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2 p.m average sized silicon powder was nitrided with 90 % N2/10 % H2 in a 

fluidized-bed reactor, operated at 1200 °C, 1250 °C and 1300 °C. To fluidize silicon 

powder, alumina particles with an average size of 300 i.tm were used as an inert fluidizing 

conditioner. The feasibility and operating conditions of the fluidization were studied at 

room temperature. The effects of silicon content and operating temperature on the 

nitridation of silicon as well as on the formation of a- and 13- silicon nitride were 

investigated in batch and semi-continuous operations. The effects of the average 

residence time of silicon/alumina mixtures in the fluidized-bed reactor on the nitridation 

process were studied in semi-continuous operations. 

In batch operations, a maximum mass fraction of 15 wt % silicon powder could be 

added to alumina particles at temperatures in the range of 1200 to 1300 °C without 

changing the fluidization quality. When the silicon fraction was increased to 20 wt %, 

fluidization failed immediately. With a mass fraction of 5 % silicon powder, almost 100 % 
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a-silicon nitride, which was preferred in applications, was found in the product. (3-silicon 

nitride was facilitated with an increase in silicon fractions in silicon/alumina mixtures. 

The nitridation process was strongly affected by the reaction temperature. The 

overall conversion of silicon increased with an increase in reaction temperature. Higher 

temperature also promoted the formation of 13-silicon nitride. The overall conversion of 

silicon into silicon nitride was also enhanced by hydrogen concentrations. An increase in 

hydrogen concentration facilitated the formation of a-form silicon nitride. 

In the semi-continuous operation, the nitridation of 30 wt % silicon/70 wt % 

alumina mixtures could be achieved without changing the fluidizing quality. Almost 100 

% a-silicon nitride was found in the product when a 20 wt silicon/80 wt % alumina 

mixture was nitrided at 1250 °C for an average residence time of up to 4 hours. However, 

13-silicon nitride was formed when the mixture was nitrided at 1300 °C for an average 

residence time of 3 hours. 

A mathematical model incorporating kinetic data and carryover of silicon powder 

was developed to described the total conversion of silicon in batch operation. A semi-

continuous model was also proposed, which successfully predicted the overall conversion 

of silicon powder. 
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FLUIDIZED-BED NITRIDATION OF SILICON 
DIRECT USE OF VERY FINE POWDER FOR 

a-SILICON NITRIDE PRODUCTION 

CHAPTER 1
 
INTRODUCTION
 

Although silicon nitride was discovered nearly a century ago, it is only in the last 

decade that its potential as a structural material has been explored and considered as the 

prime material to be used as components for future automobile engines and high 

temperature gas turbines to increase the efficiency, because silicon nitride-based materials 

have a combination of properties, which include high strength, toughness, hardness, and 

low density and coefficient of thermal expansion. These properties lead to superior 

resistance to wear, thermal shock and mechanical stress, and allow silicon nitride to be the 

candidate material for a wide variety of applications. 

Silicon nitride occurs in two forms, a- silicon nitride and I3-silicon nitride. a-

silicon nitride is the major phase observed when silicon is nitrided at 1150 1400 °C, 

and can be transformed to more stable (3- silicon nitride at higher temperature. In order to 

obtain strong structural silicon nitride parts, the raw material in the sintering process 

should essentially be a-silicon nitride. However, it has been noted that several factors, 

such as temperature, surface area, impurity iron, hydrogen and oxygen content, affect the 

formation of a-silicon nitride in the reaction of silicon nitridation. But there is still no 

complete resolution that has been made on the exact nature of the a/f3 transformation 

[Rossetti et al., 1989]. 

The cost of silicon nitride products is presently high compared to other commercial 

ceramics, such as alumina and silicon carbide. This is largely due to the production cost of 

silicon nitride. Current commercial processes of producing silicon nitride are still of the 

batch type, which are very inefficient and make the product costly. A fluidized-bed 

reactor may be used as one of prospective reactors to improve the process economically 

and produce high quality silicon nitride [Shimizu et al., 1991; Fukuoka et al., 1993]. 
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For more than sixty years, fluidized-bed technology has been utilized to conduct a 

number of processes, which include combustion, drying of particles, gasification of solid 

fuels, catalytic cracking, because it provides good gas-solid contacting, improved particles 

mixing, uniform temperature, and reliable process control that result in high heat and mass 

transfer rates between gas and solids, allowing the use of particles in a wide size range, 

and uniform product quality. Also, it is easy to transport reactant into and product out of 

the fluidized-bed reactor continuously. 

For the purpose to provide a sintered silicon nitride part of good quality, the initial 

silicon nitride powder with a particle size of submicron is preferred for sintering. In 

addition, from the viewpoint of silicon nitridation, the smaller the size of silicon particles, 

the faster the reaction. Hence, the direct use of fine silicon powder in a continuous 

fluidized-bed reactor would be of great advantage. 

However, not all types of particles can be fluidized satisfactorily, and a number of 

different types of particles are difficult to fluidize. Some criteria were proposed to 

characterize these particles [Geldart, 1973; Molerus, 1982; Wang and Li, 1995]. One of 

the well-known classification schemes introduced by Geldart was based on an analysis of 

representative types of fluidization behavior of solids characterized by density and mean 

particle size at atmospheric pressure and temperature. 

According to Geldart's classification, it is extremely difficult to fluidize silicon 

particles of a few microns in size, which are classified as Geldart-C particles [Geldart, 

1973; Geldart, 1978], due to strong cohesivity that firms the bed structure. Plugging or 

channeling in the bed causes the failure of fluidization processes. Mechanical stirring or 

vibration may remove the influence of cohesiveness [Mori et al., 1989; Jaraiz et al., 1992; 

Marring et al., 1994]. However, the behavior of Geldart-C powders remains unclear since 

the fluidization mechanism is very complex. 

It was reported that the fluidization characteristics of Geldart-C fine powders 

could be changed by mixing Geldart-C powder with fluidization conditioners [Kono et al., 

1986; Liu and Kimura, 1993]. Dutta and Dullea [1990] mixed small amounts of highly 

dispersed fluidizing aids into Geldart-C powders, resulting in a significant reduction in the 

cohesivity of these powders. This implies that, by the addition of fluidization conditioners, 



3 

interparticle forces or particle interactions could be changed and the structure of beds 

could be reorganized. The additional amount of fluidization conditioners turned Geldart-

C powder from a cohesive powder into a free-flowing powder [Steeneken et al., 1986]. 

The primary objective of this research is to look into the possibility of the direct use 

of Geldart-C fine silicon powder in a high temperature fluidized-bed nitridation reactor to 

produce high-quality a-silicon nitride. In order to overcome the difficulties in fluidization 

of Geldart-C silicon powder, an attempt was made to improve the fluidization quality of 

silicon powder, i.e. by mixing the Geldart-C silicon powder with large fluidizable particles. 

These large particles are used to break the firm structure bound by fine silicon powder. In 

this study, large alumina particles were used as fluidization conditioners. Ideally, the 

elimination of cohesivity of fine silicon particles would smooth its fluidization behavior, 

allowing these fine silicon particles to be fluidized with large particles [Kono et al., 1986]. 
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CHAPTER 2
 
LITERATURE SURVEY AND OBJECTIVES
 

High-tech ceramics are the material of great interest in applications because of 

their superior physical properties. Attention has focused on silicon nitride as a leading 

candidate for structural parts in automobile engines and turbines to increase the efficiency, 

since it has excellent performance at high temperature. However, due to the producing 

processes, the current production cost of high-quality silicon nitride is high [Ault and 

Yeckley, 1995]. New processes have to be developed to reduce the cost and facilitate its 

commercial introduction in the highly cost-sensitive automotive market [Winslow, 1993]. 

2.1 Preparation Methods for Silicon Nitride Powder 

Silicon nitride powder is not found in nature, but can be synthesized by a number 

of different techniques. The best way to produce high purity silicon nitride powder is to 

start with raw materials which are available in high purity on an economic basis or which 

can be purified easily. For industrial production of silicon nitride powder, silicon, silica 

and silicon tetrachloride are the three commonly used starting materials. 

There are four major methods [Schwier et al., 1989; Yamada, 1993], which have 

already been used for producing high-quality silicon nitride on a commercial scale: 

carbothermal reduction and nitridation of silica, imide process/liquid phase reactions, 

vapor phase reactions, and direct nitridation of silicon powder. Silicon nitride powder 

with high a contents is preferred commercially as raw material, because, during sintering 

process, the transformation of a-silicon nitride to (3-silicon nitride favors the development 

of an elongated microstructure. 

Besides the described methods, which are used in an industrial scale, there are 

several special synthesis methods which are still in development and used only in a 
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laboratory scale; such as plasma synthesis and laser-induced reactions. They will also be 

discussed in later sections. 

2.1.1 Carbothermal Reduction and Nitridation of Silica 

Since the raw materials of this process, silica and carbon of very high purity and 

fine particle size, are commercially available and inexpensive materials, from an 

economical point of view, the carbothermal reduction and nitridation of silica seems to be 

a commercially potential process for the industrial production of silicon nitride powder 

[Komeya and Inoue, 1975]. 

3 SiO2(s) + 6 C(s) + 2 N2(g) <--> Si3N4(s) + 6 CO(g) (2- 1. 1) 

The reaction, comprising nitridation of mixtures of silicon dioxide and carbon, has 

been employed successfully to synthesize silicon nitride and is usually performed at 

temperatures below 1500 °C depending on the reactivity of raw materials. Usually, an 

excess amount of carbon is required for full transformation of silica to silicon nitride in the 

reaction. Copious flow of nitrogen gas throughout the reactor is essential to ensure 

adequate nitrogen for the conversion of silicon dioxide to silicon nitride and to prevent the 

formation of a-SiC by reducing the partial pressure of the other gaseous species [Durham 

et al., 1988 & 1991]. 

Silicon nitride powder produced by this process is characterized by high a-phase 

content ( > 95% ). However, it is doubtful that this method will be feasible to produce 

high-purity silicon nitride powder since excess carbon black has to be used and high 

content of residual carbon remains in the nitrided powder. By annealing these powders in 

air, the remaining carbon can at least be partially oxidized, but so is the silicon nitride. As 

a consequence, silicon nitride powder produced by this method seems to have some 

problems associated with the carbon and/or oxygen content. 
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2.1.2 Imide Process/Liauid Phase Reactions 

Silicon tetrachloride and ammonia react to an intimate mixture of ammonium 

chloride and so called silicon diimide according to the following equation: 

SiC14) + 6 NH3(1) -+ Si(NH)2(s) + 4 NH4C1(s) (2-1.2) 

In principle, the liquid phase reaction of silicon tetrachloride with ammonia can be 

performed in three different ways: (a) liquid SiC14 with liquid NH3, (b) gaseous SiC14 

with liquid NH3 and (c) liquid SiCl4 with gaseous NH3. In all the three cases, an intimate 

mixture of fine particulate silicon diimide and ammonium chloride is formed. The 

ammonium chloride can be removed by washing with liquid ammonia or thermal treatment 

in an inert gas stream at about 900 °C. 

Silicon diimide is further decomposed to amorphous silicon nitride by calcination 

at about 1000 °C: 

3 Si(NH)2(s) 3 Si3N4(s) + 2 NH3(g) (2-1.3) 

Additives of ammonia to the stream of inert gas show strong effects on the 

reduction of the chlorine content during the calcination step. 

Amorphous silicon nitride powder with a particle size less than 10 nm is so active 

that much attention must be paid to avoid oxygen contamination [Yamada, 1993]. 

Ultrafine amorphous product is converted to a-silicon nitride powder by heating to a 

higher temperature [Yamada et al., 1983]. 

Mazdiyasni and Cooke [1973] gave results on materials hot-pressed from their 

powder and reported that the powder gradually transformed to a-form silicon nitride upon 

thermal decomposition in vacuum at temperatures up to 1450 °C. 

This process can provide very-high-quality sinterable silicon nitride powder, 

however, the complex steps of reactions make production cost high. Although this 
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process has been adopted in the largest commercial scale plant, the applications of product 

powder are limited due to its very high cost. 

2.1.3 Vapor Phase Reactions 

Chemical vapor deposition (CVD) techniques have potential for the preparation of 

fully dense, high-purity silicon nitride at relatively low temperatures. The most commonly 

used techniques for CVD of thin film involve chemical reactions between silane or silicon 

halides, such as silicon tetrachloride, and ammonia [Mazdiyasni and Cooke, 1973; 

Prochaska and Greskovich, 1978]. At high temperatures between 1100 °C and 1350 °C, 

the reaction is expressed as 

3 SiC14(g) + 4 NH3(g) H Si3N4(s) + 12 HC1(g) (2-1.4) 

Or 

3 SiRt(g) + 4 NH3(g) Si3N4(s) + 12 HZ(g) (2-1.5) 

It was reported in literature that, in eq. (2-1.4), SiC14 could be substituted by SiF4 

or SiBr4 to produce silicon nitride [Aboaf, 1969; Allaire, 1991; Lee et al., 1992; Larson, 

1993]. In practice, the vapor phase reaction will give silicon diimide at about 1100 °C 

which has to be calcined and crystallized as mentioned in the preceding section. 

In this process, an addition of hydrogen is sometimes, but not always, beneficial. 

Very pure amorphous silicon nitride powder can be produced directly by using appropriate 

reaction conditions. Product particles are calcined mostly for purification, in the course of 

which a certain extent of crystallization from amorphous to a-silicon nitride takes place. 

In addition, the oxygen content of the crystalline material is low. However, silicon 

tetrachloride and hydrogen chloride cause corrosion problems, and the cost of silane is 

also high. 
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2.1.4 Direct Nitridation of Silicon Powder 

The direct synthesis of silicon nitride is the most common method, by which silicon 

nitride has been produced for the use as refractory materials since a long time ago 

[Glaason and Jayaweera, 1968]. The overall reaction of this process can be represented 

by the following equation: 

3 Si(s) + 2 N2(g) H Si3N4(s) (2-1.6) 

In the reaction, silicon reacts with nitrogen gas at temperatures between 1200 °C 

and 1400 °C. By the control of the highly exothermic nitridation reaction, high-purity a-

silicon nitride powder can be produced by the use of suitable pure and fine silicon powder. 

In this process, nitrogen, a mixture of nitrogen and hydrogen, or ammonia is used 

as nitridation gas. The exact role of hydrogen has been questioned by researchers. 

Moulson [1979] dismissed the role of silicon monoxide during nitridation of silicon in the 

absence of hydrogen, whereas Lindley et al. [1979] have argued that the silicon 

monoxide/nitrogen reaction is the dominant one during the same process. It has also been 

suggested that, in the presence of hydrogen, hydrogen reacts with oxygen and prevents 

reoxidation of silicon allowing more extensive nitridation [Shaw, 1982; Jennings, 1983; 

Barsoum et al., 1991] and also facilitates the reaction toward the formation of a-form 

silicon nitride [Itoh, 1991; Barsoum et al., 1989; Jovanovic et al., 1994]. 

Sheldon and Haggerty [1988] compared the laser-synthesized silicon nitride 

powder with conventional reaction bonded silicon nitride and found that, in the laser-

induced process, nitridation occurred more rapidly and at lower temperatures. However, 

samples exhibited unusual reverse reaction gradients with more nitridation occurring inside 

of silicon pellets than at the outer surfaces. 
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2.1.5 Plasma Synthesis of Silicon Nitride 

Instead of transferring heat from a furnace into the system as in the traditional 

synthesis process of silicon nitride, internal heating may be achieved by a thermal plasma. 

In order to avoid contamination by materials from the electrodes, the use of an inductively 

coupled plasma is of great advantage [Schwier et al., 1989]. The overall reaction of silane 

with ammonia is given as: 

3 SiH4(g) + 4 NH3(g) H Si3N4(s) + 12 H2(g) (2 -1.7) 

Or 

3 Si(s) + 4 NH3(g) 4-> Si3N4(s) + 6 H2(g) (2-1.8) 

In this process, pure argon, a mixture of argon and nitrogen, or a mixture of argon 

and hydrogen is used as plasma gas. The gaseous reactants are fed directly into the tail of 

the plasma flame in order to avoid excess thermal dissociation upon slow heating, whereas 

the solid reactant is introduced into the reactor with cold plasma gas. 

In practice, a large amount of inert plasma gas is needed to achieve stable 

conditions. As a consequence, highly effective filter systems have to be installed to 

separate the fine particulate products from the gas stream. 

Extremely fine spherical silicon nitride powder is produced from this process. 

However, this fine powder is very sensitive to humidity and oxygen, and an impurity on 

the order of some percent is found in the product. 

2.1.6 Laser-Induced Reactions 

In this process, infrared light energy is directly transferred to gaseous molecules 

when its frequency matches that of specific vibrational or rotational energy states in the 
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gas. The laser heat beam orthogonally intersects a gas stream, which consists of silane and 

ammonia gases and is fed into the reaction chamber at a pressure of about 20 kPa. Then, 

the gas stream is heated up to 1000 °C. The overall reaction of this process can be 

expressed as: 

3 Sif14(g) + 4 NH3(g) H Si3N4(s) + 12 H2(g) (2-1.9) 

The collected silicon nitride particles are extremely fine with an average diameter 

of about 18 nm. The particles are amorphous and contain considerable amounts of free 

silicon [Schwier et al., 1983]. However, the extremely fine particle size gives rise to 

problems in processing these particles. 

