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An 89 mm-diameter vertical tubular-flow reactor was used to study the kinetics

of nano-sized silicon nitride powder synthesis via the animonolysis of SiO vapor at

temperatures ranging from 1300°C to 1400°C. The SiO generation rate was controlled

by adjusting the mass of SiO particles initially charged in the SiO generator, when the

flow rate of carrier gas argon was maintained unchanged. The molar feed ratio of

NH3ISiO at the feeder outlets was maintained in large excess of the stoichiometric ratio

ranging from about 100 to 1200 mol NH3/mol SiO.

The SiO-NH3 reaction yielded two different morphologies of silicon nitride

products at different locations in the reactor: nano-sized powder with an averaged

particle size of about 17 nm and whiskers with a variety of shapes and diameters of a

few micrometers. Nano-sized powder was the dominant product in the system and its

mass fraction over the total product varied from 83% to 100%, depending on operating

conditions.
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The contact pattern between SiO vapor andNH3 inside the reacting zone was

one of the most important parameters that affected Si3N4 formation kinetics. When a

small single tube was employed for feeding NH3 (flow condition J), a highest

efficiency of SiO vapor utilization was achieved at a high level of SiO conversion. The

SiO conversion increased from 72% to 91% with an increase in the residence time

from 0.17 s to 0.69 s, indicating that the SiO-NH3 reaction was not instantaneous but

was relatively fast.

When the molar feed rate of NH3 was 2-3 orders of magnitude greater than that

of SiO vapor, the rate of nano-sized powder synthesis was independent of NH3

concentration and of first order with respect to the SiO concentration. A pseudo-first

order rate expression was proposed, and the apparent activation energy was determined

to be 180 kJ/mol.

The gas flow in the reactor simulated with a computational fluid dynamic

program revealed that whisker formed where the stagnation of gas flow formed. A

power law rate expression for whisker formation was proposed based on measured

rates of whisker formation and simulation-predicted reactant-gas concentrations.
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KINETICS OF NANO-SIZED Si3N4 POWDER SYNTHESIS
VIA AMMONOLYSIS OF SiO VAPOR

1. INTRODUCTION

Over the past decades, silicon nitride (Si3N4) has been known as an excellent

material for ideal high-temperature structural applications due to its outstanding

physical and mechanical properties under severe environment. The first development

of Si3N4-based ceramics started in the early 1 970s because of the need of high-

efficiency ceramic gas turbines and reciprocating engines running at very much

higher temperatures than conventional metallic engines. Then, silicon nitride has been

put into practical use in highly stressed applications, for example, cutting tools, ball

bearings and turbocharger blades since the 1 980s. Currently, sintered parts of silicon

nitride are widely used in a variety of applications for numerous components in

machines and plants where materials with oxidation-resistant, high strength, and

toughness are required.

Because the starting silicon nitride powder is so important to the control of

microstructure and resulting-in physical properties, nano-sized silicon nitride powder

with properties of a smaller mean particle size, a narrow size distribution, the absence

of agglomerates and high purity is often desired. For example, significant

improvement in strength and toughness of dense bodies can be obtained when nano-
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sized silicon nitride powder with such properties is used. Also, it is believed that

nano-sized powder can enhance sintering processes (to be sintered to dense bodies at

low temperature without additives). Owing to these reasons, the growing interest in

current techniques for producing high-purity silicon nitride powder has motivated

scientists and engineers to develop several processes for silicon nitride production.

At present, the gas-phase reaction is the most important route for the nano-

sized silicon nitride production in terms of high-purity, powder size distribution,

powder morphologies, and post-process requirements. There are four main routes

used for producing nano-sized silicon nitride powder. Each process is discussed in the

next section. However, because high-cost of raw materials and expensive devices are

involved in these processes, only laboratory scale production has been succeeded at

high production cost.

The ammonolysis of silicon monoxide was recently proposed as a process to

produce nano-sized silicon nitride powder at low cost [Lin and Kimura, 1996]. The

process was proved, using a horizontal-tubular reactor, to offer several advantages:

low cost starting materials (Si/Si02 mixtures), low production cost due to the absence

of toxic by-products, and mild operating conditions at slightly over atmospheric

pressure. However, the yield of nano-sized silicon nitride powder was found to be at

most 43% because of the formation of silicon nitride whiskers and crystals.

