier inhibiting the combustion 

reaction.

On the other hand, samples that show "growth" and have combusted are
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completely reacted to P-SiC. This is supported by XRD analysis in Figure 56 (a). 

"Growth" with combustion of a green pellet is shown in Figure 58. These samples 

appear to exhibit a propagating combustion wave. Further, when the same pellet is 

exposed to a temperature above a critical value no "growth" is noted and combustion 

takes place. This can be seen in Figure 59. At these elevated temperatures, any 

reaction leads to combustion.

Below a certain temperature a gas-solid reaction is noted and above this 

temperature a combustion synthesis reaction is observed which results in completely 

different microstructures.

The combustion reaction is also dependent on time and temperature in an argon 

atmosphere. The reaction path given in Figure 60 illustrates the temperature 

dependence for combustion synthesis in argon.

"Growth" of a green pellet is also noted in an argon atmosphere and appears to 

occur above a critical temperature. The cause of this "growth" phenomenon can 

possibly be attributed to expansion of gas in the pores of the green pellet. In this case, 

there is no partial reaction that could explain growth unless it only occurs just before 

combustion. The subsequent combustion reaction is either exhibited as a propagating 

wave reaction (Figure 63) from a single ignition point or combustion and propagation 

from several points simultaneously (Figure 62). This latter situation was noted by 

Pampuch, Bialoskôrski, and Walasek [68,69]. These researchers described the SHS 

process as a reaction zone that propagates through the reactive mixture with a pulsating 

brightness which was attributed to an alternating exothermic and endothermie process 

at the reaction interface. Further, they pointed out that this reaction has repeating steps 

of solution of carbon in liquid silicon followed by precipitation of SiC from the liquid 

solution as the reaction front moves. This situation is similar to diluent samples that 

react via an SHS process. Munir [31] describes the reaction as an alteration of heat
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generation and dissipation processes. The instability of the combustion wave leads the 

transformation from a steady-state to a nonsteady-state mode which is displayed as a 

succession of rapid and slow displacements. Further, Munir [31] explains this 

instability comes about from an insufficient heat generation and a weakly exothermic 

reaction in materials such as SiC.

These phenomena, "growth" and/or combustion, in an HCI atmosphere also 

affected the product microstructure. The samples that "grow" and combust and only 

combust (Figure 64 and 65) appear to have a more homogeneous microstructure 

compared to those in argon. The reason for this is not obvious.

7.6. Relation of Time and Temperature to the Combustion Temperature

No effect of atmosphere on the combustion temperature was observed. This 

contradicts research performed by Lantz et al. [70] at the Colorado School of Mines on 

SHS of TiB2  from Ti and B. In this case, combustion temperatures were lower in HCI 

than in argon.

On the other hand, the time for a sample to combust in HCI was a function of 

both temperature and time. As the temperature was decreased from 1400 °C to 1300 

°C (see Figure 67) longer periods of time were required for the green pellet to 

combust. This observation can possibly be attributed to the reaction mechanism of the 

system.

For this reason, apparent activation energies for this incubation period were 

calculated. In Figure 67, activation energies were determined to be 1447 kJ/mole for 

samples reacted in HCI and 1634 kJ/mole for those reacted in argon. This can be 

compared to activation energies calculated by Pampuch et al. [6 8 ] for the reaction of C
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fibers + Si in the self-propagating high-temperature synthesis of SiC. These 

researchers determined the activation energies to be 2350 - 7280 kJ/mole. These 

values are higher than those calculated from Figure 67. Pampuch [68,69] speculated 

that the mechanism of the reaction consisted of repeating steps of solution of carbon in 

liquid silicon followed by precipitation of SiC from the liquid solution occurring 

successively as the reaction front moves. These activation energies can also be 

compared to those calculated by Hon et al. [71, 72] for the bulk self-diffusion data for 

carbon and silicon in silicon carbide. These researchers determined the activation 

energy for silicon diffusing in dense polycrystalline SiC to be 912 ± 5 kJ/mol and for 

carbon diffusing in dense poly crystalline SiC to be 841 ± 14 kJ/mol. These values are 

close to those calculated above and could possibly indicate that these activation energies 

characterize a diffusion type process.
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8. Conclusions

The presence of a reactive HC1 atmosphere has a significant effect on 

microstructure and reaction completeness. The amount of Si and C reacted to SiC 

without combustion varied with time and temperature. The samples at lower 

temperatures (i.e. 1200 °C and 1250 °C) only partially reacted with the formation of 

SiC on graphite platelets presumably by Si being transported through the gas phase as 

SiClx. In addition, the reactions at these lower temperatures did not go to completion. 