2.2 Direct Use of Geldart-C Silicon Powder in a Fluidized-bed Reactor 

There is no longer any doubt that the successful commercialization of silicon 

nitride material relies on providing reliable components at competitive prices, comparable 

to their metallic counterpart. However, current processes of producing silicon nitride are 

still of the batch type, which are labor-intensive and very inefficient. Table 2-2.1 

compares the prices of some ceramic materials. It is said that the cost of silicon nitride 

powder must be reduced by at least 50 % to make the product competable [Sheppard, 

1991; Rogers, 1992; Morgan, 1993]. The direct nitridation of Geldart-C silicon in a 

continuous fluidized-bed reactor is one of the prospective processes to produce high-

quality silicon nitride at a reasonable cost. 
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Table 2-2.1 Prices of some ceramic materials 

Material Price 

$ 2 / Kg or lessA1203 

SiC $ 5 / Kg or less 

Low grade Si3N4 $ 10 20 /Kg 

Standard grade Si3N4 $ 100 /Kg 

High-purity Si3N4 $ 400 /Kg 

However, as described in Chapter 1, according to Geldart's classification, Geldart-

C particles are very difficult to fluidize because of their interparticle cohesion forces, such 

as the van der Waals force [Molerus, 1982]. These interparticle cohesion forces between 

particles exercise a greater influence than the gravitational force on the particles. In 

addition to the van der Waals force, other attraction forces may also operate between the 

particles, such as capillary and electrostatic forces in the case of gaseous environment. In 

general, these forces are smaller than the omnipresent van der Waals force. Massimilla 

and Donsi [1976] investigated van der Waals and capillary forces quantitatively with 

respect to particle size. They confirmed that the influence of interparticle forces was 

reduced as particle size increased. 

The interparticle cohesion forces between Geldart-C type SI-F particles 4 x 

N) are much greater than the gravitational forces 1 x 10-13 N) on these particles. When 

skin drag due to the upflow of gas through a bed of fine powder is insufficient to break the 

structure of the material, then, these interparticle forces strengthen particle structures to 

the point that they can scarcely be collapsed or evenly dispersed during the aeration 

process [Visser, 1989]. Consequently, the flowing gas either lifts the particles as a plug 

in the reactor, or tends to open low-resistance channels through the bed, thereby stopping 

the fluidization process. 

In recent years, researchers have shown increased interests in the behavior of 

Geldart-C particles, and in the factors which reduce interparticle forces to obtain a better 

fluidization behavior. Applying mechanical vibration [Mori et al., 1989; Jaraiz et al., 
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1992; Marring et al., 1994], or a magnetic field [Zhu and Li, 1996] on the fluidized-bed 

reactor is helpful when Geldart-C particles are not fluidizable by the action of the 

fluidizing gas alone. 

Geldart et al. [1984] examined the fluidization behavior of fine particles to 

demonstrate the difference between cohesive Geldart-C particles and free-flowing Geldart-

A particles. Despite their different characteristics, by increasing the relative humidity of 

the fluidizing gas, most of the Geldart-A particles can be made to behave like Geldart-C 

particles. 

It was reported that the fluidization characteristics of fine powders, including their 

tensile strength and plastic deformation coefficients, could be changed by mixing Geldart-

A particles with Geldart-C powder [Kono et al., 1986]. Other investigators have analyzed 

the self-agglomeration [Chaouki et al., 1985; Pacek and Nienow; 1990], and entrainment 

phenomena of Geldart-C powders [Geldart and Wong, 1992; Liu and Kimura, 1993]. 

Results have shown that some Geldart-C fine powders can be sufficiently fluidized by self-

agglomeration, displaying hydrodynamic behavior similar to that of Geldart-A particles 

[Morooka et al., 1990]. 

Geldart-C particles are not subject to complete fluidization. However, some 

Geldart-C powders, such as Ni, Si3N4, SiC, A1203 and TiO2, could be fluidized when gas 

velocities were in excess of their apparent minimum fluidization velocities and these 

submicron particles formed agglomerates during fluidization. The agglomerated size and 

the apparent minimum fluidization velocity were dependent on species of particles and 

fluidizing gas [Morooka et al., 1988]. It was also observed that, in the mixtures of 

Geldart-A and Geldart-C particles, the size distributions of the agglomeration of dry 

Geldart-C particles were dependent upon superficial gas velocity, the mass velocity ratio 

of particles to gas, and the properties of the fine powder used. Their experimental results 

indicated that, under certain flow conditions, the size distributions of the powder 

agglomerates were seemingly affected by the dynamic balance'between the cohesive force 

of powder and prevailing force [Kono et al., 1990]. 

Geldart and Wong [1984] found that the cohesivity of Geldart-C powder was 

increased as its particle size was reduced. On the other hand, Dutta and Dullea [1990] 
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mixed small amounts of highly dispersed fluidizing aids into Geldart-C powders, resulting 

in a significant reduction in the cohesivity of these powders. The Hausner Ratio, an index 

of cohesivity, and the quality of fluidization were improved to a considerable degree, 

implying that, by the addition of flow conditioners, interparticle forces or particle 

interactions could be changed and the structure of beds could be reorganized. Moreover, 

it was proven that some of the mechanical properties of potato starch, which was of 

Geldart-C type, were influenced by the addition of flow conditioners. A small amount of 

additional flow conditioner turned potato starch from a cohesive powder into a free-

flowing powder. Also, the bulk density of potato powder was significantly increased and 

its compressibility was decreased when the potato powder was mixed with flow 

conditioners in a fluidized bed [Steeneken et al., 1986]. 

Kono et al. [1987] observed the agglomeration and segregation of Geldart-C 

particles from the homogeneous emulsion phase of Geldart-C and Geldart-A mixtures 

during fluidization. Certain saturation points of the mass fractions of Geldart-C powders 

were found in the emulsion phase. In this homogeneous emulsion mixture phase, a 

segregation and agglomeration of fine powders started when the mass fractions of 

Geldart-C powders exceeded the corresponding saturation points. The agglomeration 

phenomenon is therefore regarded as an important feature of the fluidization of Geldart-C 

fine powders. 

2.3 Objectives of This Research 

In the nitridation of silicon, the complete conversion time varies from few hours to 

days depending on the fineness and purity of silicon powder, and on the choice of reactors. 

Conventional reactors for producing silicon nitride powder, such as a tunnel furnace, are 

of the batch type wherein silicon powder is hand-packed into trays, as shown in Figure 2

3.1. Layers of these trays are then conveyed into a furnace where reaction conditions are 

strictly controlled. The silicon powder is then slowly converted into silicon nitride. As the 
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nitridation of silicon progresses, silicon nitride product is obtained as a larger chunk, and 

hence a milling process is necessary for the production of fine silicon nitride powder. 

In this study, a fluidized-bed reactor is used to improve the conventional process. 

Unlike a batch reactor, a fluidized-bed reactor provides rapid mixing of solids, leading to 

isothermal conditions throughout the reactor, hence the product can be uniformly 

produced. The smooth, liquidlike flow of particles also allows automatically controlled 

continuous operations with easy handling. Therefore, high quality silicon nitride can be 

produced at a reasonable cost. 

From the viewpoint of kinetics of silicon nitridation, the smaller silicon particles, 

the faster the reaction. The direct nitridation of Geldart-C silicon fine powder in a 

fluidized-bed reactor is of great advantage over the use of large particles because 

(1) the conversion of silicon to silicon nitride would be faster; 

(2) the residence time needed for reactant silicon particles would be shorter, 

leading to the reduction of reactor size; 

(3) the silicon nitride product can be used directly as a raw material for further 

composing high temperature devices. 

The primary objective of this research is to look into the possibility of the direct 

nitridation of fine silicon powder in a fluidized-bed reactor. Experiments will focus on the 

fluidization of silicon fine powder mixed with large fluidizable inert particles and the 

following studies: 

(1) To establish optimum operating conditions for fine silicon powder nitridation. 

(2) To determine the minimum fluidization velocity for mixtures of fine silicon and 

large inert particles with respect to fine/large-particle ratios and reaction 

temperature. 

(3) To determine the maximum content of silicon fines which could be mixed with 

large particles to maintain good fluidization. 

(4) To investigate any effects of operating conditions on the kinetics of nitridation. 

(5) To develop a semi-continuous fluidized-bed reactor system. 

(6) To develop mathematical models for describing the overall conversion of 
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silicon, accounting for both carry-out and stayed-in-bed silicon powder in 

batch and semi-continuous operations. 
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CHAPTER 3
 
EXPERIMENTAL APPARATUS AND PROCEDURES
 

3.1 Characteristics of Raw Materials 

In present commercial processes for direct silicon-nitridation, a reaction time 

longer than 24 hours is needed to produce silicon nitride. In order to shorten the reaction 

time and meet the requirements of the sintering and molding processes which follow, very 

fine silicon powder with a size on the order of a few microns is preferred in the reaction. 

However, particles of this size are in the range of Geldart-C classification, and are very 

difficult to fluidize. Some special techniques were used to overcome this difficulty [Mori 

et al., 1989; Jaraiz et al., 1992; Marring et al., 1994; Zhu and Li, 1996]. 

It was reported that the reaction time to reach an overall conversion of 99% could 

be reduced to 2.5 hours or less by using silicon granules in a fluidized-bed reactor 

[Jovanovic et al., 1994]. These granules, composed of partly sintered Geldart-C silicon 

powder of an average diameter of 2 Jim, were about 400 p.m in size and could be fluidized 

satisfactorily. However, further pulverization and chemical purification processes are 

needed to reduce the product size and remove impurities. 

In this work, an approach to mix fine silicon powder with large fluidizable inert 

particles has been adopted to eliminate the additional pre-sintering, pulverizing and 

purifying processes. Mixtures of silicon powder and alumina particles of average sizes of 

2 pm and 300 gm, respectively, are used as raw materials, which will be symbolized as SI

F and AL in later sections. In comparison, silicon granules, which is symbolized as SI-L, 

with a particle size of 400 pm are also used. Mixtures of nitrogen and hydrogen from 

cylinders are used as the fluidizing gas, and the nitridation of silicon powder is 

investigated. Results of nitridation obtained from fine silicon powder were compared with 

those from silicon granules. Some physical properties and chemical composition of the 

particles are given in Table 3-1.1 and Table 3-1.2, respectively. 
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Table 3-1.1 Physical properties of particles 

Symbol Material dp, pm pp, g cm-3 144, an S-I 

SI-F silicon 2 2.63 

AL alumina 300 3.53 25 

SI-L silicon granule 400 2.40 17.6 

Table 3-1.2 Chemical composition of particles ( % mass ) 

Symbol Si Fe Al Ca C 0 

SI-FT 99.27 0.08 0.10 0.02 0.02 0.51 

SI-LT 99.27 0.08 0.10 0.02 0.02 0.51 

Symbol SiO2 Fe2O3 A1203 Na2O 

ALTT 0.04 0.04 99.88 0.04 

S hin-Etsu Chemical Company Ltd. 
Tr La Roche Chemicals. 

3.2 Experimental Apparatus 

Experiments were conducted in three separate sets: 

(1) Preliminary experiments at room temperature to determine the operating 

conditions, such as the minimum fluidization velocity for mixtures of silicon 

and alumina particles. 

(2) Experiments of batch operation. 

(3) Experiments of semi-continuous operation. 

Figure 3-2.1. shows a schematic diagram of the fluidized-bed system used in these 

experiments. The fluidized-bed column is made of a mullite tube of 55 mm (ID) and 1200 

mm (L). The reactor was placed in a mullite tube of 80 mm (ID) which was heated in a 
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furnace (Lindberg-58475), capable of operating at a temperature up to 1600 °C. The 

operating temperature was kept below the melting point of silicon (1410 °C). A 

perforated alumina plate with sixty-nine 1-mm holes was used as the gas distributor. 

Large alumina beads of 1 mm in diameter were packed on the distributor plate to avoid 

clogging holes. 

Reactant particles were charged into the bed by pneumatic transport using argon 

as carrier gas. Samples were also withdrawn pneumatically from the reactor through a 

discharging tube. In the nitridation of silicon, strict temperature control is necessary to 

produce the desired crystalline form (a-silicon nitride) because the reaction is highly 

exothermic (723 KT/mol). A solenoid valve was installed to switch reactant nitrogen gas 

to inert argon gas for quenching the reaction, thereby maintaining a constant temperature 

of the reactor without changing the fluidization pattern. 

An R-type thermocouple was placed 2 cm above the distributor plate and 

connected to a microcomputer thermometer (OMEGA DP-701) to monitor the 

temperature of the fluidized-bed reactor. A pressure transducer (VALIDYNE P305-D) 

was employed to measure the pressure drop through the reactor during the experiments, 

and measurements were treated by a data acquisition system (Labtech NB 6.2.0). 

3.3 Experimental Procedures 

All experiments were carried out in the fluidized-bed system described in the 

preceding section. The preliminary experiments were operated at room temperature. The 

experimental runs of batch and semi-continuous operations were made at temperatures in 

the range of 1200 °C to 1300 °C. The system pressure was slightly higher than the 

atmospheric pressure. 
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3.3.1 Preliminary Experiments 

The rheological properties of aerated powder mixtures can be significantly 

improved by mixing Geldart-C powder with flow conditioners (large fluidizable particles). 

However, there is a maximum mixing ratio for each mixture. When the mixing ratio of 

fine powder to large particles reaches to a certain value during fluidization, which is 

defined as the saturation point [Kono et al., 1987], the Geldart-C powder is segregated 

and precipitated from the homogeneous aerated emulsion phase of the mixture. 

Before the study of high-temperature nitridation reaction, the saturation point of 

the mixture of SI-F and AL particles was determined. For the convenience of operation, 

experiments were carried out at room temperature. Results were used as information for 

further experiments at high temperatures. 

SI-F powder was thoroughly mixed with AL particles before being charged into 

the fluidized-bed. Quantities of both particles were measured to adjust the content of SI-F 

powder at 0, 5, 10, 15, 20, 30 and 50 percent by mass. All the particles were pre-dried at 

120 °C to reduce moisture. 

At room temperature, SI-F/AL mixtures of about 100 g were charged into the bed. 

Then, nitrogen gas was introduced to the bottom of the fluidized-bed as a carrier gas. The 

flow rate of fluidizing gas was adjusted at prescribed values with a control valve, so that 

the superficial gas velocity in the bed was set at levels in the range of 0 40 cm s-1. The 

pressure drop across the mixture of SI-F and AL was determined by subtracting the 

pressure drop through the distributor in the empty bed, which was measured prior to the 

experiment, from the total pressure drop. 

Pressure drops were measured in both the processes when gas velocities were 

increased and then decreased. The quality of fluidization was determined by the pressure 

drop versus velocity curve [Geldart et al., 1984], and the minimum fluidization velocities 

were also evaluated on the basis of pressure drops measured in the deaerated process 

[Kunii and Levenspiel, 1991]. 
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3.3.2 Batch Nitridation 

In batch reaction operation, all the nitridation experiments were carried out at 

temperatures of 1200 °C, 1250 °C and 1300 °C. The fractions of SI-F in SI-F/AL 

mixtures used in the experiments covered a range up to the maximum mixing ratio 

determined in the preliminary experiment. To preserve SI-F powder as much as possible 

in the bed, the operating gas velocity was always adjusted to be slightly higher than the 

minimum fluidization velocity of the mixture containing the maximum amount of SI-F 

powder. 

The fluidized-bed reactor was first heated to a prescribed temperature. Fluidizing 

gas was introduced into the reactor at the operating velocity. A mixture of 90 % nitrogen 

and 10% hydrogen was used as the fluidizing gas. In order to investigate the influence of 

hydrogen in the nitridation process, a few runs were also made with different hydrogen 

concentrations. 

Mixtures of SI-F and AL particles of about 140 g were used for nitridation. 98 g 

of AL particles as inert fluidizing media were first charged into the fluidized-bed reactor 

pneumatically using argon as a carrier gas, followed by charging 42 g of SI-F/AL 

mixtures to make up the initial fraction of SI-F in the bed to a prescribed value. Samples 

were taken out from the reactor through a pneumatic discharging tube at a certain time 

interval for the analysis with a powder X-ray diffractometer. 

In case of a rapid increase in temperature due to the exothermic reaction during 

the nitridation process, nitrogen was switched to argon using a solenoid valve to quench 

the reaction [Jovanovic et al., 1994]. 

Experiments using silicon granules (SI-L) were also carried out at 1250 °C and the 

results were compared with that of using SI-F/AL mixtures. In nitridation SI-L particles, 

about 140 g of SI-L particles were directly charged into the fluidized-bed reactor once 

bed-temperature reached 1250 °C, whereas, in nitridation of SI-F/AL mixtures, part of AL 

particles were first charged into the bed followed by the charging of the remaining SI

F/AL mixture. 
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3.3.3 Semi-Continuous Nitridation 

A continuous process for silicon nitridation in a fluidized-bed reactor is expected 

to operate for mass production of low-cost silicon nitride. In this research, semi-

continuous operation was tested to obtain information for the future continuous operation. 