The goal of this research is to further investigate factors that affect the

synthesis of nano-sized silicon nitride powder via the silicon monoxide ammonolysis,

including reactant concentrations, reaction temperature, and mixing-modes of
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reactants. Better understanding of effects by these factors will lead to suitable design

and operating conditions that enhance the production of nano-sized silicon nitride

powder and eliminate the formation of whiskers as well as crystals.

Six chapters present the complete view of findings and development obtained

in this study. In chapter 2, a literature survey of relevant studies reviews the cunent

methods (gas-phase reactions) of nano-sized silicon nitride production. The thermal

decomposition ofNIH3 at high temperature is also discussed. In chapter 3, the

experimental set-up and detailed procedure designed to study the kinetics of SiO-NH3

reaction under various operating conditions are briefly illustrated. Experimental

results are presented in chapter 4. Influence of important factors, including flow

conditions, temperatures, and residence times, are also investigated. Based on the

experimental results, a rate equation for nano-sized silicon nitride powder is

proposed, and the rate constant is evaluated based on the plug flow model. The

growth of nano-sized powder with residence time as well as reaction temperature is

also discussed. Chapter 5 illustrates a mathematical modeling of the SiO-NH3 system,

which is used to simulate and predict the flow of gases in the reacting zone.

Correlations between whisker formation and gas flow in the reactor are discussed.

Then, a rate expression for whisker formation is proposed in terms of predicted

reactant-gas concentrations. Finally, chapter 6 includes the summary and the

recommendations for future work.



2. LITERATURE SURVEY AND OBJECTIVES

In the past few years, there has been growing interest in the field of structural

materials which meet the requirements for high-technology ceramics. Silicon nitride

(Si3N4) is among the top candidates because it has a combination of properties that

result in superior resistance to wear, thermal shock and mechanical stress [Sage and

listed, 1961]. These properties include high strength, toughness, and creep resistance at

high temperature. To obtain sintered parts with such properties, the starting powder

characteristics are crucial [Lee and Kim, 1999; Hisako and Kendo, 1994; Weimer, et

al., 1999]. Therefore, the choice of powder manufacturing methods is currently focused

on advantageous final product properties and production cost.

2.1 Commercial Production of Si3N4

Si3N4 powder of regular, micron to sub-micron sizes can be synthesized by the

following methods: carbothennal reduction of silica, direct nitridation of silicon

powder, and decomposition of diimide from silicon tetrachloride and ammonia [Riley,

2000; Yamada, 1993]. All of these processes involve low-cost raw materials, but the

subsequent milling and purification steps result in high prices of products. For instance,

the direct nitridation is exothermic, and it is difficult to control the particle shape and



size of product powder. Also, the reaction is relatively slow and may require an addition

of catalyst to achieve a high content of aphase close to 100% [Varong and Kimura,

2001]. In carbothermal reduction of silica, numerous steps are necessary to eliminate

co-products, such as silicon carbide (SiC) and silicon oxy-nitride (Si2N2O) {Durham, et

al., 1991; Durham, et al., 1988]. The post-synthesis heat treatment is required to obtain

crystalline form of silicon nitride powder from Si(NIH)2 obtained in the SiC14-NH3

reaction, and NH4C1, the by-product, needs to be removed [Yamada, 1993]. The

carbothermal reduction has been employed to produce low-grade silicon nitride, while

the direct nitridation of silicon and the diimide process have been used to product high-

grade silicon nitride. Though the diimide process can provide highest quality silicon

nitride, its production cost is higher than that from the direct silicon nitridation by a

factor of 3-5.

2.2 Synthesis Routes of Nano-Sized Silicon Nitride Powder

During the last decades, there have been increased interests in the synthesis of

nano-sized silicon nitride powder to look into the possibility of producing better powder

with improved chemical homogeneity and microstructures than that can be achieved by

conventional powder synthesis [Karch, et al., 1987; Gleiter, 1989]. The possibility of

enhancing crystallization and sintering processes is very attractive in the applications of

nano-sized powder with an averaged particle size less than 100 nm [Aleixandre, et al.,



1992; Andrievski, 1994; Li, et al., 2000]. Thus, much attention has been given to

control the aggregation of chemically produced powder through different processing

methods in order to avoid flaws from developing in sintered parts [Danfort, et al., 1988,

Li, et al., 1994].