At 1300 °C, the products produced in HC1 for 1 hour and less, partially reacted 

illustrating "chewed away" graphite platelets and large crystallites of what appears to 

be SiC. This was attributed to a vapor-solid reaction. However, at 2 hours the 

products appear to have combusted and are completely reacted. These combusted 

samples were amenable to comminution and yielded small particle sizes (average size -

0.258 pm).

The reactions conducted in an argon atmosphere were also a function of time 

and temperature. Products containing SiC have combusted, are completely reacted, 

and the time for combustion to occur varies with temperature. However, in samples 

which did not combust, there is no reaction to SiC. In addition, the presence or 

absence of an inner mullite tube produced dramatic results in both the macrostructure 

and microstructure of the product. The absence of an inner mullite tube resulted in the 

formation of fine particles compared to larger particles produced when the inner mullite 

tube was utilized. The difference in particle size was presumably due to different 

combustion temperatures. The lower the combustion temperature, the smaller the 

particle size.
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Regardless of atmospheres, the SiC produced via combustion synthesis yielded 

products that were amenable to comminution. The particle sizes are appropriate for 

subsequent consolidation and sintering. Wet milling appeared to give more 

agglomerates and/or aggregates than dry milling. The wet milling technique used here 

was not as effective as the dry milling method for the comminution of SiC.

Green pellets reacted in a horizontal reaction chamber while in an argon 

atmosphere displayed "growth" and combustion. These characteristics were a function 

of temperature. When below a critical temperature "growth" was noted prior to 

combustion. However, above a critical temperature, only combustion was observed.

In contrast, "growth" and combustion was not always predictable for samples 

conducted in an HC1 atmosphere at these lower temperatures. These green pellets 

would either "grow" and combust or only "grow". Once the temperature was raised 

above a critical value the combustion process would proceed. The combustion reaction 

in HC1 and argon appeared to be a propagating combustion wave process igniting at a 

single source or a simultaneous combustion process igniting at several positions.

Despite different atmospheres and varying holding temperatures, the combustion 

temperature did not vary and was very close to the melting point of silicon, 1410 °C. 

However, as the holding temperature was decreased longer periods of time were 

required for the sample to combust.
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9. Suggestions for Future Work

1. Determine the effects on the absence of an inner mullite tube in the vertical reaction 

chamber while in an HC1 atmosphere.

2. Devise a method for measuring combustion temperatures in the vertical reaction 

chamber.

3. Investigate other potential sources of chlorine such as FeCl3  or NH4 C1 to produce 

SiC at a minimum cost. Also, the addition of oxygen, such as SiO or CO, could 

possibly provide an alternate source for transport.

4. Continue similar experiments for the silicon nitride system. The presence of 

oxygen in silicon, in the form of Si02, can possibly be a source of enhanced vapor 

transport to produce Si3 N4. A nitrogen gas system may be required to provide a 

sufficient nitrogen source.
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Appendix A: Experimental Procedure

The experimental procedure for preparing and conducting vapor phase- 

combustion synthesis reactions are explained in detail.

A .I. Preparing a Green Pellet

The experimental procedure for preparing green pellets used in the reaction 

experiments is as follows:

a) Insure that the walls of the die and the rams are clean as possible.

b) Place the short ram in the die. Bottom of the ram should be flush with the 

die.

c) Fill the die with the desired amount of reactant powder mixture.

d) Lubricate the long ram with stearic acid to prevent it from seizing in the die.

e) Insert the long ram and compress by hand to form a friction fit.

f) Place the die in the Carver hydraulic press; apply 2000 pounds load or 

approximately 1 0 , 0 0 0  psi pellet pressure.

g) Hold at this pressure for at least 60 seconds.

h) Bleed pressure off the Carver press.

i) Turn the die over, support the base, and compress the long ram to extrude 

the short ram and the green pellet.

j) Record pellet dimensions.
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A.2. Preparing the Vertical Reaction Chamber

The experimental procedure for preparing the reaction chamber that is oriented 

vertically is as follows:

a) Place the pellet in the crucible and then position the crucible in the bottom of 

the outer mullite tube.

b) Position the inner mullite tube so that the closed end of the tube sits on the 

opening of the crucible creating a seal.

c) Insert the reaction chamber seal into the reaction chamber.

d) Adjust the hex nut on the reaction chamber seal for an atmosphere tight seal. 

Verification of the seal can be accomplished by evacuating the chamber and 

observing the pressure gauge.

e) Purge and evacuate the reaction chamber with argon a minimum of five 

times.

f) Fill with the desired atmosphere (argon or HC1).