In the semi-continuous operation, experimental runs were made at 1250 °C and 

1300 °C. After the empty bed was heated to a prescribed operating temperature, about 

140 g of AL particles were charged pneumatically into the fluidized-bed. The operating 

gas velocity was controlled at a level of 35 cm s-1, which is the same as the fluidizing 

velocity used in the batch operation. Fluidizing gas being consisted of 90 % nitrogen and 

10% hydrogen was used. Mixtures of 20 % wt SI-F and 80 wt % AL were then 

pneumatically charged into the bed intermittently. Product mixtures were also removed 

from the bed right before adding feed material to maintain the bed mass roughly at a level 

of 140 g. By controlling the amount of charged-in mixtures and that of removed products, 

the average residence time of SI-F/AL mixtures was determined. Products were analyzed 

with a powder X-ray diffractometer. 

10 wt % SI-F/90 wt % AL mixtures and 30 wt % SI-F/70 wt % AL mixtures were 

also used as reactant materials and nitrided at 1250 °C to investigate the effect of mass 

fraction of SI-F powder on the overall conversion of silicon and on the formation of a-

and P-form silicon nitride in the semi-continuous process. 

3.4 Analysis of Products 

Quantitative phase analysis of mixtures of polycrystalline material is often difficult 

because many variables are involved in determining the relative amounts of each phase. A 

method was developed for the rapid determination of mass fraction of phases in mixtures 

of a- silicon nitride, 13- silicon nitride and silicon by X-ray diffraction analysis [Gazzara 
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and Messier, 1977], where the linear regression calibration constants were evaluated by 

Jovanovic and Kimura [1994]. 

In this study, samples for X-ray diffractometry were ultrasonically dispersed in 

isopropyl alcohol, then the dispersion solutions were separated from inert AL particles and 

dried in watch glasses. The X-ray diffraction analyses were performed by a PHILIPS 

NORELCO diffractometer. The silicon/silicon nitride composition and a -/1- silicon nitride 
.

ratios were quantitatively determined by the following relationships: 

Ia(102) + /a(210) 
= 0.647 

aW 

(3-4.1)
Ip(101) + Ip(210) Wp 

Isi(111) Wsi
= 553 (3-4.2)

/a(201) Wa 

and 

W + Wfl + Wsi = 1 (3-4.3) 

where /a(102) and 1a(210) are the integrated intensities of (102) and (210) peaks of a

Si3N4; 4101) and 4210) are those of (101) and (210) peaks of P-Si3N4; /fi(111) is that of 

(111) peak of Si; Wa, WW and Wsi are the mass fractions of a-Si3N4, 13-Si3N4 and Si, 

respectively [Jovanovic and Kimura, 1994]. 

From measured mass compositions of a sample, the overall conversion of silicon, 

X, was calculated as: 

1- WsiX = (3-4.4) 
(111Si3114 

v Si 

3 Msi 

where Msi, and Msi are the molar weights of silicon and silicon nitride, and 

(1 4Si3 N4 1 = 0.665 is a converting factor.
3 Msi 
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Thus, the mass fractional yields of both a- and 13- silicon were given by the 

following relationships: 

1 -Wsi WaX = (3-4.5)
I + 0.665Wi(Wa +W13 

and 

wpl_wsi
XI5 = (3-4.6)

1 +0.665Wsil4la +Wp 

where Xa and Xp are the conversions of silicon into a-Si3N4 and 13- Si3N4, respectively. 

Therefore, the overall conversion of silicon, X, into silicon nitride is a sum of the 

mass fractional yields of a-Si3N4 and 13- Si3N4: 

X = X + X (3-4.6)a s 

In this work, most of the efforts will focus on the study of the overall conversion 

of silicon during the course of reaction, and of the formation of a-form and I3-form silicon 

nitride. 
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CHAPTER 4
 
EXPERIMENTAL RESULTS AND DISCUSSION
 

Nitridation of silicon powder has been extensively investigated and reviewed 

[Moulson, 1979]. It is generally not easy to prepare pure a-silicon nitride by the reaction 

between silicon powder and nitrogen gas. A small amount of (3- silicon nitride is always 

formed in addition to the a-form. This is presumably due to the exothermic reaction 

between silicon and nitrogen gas. Furthermore, it is not easy to complete the nitridation 

reaction and a small amount of silicon usually remains unreacted. However, most of the 

previous work has been done on the nitridation of silicon powder compacts for fabrication 

of silicon nitride, and experiments have been carried out using packed-bed reactors. 

Jovanovic et al. [1994] have studied the kinetics of silicon nitridation in a fluidized-bed 

reactor using silicon granules. In this work, the direct nitridation of Geldart-C silicon 

powder in a high-temperature fluidized-bed reactor is attempted to produce high purity a-

form silicon nitride. 

The experimental results will be discussed in three parts: preliminary experiments, 

batch nitridation, and semi-continuous nitridation. 

4.1 Preliminary Experiments 

The primary objective of this experiment is to investigate the feasibility of using 

mixtures of Geldart-C silicon powder with large inert alumina particles in a fluidized-bed 

reactor, and to establish operating conditions for further nitridation experiments. 

Silicon fine particles are very cohesive. Increasing the content of such strongly 

cohesive material in a fluidized bed makes fluidization of mixtures difficult. Pressure drop 

versus velocity diagrams are reasonably useful for detecting the change in fluidization 

phenomena and determining the effects of adding such cohesive fines on the quality of 
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fluidization. Boundary percentages of cohesive fines in the mixtures to maintain good 

fluidization may also be determined by the diagrams. 

Figure 4-1.1 shows typical normalized pressure drop versus velocity curves of 

fluidization of pure AL particles at room temperature. The velocity of nitrogen gas was 

increased initially from zero. With a progressive increase in velocity, the pressure drop 

increased almost proportionally to the gas velocity. Then the pressure drop reached a 

maximum value. In the fixed bed regime, the bed was not subject to substantial 

movement. However, as the velocity was increased further, the bed expanded gradually, 

evidencing a fluidization phenomenon. This continued until a fluidization stage was 

reached. 

When the gas velocity was increased after reaching the fluidization stage, the 

pressure drop decreased slightly from the maximum value and remained constant. The 

constant pressure drop was equal to the static pressure of the bed, Wbg/At, as shown in 

Figure 4-1.1, where AP* is the normalized pressure drop defined as 

AP
AP* = (4-1.1)

(Wbg 

Ab 

g is the acceleration of gravity, Wb is the initial mass of the bed and Ab is the cross-

sectional area of the bed. In theory, the ratio of the pressure drop across the bed to the 

static pressure of the bed is 1 when particles are fluidized. 

When the gas velocity was decreased, the fluidization curve moved back to the 

fixed bed regime, but deviated from the pressure drop curve obtained when the velocity 

was increased. The pressure drop across the bed was reduced because the structure of the 

bed was loosened following fluidization. The minimum fluidizing velocity, u ,j, was 

determined by extrapolating the deaerating pressure drop curve in the fixed bed regime to 

the horizontal line corresponding to the bed static pressure, Wbg/At [Geldart, 1973]. The 

minimum fluidizing velocity of AL particles was about 25 cm s-1. 
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Adding cohesive SI-F powder to AL particles strongly influenced the fluidization 

behavior in the bed as evidenced by a dramatic change in the pressure drop versus velocity 

curves shown in Figure 4-1.2. Figure 4-1.2 shows the effects of adding SI-F powder to 

AL particles in deaeration processes where its corresponding pressure drop versus velocity 

curves in aeration processes are shown in Figure 4-1.3. At any SI-F powder fractions in 

the range from zero to 20 % by mass, almost all the normalized pressure drops 

approached constant values in the aeration processes as shown in Figure 4-1.3. However, 

for different fractions of SI-F powder, the values differed substantially in the deaeration 

processes. The greater the content of SI-F powder in the mixture, the greater the 

deviation of the values of AP* from 1. It is also shown in Figure 4-1.2 that the minimum 

fluidization velocity increases with an increase in the mass fraction of SI-F fine powder in 

the mixtures. When more SI-F powder was added in the fluidized-bed reactor, the 

structure of the bed was changed during the aeration and deaeration processes. Kono et 

al. [1990] has confirmed that there is formation of fine powder agglomerates during the 

fluidization of mixtures containing Geldart-C fine powder and the behavior of fluidization 

is affected substantially. 

A greater amount of cohesive fine powder in the bed is expected to form more 

agglomerates, or to hold a greater percentage of fines as attached to large particles. Also, 

when the mass fraction of fine powder is increased, the structure of the mixtures becomes 

increasingly firm. Thus, sticky SI-F powder is considered to play a role as a binder among 

AL particles in the powder packing structure. 

When the mass fraction of SI-F was increased to 30 wt % as shown in Figure 4

1.2, the pressure drop was reduced significantly and fluctuated strongly as the velocity of 

gas changed, suggesting the formation of channels in the bed. Since the structure of the 

bed became stronger, the flow of gas had to break through the firm structure to reach the 

free board, thus resulting in the formation of channels. When SI-F powder was 

continuously added to AL particles, the fine powder packed the structure more closely and 

the gas flow found it difficult to pass through. In this case, there was a hazard that the 

whole structure would be blown out of the bed like a piston because of high pressure 

drop. 
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Therefore, it can be concluded that, Geldart-C type SI-F powder can be well 

fluidized at room temperature when it is mixed with large AL particles. However, there is 

a saturation fraction of SI-F powder, which is about 20 wt % of SI-F in the case of SI

F/AL mixture fluidization. The fluidization behavior will become worse and collapse 

eventually if SI-F content exceeds this saturation fraction. 

4.2 Batch Nitridation 

In the batch nitridation, all the nitridation experiments were carried out at 

temperatures of 1200 °C, 1250 °C and 1300 °C. The fractions of SI-F in SI-F/AL 

mixtures used in the experiments were 5 wt %, 10 wt %, 15 wt % and 20 wt %, which 

covered the range up to the maximum mixing ratio found in the preliminary experiments. 

The fluidizing velocity of the 90 % nitrogen and 10% hydrogen gas mixture was about 35 

cm s1, which was chosen for all experiments in this study and will be discussed in later 

sections. 

Figure 4-2.1 demonstrates a result of the fluidize-bed nitridation of a 10 wt % SI

F/90 wt % AL mixture at 1250 °C, where the overall conversion of SI-F powder into 

silicon nitride product is plotted against reaction time. Typically, reaction begins after an 

induction period with no silicon nitride found, followed by an approximately linear 

increase, then the rate of reaction decreases continuously to an "zero" reaction rate 

[Hamano et al., 1983; Rahaman and Moulson, 1984; Sheldon and Haggerty, 1988]. The 

reaction does not reach a complete conversion even after an extended reaction time at 

1250 °C. 

In general, silicon nitride occurs in two kinds of crystalline structure: a-silicon 

nitride and 13-silicon nitride, where a-silicon nitride is preferred for application purposes. 

The composition of silicon, a-silicon nitride and I3-silicon nitride in the productcan be 

quantitatively determined by powder X-ray diffraction analysis [Gazzara and Messier, 
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1977; Jovanovic and Kimura, 1994]. In this study, the X-ray analyses were performed by 

a PHILIPS NORELCO diffractometer. 

Figure 4-2.2 exhibits a result of X-ray diffraction scan of a product from the six-

hour nitridation of a 10 wt % SI-F/90 wt % AL mixture at 1250 °C. The product sample 

was ultrasonically dispersed in isopropyl alcohol, then the dispersion solution were 

separated from inert AL particles and dried before X-ray analysis. The values of the 

composition of silicon, a- and 13-silicon nitride were evaluated from eq. (3-4.1) through 

eq. (3-4.6). Thus, from Figure 4-2.2, the X-ray sample scan gives an overall conversion of 

SI-F, X = 0.76, with a- and [3-silicon nitride fractional yields of X = 0.669 and Xs = 

0.091. 

Figure 4-2.3 shows two sets of results of 5 wt % SI-F/95 wt % AL mixtures 

nitrided at 1250 °C. Generally, the experimental results had good reproducibility when the 

experiments were carried out with caution. 

4.2.1 Effect of SI-F Fraction 

Figure 4-2.4 shows the effect of SI-F fractions on the overall conversion of silicon 

powder at 1250 °C in a reactant gas mixture containing 90 % nitrogen and 10 % 

hydrogen. The operating gas velocity of 35 cm s' was the minimum velocity to fluidize 

SI-F/AL mixtures containing SI-F up to 15 wt % and maintain good fluidization 

conditions. 

As shown in Figure 4-2.4, three regimes are observed: (1) an initial induction 

period, where there is very little progress of nitridation; (2) a fast reaction period, where 

most of the nitridation occurs; and (3) a slow reaction period following the fast reaction 

period, where the nitridation rate is much lower. 

It is shown in Figure 4-2.4 that the initial induction time is extended with an 

increase in the mass fraction of SI-F powder. The induction period was about 10 minutes 

for both the mixtures containing 5 wt % and 10 wt % SI-F at 1250 °C. However, when 
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the mass fraction of SI-F was increased to 15 wt %, the induction period was also 

extended to about 20 minutes. 

The mechanism of nitridation in the induction period is not clear. It was reported 

that the induction period was affected by the nitridation temperature and became longer, 

as the reaction temperature was lower [Jovanovic et al., 1994]. It has been generally 

accepted that, in the nitridation of silicon, the induction period is attributed to the removal 

of the native oxide layer on the surface of silicon powder [Pompe and Hermansson, 1985]. 

This oxide layer has a pronounced retarding effect on nitridation kinetics and removal of 

the layer leads to accelerated kinetics [Fate and Milberg, 1978; Campos-Loriz and Riley, 

1979; Moulson, 1979]. 

However, the induction period was also observed even in the nitridation of non 

surface-oxided silicon powder [Sheldon and Haggerty, 1988; Sheldon et al., 1992]. Three 

phenomena are evidenced in the induction period: (1) silicon nitride forms slowly on 

silicon surfaces, (2) the silicon surfaces undergo a rearrangement to create flat Si/Si3N4 

interfaces, and (3) crystalline nuclei form at the end of the induction period [Sheldon et 

al., 1995]. 

The silicon nitridation was accelerated at the end of the induction period, then 

slowed down, and eventually approached to an effectively "zero" reaction state. In the 

fast reaction period, the growth of fibrous a-silicon nitride on the silicon surface was very 

rapid and the amount of nitridation was proportional to surface area of the silicon powder 

[Hamano et al., 1983]. The a-silicon nitride was formed from its embryos on the silicon 

surface by a gas phase reaction and the rate of reaction was controlled by the 

concentration of gaseous-silicon which evaporated from silicon powder. 

It was found that incomplete conversion always occurred at the end of the fast 

reaction. There are many possible explanations. One possible reason [Sheldon and 

Haggerty, 1988] is that the silicon nitride nucleates and grows until rapid silicon transport 

is blocked by a continuous silicon nitride product layer and the silicon/vapor interfaces no 

longer exist as shown in Figure 4-2.5. Therefore, the nitridation process gradually stops 

and present a slow reaction period with a "zero" reaction rate following the fast reaction 

period. 
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Figure 4-2.4 exhibits some examples of the incomplete conversion of silicon 

nitridation. The maximum conversions of 5 wt % and 10 wt % SI-F mixtures at 1250 °C 

were both approximately about 77 %, even though their rates of conversion were slightly 

different in the fast reaction regime. The overall conversion never reached 100 % even the 

reaction time was extended. Also, an increase in SI-F content to 15 wt % decreased the 

overall conversion of SI-F dramatically to about 65 % after six hours' nitridation. 

It has been reported that the amount and size of agglomerates of Geldart-C 

powder increase when the fraction of Geldart-C powder increases in the fluidization of 

Geldart-C/Geldart-A mixtures [Kono et al.; 1990]. With 5 wt % and 10 wt % of SI-F, 

most of silicon fine powder was well dispersed among fluidizing AL particles, and 

agglomerates were hardly found in the mixtures. However, more agglomerates were 

observed in the mixture containing 15 wt % SI-F powder. 

Silicon agglomerates with a size of a few hundred microns were very difficult to 

nitride. It was found that only a thin layer on the surface of these agglomerates was 

nitrided after six hours' nitridation. This surface nitride layer seems to have hindered the 

nitridation because of the slow solid-state diffusion, and therefore reduced the overall 

conversion of silicon. 

In general, small size of silicon particles facilitates rapid nitridation via silicon 

vapor because its large surface area provides more nucleation sites and more evaporation 

can occur from the exposed silicon [Sheldon et al., 1995]. Therefore, the conversion of 

silicon is increased. On the other hand, for larger silicon particles, a continuous silicon 

nitride layer is formed far before the reaction is completed, as shown in Figure 4-2.5, and 

hence the conversion to silicon nitride is reduced. 

Figure 4-2.6 shows the results by X-ray diffraction analysis corresponding to the 

final product samples shown in Figure 4-2.4. Almost 100 % a-form silicon nitride, the 

desired product, was found when a mixture containing 5 wt % SI-F was nitrided. When 

silicon powder was increased to 10 wt %, even though the overall conversion of silicon 

was about the same as in the mixture with 5 wt % SI-F, about 12 % of (3 -form silicon 

nitride was found in the product. When the fraction of SI-F was increased to 15 wt %, 



41 

400 (a) X=77.2%, 5% SI-F/95% AL 

200 

Si 
a(201) 

a(102) 
a(210) 

U 

0 
400 

200 

Si 
(b) X=76.0%, 10% SI-F/90% AL 

a(201) a(112) a(210) 

13(101) 0(210) 

0 
400 

Si 
(c) X=64.8%, 15% SI-F/85% AL 

200 

a(201) a(102) a(210) 

0 

27 28 29 30 31 32 

13(101) 

33 34 35 

13(210) 

36 37 

20 

Figure 4-2.6 XRD results of (a) 5% SI-F/95% AL, (b) 10% SI-F/90% AL, 
and (c) 15% SI-F/85% AL nitrided at 1250 °C 



42 

about 23 wt % of 13-form silicon nitride was found in the product. It can be anticipated 

that more 13-form silicon nitride is produced with a larger mass fraction of SI-F powder. 