In principle, gas-phase reactions are perhaps the ones that give high-purity Si3N4

powder and avoid the need of further grinding processes. These processes involve an

evaporation phase, where the starting materials are vaporized, followed by a quenching

phase, where rapid cooling leads to a limited growth of nucleated particles [Bowen,

1980]. Hence, a high-powered source, such as CO2 laser and thermal plasma, is required

as a heat source. Another heating method, which could be considered as high potential

for scale-up, is the use of high-temperature tubular-flow reactor.

2.2.1 Plasma Synthesis

Owing to the ability to maintain a high degree of purity of reactants and the

powder subsequently obtained, the thermal plasma process is used for Si3N4 powder

production in different kinds of chemical reaction. The main advantages of this

technique are said to be that it can be operated at controlled high temperature that can

be reached with steep temperature gradients, i.e. fast heating and rapid quenching rates.
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The evolution started when Canteloup et. a! [1974] proposed a process to

produce ultra-fine Si3N4 powder by using the reaction of silicon with ammonia in an

argon radio frequency (RF) plasma torch. The overall reaction is given as:

3Si(s)+4N1H3(g) = Si3N4(s)+6H2(g)

In order to avoid the thermal decomposition of NH3, it was injected directly into

the tail of plasma flame whereas silicon solids were introduced into the reactor with

cold plasma gas. The reaction yields ultra-fine (10-20 nm) Si3N4 powder with a

conversion of Si in the range of 40-85 wt%. However, Change et. al [1987] showed that

the low vapor pressure of silicon and silicon condensation play an important role in the

nitride production, resulting in low yields.

Since the 1 980s, the use of SiH4/Ar or SiH4IN2 with excess NH3 as the nitriding

agent for nano-size Si3N4 powder production has been attempted in the RF plasma

system. The chemical reaction is represented by

3 SiH4 (g) + 4 NH3 (g) = Si3N4(s) + 12 H2 (g)

In general, large amounts of inert plasma gas (argon or nitrogen) are needed to achieve

stable conditions for the RF plasma. As a consequence, highly effective filter systems

have to be installed to separate very fine Si3N4 powder from the gas stream.



Powders are normally in the amorphous phase and the particle size is about 25-

45 nm with a narrow size distribution [Viera, et al., 1998]. In view of the results, the

precursor gas mixture must be very rich in NH3 to produce stoichiometric Si3N4 powder;

however, an agglomerated state was found with an increase in the relative flow of NH3

to SiH4. Buss and Babu [1996] suggested that significant agglomeration could be

reduced and the particle growth could be eliminated by pulsing the RF plasma on/off for

a short period of time (called pulsed RF plasma). Though this method generates Si3N4

powder in the 10-100 nm size range, large size dispersion and agglomeration are always

observed. The above inconclusive information implies that many factors may involve in

this process. Owing to the high-cost of silanes as a starting material, this route is still

questionable for commercial processes.

The reaction of silicon tetrachloride (SiC14) and ammonia is most commonly

used in thermal plasma routes: RF plasma [Yoshida, et al., 1983; Soucy, et al., 1995],

DC plasma [Allaire and Dallaire, 1991; Allaire and Langlois, 1992], and Hybrid DC-RF

plasma [Lee, et al., 1990]. There are two chemical reactions involved in the formation

of Si3N4 powder.

3 SiCL4(g)+4NH3(g) Si3N4 (s) + 12 HC1 (g)

HC1 (g) + NH3 (g) = NH4C1 (g) (excess NH3)



Though the SiC14-NH3 reaction is still favored for large production, the powder

inevitably contains NH4C1 as a by-product that must be removed. The post heat-

treatment is required for crystallization since most of powder products are obtained in

amorphous phase. Also, the drawback of this reaction is corrosive nature of SiCL1 as the

starting reactant as well as HC1 vapor as a by-product.

2.2.2 Chemical Vapor Deposition (CVD) Process

Owing to the high cost and difficulties associated with bodies obtained by hot-

pressing and pressure sintering of silicon nitride powder, chemical vapor deposition

methods have been developed and become a major route for surface coatings in various

microelectronic processes. In general, the crystalline ofaSi3N4 can be produced at

temperatures higher than 1300°C using nitrogen-containing precursor mixtures.