A 3. Preparing the Horizontal Reaction Chamber

The experimental procedure for preparing the reaction chamber that is oriented 

horizontally is as follows:

a) Line a cutaway alumina boat with product powder. This will insulate the 

reaction boat from thermal shock as the pellet reacts. (Note: both ends of 

the alumina boat were cut away to prevent viewing obstacles when using the 

optical pyrometer and video recorder).

b) Place the pellet in the center of the boat.
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c) Insert the boat and sample into the reaction chamber so that they lie within 

the hot zone of the tube furnace.

d) Attach the reaction chamber seal and adjust the threaded flange to form a gas 

tight seal. Verify the quality of the seal by evacuating the chamber and 

observing the pressure gauge for leaks.

e) Purge and evacuate the reaction chamber with argon a minimum of five 

times.

f) Fill with the desired atmosphere (argon or HC1).

g) Position the protective plastic shield around the reaction chamber for safety.

h) Position the Ircon optical pyrometer in front of the reaction chamber so that 

it can be focused on the pellet.

i) Position the Panasonic VHS video recorder behind the optical pyrometer so 

that this can also be focused through the site of the optical pyrometer on the 

pellet.

A 4. Conducting Vapor Phase Reaction - Combustion Synthesis Reaction

Both furnace configurations are run in the same manner with the exception of 

the temperature measurements and the monitoring devices (steps (a) and (b)). The 

vertical reaction chamber does not make use of these devices due to the complexity of 

the reaction chamber.

The experimental procedure for conducting vapor phase reaction - combustion 

synthesis reaction experiments in either a horizontal or vertical oriented furnace is as 

follows:

a) Position the optical pyrometer and VHS video recorder in front of the
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reaction chamber as previously described.

b) Turn on the optical pyrometer, reset to zero, and set video recorder on the 

record mode.

c) When measured temperature reaches 200 °C add 15 inches of Hg of the 

desired reaction gas either argon or HC1.

d) Ramp the furnace to the desired set point.

e) Verify the furnace has reached the desired temperature and allow sample to 

stay at this temperature for the desired time period.

f) Monitor the reaction.

g) After the reaction occurs or the desired time period has elapsed ramp the 

furnace down to room temperature.

h) After the furnace cools, purge the reaction chamber with argon and remove 

the chamber from the furnace.

i) Remove the sample carefully and store in a labeled bottle for subsequent 

analysis.
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Appendix B: Cost Analysis

To determine if this process is economically feasible to produce SiC a 

preliminary cost analysis is performed for silicon and graphite powder. An annual 

company directory and buyer's guide called Ceramic Source (compiled by the 

American Ceramic Society, Vol. 8 , 1992/1993) helped supply the manufacturers. This 

directory is an excellent resource for ceramic products such as raw materials, 

equipment and supplies, testing and evaluation equipment, and ceramic components. 

Below is a list of manufacturers and their respective prices for silicon metal and 

graphite powder (see Tables 8  and 9). Please note that the price per pound for each 

powder is an approximate value. In addition, the price for each powder will increase 

as the stated purity increases and as the particle size decreases.

The combustion synthesis process has been demonstrated to be an effective 

method for producing high purity (3-SiC powder. This method requires short 

processing times and low temperatures (i.e. temperatures as low as 1300 °C) which 

potentially lower manufacturing costs. In addition, comminution of these powders 

requires minimal labor to achieve submicron particle sizes. Therefore, the potential 

commercial use and economic feasibility of this process seems very likely.
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Table 8 . Cost analysis for silicon powder

M anufacturer Particle Size Stated Purity Price ($/lb) 
per 1 0 0 0  lbs.

Elkem Materials 
Pittsburgh, PA 2 0 0  mesh

98% minimum 
(1% Fe, 0.75% 
Al, 0.2% Ca)

0.875

Novel Technologies Inc. 
Cayaga, NY

- 325 mesh 99% 4.00

Globe Metallurgical Sales, Inc. 
Cleveland, OH

- 325 mesh 99.9% 3.25

Var Lac OID Chemical Co. 
Bergenfield, NJ

- 325 mesh 99.9 % 3.75

Atomergic Chemetals Corp. 
Farmingdale, NY

- 325 mesh 99% 1 0 . 0 0
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Table 9. Cost analysis for graphite powder

M anufacturer Particle Size Stated Purity Price ($/lb) 
per 1000 lbs.

Asbury Graphite Mills, Inc. 
Asbury, NJ

- 325 mesh 99% 0.583

Asbury Graphite of California 
Rodeo, CA

- 325 mesh 98% + 0.91

Cummings-Moore Graphite Co. 
Detroit, MI

- 325 mesh 97% 0.555

Great Lakes Carbon Corp. 
Briarcliff Manor, NY

- 200 mesh 95% 0.566