Figure 4-2.7 and Figure 4-2.8 show the effect of mass fraction of SI-F powder on 

the overall conversion of silicon at 1200 °C and 1300 °C. A higher mass fraction of SI-F 

in the SI-F/AL mixture gives a higher overall conversion of silicon. However, as shown in 

Figure 4-2.9, a higher mass fraction does not encourage the formation of 13-form silicon 

nitride at 1200 °C. 

It should be noted that the fluidizing bed immediately collapsed into a packed bed 

when the mass fraction of SI-F powder was 15 wt % at 1300 °C. When the mass fraction 

was increased to 20 wt %, the SI-F/AL mixture could never be fluidized at any 

temperature even the operating velocity was increased to 45 cm s-1. Channeling or 

slugging was formed and fluidization failed eventually. 

4.2.2 Effect of Reaction Temperature 

Figure 4-2.10 and Figure 4-2.11 demonstrate the effect of reaction temperature on 

the overall conversion of silicon using mixtures of 5 wt % SI-F/95 wt % AL and 10 wt % 

SI-F/90 wt % AL, respectively. The maximum overall conversion is strongly influenced 

by the reaction temperature, and a higher temperature gives a higher overall conversion of 

silicon. Thus, the complete conversion of silicon could be expected at a higher 

temperature. Moreover, the induction period was reduced with an increase in 

temperature. The reaction occurred almost immediately without an induction period at 

1300 °C. 

In a typical process of silicon nitridation, both a- and (3-silicon nitride phases are 

almost always formed, but the formation of 13-silicon nitride is enhanced at higher 

temperature [Jennings, 1983; Washburn and Coblenz, 1988]. The mechanism of 

formation of a- and (3-silicon nitride is still unclear, however, experimental observations 
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have supported that the formation of each of the two phases is governed by separate 

reaction mechanisms. The reactions are easily influenced by many factors and the rate 

controlling steps may change with time and/or changing environment [Campos-Loriz and 

Riley, 1978; Jennings, 1983]. 

Figure 4-2.12 shows the X-ray spectra of 5 wt % SI-F/95 wt % AL mixtures 

obtained at different temperatures. These results indicate that no n- silicon nitride is 

produced during the course of reaction even though the temperature was raised to 1300 

°C. However, more 0-silicon nitride was formed with an increase in temperature when 10 

wt % SI-F/90 wt % AL mixtures were nitrided, as shown in Figure 4-2.13. 

Figure 4-2.14 shows the temperature effects on the formation of (3- silicon nitride in 

the nitridation of 10 wt % SI-F/90 wt % AL mixture, where the mass fraction of 13-silicon 

nitride, We', in the product silicon nitride is given by the following relationships: 

W (4-2.1) 
± Ws 

and 

Wa + + Wsi = 1 (4-2.2) 

where Wa, We and Ws; are the mass fractions of a-silicon nitride, 0-silicon nitride and 

silicon, respectively. 

It is seen in Figure 4-2.14 that, pure a-silicon nitride is produced at 1200 °C. 

However, 13-silicon nitride is found after three-hour nitridation at 1250 °C and 1300 °C. 

The values of We'increases with the progress of nitridation. A higher temperature tends 

to facilitate the formation of 13-silicon nitride. These observations are consistent with some 

structural evidences showing that 13-silicon nitride is a high temperature phase and a-

silicon nitride is a low temperature phase [Messier et al., 1978]. It has also been reported 

elsewhere that a lower reaction temperature promotes the formation of a-silicon nitride 
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and the content of a-silicon nitride is high during the early stage of reaction [Morgan, 

1980; Jennings, 1983; Washburn and Coblenz, 1988; Rosetti et al., 1989]. 

Figure 4-2.15 shows the effect of reaction temperature on the overall conversion 

of silicon in the nitridation of 15 wt % SI-F/85 wt % AL mixtures. As discussed earlier, 

the overall conversion of silicon using 15 wt % SI-F is much lower than that using 10 wt 

% or 5 wt % SI-F, and it still increases during the course of reaction. However, a 

constant conversion could be expected after an extended reaction time. Also, it was found 

that the mixture of 15 wt % SI-F could not be fluidized at 1300 °C because, at a higher 

temperature, the surface of SI-F powder would have become stickier. When too much SI

F powder was added, the bed was easily bound by the sticky powder and consequently the 

fluidization failed. 

Figure 4-2.16 shows the temperature effects on the formation of (3- silicon 

nitride in the nitridation of 15 wt % SI-F/85 wt % mixtures. No n -form silicon nitride was 

formed at 1200 °C. However, the 13-form silicon nitride was produced after 1.5 hour of 

nitridation at 1250 °C, and reached a higher value than those found in Figure 4-2.14. 

In summary, a lower fraction of SI-F in SI-F/AL mixtures as well as a lower 

reaction temperature results in the production of silicon nitride of a higher a-form content. 

Pure a-silicon nitride is always formed at any temperature in the range of 1200 °C 1300 

°C when mixtures of 5 wt % SI-F and 95 wt % AL particles are nitrided. The a/13 

contents will depend sensitively on the length of reaction time in the temperature range. 

It should be mentioned that, in the nitridation of SI-F/AL mixtures, AL particles 

had to be fluidized prior to the charging of SI-F/AL mixtures. A direct charge of SI-F/AL 

mixtures without pre-fluidizing AL particles resulted in an immediate collapse of the bed 

even though the fraction of SI-F in the mixture was as low as 1 wt %. 



0 1250 °C
 
-II- 1200 °C
 

0 

0 1 2 3 4 5 6

Time, hr 

Figure 4-2.15 Effect of reaction temperature on the overall conversion of silicon 
in 15 % SI-F/85 % AL mixtures 



0.3
 

0.24 

Is 

0.18 

0.12 

0.06 
0-15% SI 

0-15% SI 

-F/85% AL at 1250 °C 

-F/85% AL at 1200 °C 

0 1 2 3 

Time, hr 

0 
4 5 

0 
6 

Figure 4-2.16 Effect of reaction temperature on the mass fraction of (3 -form 
in silicon nitride in nitridation of 15 % SI-F/85 % AL mixtures 



55 

4.23 Effect of Ilvdroeen Content 

Figure 4-2.17 illustrates the effect of hydrogen concentration on the nitridation of 

5 wt % SI-F/95 wt % mixtures at 1250 °C. The progress of overall conversion of silicon 

is not influenced strongly by hydrogen concentration. A higher concentration of hydrogen 

gives &slightly higher overall conversion of silicon in this case. 

Figure 4-2.18 shows the X-ray spectra corresponding to Figure 4-2.17. The results 

indicate that nearly pure a-silicon nitride is formed in the nitridation of mixtures with 5 wt 

% SI-F at 1250 °C. 

The exact role of hydrogen in the nitridation process is still not clear, however, it is 

generally accepted that an addition of hydrogen in a nitriding atmosphere greatly enhances 

the nitridation [Shaw, 1982; Jennings, 1983] and also facilitates the reaction toward the 

formation of a-form silicon nitride [Itoh, 1991; Barsoum et al., 1989; Jovanovic et al., 

1994] even in the existence of a small amount of impurities such as iron [Boyer and 

Moulson, 1978; Dawson and Moulson, 1978; Dervisbegovic and Riley, 1979; Moser et 

al., 1986] in silicon. 

One possible sequence of reactions during the nitridation of silicon with native 

silica layer in the presence of hydrogen at 1500 °C was proposed to be [Barsoum et al., 

1991]: 

1.5 Si(s) + 1.5 Si020) = 3 Si0(8) (4-2.3) 

3 SiO(g) + 2 N2(g) Si3N4(crs) + 1.5 0203) (4-2.4) 

1.5 02.(g) + 3 H2(g) = 3 H20(g) (4-2.5) 

3 H20(8) + 3 Sits) = 3 SiO(g) + 3 H2(8) (4-2.6) 
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The net reaction is then summed up to be: 

4.5 + 1.5 SiO2(s) + N2(8) = 3 SiO(s) + Si3N4(0,5) (4-2.7) 

AG for eq. (4-2.7) is calculated to be -250 kJ /mol for Psio less than 0.4 atm 

[Barsoum et al., 1991]. It has also been proposed that the reaction rate of silicon 

nitridation is controlled by the density of active surface sites [Campos-Loriz et al., 1979]. 

They have suggested that these sites originate at flaws in the silica layer and then consist 

of channels in the silicon nitride, through which silicon vapor diffuses outward, leaving 

large pores at the silicon-silicon nitride interface. Therefore, nitridation will then continue 

until the closure of these pores. 

It is well documented that a hydrogen addition to the nitriding gas increases the 

SiO concentration. The role of hydrogen is suggested to enhance the removal of the silica 

layer from silicon particles to form water vapor [Lindley et al., 1979; Rahaman and 

Moulson, 1984] and hence facilitate the formation of silicon monoxide and a-form silicon 

nitride. 

When the silicon content was raised up to 10 wt %, as shown in Figure 4-2.19, the 

initial rate of reaction is much higher using 10 % hydrogen than using 20 % and 30 % 

hydrogen, however, the overall conversion of silicon increases with an increase in the 

hydrogen content in the later stage of reaction. Moreover, the induction period is not 

affected by the change in the hydrogen content. This observation is in agreement with the 

reported results [Jovanovic et al., 1994]. 

Figure 4-2.20 shows the X-ray spectra of 10 wt % SI-F mixtures nitrided using 

different hydrogen concentrations at 1250 °C. A higher fraction of hydrogen in the 

fluidizing gas lowers the content of 0-form silicon nitride. About 12 wt % of 0-form 

silicon nitride was found in the product using 10 % hydrogen, which was reduced to a 

level of about 6.5 wt % using 20 % hydrogen and 5.1 wt % using 30 % hydrogen. 
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4-2.4 Comparisons between SI-F Powder and SI-L Particles 

As mentioned earlier, from the viewpoint of reaction kinetics, silicon powder with 

a particle size of submicron is preferred as raw material for nitridation and further sintering 

purposes. However, these very fine silicon particles are difficult to fluidize. Therefore, 

the use of silicon granular particles, regardless of the additional cost imposed by the extra 

steps of granulating, grinding and purification, is one of the alternatives to overcome those 

problem, which can be well fluidized. 

Silicon granules, which are symbolized as SI-L, have an average particle size of 

400 pm. The SI-L particles were prepared by granulating fine silicon grains ofan average 

particle size of 2 pm into large particles with the aid of a suitable binder such as polyvinyl 

alcohol, and briefly sintering the resulting granules at 1100 °C to 1300 °C. Therefore, 

silicon granules are lightly cemented together, but not melt [Shimizu et al., 19911 

Figure 4-2.21 shows a comparison of the overall conversion of silicon in 

nitridation of 5 wt % SI-F/95 wt % AL mixture and 100 wt % SI-L granules at 1250 °C. 

Unlike SI-F powder, SI-L particles were directly charged into the fluidized-bed reactor 

since SI-L could be fluidized easily and were pretreated in the 60 % Ar/40 % H2 gas 

mixture for one hour. The initial rate of reaction is much higher when 5 wt % SI-F/95 wt 

% AL mixtures are nitrided than when SI-L granules are, however, the final overall 

conversion of silicon approaches to a constant of about 77 % in both the cases. The initial 

induction period was about 0.68 hour in the nitridation of SI-L granules, as shown in 

Figure 42.21, which was slightly longer than that of nitriding SI-F powder. 

The results of X-ray diffraction corresponding to the final product samples shown 

in Figure 4-2.21 are shown in Figure 4-2.22. It is seen that 100 % a-form silicon nitride is 

formed in the nitridation of 5 wt % SI-F/95 wt % AL mixtures. On the other hand, it was 

about 16 wt % (3-form silicon nitride is produced in the product when SI-L granules are 

nitrided. 

Figure 4-2.23 exhibits a comparison of the formation of 13-silicon nitride in the 

nitridation of 5 wt % SI-F/95 wt % mixtures and that of SI-L particles. It is clearly shown 
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that no 13-silicon nitride is produced during the course of reaction for the 5 wt % SI-F/95 

wt % mixture at 1250 °C. However, I3-silicon nitride is found after 1.5-hour nitridation of 

SI-L granules at 1250 °C and the mass fraction of I3-silicon nitride slowly increases to 

about 16 wt % after six-hour nitridation. 

It should be pointed out that, in the nitridation of SI-L granules, a solenoid valve 

was needed to switch reactant nitrogen gas to inert argon gas for quenching the reaction. 

Otherwise, the reaction temperature would have run away due to the highly exothermic 

nitridation reaction and consequently the fluidization would have failed. However, in the 

nitridation of 5 wt % SI-F/95 wt % AL mixtures, quenching was not needed since the bed 

contained only 5 wt % silicon, and the bed temperature was not significantly affected by 

the exothermic energy. 

4.2.5 Operational Limit 

As mentioned earlier, Geldart-C type SI-F particles are often very difficult to 

fluidize because their interparticle cohesion forces. In order to obtain an adequate degree 

of fluidization in a fluidized-bed reactor, fluidization conditioners, such as AL particles 

used in this study, serve to improve the fluidization properties of the cohesive powder. 

However, some other factors might lead to poor fluidization or to a failure of fluidization, 

such as the permissible upper limit of SI-F/AL ratio or the change in the cohesivity of SI-F 

powder at a higher temperature. Therefore, great attention must be paid when handling 

such fine cohesive powder. Two examples are demonstrated in Figure 4-2.24 and Figure 

4-2.25. 

Figure 4-2.24 presents a diagram of the normalized pressure drop versus different 

mass fractions of SI-F powder in SI-F/AL mixtures nitrided at 1250 °C at an operating 

velocity of 35 cm and Figure 4-2.25 presents a diagram of the normalized pressure 

drop versus different operating velocities for 5 wt % SI-F/ 95 wt % AL mixtures nitrided 

at 1250 °C. The values of pressure drop across the bed was used to detect the quality of 

fluidization. 
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It is well known that powder fluidization is the result of a balance between fluid-

dynamic forces and gravitational forces. Provided that the interparticle interaction forces 

are at a minimum, the fluidizing particles will come into a more or less free-floating state. 

Moreover, the behavior of SI-F powder in a fluidized-bed reactor is governed by the 

interparticle forces as long as its magnitude is of the order of, or larger than, the 

gravitational and the fluid-dynamic forces acting on the particles. 

When the mass fraction of SI-F is greater than 15 wt %, as shown in Figure 4

2.24, the interparticle forces are increased to a certain level, or when the gas velocity is 

lower than 35 cm s-1, as shown in Figure 4-2.25, the fluid-dynamic forces are decreased to 

a certain point. The SI-F/AL mixtures then agglomerate and the bed immediately collapse 

into a packed bed. 

From the above results, it is clear that cohesive forces as well as the fluid-dynamic 

forces significantly affect the fluidization behavior when Geldart-C type SI-F powder is 

used. However, a basic understanding of the underlying mechanism is lacking, although 

experimental results are available. Further study on the behavior of SI-F powder in SI

F/AL mixtures must be carried out to develop a model and bridge the gap between 

practice and theory. 

4.3 Semi-Continuous Nitridation 

In semi-continuous nitridation, experimental runs were made at 1250 °C and 1300 

°C. SI-F/AL mixtures with mass fractions of 10 wt, 20 wt % and 30 % wt of SI-F 

powder were used as reactant mixtures. The average residence time of SI-F/AL mixtures 

was determined by adjusting the amount of the charged-in reactant and of the removed 

product. The bed mass was always controlled at a level of about 140 g based on silicon 

mass during the course of each experiment. Fluidizing gas composed of 90 % nitrogen 

and 10% hydrogen was used at a superficial velocity of 35 cm s-1. 
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4.3.1 Comparison between Semi-Continuous and Batch Nitridation 

Figure 4-3.1 shows the overall conversions of silicon in the semi-continuous 

nitridation of 20 wt % SI-F/80 wt % AL mixtures at 1250 °C for different average 

residence times. It is clearly seen that the overall conversion of silicon gradually 

approaches to a constant value during the courses of reaction. This features the steady-

state overall conversion for the semi-continuous process. Also, the steady-state overall 

conversion of silicon increases with an increase of average residence time from 1.3 hours 

to 4 hours, however, it levels off to a value of about 68 % of conversion at an average 

residence time of 3 hours, as shown in Figure 4-3.2(a). 