Lee et al. [I 990} studied the deposition ofaSi3N4 on the graphite rods inserted

in a vertical hot-wall reactor. The overall reaction can be represented by the following

equation:

3 SiF4 (g) +4 NIH3 (g) Si3N4 (s) + 12 HF (g)

The reaction was performed at temperatures ranging from 1300° to 14 10°C,

yielding mixtures of amorphous and crystalline phase co-deposition, depending on the
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operating conditions. The deposition rate is significantly influenced by the reaction

temperature and an excess amount of NH3 over SiF4 is needed due to the rapid depletion

of NH3 by both the themial decomposition and deposition reaction in the reactor.

As expected, this method can produce Si3N4 powder with properties of dense,

stable, high-purity polycrystalline, but careful processing is necessary to obtain a

homogeneous product distribution of Si3N4 phase. Low reactant partial pressures result

in a low production rate and the use of expensive device is required due to the corrosive

by-product HF.

2.2.3 Carbon Dioxide Laser-Induced Reaction

Due to the deficiencies arisen from spatial variance in local temperature profiles

of conventional heated tube and torch-plasma processes, a laser heat source was

considered to be an efficient technique because light energy is directly transferred to

reactant gas molecules. This process involves a gas-phase pyrolysis reaction of silicon-

and nitrogen-containing gas precursors, such as silanes and ammonia, taking place in a

restricted heat region with rapid heating and cooling rates. The main chemical reaction

is [Wang and Liu, 1994; Suzuki, et al., 1993]

3 SiH4 (g) +4 NIH3 (g) = Si3N4 (s) + 12 H2 (g)
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Several well-known problems in the laser synthesis causing homogenous

nucleation and growth have been recently reported by Danforth et al.[ 1981] and

Haggerty [19811. It is believed that powder agglomerates when there are two distinct

steps involved in the above equation: the dissociation of silane into silicon and

hydrogen, and the reaction of silicon and ammonia. As a consequence, the product

powder is generally amorphous and contains considerable amounts of free silicon. In

addition, the use of expensive silane as a raw material results in high production cost.

2.2.4 Vapor-Phase Reaction

Theoretically, silicon nitride powder can be synthesized by the reaction of

silicon tetrachioride (SiC14) and ammonia (NH3) according to the equation:

3 SiCL (g) +4 N}13 (g) = Si3N4 (s) + 12 HCI (g)

In order to avoid the formation of hydrogen chloride, it has been found that the process

should be performed at high temperature in excess NH3 environment, and the overall

reaction then becomes

> 1000°C

3 SiCL (g) + 16 NH3 (g) Si3N4 (s) + 12 NIH4CI (s)
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Based on the above equation, the gas precursors SiCL and NH3 are separately

heated-up and injected by individual feed nozzles into the reacting zone, where the

reactor wall is heated from outside by resistance heating elements. Amorphous silicon

nitride powder with a particle size of 40 nm is obtained at 1200°C and contains various

amounts of volatile animonium chloride as a by-product [Orthner, et al., 20001. The

approach of taking SiCL and NIH3 as precursors is more desirable in terms of raw

material cost, but the post-process of heat-treatment (Tb = 340°C) is required to

sublimate NIFLCl. The powders obtained by this method often suffer from purity

problems.

Silicon nitride powder produced by different techniques possesses specific

powder characteristics. A comparison of the powders obtained by the four methods as

discussed is shown in Table 2.1.



Table 2.1 Properties of nano-sized powders produced in the gas-phase reactions

Synthesis routes Plasmast CVD CO2 lasert Vapor-phase reactions

1. Particle size, nm 5-100 - 7-15 <40

2. Surface area 40-60 - 113-141 9-35

BET, m2/g

3. Crystallinity amorphous amorphous mixed amorphous amorphous

with a-Si3N4

4. Impurity -2-3 wt% of chloride - free silicon NH4C1 and

content chionde content

5. Disadvantages by-products corrosive HF and expensive silane NH4C1 by-product

and expensive devices low production rate as raw material

Chang et al. [1987], Buss and Babu [1996, and Soucy et al. [1995]
Wang and Liu [1995], and Suzuki et al. [1994]
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2.3 Silicon Monoxide (SiO) Ammonolysis

Recently, the ammonolysis of silicon monoxide was proposed as a process using

common chemicals to produce nano-sized silicon nitride powder at low cost [Lin and

Kimura, 1996].

3 SiO (g) +4 NIH3 (g) = Si3N4 (s) + 3 H20 (g) + 3 H2 (g)

The reaction was conducted in a horizontal-tubular flow reactor at temperatures

in the range of 1 3000 1400°C, yielding three different kinds of silicon nitride at different

locations in the reactor: (1) fine powder with an average particle size of 5-20 nm at the

filter in the reactor gas outlet line; (2) whiskers at the NH3 feeder outlet; (3) crystals

having precipitated on the reactor wall right downstream of the whiskers. However,

Si3N4 crystals are found to be the dominant product in the system. The unheated

whiskers and powder are amorphous while the crystal product is pure a-phase Si3N4, as

indicated by XRD charts and IR spectra.

Without exposing to the air, the amorphous powder can be crystallized under a

gas stream ofN2 or NH3 at temperatures in the range from 1300° to 1560°C. Tn a

dissociated NH3 stream at 1300°C, almost pure a-Si3N4 crystals are found to be well

developed after heating 5 hr, but it can be crystallized in a N2 stream in 2 hr at 1560°C,

yielding Si3N4 crystals containing 62% of a-form and 38% -fonm It should be
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mentioned that the peaks corresponding to Si2N2O were not observed in the XRD

pattern of heated nano-sized powder unexposed to air.

Several experimental evidences identify that the method of supplying NH3 into

the reacting zone is one of most important factors, which affect the formation of Si3N4.

Geometries of reactant feeders have influences on the morphologies of product silicon

nitride. In addition, it has been proved that NH3 plays an important role to convert SiO

vapor to Si3N4 product, not active intermediates (NH and NH2) or a mixture of N2/H2

gas as products of NH3 dissociation. However, as previously stated, the yield of nano-

sized silicon nitride powder was found to be at most 43% because of the formation of

whiskers and crystals, and no results regarding the kinetics of nano-sized Si3N4 powder

synthesis had been investigated.
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2.4 Silicon Monoxide Vapor Generation

There are several reports showing that SiO vapor is involved in the Si3N4

synthesis: either direct or indirect pathways of the nitridation of silicon and the

carbothermic reduction of Si02 [Barsoum, etal., 1989; Maalami and Varma, 1996;

Barsoum, etal., 1991]. Thus, understanding of factors that affect the SiO vapor

generation is essential for the SiO-NH3 reaction. Kubaschewski and Chart [1974]

studied the silicon monoxide vapor pressure using the reaction between solid silicon and

silicon dioxide at different temperatures ranging from 1270 to 1600 K.

Si (s) + Si02 (s) = 2 SiO (g) (1)

The vapor pressure of silicon monoxide was measured and correlated to the reaction

temperature according to the following equation.

LogioPs1o(Pa) = 13.613-1.785 x 104/T(K) (2)

Also, the Gibbs energy change for reaction (1) at atmospheric pressure was proposed as

AG (kJImol) = 683.46 0.3296 T (K) (3)
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Based on equation (3), the value of Gibbs energy change becomes negative when the

temperature is lower than 1800°C. However, lower temperature enhances silicon

monoxide vapor to condense back to silicon and silicon dioxide.

In the ammonolysis of silicon monoxide, SiO vapor was generated by the solid-

solid reaction of Si/Si02 mixed-powder compacts [Lin and Kimura, 1996]. The SiO

generation is controlled by the film mass transfer process, and the flow of argon as a

carrier gas is required in order to overcome this limitation. Also, the physical contact

between silicon and silicon dioxide by changing the pressure to prepare powder

compacts has an influence on the SiO generation. When the flow rate of argon is

maintained unchanged, based on experimental results and thermal gravimetric analysis

(TGA), the amount of SiO vapor generated per unit of time from identical compacted

pallets is roughly constant in the initial stage, which depends on the reaction

temperature: 4 h at 1300°C, 2 h at 1350°C, and 1 hr at 1400°C.



2.5 Ammonia Dissociation

At high temperature, the thermodynamic equilibrium predicts a strong tendency

for ammonia to dissociate into hydrogen and nitrogen.

2 NH3 (g) = N2 (g) +3 H2 (g)

Thus, for the kinetic study of the ammonolysis of silicon monoxide, it is important to

know the amount of NH3 remaining at the outlet ofNH3 feeder. Lin and Kimura [1996]

studied the NH3 dissociation at temperatures ranging from 1185° to 1382°C using an

alumina (A1203) tube as an NH3 feeder, and proposed a rate expression for NH3

dissociation as follows.