Figure 4-3.2 shows a comparison of the overall conversion of silicon for 20 wt % SI

F/80 wt % AL mixtures nitrided in the semi-continuous operation, for a 15 wt % SI-F/85 wt % 

AL mixture and for a 5 wt % SI-F/95 wt % AL mixture in the batch operation at 1250 °C. In 

the semi-continuous nitridation, the experiments were carried out by charging 20 wt SI-F/80 

wt AL mixtures and removing products intermittently. Each data point represents a steady-

state overall conversion of silicon from one set of experiment operated at a certain average 

residence time of solids as presented in Figure 4-3.1. Every experiment was operated for a 

length of time at least two times the average residence time. 

Theoretically, the majority of bed material would be replaced by charged mixtures 

after a time of operation several times the average residence time of solids in the bed. 

Figure 4-3.2 indicates that mixtures of 20 wt % SI-F and 80 wt % AL can be nitrided at 

1250 °C, which could not be achieved in the batch nitridation. 

As described earlier in the batch operation, 15 wt % of SI-F was the maximum 

fraction which could be mixed with AL particles and maintain good quality of fluidization, 

but the overall conversion of silicon in the mixture was lower than using 5 wt % or 10 wt 

% of SI-F mixtures. However, the overall conversion of silicon in the semi-continuous 

operation with the feed of 20 wt % of SI-F mixtures is much higher than that using 15 wt 

% SI-F mixtures in the batch operation, as shown in Figure 4-3.2. 

In the batch operation, in order to make up the initial bed-composition to 20 wt % 

SI-F and 80 wt % AL, a small amount of SI-F/AL mixture with a very high fraction of SI
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F powder should be charged into the pre-fluidized AL particles. After being charged into 

the bed, the high fraction of SI-F powder would bind the fluidizing AL particles and cause 

a failure of fluidizing bed. However, in semi-continuous operations, only a small amount 

of SI-F powder was premixed with AL particles and charged into the bed each time. 

Therefore, the SI-F/AL mixture could be well fluidized and no extra SI-F powder would 

bind the bed. 

Figure 4-3.3 shows the X-ray spectra for 20 wt % SI-F mixtures obtained at 

different average residence times at 1250 °C. It is shown that no 13-form silicon nitride, 

which was found in either 10 wt SI-F/90 wt % AL mixture or 15 wt % SI-F/85 wt % 

AL mixture in batch operation, was produced during the reaction in the semi-continuous 

operation. 

4.3.2 Effect of Reaction Temperature 

Figure 4-3.4 shows the effects of reaction temperature on the overall conversion of 

silicon using 20 wt % SI-F/80 wt % AL mixtures at an average residence time of 3 hours 

in the semi-continuous operation. As shown in the figure, the overall conversion of silicon 

reaches a steady value after about 3.5-hour nitridation for both temperatures. A higher 

reaction temperature gives a higher overall conversion of silicon, i.e., about 68 % at 1250 

°C and 81% at 1300 °C. However, as shown in Figure 4-3.5, there is about 21% of (3

form silicon nitride produced at 1300 °C after 6-hour nitridation at an average residence 

time of 3 hours, which is not found in the product obtained at 1250 °C. The result 

indicates that the formation of [3-form silicon nitride is facilitated in the nitridation of 

silicon at a higher reaction temperature, which is consistent with the reported results 

[Jennings, 1983; Washburn and Coblenz, 1988; Rosetti et al., 1989] and with the 

observations described earlier in the batch nitridation. 
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4.3.3 Effect of SI-F Fraction 

Figure 4-3.6 shows the effect of mass fraction of SI-F powder on the overall 

conversion of silicon for an average residence time of 3 hours at 1250 °C in the semi-

continuous nitridation. The overall conversions of silicon are close in the later stage of 

reaction for mixtures with 10 wt % SI-F and 20 wt % SI-F, even though they are different 

in the earlier stage. However, the overall conversion of silicon is much lower for the 30 wt 

% SI-F/70 wt % AL mixtures. These results indicate that the overall conversion of silicon 

decreases with an increase in the mass fraction of SI-F powder. As mentioned earlier in the 

batch nitridation, there are more chances for silicon powder to agglomerate when using 

higher fractions of SI-F powder, and therefore the overall conversion of silicon decreases. 

Unlike in the batch nitridation where the formation of 13-silicon nitride was 

enhanced by the SI-F addition, the X-ray spectra shown in Figure 4-3.7 indicate that no 13

form silicon nitride is produced with an increase of SI-F mass fraction up to 30 wt % at 

1250 °C in the semi-continuous nitridation. However, this result does not suggest that 

there is no effect of the mass fraction of SI-F powder on the formation of I3-silicon nitride. 

In the semi-continuous operation, SI-F powder could be well mixed with the AL particles 

and the formation of agglomerates was reduced because of the lower fraction of SI-F 

powder in SI-F/AL mixtures, whereas it tended to agglomerate at the initial stage of 

reaction in the batch operation since mixtures with a higher content of SI-F powder are 

charged into the reactor at the beginning of experiment. Thus, agglomeration of SI-F 

powder plays an important role which affects the formation of 13-silicon nitride, even 

though its formation mechanism is unknown. 
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CHAPTER 5
 
MATHEMATICAL MODELING OF SI-F CARRYOVER
 

In most practical applications, fluidized-bed reactors usually operate with solids 

having a wide range of particle sizes and densities. Elutriation phenomenon is commonly 

encountered when the fluidizing gas exceeds the terminal velocities of finer particles. 

These fines become entrained in the gas stream leaving the bed and they may have to be 

removed from the off -gas stream for environmental requirements, or be recycled to avoid 

the loss of bed material for economical reasons. Also, it is necessary to study the rate of 

entrainment of particles from the bed for effective design of fluidized-bed reactors. 

In this work, two types of raw materials with distinct particle sizes and densities 

are used: silicon powder (SI-F: dp 2 gm, pp . 2.4 g cm-3) and alumina particles (AL: dp 

300 gm, pp .---. 3.53 g cm 3). Therefore, it is important to understand the effects of 

elutriation phenomenon on the process of SI-F and AL mixtures fluidization as well as on 

the conversion of silicon being nitrided either in the batch or semi-continuous operation. 

5.1 Carryover of SI-F Fines in Batch Nitridation 

A number of researchers have presented models to describe elutriation phenomena, 

most of which are empirical models. Leva [1951] first proposed a first-order elutriation 

rate model, which was subsequently modified by Wen and Hashinger [1960]. Zenz and 

Weil [1958] studied the basic ejection mechanism of particles and pictured the bursting of 

bubbles as acting like a series of intermittent jets throwing particles from both nose and 

wake particles into the freeboard. However, Pemberton and Davison [1986] postulated 

that particles may be ejected into the freeboard from the roofs (nose) or wakes of the 

bursting bubbles, depending on the bed geometry, fluidizing velocities and particle types. 

Moreover, some researchers paid their attention on the entrainment from a continuous 

fluidized bed [Lewis et al., 1962]. 
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It is generally accepted that first-order relationships describe the elutriation 

phenomena in the reported literature. In the model, the instantaneous rate of elutriation of 

size i particles from a bed is directly proportional to the cross-sectional area of the bed and 

the mass fraction of the size i particles: 

( Instantaneous Rate" 
Cross sectional) Mass fraction of size i

of elutriation of = K (5-1.1)
area of the bed ) particles in the bed

size i particles 

Or 

dW. W. 

dt 
()

=KiAb (5-1.2) 

Wb 

where Wi is the mass of size i particles remaining in the bed, Wb is the total mass of the 

bed, Ab is the cross-sectional area of the bed, Ki is the elutriation rate constant. 

Colakyan et al. [1981] have presented a model taking into account both elutriation 

and attrition phenomena. By assuming a constant attrition rate, eq. (5-1.2) can be 

modified for the simultaneous elutriation and attrition processes as 

dW 
= KiAb( Raj (5-1.3)

dt Wb 

where Ra,i is the constant attrition rate of size i particles. 

Solving eq. (5-1.3) for Wi gives 

1(7 t R 
W ==Woe 1 e (5-1.4) 

where Wi,o is the initial mass of particles of size i in the bed, and 
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KiAb 
(5-1.5) 

Wb 

Previous work by various authors has led to the presentation of correlations for 

K;` ,which differ widely from each other [Wen and Hashinger, 1960; Zenz and Weil, 1962; 

Merrick and High ley, 1974; Colakyan and Levenspiel, 1984; Baeyens et al., 1992]. Some 

empirical correlations are listed in Appendix A. 

Liu and Kimura [1993] studied the entrainment of difficult-to-fluidize fine powder 

mixed with easy-to-fluidize large particles at room temperature and proposed a model on 

the basis of the following assumptions: 

(1) Fine particles in the fluidized bed are in one of three forms: 

(a) elutriable freely moving fines, 

(b) agglomerates of fmes having fluidizable sizes, and 

(c) fmes attached to large particles. 

(2) Fine particles are continuously and steadily generated due to attrition from 

agglomerates and attached fines. 

(3) Attrition from the original large particles is negligible compared to that from 

the agglomerates and attached particles. 

When the carryover is treated as overall for the entire size range of the fine 

powder, the rate of carryover may be written as 

dW dWL+ R (5-1.6)
dt dt 

where W is the cumulative mass of entrained fine particles, We is the mass of elutriable fine 

particles remaining in the bed at any time, and Ra is the rate of overall attrition including 

both from agglomerates and attached fmes. 
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Also, the elutriation rate may be written in the same form as eq. (5-1.3): 

e b 4 Ra (5-1.7) 
dt
 

where WO is the initial mass of elutriable fine particles andKe is the elutriation rate 

constant. 

Since We,0 is considered to be much smaller than Wb in a bed, the change in the 

total mass of the bed will be negligibly small. Also, only the elutriable fine powder is 

subject to elutriation. Therefore, in eq. (5-1.7), it is reasonable to employ the initial mass 

of the elutriable particles in the bed, We,0, in place of the total mass of the bed, Wb, and We 

in place of 

Thus, solving eq. (5-1.6) and eq. (5-1.7), the cumulative mass of fine particles, W, 

carried out of the bed at time, t, can be described by the following equations [Appendix 

B]: 

w4weo_RKay 
Ra t (5-1.8) 

and 

KeAb 
(5-1.9)
 

We,0 

Rearranging eq. (5-1.8) gives a linear form: 

1n4i= t (5-1.10) 

where 

WRat 
= (5-1.11)


We,o (Ro / 
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The values of Ra and Weo 
R 

K 
in eq. (5-1.11) can be evaluated from eq. (5-1.8), 

thus, K: can be determined by plotting versus time, and hence, the values of We,0 and 

Ke are obtained. 

5.1.1 SEM Images 

Figure 5-1.1 shows the SEM photographs of a mixture of 10 wt % SI-F and 90 wt 

% AL nitrided at 1250 °C for (a) 10, (b) 120, and (c) 360 minutes. It can be seen from 

Figure 5-1.1(a) that, in the beginning of the reaction, SI-F fine powder has partly attached 

on large AL particles and partly agglomerated into large chunks. Also, some individual 

SI-F particles are seen in the picture, as assumed for the forms of fine particles mixed with 

large particles. 

It is also shown in Figure 5-1.1 (b) and (c) that the surface of large particles 

becomes smoother during the duration of reaction. This indicates that SI-F fines are 

continuously leaving the attached surface of large particles. 

The SEM images of cross-sectioned particles from 10 wt % SI-F/90 wt % AL 

mixtures corresponding to samples shown in Figure 5-1.1 are presented in Figure 5-1.2. It 

is observed that AL particles are coated with SI-F powder during the course of reaction. 

During the initial stage of the reaction, as shown in Figure 5-1.2 (a), the shell layer of SI-F 

is thicker than that in the later stages. There could be more than one AL particles inside 

the SI-F shell. However, during the reaction, these multi-core particles have broken into 

single-core particles as shown in Figure 5-1.2 (b) and (c). It should be noted that the 

thickness of the SI-F shell does not change significantly, as shown in Figure 5-1.2 (b) and 

(c), even though the reaction time of these two samples are different by a factor of 3, i.e., 

about 120 and 360 minutes, respectively. Therefore, it is expected that attrition 

phenomenon dominates in the later stage of fluidization. 
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Figure 5-1.1 SEM images of a mixture of 10 wt % SI-F and 90 wt % AL 
nitrided at 1250 °C for (a) 10, (b) 120, and (c) 360 min. 
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Figure 5-1.2 SEM cross-sectional images of a mixture of 10 wt % SI-F and 90 wt % AL 
nitrided at 1250 °C for (a) 10, (b) 120, and (c) 360 min. 
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5.1.2 Carryover of SI-F Fines 

Figure 5-1.3 shows the cumulative mass of carryover, W, plotted against time 

during the nitridation of a mixture of 10 wt % SI-F and 90 wt % AL at 1250 °C, where W 

was obtained by the following relationship: 

(x x1W = Wo 
1.0 (5-1.12) 

where Wo is the initial mass of SI-F fines mixed with AL particles, xi,o is the initial mass 

fraction of SI-F in SI-F/AL mixture and xi is the mass fraction of silicon in product 

samples taken from the bed at time t. 

It should be noted that the total bed mass was changing during the course of 

experiment due to the loss of carryover fines. However, the amount of the fines is 

considered to be much smaller than Wo and the change in the total mass of the bed will be 

negligibly small. Therefore, it is reasonable to employ Wo in eq. (5-1.12). 

The amount of carryover increased rapidly soon after the initiation of fluidization. 

The slope of the curve then decreased gradually over time, approaching an approximately 

constant slope. The increase in mass of cumulative carryover with a constant slope may 

be explained by a zero-order attrition rate. When t >> 0, eq. (5-1.8) approaches a linear 

asymptotic equation with a constant slope Ra: 

( 
W = W..0 

R 
Rat (5-1.13) 

e 

The exponential decay of free fines in the bed via the elutriation process leads to 

the fast accumulation of carryover during the initial period of fluidization. However, as 

time passes, the amount of carryover due to elutriation progressively decreases and finally 

approaches zero. 
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Figure 5-1.3 Cumulative mass of SI-F carryover from a mixture of 10 wt % SI-F and 90 wt % AL nitrided at 1250 °C 
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Reviewing the curve provided in Figure 5-1.3 suggests that the elutriation 

phenomenon is responsible for a sharp increase in the initial cumulative mass. With the 

fluidization maintained, attrition becomes more important for the carryover. Hence, the 

cumulative mass continues to increase rather than approaches a constant value. 

As described earlier, the initial mass of elutriable fines, We,o and K: can be 

determined by eq. (5-1.10) once R. and We 0 are known. Then, the elutriation rate
K 

constant, Ke is determined from eq. (5-1.9): 

K = e (5-1.14) 

where Ke* is evaluated by the slope in eq. (5-1.10). 

Figure 5-1.4 shows the linear relationship between Intl' and time. Thus, from 

Figure 5-1.3 and Figure 5-1.4, the initial mass of elutriable fines, We,0, is about 7.36 g, 

which is about 50 wt % of the initial mass of SI-F fines, Wo, charged in the bed. The slope 

of the linear portion in Figure 5-1.3 corresponds to the attrition rate, R., yielding 1.157 x 

104 g s'. From the slope in Figure 5-1.4, K: is evaluated to be about 3.209 x 104. K. is 

hence calculated from eq. (5-1.14) as 1.165 x 104 g cm-2 s-1. 

It should be noted that all the calculations and the resulting elutriation rate 

constant are based upon silicon powder including unreacted silicon and silicon converted 

to silicon nitride. 

In the preceding chapter, the measurements of the overall conversion of silicon 

varying with time were made on the basis of the silicon powder remaining in the bed. 

With the knowledge of the elutriation rate constant, K., and the attrition rate, R., the total 

conversion of silicon powder including both remaining and being carried out of the bed 

may be obtained by appropriate calculations. The model will be discussed in later 

sections. 
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Figure 5-1.4 In IP versus time for a mixture of 10 wt % SI-F and 90 wt % AL nitrided at 1250 °C 
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5.2 Carryover of SI-F Fines in Semi-Continuous Nitridation 

Considering a solid mixture consisting of large AL particles and elutriable SI-F fine 

powder fed into a fluidized-bed reactor and the product stream leaving the reactor 

continuously, the overall mass balance on the basis of silicon fine particles of size i at any 

time can be represented by the following equation when the elutriation phenomenon is 

encountered in the steady-state process: 

(Mass flow rate of (Mass flow rate of 
(Mass flow rate

size i silicon powder size i silicon powder 
= of size i silicon (5-2.1)

entering the reactor leaving the reactor 
\powder in carryover,

\as feed as product 

Fain Fi,out = Fi,e (5-2.2) 

or 

Xi,OF XiF out = Fie (5-2.3) 

where F,,in is the mass flow rate of silicon particles of size i fed into the bed, and Fi,our is 

the mass flow rate of silicon particles of size i leaving the bed as product. Fin is the mass 

flow rate of SI-F/AL mixture with a SI-F mass fraction of xi,o fed into the bed, and Foul is 

the mass flow rate of SI-F/AL mixture with a SI-F mass fraction of xi leaving the bed. 

Also, F i,e is the mass flow rate of silicon particles of size i carried out of the bed due to the 

simultaneous elutriation and attrition processes which has been defined in eq (5-1.3) as: 

dW W
 
= K Ab( Ra, (5-2.4)= 

dt W "
 

In the continuous process, since elutriable fine silicon powder is fed continuously 

into the bed, the amount of carryover silicon powder through elutriation process is much 
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higher than through attrition process, therefore, the attrition term in eq (5-2.4) can be 

neglected comparing to elutriation term: 

(5-2.5) 

Therefore, eq (5-2.4) can be rewritten as 

W.H.dWi = K,ibwb K. Abix. (5-2.6)
dt i 

where xi is the mass fraction of size i silicon particles that are elutriable in bed. 