= k C' mol/(m3 of gas).s (4)

where k is the rate constant given as 4.456 x109 e246' in the units of(mol/(m3 of

gas))2"3 Is. The subscript A denotes ammonia. The non-integer exponent to the NIH3

concentration implies that heterogeneous reactions of surface activation and

deactivation are involved in the NH3 dissociation in the alumina tube. However, there is

no further investigation.
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On the other hand, in the reacting zone, it is believed that the NH3 dissociation

caused by the heterogeneous-surface reaction is significantly reduced, because the

argon gas supplied along the reactor tube reduces the frequency of contact of NH3 with

the solid surface. In this case, the homogeneous thermal decomposition of N}13 should

be taken into a consideration.

The NH3 decomposition has been extensively studied using a stainless-steel

shock tube with mixtures of NH3 and inert gas argon [Roose, et al., 1980]. The

concentrations of NH3, NH2, and NH were monitored with emission techniques. Though

the true mechanism is so complex, the thermal decomposition rate of NH3 can be

represented by

and

k1

NH3 (g)+M = NH2 (g)+H+M (5)

k2
NH3(g)+M = NH+H2(g)+M (6)

where M is argon gas. In the temperature range from 2200 K to 3450 K, the

experimental results are represented with the following best-fit analysis:

k1 = 2.52 x 1016 exp (-47200/T) cm3/mole-s

and k2 = 3.46 x 106 cm3/mole-s at 2798 K
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Because it was found that k1/k2 100 over the temperature range from 2200 to 3450 K,

the equation (5) is the dominant reaction. Thus, the rate of thermal decomposition of

NH3 can be represented {Roose, etal., 1980] by

-rA = k1 [NH]312 [As]1t2 mollcm3/s (7)



21

2.6 Objectives

The objectives of this work are to investigate the influences of process

parameters on the nano-sized silicon nitride powder synthesis. The attempts of this

research are listed below:

1. To determine suitable reactor set-up as well as an appropriate range for operating

conditions for the nano-sized powder production, i.e. reactant feed velocities,

feeder-tube arrangements, and reactant gas concentrations.

2. To investigate the effects of methods for supplying two-reactant gases on the

reaction rates as well as product morphologies.

3. To find a rate equation for the kinetics of nano-sized powder synthesis.

4. To develop a mathematical model for the flow of gas in the SiO-N}13 reaction

system to better understand the reactor performance.

5. To identify correlations between product morphologies and gas flow in the reactor.
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3. EXPERIMENTAL APPARATUS AND PROCEDURE

3.1 Preliminary Experiments

3.1.1 SiO Vapor Generation

For investigating the kinetics of the SjO-NH3 reaction, it is very important to

know how to generate SiO vapor from SiO particles and to control the SiO feed rate.

Figure 3.1 illustrates a vertical tubular flow reactor used for this study. The reactor is a

100 mm-diameter and 1500 mm long tube heated by a three-heating-zone electric

furnace equipped with a programmable controller. A 7.13 mm-diameter (I.D.) and 900

mm long alumina tube was used as a SiO generator, placed at the center of the 200 mm

long uniform temperature zone, where the temperature variation is within ± 5°C. To

obtain temperature measurements, an R-type thermocouple, shielded with an alumina

tube, was inserted inside the tubular reactor right next to the SiO generator outlet.

For each run, a desired amount of SiO particles, about 0.5-2.6 g, were put into

the SiO generator and heated up to 1300°C at a rate of 10°C/mm. When the system had

reached the set-point temperature, the SiO generation was initiated by supplying argon

gas through the bed of SiO particles. The flow rate of argon was fixed at 103.3 cm3/s.

The SiO generation was terminated by stopping the flow of argon through the SiO

generator, and the reactor was then cooled down at a rate of 1 0°C/mm to room
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Figure 3.1 Schematic diagram of tubular reactor for SiO vapor generation
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temperature. The SiO particles were taken out and the mass of SiO remaining was

measured.

3.1.2 SiO-NH3 reaction

Several runs were attempted to test the feasibility of the SiO-NH3 reaction in a

vertical-tubular flow reactor. The reactor is an alumina tube (53 mm inside diameter x

812 mm long) placed inside an alumina furnace tube (100 mm inside diameter x 1500

mm long). The reaction temperature was measured with the thermocouple inserted into

the reacting zone at about 2 cm below the SiO generator outlet. Two different tubes

were used for supplying NH3 into contact with SiO vapor in the reaction zone.