The elutriation rate constant, Kt, is also defined as the saturation carrying capacity 

of gas for particles with size i [Kunii and Levenspiel, 1991]: 

"Saturation carrying\ 

capacity of gas for (5-2.7) 

,particles with size i 

If the bed consists of large particles and elutriable particles with a continuous size 

distribution in the bed, then the total entrainment from the fluidized-bed reactor can be 

described by the following equation: 

Gs = 5K, Pb(i) d(i) (5-2.8) 
all sizes 

where Ki is the elutriation rate constant for particles of size i and Pb(i) is the size 

distribution of elutriable particles in the bed. 
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Alternatively, if the bed consists of large particles plus elutriable particles with 

discrete sizes, 1, 2, . . . , n, then the total flux of elutriated particles is 

Gs = xiKi (5-2.9) 

where E xi < 1. If all the bed solids are elutriable, then E xi = 1 in eq. (5-2.9). 
1=1 

In this study, the elutriable particles are treated as overall for the entire size range. 

Therefore, the bed can be considered as large AL particles plus single size of elutriable SI

F particles with a mass fraction of z. Hence, eq. (5-2.9) can be written as 

G, = x1K1 = X IGSi (5-2.10) 

where xi has been defined in eq. (5-1.12). 

Also, the total flux of elutriated SI-F particles is given as the following 

relationship: 

F1 
G = (5-2.11) 

Ab 

Therefore, the elutriation rate constant, K1, for continuous process can 

consequently be evaluated from eq. (5-2.10) as: 

"Elutriation
 

flux of SI F
 

Gs `from the bed,
 
K1 (5-2.12)

(Mass fraction of 

F in the bed 
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or, Ki can also be expressed in terms of the mass flow rate of SI-F/AL mixtures in and out 

of the bed from eq. (5-2.3) and eq. (5-2.11) as: 

Fix (XI OFin X 1Fout) 
(5-2.13)xA X Ab 

At steady state, the total flux of elutriated SI-F particles approaches to a constant 

value and xi represents the steady-state mass fraction of SI-F particles in the bed. 

In this work, for the convenience of operation, semi-continuous operation was 

employed. In semi-continuous operation, instead of continuously feeding reactant 

mixtures and withdrawing product, a certain amount of product was removed 

pneumatically from the fluidized-bed reactor at various times, followed by charging about 

the same amount of mixtures of 20 wt % SI-F and 80 wt % AL into the reactor. The mass 

of the bed was therefore roughly maintained at a constant value and the average residence 

time of the SI-F/AL mixtures in the fluidized-bed reactor was determined by adjusting the 

amount of charged-in mixtures and that of removed products. 

Figure 5-2.1 shows the bed-mass fraction of SI-F powder, which includes unreacted 

silicon and silicon converted to silicon nitride, in the semi-continuous operation with feeding 

a mixture of 20 wt % SI-F and 80 wt % AL at an average residence time of 1.3 hours at 

1250 °C. It is shown that the mass fraction of SI-F approaches to a constant value of about 

12.5 wt % after 1.5 hours. Thus, the steady-state cumulative mass of SI-F carryover, as 

shown in Figure 5-2.2, can be evaluated once the SI-F mass fractions of the feeding and 

leaving mixtures are known. Mass flow rate of carryover SI-F powder, Fi,e, is obtained 

from the slope in Figure 5-2.2 as about 2.224 x 104 g s-1. Therefore, the steady-state 

elutriation rate constant, K1, for the semi-continuous process at 1250 °C is calculated from 

eq. (5-2.13) to be 8.856 x 104 g cm -2 s-1. 
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5.3 Total Conversion of SI-F in Batch Nitridation 

In Chapter 4, the scenario of the overall conversion of SI-F powder was discussed 

on the basis of the SI-F particles remaining in the fluidized-bed reactor. However, as 

described in the previous section, some of fine SI-F particles were carried out by fluidizing 

gas from the bed of mixtures of SI-F powder and large AL particles. These carryover 

particles should be recycled for further treatment from the economical standpoint. 

Therefore, it is important to understand the conversion of these entrained SI-F particles as 

well as that remaining in the fluidized-bed reactor. 

In section 5.1, it has been assumed that fine SI-F powder was in one the three 

forms: (1) elutriable freely flowing fines, (2) agglomerates of fines, and (3) fines attached 

to large particles when SI-F powder was mixed with large AL particles. This phenomenon 

was observed from the SEM pictures in Figure 5-1.1. The cumulative mass of entrained 

fine particles, W, was then derived in eq. (5-1.8) in term of reaction time: 

Ra)(1
W(t) 41V, 0 Ra t (5-3.1) 

All terms in eq. (5-3.1) have been defined in section 5-1. 

It has been experimentally confirmed that the amount and size of agglomerates of 

fine powder increase with an increase in the mass fraction of fine powder in fluidization of 

mixtures of fine powder and large particles [Kono et al., 1990]. In Chapter 4, it was 

shown that the overall conversion of silicon was dramatically reduced by the formation of 

silicon agglomerates in the nitridation of SI-F/AL mixtures. However, the agglomerates 

of SI-F were scarcely seen when the mass fraction of SI-F powder was less than 15 wt %, 

and the overall conversion of silicon was not significantly affected by the mass fraction of 

SI-F powder. 

Therefore, it is reasonable to postulate that SI-F powder either stays as elutriable 

freely flowing fines or attaches to large AL when the mass fraction of SI-F was less than 

15 wt %. Also, the instantaneous conversion of the entrained SI-F powder is the same as 
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that of the SI-F powder attached to AL particles. Thus, with an available overall 

conversion of SI-F powder in bed, X(t), the average conversion of the cumulative 

entrained SI-F powder, X', at any time, t, is given as 

t 

X' = X(t)(--)dt (5-3.2)
W dt 

where the instantaneous rate of cumulative mass of entrained SI-F powder, (dW /dt), can 

be obtained from eq. (5-1.8) as 

(We Ra j(K: CK:r) + Ra (5-3.3)
dt K: 

The time-dependent overall conversion, X(t), in eq. (5-3.2) represents the 

conversion of SI-F powder remaining in bed. Several models have been proposed on the 

kinetics of silicon nitridation [Atkinson et al., 1974; Inomata and Uemura, 1975; Atkinson 

et al., 1976; Rossetti et al., 1989]. At present, there is no general agreement regarding 

the global kinetics of the nitridation reaction and various global rate laws have been 

proposed, which may have more than one rate controlling processes [Handcock and 

Sharp, 1972]. Hence, it is advised to use the experimental kinetic data presented in 

Chapter 4 directly in eq. (5-3.2). 

The overall conversion of SI-F powder remaining in bed, X', is measured at time, 

tf, with a cumulative mass of entrained SI-F powder of W. Then, the amount of 

cumulative mass between time ti and t ", .A10, with an average conversion of Xmigi is given 

as 

AW W1 (5-3.4) 
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(x + X' -1)
where X 

2 

Then, the cumulative mass of entrained SI-F powder and its corresponding average 

conversion at a given time interval may be tabulated as follows: 

t 41 Xavgi 

t1 -t2 Xavg2 

t2-t3 
Xavg3 

e' Xavgn 

Therefore, the average conversion of the cumulative entrained SI-F powder, X', can be 

expressed as 

X' = (5-3.5) 

n 

with .AW = W and t = E(t' t"--1) . 

Eventually, the total conversion of SI-F powder, X ", accounting for the entrained 

SI-F powder in addition to that staying in bed at time t, is given as 

W X + W X'X" = (5-3.6) 

Wo
 

and 

= Wo W (5-3.7)
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where W, is the mass of SI-F fine powder remaining in the bed with an overall conversion of 

X at time t, W is the corresponding cumulative mass of entrained fine particles with an 

average conversion of X', and Wo is the initial mass of SI-F fines mixed with AL particles. It 

should be noted that all the masses of SI-F powder used are based upon both unreacted and 

reacted silicon. 

Figure 5-3.1 shows the cumulative mass of SI-F carryover in the nitridation of a 

mixture of 5 wt % SI-F and 95 wt % AL at 1250 °C which features the phenomena of 

both elutriation and attrition as discussed in earlier sections. The amount of cumulative 

mass of SI-F carryover is then obtained from every two consecutive data points, and their 

corresponding conversion from in Figure 5-3.2 (a). Thus, the average conversion of the 

cumulative SI-F carryover, X', is determined from eq. (5-3.5) as shown in Figure 5-3.2 

(b). Incorporating Figure 5-3.2 (a) and Figure 5-3.2 (b) from eq. (5-3.6), the total 

conversion of SI-F powder is therefore obtained as shown in Figure 5-3.3. 

It should be noted that, in the nitridation of the 5 wt % SI-F and 95 wt % AL 

mixture at 1250 °C, there is a fast rate of carryover in the early stage of reaction. The 

carryover then slows down and eventually approaches to a constant value. The SI-F 

powder being carried out is no longer nitrided. Therefore, the average conversion of the 

cumulative entrained SI-F powder is much smaller than the overall conversion of the SI-F 

powder stayed in the bed as shown in Figure 5-3.2. As a result, the total conversion of SI

F, which has a maximum value of about 51 %, is lower than the overall conversion of the 

in-bed SI-F powder as shown in Figure 5-3.2 and Figure 5-3.3. 

5.4 Total Conversion of SI-F in Semi-Continuous Nitridation 

In the continuous operation, particles are continuously fed into a fluidized-bed 

reactor and are likewise removed through a discharging tube or entrained with the 

fluidizing gas. The length of stay of particles or residence time in the bed affects the 

conversion of the particles. Particles with different sizes have different residence times in 

the bed, moreover, even individual particles of the same size have different residence 
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times. In other words, for a group of particles in a fluidized-bed reactor, some particles 

will stay in the bed much longer than other particles, while some particles will leave the 

bed immediately after they are charged into the bed. Therefore, in order to control and 

predict the extent of reaction and the behavior of particles in a fluidized-bed reactor, it 

becomes important to understand the residence time distributions of the particles in the 

fluidized-bed reactor. 

In a fluidized-bed reactor, particles are assumed to be completely mixed. 

Therefore, it is reasonable to assume that properties of particles in the bed are uniform and 

identical with those in the outgoing stream. The exit age distribution, or the residence 

time distribution (RTD) of particles of size i in the bed, E1(t), is given by [Danckwerts, 

1953; Yagi and Kunii, 1961]: 

I = 
E i(t) = (5-4.1) 

ti 

where ti represents the average residence time of particles of size i and the area under 

the curve is unity: 

f E (t)dt = 1 (5-4.2) 
0 

where Ei(t) dt is the fraction of particles of size i staying in the bed for a time interval 

between t and t+dt. 

Thus, for particles of size i leaving the reactor [Levenspiel, 1972]: 

(The unconverted \ (Fraction of size i
(Mean value for 

fraction of the particles which
the unconverted 

size i particles in have stayed in the (5-4.3)
fraction of the particles 

of all ages the reactor for time reactor for a time
size i particles 

between t and t + dt Abetween t and t + dt) 

or in symbols 
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1 X, = 5(1 - Xi)E,(t)dt (5-4.4) 
0 

or 

0. 
I =

-t 

1 Xi = 5(1 X;)(1 )dt (5-4.5) 
0 t, 

where Xi is the mean conversion of size i particles of all ages and Xi is the conversion of 

size i particles staying in the bed at any time, t. 

In the fluidization of mixtures of SI-F and AL particles, since only SI-F powder is 

subject to reaction and is treated as overall for the entire size range, eq. (5-4.5) can be 

rewritten for single-size SI-F powder as 

_f 

1 - X1 = (1 X1)(11 7 )dt (5-4.6) 
0 ti 

When a particle stays in the reactor for a time longer than that required for the 

complete conversion, or a particle has a residence time greater than the time for the 

complete conversion of the single particle, T, then, the conversion of the particle, X1, 

should remain constant at unity. Since the complete-converted particle does not 

contribute to any unconverted fraction in the integral of eq. (5-4.6), hence, eq. (5-4.6) can 

be modified as 

-1 

= 
1 17 = -X1)(1 et' )dt (5-4.7) 

0 tl 

In the semi-continuous operation, mixtures of constant mass fraction of 20 wt % 

SI-F and 80 wt % AL were charged into the fluidized-bed reactor at different average 

residence times and reaction temperatures. One of the experimental results was shown in 

Figure 4-3.1 at a reaction temperature of 1250 °C with an average residence time of 1.3 
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hours. Theoretically, the steady-state overall conversion, X, determined in Figure 4-3.1 

for the semi-continuous process, should be identical to the mean conversion of SI-F 

particles of all ages, X, , calculated by eq. (5-4.7). Also, as described earlier, batches of 

20 wt % SI-F/80 wt % AL mixtures are charged into the reactor intermittently in semi-

continuous operation and the bed is gradually replaced by these 20 wt SI-F/80 wt % 

AL mixtures during the course of experiment. Therefore, the bed contains different ages 

of 20 wt % SI-F/80 wt % AL mixtures and it is also convenient to use the kinetic data 

obtained in the nitridation of 5 wt % SI-F/95 wt % AL mixtures in the batch nitridation, in 

which the behavior of silicon powder in bed is similar to which in semi-continuous process 

and less agglomerates are formed, as X1 in the right hand side of eq. (5-4.7). 

It was shown in Chapter 4 that, in the batch nitridation of SI-F powder, the 

conversion of SI-F powder approached to a constant value during the course of reaction 

but never reached 100 % conversion when the reaction temperature was below 1300 °C. 

Assuming that the experiment stops at time tf, and the conversion of SI-F particles has 

already reached a constant value of X1 by the end of the experiment, eq. (5-4.6) can be 

split into two parts: 

1 = 1 = 
1 X1 -7-- (1 X,)(1 er' )dt + 5(1 - XI'f )(= )dt (5-4.8)
 

0 tl tf t/ 

tf _t -tf/ = 
(1 X,)(= et, )dt + (1 Xif )e7 (5-4.9) 

0 

If the conversion of SI-F particles, XI, is measured at any discrete time tj, then, eq. 

(5-4.9) can be represented as 

1
 
1
 X = 1(.1 )(= et' + (1 - X,") el' (5-4.10) 

i =1 t1 



106 

where t"= tf, Xin Xif and Ati = t . 

Figure 5-4.1 demonstrates a comparison of the overall conversion of SI-F powder, 

X, versus average residence time for 20 wt % SI-F/80 wt % AL mixtures nitrided in the 

semi-continuous operation at 1250 °C, and the mean conversion of SI-F particles, X1 , 

calculated from eq. (5-4.10) at different average residence times. The model given by eq. 

(5-4.10) does not give significantly different results from the experimental results at 

average residence times of 2, 3 and 4 hours, even though the difference is more significant 

at an average residence time of 1.3 hours. 

It should be noted in Figure 5-4.1 that, the kinetic data obtained from the 

nitridation of 5 wt % SI-F/95 wt % AL mixtures in the batch operation is used as the 

conversion of SI-F particles, X/, in eq. (5-4.10). This is the first approximation and might 

cause a deviation from the exact result, however, Figure 5-4.1 shows that the deviation is 

not very significant. Further study on the kinetics of SI-F nitridation in the semi-

continuous or in the continuous operation should be made for more accurate results. 

In the semi-continuous operation of 20 wt % SI-F/80 wt % AL mixtures, results 

have indicated that the overall conversion of SI-F maintains constant at steady state in this 

process with a constant rate of carryover as shown in Figure 5-2.2. Therefore, at steady 

state, the average conversion of the cumulative SI-F carryover, X', defined in eq. (5-3.2), 

equals to the overall conversion of SI-F powder in bed, X. Then, from eq. (5-3.6), the 

total conversion of SI-F powder is given as 

W X + WX'X" = 
Wo 

X (W, + W) 

Wo 

= X (5-4.11) 

The value of the total conversion of SI-F powder, X ", is the same as that of the overall 

conversion of the in-bed SI-F powder, X, at steady state. 
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CHAPTER 6
 
CONCLUSIONS
 

Silicon fine powder, SI-F, with an average size of 2 gm was nitrided in a fluidized-

bed reactor using a 90 % nitrogen and 10 % hydrogen gas mixture as the fluidizing gas. 

The reaction was operated at 1200, 1250 and 1300 °C. To fluidize SI-F, alumina 

particles, AL, with an average size of 300 gm were used as an inert fluidizing conditioner. 

The feasibility and operating conditions of the fluidization were studied at room 

temperature. The effects of SI-F content and operating temperature on the nitridation of 

silicon as well as on the formation of a- and 13- silicon nitride were investigated in batch 

and semi-continuous operations. The effects of the average residence time of SI-F/AL 

mixtures in the fluidized-bed reactor on the nitridation process were studied in the semi-

continuous operation. The results of the experimental study are summarized in the 

following sections. 

6.1 Preliminary Experiments 

(1) At room temperature, up to 20 wt % of SI-F powder could be added to AL particles 

without generating unfavorable fluidization conditions, such as channeling. However, an 

increase of SI-F content in the mixture made it more difficult to fluidize and resulted in the 

formation of channels in the bed. Fluidization eventually failed when more SI-F powder 

was added into the bed. 