Figure 3.2 illustrates a reactor set-up for the SiO-NH3 system when a 1.4 mm

I.D. alumina tube was used as the NH3 feeder and inserted through the SiO generator.

An additional alumina tube (10 mm inside diameter x 914 mm long) connected to a set

of filters was placed above the NH3 feeder as a gas-exit. All of these tubes were placed

inside the uniform-temperature zone at the center of reactor. To control the relative

linear velocities of gas from the two-reactant feeders and prevent NH3 from being

thermally decomposed before entering the reacting zone, the 1.4 mm NH3 feeder tube

was replaced by a single tube having two different diameters, as shown in Figure 3.3. In



Exit

NH3

ture
ler

Figure 3.2 Schematic diagram of reactor set-up for the SiO-NH3 reaction
using an NH3 feeder A.
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Figure 3.3 Schematic diagram of reactor set-up for the SiO-NIH3 reaction
using an NH3 feeder B.
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addition, the optimum arrangements of the two-feeder tubes were investigated by

changing the relative locations between the SiO generator and NH3 feeder outlets.

Before each run of SiO-NH3 reaction, the reactor was purged with argon.

Amorphous SiO particles were put inside the SiO generator outside the NH3 feeder

tube, as shown in Figure 3.2. The reactor was heated up to a prescribed temperature at a

rate of 1 0°C/mm under the continuous flow of argon fed outside the SiO generator.

When the system had reached the reaction temperature, the SiO-NH3 reaction was

initiated by supplying argon through the SiO particle bed. At the same time, NH3 gas

was fed through the NH3 tube. Additional annular argon fed outside the SiO generator

was employed to prevent the back-flow of the two-reactant gases and minimize the

product attachment to the reactor wall. The dilution of NH3 with argon gas through the

N}13 feeder was employed not only to reduce the concentration of NH3 fed into the

reacting zone but also control the gas linear velocity of NH3.

The reaction temperature was fixed at 1350°C with a pressure slight higher than

atmospheric pressure. After operation for a prescribed length of time, the reaction was

stopped by terminating the flow of argon through the SiO generator. The reactor was

cooled down under the continuous flow of argon. All Si3N4 products inside the reactor

were collected for further analysis. The operating conditions for this study are

summarized in Table 3.1.



Table 3.1 Operating conditions for the SiO-NH3 reaction

NIH3 feeder type Feeder A Feeder B

Ar-SiO 0.6-1.1 3.9(cmls)
NT-I3 18.0-78.5(cmls) _

Annular argon 6.5-10.6 10.6(cmls)
Operating time

3 2(hr)
with the flow of argon added for dilution
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3.2 Nano-Sized Si3N4 Synthesis

3.2.1 Temperature Setting

The thermodynamics of silicon monoxide (SiO) animonolysis predicts that the

synthesis of silicon nitride can take place over a wide temperature range of 1000°-

1600°C ELm and Kimura, 1996]. The reaction has negative values of Gibbs energy

change, ranging from 602 kJ/mol at 1000°C to 425 kJ/mol at 1600°C [JANAF, 1985].

Though the equilibrium vapor pressure of SiO becomes significant at temperature above

1000°C, the thermal decomposition of NH3 increases accordingly with temperature.

Based on the results of several preliminary experimental runs of SiO-NH3 reaction

under different operating conditions, the synthesis ofSi3N4 was studied at temperatures

in the range of 1300-1400°C.

3.2.2 Reactor Set-up

A vertical tubular flow reactor, capable of flexible arrangements for supplying

the two-reactant gases, heated in an electric furnace was finally used in this study, as

schematically illustrated in Figure 3.4. Detailed dimensions of individual reactor tubes

are given in Table 3.2. Two sets of dual-concentric tubes were used as a SiO generator

and NH3 feeder. Both tubes were placed in the 200 mm long uniform temperature zone,
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Figure 3.4 Schematic diagram of tubular-flow reactor for ammonolysis of SiO vapor
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Table 3.2 SiO-NH3 reactor system

Furnace
Tube size 100mm (I.D.) x 1500mm (L)
Temperature Maximum 1600°C

SiO generator
Material Alumina
Size 7.13 mm (I.D.) x 90 mm (L)