(2) The minimum fluidization velocity of pure AL particles was about 25 cm s-1. Due to 

the cohesivity of SI-F powder, an increase in SI-F fractions in the SI-F/AL mixture 

resulted in an increase in the minimum fluidizing velocity. It was about 30 cm s' for the 

mixture of 20 wt % SI-F/80 wt % AL, which was the fluidizable mixture containing most 

SI-F. 
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6.2 Batch Nitridation 

(1) AL particles must be fluidized prior to the charging of SI-F/AL mixtures. A direct 

charge of SI-F/AL mixtures without pre-fluidizing AL particles caused a collapse of the 

bed even though the fraction of SI-F in the mixture was as low as 1 wt %. However, in 

the nitridation of SI-L particles, SI-L particles could be charged directly into the bed 

without any difficulties since SI-L particles could be easily fluidized. 

(2) An increase in the SI-F fraction in the SI-F/AL mixture resulted in an increase in the 

minimum fluidizing velocity. The minimum fluidizing velocity of a 15 wt % SI-F/85 wt % 

AL mixture was about 35 cm at a temperature in the range of 1200 to 1300 °C, which 

was chosen as the operating velocity. 

(3) A maximum fraction of 15 wt % SI-F could be added to AL particles at a temperature 

in the range of 1200 to 1300 °C without changing the fluidization quality. When the SI-F 

fraction was increased to 20 wt %, the bed collapsed immediately even when the operating 

velocity was increased to 45 cm 

(4) Three regimes were observed in the nitridation process: an induction period with little 

nitridation, a fast reaction period where most nitridation occurred, and a slow reaction 

period where nitriding rate was much lower. 

(5) The overall conversion of silicon into silicon nitride was affected by the silicon content 

in SI-F/AL mixtures. A higher content of SI-F powder in mixtures resulted in a lower 

overall conversion of silicon. 

(6) With a mass fraction of 5 % SI-F powder, almost 100 % a-silicon nitride was found 

in the product. However, more 13-silicon nitride was formed with an increase in SI-F 

fractions in SI-F/AL mixtures. 
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(7) The nitridation process was strongly affected by the reaction temperature. The overall 

conversion of silicon increased with an increase in reaction temperature. Higher 

temperature also promoted the formation of (3- silicon nitride. 

(8) The overall conversion of silicon into silicon nitride was enhanced by the hydrogen 

concentration. Also, an increase in the hydrogen concentration facilitated the formation of 

a-form silicon nitride. 

(9) The initial rate of reaction is much higher in the nitridation of 5 wt % SI-F/95 wt % 

AL mixtures than using SI-L granules. However, the final overall conversions of silicon 

were about the same in both cases after six-hour nitridation. 

(10) In the nitridation of SI-F/AL mixtures, the induction period was extended with an 

increase in the SI-F content. However, it was shortened when the reaction temperature 

was increased. Reaction occurred almost immediately at 1300 °C. 

(11) In the nitridation of SI-L granules, the induction period was slightly longer than that 

of 5 wt % SI-F/95 wt % AL mixtures nitrided at 1250 °C. 

(12) A solenoid valve was used to switch reactant nitrogen gas to inert argon gas for 

quenching the reaction due to the highly exothermic reaction in the nitridation of SI-L 

granules. However, in the nitridation of SI-F/AL mixtures, quenching procedure was not 

needed since the bed temperature was not significantly affected by the exothermic heat. 

(13) The cohesive forces as well as the fluid-dynamic forces significantly affect the 

fluidization behavior when SI-F powder was used. The former would be greater as the 

mass fraction of SI-F powder was increased, and the latter would be greater as the 

fluidizing gas velocity was increased. 

(14) A mathematical model incorporating kinetic data and carryover of SI-F powder was 

developed to described the total conversion of SI-F in the batch operation. 
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6.3 Semi-Continuous Nitridation 

(1) In the semi-continuous operation, the nitridation of 30 wt % SI-F/70 wt % AL 

mixtures could be achieved without changing the fluidizing quality. 

(2) A longer average residence time gave a higher overall conversion of silicon. The 

overall conversion of silicon of a 20 wt % SI-F/80 wt % AL mixture in the semi-

continuous operation was much higher than that of a 15 wt % SI-F/85 wt % AL mixture 

in the batch-operation. 

(3) Almost 100 % a-silicon nitride was found in the product when 20 wt % SI-F/80 wt 

% AL mixtures were nitrided at 1250 °C for an average residence time of up to 4 hours. 

However, 13-silicon nitride was formed when the mixtures were nitrided at 1300 °C with 

an average residence time of 3 hours. 

(4) At steady state, the mass fraction of SI-F powder remaining in the bed approached to 

a constant value, evidencing a constant rate of carryover. 

(5) A model was proposed which successfully predicted the overall conversion of SI-F 

powder in the semi-continuous nitridation. 



112 

CHAPTER 7
 
RECOMMENDATION FOR FUTURE WORK
 

This study has shown that it is feasible to produce silicon nitride by the direct 

nitridation of Geldart-C silicon powder in a fluidized-bed reactor with a fluidization 

conditioner. It is indicated that both the SI-F fraction in the bed and reaction temperature 

strongly influence the overall conversion of silicon and the formation of a-/I3-silicon 

nitride. Pure a-silicon nitride can be obtained by the choice of a suitable SI-F fraction in 

SI-F/AL mixtures and an operating temperature. 

It was found that almost 100 % a-silicon nitride could be produced in the semi-

continuous operation at 1250 °C. However, because it was reported that a longer 

reaction time might produce more (3- silicon nitride [Jennings, 1983], experiments for a 

longer residence time must be tested. It was also found that no f3-silicon nitride was 

produced in the nitridation of SI-F/AL mixtures with SI-F contents up to 30 wt %. 

Therefore, experiments with higher mass fractions of SI-F powder should also be 

investigated to find the maximum content of SI-F that could be used in the semi-

continuous operation without producing I3-silicon nitride at 1250 °C. 

It is clear that the cohesive forces as well as or the fluid-dynamic forces have 

strong influences on the fluidization behavior when fine SI-F powder was used. However, 

a basic understanding of the underlying mechanism is lacking. Further study on the 

behavior of SI-F powder and/or other Geldart-C powders mixed with large fluidization 

conditioners must be carried out to develop a model on the behavior interparticle forces 

for those Geldart-C powders and bridge the gap between practice and theory. 

Using a fluidized-bed reactor, only about 10 % of the reactant gas is consumed for 

the silicon nitridation. From an economical point of view, it is more practical to recycle 

the reactant gas. However, in order to control the reaction temperature, a more 

complicated quenching system may be designed in the recycling process. Also, undesired 

oxygen gas may remain in the recycling process, which will influence the quality of the 

product. Therefore, a recycling fluidized-bed process combined with a quenching system 
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should be designed to overcome this problem and the results should be compared with 

those from the unrecycling process. 

Moreover, instead of using AL particles, the use of large silicon nitride particles as 

fluidization conditioners is more practical. Hence, the study in the nitridation of SI-F 

powder mixed with fluidizable silicon nitride particles should be carried out. Besides, it 

was reported that some Geldart-C powders, such as Ni, Si3N4, SiC, A1203 and Ti02, could 

be fluidized because of the self-agglomeration phenomenon [Morooka et al., 1988]. 

Therefore, these Geldart-C powders might be the prospective candidatesas fluidization 

conditioners from the economical point of view. One example was demonstrated in 

Appendix C showing the fluidizability of SI-F powder mixed with very fine silicon nitride 

powder as a fluidization conditioner at room temperature. 
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APPENDIX A
 
CORRELATIONS FOR ELUTRIATION RATE CONSTANT
 

In practical processes, it is necessary to have reliable elutriation data and to 

understand the rate of particle entrainment from the bed for effective design of fluidized-

bed reactors. Table A-1 lists some of the most quoted empirical correlations for the 

elutriation rate constant, Ki*. 

Table A-1 Correlations for elutriation rate constant 

References d p
Correlations, Re, ''' gun 

ili 
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It should be cautious when using the above table. All the listed correlations are 

based different fluidization conditions, such as size range of particles and operating 
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velocity. To avoid deviations from the correct value of Kt *, one must choose the 

correlation for the conditions which is most close to the conditions used. No one equation 

can predict all the experimental results, though some show the correct trends, others show 

deviations of several orders of magnitude. 
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APPENDIX B
 
DERIVATION OF EQ. (5-1.8) FROM EQ. (5-1.7)
 

Elutriation rate from eq. (5-1.7) reads
 

_
 diVe = K*W Re (B-1)
dt e a 

From the assumption of constant attrition rate, rearranging eq. (B-1) gives 

dW 
, e , = dt (B-2) 
VC:We I?) 

Or 

1 d(K:We R) 
(B-3)

K: (K: We R) 

Providing the initial condition: We = We,o at t = 0, then, integrating eq. (B-3) from t = 0 to 

t gives 

R j.K ,* W,
K1 ln (B-4)

\ Ke We 0 R 

Rearranging (B-4) gives the instantaneous mass of elutriable fines remaining in the 

bed at any time t: 

We = WeoeK: t +KRas (1 CK: t) (B-5) 
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Also, eq. (5-1.6) reads 

dW dW 
= e + Ka (B-6)

dt dt 

Combining eq. (B-5) and eq. (B-6), the cumulative mass of fine particles, W, is 

then obtained as 

Ra t (B-7) 
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APPENDIX C
 
FLUIDIZATION OF SILICON NITRIDE FINE POWDER
 

It has been reported that some Geldart-C powders, such as Ni, Si3N4, SiC, A1203 

and TiO2, could be well fluidized when the operating velocities were in excess of their 

apparent minimum fluidization velocities [Morooka et al., 1988]. This is mainly due to 

the self-agglomeration phenomenon of these powders. 

In order to carry out the nitridation of silicon fine powder in a fluidized-bed 

reactor, large alumina particles with a particle size of about 300 gm were used for 

analytical convenience as fluidization conditioners in this study. In practical process, large 

silicon nitride particles will be used as fluidization conditioners. However, further grinding 

process is still needed to pulverize product silicon nitride into smaller sizes and meet the 

sintering requirement. Therefore, the direct use of silicon nitride fine as flow conditioners 

is of great advantage over using large particles from an economical standpoint. 

The fluidizability of SI-F/SN-F mixtures was tested by the pressure drop variation 

across the bed at room temperature, as shown in Figure C-1, where SN-F represented 

silicon nitride fine powder with a particle size of about 0.49 Rm. It is clearly seen in the 

figure that pure SN-F powder could be well fluidized with a minimum fluidization velocity 

of about 6 cm s' and up to 20 wt % of SI-F powder in the SI-F/SN-F mixture could still 

be fluidized. 



1.20 

1.00 

0.80 

* 
21-+ 

.<1 

0.60 

0.40 

0.20 

0.00 A 
0 2 4 6 

0 SN-F 
0-5% SI-F/95% SN-F 

IN 15% SI-F/85% SN-F 

iir-20% SI-F/80% SN-F 

8 10 12 14 16 

Uo, cm /s 

Figure C-1 Variation of pressure drop with gas velocities and fractions of SI-F fine powder 
in SI-F/SN-F mixtures in the de-aeration process measured at room temperature 
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APPENDIX D 
TABLES OF DATA 

Figure 4-1.1	 Normalized pressure drop across the bed for AL particles 
measured at room temperature. 

(a) aeration process 

uo , cm s-r 0.00 6.23 8.20 10.17 12.14 14.11 16.08 18.05 20.02 21.99 

AP* , - 0.000 0.672 .902 1.025 0.962 0.964 0.963 0.989 0.975 0.989 

140 , cm s"
., 23.96 25.93 27.90 29.87 

AP* , - 1.005 0.995 1.000 0.989 

(b) de-aeration process 

140 , cm il 29.87 27.90 25.93 23.96 21.99 20.02 18.05 16.08 14.11 12.14 

AP* , 0.989 1.000 1.005 0.990 0.965 0.896 0.837 0.786 0.719 0.664 

uo , cm s-1 10.17 8.20 6.23 0.00 

AP* ,  0.584 0.513 0.418 0.000 

Figure 4-1.2 Variation of pressure drop with gas velocities and fractions of 
SI-F fine powder in SI-F/AL mixtures in the de-aeration process 
measured at room temperature 

(a) 5 % SI-F/95 % AL 

uo , cm s-r 0.00 6.23 8.20 10.17 12.14 14.11 16.08 18.05 20.02 21.99 

AP* , - 0.000 0.412 0.512 0.578 0.644 0.720 0.780 0.850 0.894 0.966 

uo , cm s' 23.96 25.93 27.90 29.87 33.30 35.40 40.00 

AP* , - 0.978 1.000 0.989 1.003 0.989 1.000 0.999 

(b) 15 % SI-F/85 % AL 

uo , cm s' 0.00 6.23 8.20 10.17 12.14 14.11 16.08 18.05 20.02 21.99 

AP* , - 0.000 0.342 0.451 0.532 0.603 0.675 0.732 0.821 0.865 0.923 

uo , cm sr' 23.96 25.93 27.90 29.87 33.30 35.40 40.00 

AP* , - 0.953 0.978 0.976 0.965 0.955 0.980 0.976 
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(c) 20 % SI-F/80 % AL 

uo , cm s-r 0.00 6.23 8.20 10.17 12.14 14.11 16.08 18.05 20.02 21.99 

AP* , - 0.000 0.289 0.360 0.484 0.520 0.589 0.678 0.720 0.780 0.833 

./40 , cm 1
i 23.96 25.93 27.90 29.87 33.30 35.40 40.00 

AP* , - 0.880 0.912 0.900 0.900 0.923 0.912 0.901 

(d) 30 % SI-F/70 % AL 

uo , cm 54 0.00 6.23 8.20 10.17 12.14 14.11 16.08 18.05 20.02 21.99 

AP* ,  0.000 0.230 0.250 0.380 0.330 0.390 0.540 0.620 0.654 0.640 

uo , cm s-1 23.96 25.93 27.90 29.87 33.30 35.40 40.00 

AP* ,  0.692 0.790 0.750 0.694 0.780 0.770 0.750 

Figure 4-1.3	 Variation of pressure drop with gas velocities and fractions of SI-F 
fine powder in SI-F/AL mixtures in the aeration process measured 
at room temperature 

(a) 5 % SI-F/95 % AL 

uo , cm s- 0.00 6.23 8.20 10.17 12.14 14.11 16.08 18.05 20.02 21.99 

AP* , - 0.000 0.643 0.835 1.120 1.010 0.990 0.990 1.010 1.000 0.989 

uo , cm s-r 23.96 25.93 27.90 29.87 33.30 35.40 40.00 

AP* , - 0.978 1.010 1.000 0.989 1.012 1.000 0.999 

(b) 15 % SI-F/85 % AL 

140 , cm s 0.00 6.23 8.20 10.17 12.14 14.11 16.08 18.05 20.02 21.99 

AP* , 0.000 0.532 0.738 1.000 0.980 0.973 0.969 0.971 0.973 0.986 

uo , cm s 23.96 25.93 27.90 29.87 33.30 35.40 40.00 

AP* , - 0.978 0.974 0.969 0.981 0.978 0.969 0.976 

(c) 20 % SI-F/80 % AL 

140 , cm s-1. 0.00 6.23 8.20 10.17 12.14 14.11 16.08 18.05 20.02 21.99 

AP* , - 0.000 0.560 0.775 1.050 0.919 0.920 0.876 0.912 0.899 0.898 
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uo , cm s" 23.96 25.93 27.90 29.87 33.30 35.40 40.00 

AP* , - 0.911 0.906 0.921 0.906 0.898 0.912 0.901 

(d) 30 % SI-F/70 % AL 

u0 , cm s-1 0.00 6.23 8.20 10.17 12.14 14.11 16.08 18.05 20.02 21.99 

AP* ,  0.000 0.432 0.653 0.931 0.877 0.909 0.811 0.755 0.753 0.823 

uo , cm s'1 23.96 25.93 27.90 29.87 33.30 35.40 40.00 

AP* ,  0.759 0.801 0.766 0.756 0.678 0.788 0.750 

Figure 4-2.1 Overall conversion of silicon in 10 % SI-F/90 % AL mixture nitride at 1250 °C 

time, hr 0.00 0.17 0.33 0.67 1.00 1.50 2.00 3.00 4.00 6.00 

X , - 0.000 0.000 0.212 0.450 0.545 0.621 0.670 0.696 0.751 0.760 

Figure 4-2.3 Reproducibility results of 5 % SI-F/95 % AL mixture nitride at 1250 °C 

time, hr 0.00 0.17 0.50 1.00 1.50 2.00 3.00 4.00 6.00 

X , - 0.000 0.000 0.400 0.630 0.693 0.730 0.751 0.756 0.772 

time, hr 0.00 0.15 0.33 0.67 1.00 2.00 6.00 

X , - 0.000 0.000 0.282 0.515 0.623 0.738 0.756 

Figure 4-2.4 Effect of SI-F content on the overall conversion of silicon at 1250 °C 

(a) 5 % SI-F/95 % AL 

time, hr	 0.00 0.17 0.50 1.00 1.50 2.00 3.00 4.00 6.00 

X , 0.000 0.000 0.400 0.630 0.693 0.730 0.751 0.756 0.772 

(b) 10 % SI-F/90 % AL 

time, hr	 0.00 0.17 0.33 0.67 1.00 1.50 2.00 3.00 4.00 6.00 

X , - 0.000 0.000 0.212 0.450 0.545 0.621 0.670 0.696 0.751 0.760 
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(c) 15 % SI-F/85 % AL 

time, hr 0.00 0.25 0.33 0.67 1.00 1.50 2.00 3.00 4.00 6.00 

X , - 0.000 0.000 0.077 0.221 0.308 0.362 0.386 0.450 0.530 0.648 

Figure 4-2.7 Effect of SI-F content on the overall conversion of silicon at 1200 °C 

(a) 5 % SI-F/95 % AL 

time, hr 0.00 0.33 0.67 1.50 4.00 5.00 6.00 

X ,  0.000 0.000 0.244 0.408 0.530 0.538 0.550 

(b) 10 % SI-F/90 % AL 

time, hr	 0.00 0.33 0.67 1.00 1.50 2.00 4.00 5.00 6.00 

X , - 0.000 0.000 0.000 0.125 0.193 0.251 0.460 0.530 0.540 

(c) 15 % SI-F/85 % AL 

time, hr	 0.00 0.33 0.67 1.00 1.50 2.00 4.00 5.00 6.00 

X , - 0.000 0.000 0.000 0.000 0.111 0.144 0.262 0.312 0.355 

Figure 4-2.8 Effect of SI-F content on the overall conversion of silicon at 1300 °C 

(a) 5 % SI-F/95 % AL 

time, hr	 0.00 0.33 0.67 1.00 1.50 2.00 3.00 4.00 6.00 

X , - 0.000 0.478 0.691 0.748 0.797 0.855 0.855 0.872 0.880 

(b) 10 % SI-F/90 % AL 

time, hr	 0.00 0.33 0.67 1.00 1.50 2.00 3.00 4.00 6.00 

X , - 0.000 0.196 0.556 0.723 0.752 0.812 0.830 0.857 0.862 
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Figure 4-2.10 Effect of reaction temperature on the overall conversion of silicon 
in 5 % SI-F/95 % AL mixtures 

(a) 1200 °C 

time, hr	 0.00 0.33 0.67 1.50 4.00 5.00 6.00 

X , - 0.000 0.000 0.244 0.408 0.530 0.538 0.550 

(b) 1250 °C 

time, hr	 0.00 0.17 0.50 1.00 1.50 2.00 3.00 4.00 6.00 

X , - 0.000 0.000 0.400 0.630 0.693 0.730 0.751 0.756 0.772 

(c) 1300 °C 

time, hr	 0.00 0.33 0.67 1.00 1.50 2.00 3.00 4.00 6.00 

X , - 0.000 0.478 0.691 0.748 0.797 0.855 0.855 0.872 0.880 

Figure 4-2.11 Effect of reaction temperature on the overall conversion of silicon 
in 10 % SI-F/90 % AL mixtures 

(a) 1200 °C 

time, hr 0.00 0.33 0.67 1.00 1.50 2.00 4.00 5.00 6.00 

X ,  0.000 0.000 0.000 0.125 0.193 0.251 0.460 0.530 0.540 

(b) 1250 °C 

time, hr	 0.00 0.17 0.33 0.67 1.00 1.50 2.00 3.00 4.00 6.00 

X , 0.000 0.000 0.212 0.450 0.545 0.621 0.670 0.696 0.751 0.760 

(c) 1300 °C 

time, hr	 0.00 0.33 0.67 1.00 1.50 2.00 3.00 4.00 6.00 

X , - 0.000 0.196 0.556 0.723 0.752 0.812 0.830 0.857 0.862 
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I 

Figure 4-2.14 Effect of reaction temperature on the mass fraction of (3 -form in 
silicon nitride in nitridation of 10 % SI-F/90 % AL mixtures 

(a) 1200 °C 

time, hr 0.00 0.33 0.67 1.00 1.50 2.00 3.00 4.00 6.00 

IV; , 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

(b) 1250 °C 

time, hr	 0.00 0.17 0.33 0.67 1.00 1.50 2.00 3.00 4.00 6.00 

W; , - 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.04 0.071 0.12 

(c) 1300 °C 

time, hr	 0.00 0.33 0.67 1.00 1.50 2.00 3.00 4.00 6.00 

W; , 0.000 0.000 0.000 0.000 0.000 0.000 0.167 0.172 0.184 

Figure 4-2.15 Effect of reaction temperature on the overall conversion of silicon 
in 15 % SI-F/85 % AL mixtures 

(a) 1200 °C 

time, hr	 0.00 0.33 0.67 1.00 1.50 2.00 4.00 5.00 6.00 

X , - 0.000 0.000 0.000 0.000 0.111 0.144 0.262 0.312 0.355 

(b) 1250 °C 

time, hr	 0.00 0.25 0.33 0.67 1.00 1.50 2.00 3.00 4.00 6.00 

X , 0.000 0.000 0.077 0.221 0.308 0.362 0.386 0.450 0.530 0.648 

Figure 4-2.16 Effect of reaction temperature on the mass fraction of ii-form in 
silicon nitride in nitridation of 15 % S1-F/85 % AL mixtures 

(a) 1200 °C 

time, hr	 0.00 0.33 0.67 1.00 1.50 2.00 4.00 5.00 6.00 

W; , - 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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(b) 1250 °C 

time, hr 

W'fi , 

0.00 

0.000 

0.25 

0.000 

0.33 

0.000 

0.67 

0.000 

1.00 

0.000 

1.50 

0.141 

2.00 

0.161 

3.00 

0.218 

4.00 

0.225 

6.00 

0.230 

Figure 4-2.17 Effect of hydrogen on the overall conversion of silicon in 
5 % SI-F/95 % AL mixtures at 1250 °C 

(a) 10 % H2J90 % N2 

time, hr 0.00 0.17 0.50 1.00 1.50 2.00 3.00 4.00 6.00 

X ,  0.000 0.000 0.400 0.630 0.693 0.730 0.751 0.756 0.772 

(b) 20 % H2/80 % N2 

time, hr 0.00 0.17 

X ,  0.000 0.000 

0.50 

0.355 

1.00 

0.590 

1.50 

0.688 

2.00 

0.726 

3.00 

0.755 

4.00 

0.753 

6.00 

0.800 

(c) 30 % H2/70 % N2 

time, hr 0.00 0.17 

X , 0.000 0.000 

0.50 

0.329 

1.00 

0.588 

1.50 

0.658 

2.00 

0.730 

3.00 

0.769 

4.00 

0.770 

6.00 

0.812 

Figure 4-2.19 Effect of hydrogen on the overall conversion of silicon in 
10% SI-F/90% AL mixtures at 1250 °C 

(a) 10 % H2J90 % N2 

time, hr 0.00 0.17 0.33 0.67 1.00 1.50 2.00 3.00 4.00 

X ,  0.000 0.000 0.212 0.450 0.545 0.621 0.670 0.696 0.751 

6.00 

0.760 

(b) 20 % H2/80 % N2 

time, hr 0.00 0.17 

X , 0.000 0.000 

0.50 

0.262 

1.00 

0.486 

1.50 

0.638 

2.00 

0.711 

3.00 

0.753 

4.00 

0.771 

6.00 

0.781 
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(c) 30 % H2/70 % N2 

time, hr	 0.00 0.17 0.50 1.00 1.50 2.00 3.00 4.00 6.00
 

X , - 0.000 0.000 0.263 0.497 0.658 0.730 0.761 0.782 0.785
 

Figure 4-2.21 Comparison of the overall conversion of silicon between (a) 5 % 
SI-F/95 % AL mixture and (b) SI-L nitrided at 1250 °C 

(a) 5 % SI-F/95 % AL mixture 

time, hr	 0.00 0.17 0.50 1.00 1.50 2.00 3.00 4.00 6.00
 

X , 0.000 0.000 0.400 0.630 0.693 0.730 0.751 0.756 0.772
 

(b) 100 % SI-L 

time, hr	 0.00 0.45 0.68 1.02 1.51 2.03 3.01 5.03 6.00
 

X , - 0.000 0.000 0.133 0.266 0.413 0.540 0.669 0.775 0.763
 

Figure 4-2.23 Comparison of the mass fraction of 13-form in silicon nitride for 
(a) 5 % SI-F/95 % AL mixture and (b) SI-L nitrided at 1250 °C 

(a) 5 % SI-F/95 % AL mixture 

time, hr	 0.00 0.17 0.50 1.00 1.50 2.00 3.00 4.00 6.00
 

VI, , - 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
 

(b) 100 % SI-L 

time, hr	 0.00 0.45 0.68 1.02 1.51 2.03 3.01 5.03 6.00
 

IV; , - 0.000 0.000 0.000 0.000 0.13 0.133 0.142 0.143 0.160
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Figure 4-2.24 Normalized pressure drop across the bed for different mass 
fractions of SI-F in SI-F/AL mixtures nitride at 1250 °C with an 
operating velocity of 35 cm s-1 

xi,o,% 0 1 2 5 10 15 20 25 30 

AP* ,- 1 1 1 1 1 1 0.21 0.20 0.18 

Figure 4-2.25 Normalized pressure drop across the bed versus different operating 
velocities in nitridation of 5 wt SI-F/95 wt % AL mixtures 
at 1250 °C 

uo , cm s" 0 5 10 15 20 25 30 35 40 45 

AP *,- 0 0.08 0.11 0.13 0.14 0.16 0.17 1 1 1 

Figure 4-3.1	 Overall conversions of silicon in semi-continuous nitridation of 
20% SI-F/80% AL mixtures for different residence times at 1250 °C 

(a) RT = 1.3 hr 

time, hr 0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 

X ,  0.000 0.402 0.434 0.415 0.445 0.451 0.434 0.475 0.450 0.476 

time, hr 5.00 6.00 

X ,  0.479 0.478 

(b) RT = 2.0 hr 

time, hr	 0.00 0.50 1.00 2.00 2.50 3.00 4.00 4.50 5.00 6.00 

X , - 0.000 0.400 0.492 0.501 0.503 0.544 0.574 0.592 0.589 0.610 

(c) RT = 3.0 hr 

time, hr	 0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 

X,- 0.000 0.464 0.525 0.567 0.580 0.590 0.615 0.645 0.660 0.670 
1 

time, hr 5.00 6.00 

X , - 1 0.675 0.680 

http:0.210.200.18
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(d) RT = 4.0 hr 

time, hr 0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 

X ,  0.000 0.478 0.556 0.577 0.610 0.621 0.658 0.660 0.682 0.680 

time, hr 5.00 6.00 

X ,  0.683 0.685 

Figure 4-3.2 Comparison of the overall conversion of silicon in (a) 20% SI-F/ 
80% AL mixtures in the semi-continuous operation, and (b) 15% 
SI-F/85% AL mixtures in the batch operation at 1250 °C 

(a) 20 % SI-F/80 % AL mixtures in semi-continuous operation 

time, hr	 0.00 1.3 2.0 3.0 4.0 

X , - 0.000 0.450 0.600 0.680 0.680 

(b) 15 % SI-F/85 % AL in batch operation 

time, hr	 0.00 0.25 0.33 0.67 1.00 1.50 2.00 3.00 4.00 6.00 

X , - 0.000 0.000 0.077 0.221 0.308 0.362 0.386 0.450 0.530 0.648 

(c) 5 % SI-F/95 % AL in batch operation 

time, hr	 0.00 0.17 0.50 1.00 1.50 2.00 3.00 4.00 6.00 

X , - 0.000 0.000 0.400 0.630 0.693 0.730 0.751 0.756 0.772 

Figure 4-3.4 Effect of reaction temperature on the overall conversion of silicon 
for 20 % SI-F/80 % AL mixtures at an average residence time of 
3 hours in semi-continuous operation 

(a) 1250 °C 

time, hr 0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 

X,- 0.000 0.464 0.525 0.567 0.580 0.590 0.615 0.645 0.660 0.670 

time, hr	 5.00 6.00 

x , - 0.675 0.680 
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(b) 1300 °C 

time, hr 0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 

X , 0.000 0.450 0.612 0.690 0.713 0.733 0.734 0.762 0.786 0.800 

time, hr 5.00 6.00 

X ,  0.810 0.810 

Figure 4-3.6 Effect of SI-F content on the overall conversion of silicon at an 
average residence time of 3 hours at 1250 °C in semi-continuous 
operation 

(a) 10 % SI-F/90 % AL 

time, hr 0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 

X,- 0.000 0.402 0.567 0.597 0.624 0.641 0.661 0.667 0.682 0.686 

time, hr	 5.00 6.00 

X,- 0.684 0.686 

(b) 20 % SI-F/80 % AL 

time, hr 0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 

X , 0.000 0.464 0.525 0.567 0.580 0.590 0.615 0.645 0.660 0.670 

time, hr	 5.00 6.00 

X , - 0.675 0.680 

(c) 30 % SI-F/70 % AL 

Itime, hr 0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 

X , 0.000 0.401 0.479 0.487 0.498 0.510 0.543 0.557 0.560 0.576 

Itime, hr	 5.00 6.00 

X , - 0.581 0.580 

Figure 5-1.3 Cumulative mass of SI-F carryover from a mixture of 10 wt % SI-F 
and 90 wt % AL nitrided at 1250 °C 

time, hr 0.00 0.33 0.67 1.00 1.50 2.00 3.00 4.00 6.00 

W, g 0.000 3.920 5.502 6.384 6.804 7.504 8.176 8.624 9.492 
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Figure 5-1.4 In 'F versus time for a mixture of 10 wt % SI-F and 90 wt % AL 
nitrided at 1250 °C 

time, hr 0.00 0.33 0.67 1.00 1.50 2.00 3.00 4.00 6.00 

In 111 0.000 -0.78 -1.37 -1.91 -2.14 -3.06 -4.56 -5.11 -6.89 

Figure 5-2.1 Mass fraction of SI-F in semi-continuous operation for an average 
residence time of 1.3 hr at 1250 °C 

time, hr 0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 

x1 , % 0.00 5.81 8.57 12.13 12.45 12.73 12.53 12.35 12.62 12.68 

5.00 

12.51 

Figure 5-2.2 Steady-state cumulative mass of SI-F carryover in semi-continuous 
operation for an average residence time of 1.3 hr at 1250 °C 

time, hr 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 

W, g 0.000 3.544 6.873 11.437 16.140 19.069 22.785 27.601 

Figure 5-3.1 Cumulative mass of SI-F carryover from a mixture of 5 wt % SI-F 
and 95 wt % AL nitrided at 1250 °C 

time, hr 0.00 0.17 0.50 1.00 1.50 2.00 3.00 4.00 6.00 

W, g 0.000 0.931 2.324 3.024 3.192 3.619 4.011 4.200 4.578 

Figure 5-3.2 (a) Overall conversion of SI-F powder in bed, and (b) cumulative 
conversion of entrained SI-F powder from a mixture of 5 wt % SI-F 
and 95 wt % AL nitrided at 1250 °C 

(a) Overall conversion of SI-F powder in bed 

time, hr 0.00 0.17 0.50 1.00 1.50 2.00 3.00 4.00 6.00 

X ,  0.000 0.000 0.400 0.630 0.693 0.730 0.751 0.756 0.772 
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(b) Cumulative conversion of entrained SI-F powder 

time, hr 0.00 0.17 0.50 1.00 1.50 2.00 3.00 4.00 6.00
 

X', - 0.000 0.000 0.120 0.211 0.235 0.291 0.335 0.354 0.388
 

Figure 5-3.3 Total conversion of SI-F powder for a mixture of5 wt % SI-F and 
95 wt % AL nitrided at 1250 °C 

time, hr 0.00 0.17 0.50 1.00 1.50 2.00 3.00 4.00 6.00 

X", - 0.000 0.000 0.307 0.449 0.484 0.503 0.513 0.515 0.521 

Figure 5-4.1	 Comparison of conversion of SI-F powder: (a) measured in semi-
continuous operation for a mixture of 20 wt % SI-F and 80 wt % AL 
nitrided at 1250 °C, and (b) calculated from eq. (5-4.10) 

(a) 20 % SI-F/80 % AL mixtures in semi-continuous operation 

time, hr	 0.00 1.3 2.0 3.0 4.0
 

X , - 0.000 0.450 0.600 0.680 0.680
 

(b) Calculated from eq. (5-4.10) 

time, hr	 0.00 0.17 0.50 1.00 1.50 2.00 3.00 4.00 6.00
 

X , - 0.000 0.450 0.540 0.590 0.630 0.660 0.680 0.700 0.720
 

Figure C-1	 Variation of pressure drop with gas velocities and fractions of SI-F 
fine powder in SI-F/SN-F mixtures in the de-aeration process 
measured at room temperature 

(a) 100 % SN-F 

uo , cm s"	 0 1 2 3 4 5 6 7 8 9 

AP* , - 0.00 0.13 0.31 0.49 0.68 0.82 0.98 0.95 0.97 0.96 

uo , cm sn1 10 11 12 13 14 15 16
 

AP* , - 0.97 0.96 0.97 0.98 0.99 0.98 0.98
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(b) 5 % SI-F/95 % SN-F 
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(c) 15 % SI-F/85 % SN-F 
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(d) 20 % SI-F/80 % SN-F 
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