NH3 feeder (Condition A,B, and H)
Material Mullite
Size 8.69 mm (I.D.) x 25 mm (L)
Material Alumina
Size 1.40 mm (I.D.) x 865 mm (L)

NH3 feeder (Condition J)
Material Alumina
Size 1.40 mm (I.D.) x 890 mm (L)

Annular tubes
Material Mullite
Size 14.7 mm (I.D.) x 120 mm (L)

Table 3.3 Operating conditions

Temperature 1300-1400°C
SiO particles

Average size 400 j.tm
BET surface area 0.017 m2/g
Initial mass of solids 0.5-3.7 g

Average gas velocities
Argon for SiO 2.30 mIs
NH3 2.02-98.0 mIs
Argon annular for SiO (Ar-SiO) 1.23-2.45 mis
Argon annular for NIH3 (Ar-NIH3) 0.00-2.40 mIs
Argon sheath 0.17 mIs
Total flow 0.27 mis

Average NIH3/SiO molar ratio 100-1200

Nil3 SiO
Main Flow Annular Flow Main Flow Annular Flow

H 1 0 1 1/2
A 1 1 1 1

B 1 0 1 1

1: standard flow rate, 1/2: one half flow rate, 0: no flow
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in which the temperature variation was within ±5°C. The outer tubes of SiO generator

and NH3 feeder were always placed in contact side by side. To investigate effects of

NH3 concentration on the SiO ammonolysis reaction, the concentration of NH3 was

increased by replacing the set of concentric tubes for NH3 feeding with a single 1/8"

alumina tube. An additional 1/8" NH3 feeder tube was also inserted into the reactor

when higher NFl3 concentration in the reacting zone was needed. It should be mentioned

that the SiO generator was sandwiched between the two 1/8" NH3 feeder tubes and

placed in the center of the reactor.

SiO vapor was generated directly from amorphous SiO particles placed inside

the SiO generator. In each experimental run, a desired amount of SiO particles were

placed in the SiO generator which was kept inside the uniform-temperature zone.

3.2.3 Reactant Supply

The concentric tubes outside the SiO generator and NH3 feeder were used for

supplying argon gas, surrounding respective SiO and NH3 feeds, so that argon gas-

curtain could act as diffusion barriers to prevent SiO vapor and NH3 gas from reacting

at the two feeder outlets. An additional argon stream was also supplied as sheath gas

along the reactor tube to prevent the back-flow of reactant gases and minimize powder

attachment to the reactor wall. The total flow rate of gases was maintained about 52.5

lit/mm at pressure slightly higher than the atmospheric pressure. The reaction time was
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set to be 30 mm, during which the SiO generation was roughly constant [Lin and

Kimura, 1996].

It have been proved that the nano-sized silicon nitride powder production is

affected by the method of bringing NH3 into contact with SiO vapor in the reacting zone

[Lin and Kimura, 1996]. Several preliminary runs were made by changing the relative

locations between the SiO generator and NH3 feeder outlets to investigate any changes

in the formation of products, and the optimum arrangements of SiO generator and NH3

feeder were selected. To investigate effects of argon flow through the annular space

around the NH3 feeder as well as that around the SiO generator, the flow rates of argon

through both the annular spaces were adjusted. The dilution of NH3 with argon gas

through the NH3 feeder was employed to reduce the concentration of NIH3 supplied into

the reacting zone.

3.2.4 Experimental Procedure

Before starting the SiO-NH3 reaction, the system was heated to a prescribed

temperature with continuous flow of argon in the reactor tube outside the SiO generator

and NH3 feeder. When the system had reached the set-point temperature, the reaction

was initiated by supplying argon gas through the SiO generator. Simultaneously, NH3

gas was introduced into the reacting zone through the NH3 feeder. In each run, the



34

molar feed ratio of NH3/SiO at the feeder outlet was maintained in large excess of NH3

over the stoichiometric ratio, ranging from 100 to 1200 mol NH3/mol SiO.

The operating conditions employed in this study are summarized in Table 3.3.

The average rate of SiO generation was determined based on the loss of SiO mass

divided by 30 mm. It should be mentioned that the amount of NH3 remaining at the NH3

feeder outlet was estimated based on the rate expression for the dissociation of NH3 in

an alumina tube (Eq.(4) in Chapter 2).

To collect silicon nitride powder generated in the vapor phase, filter papers were

placed in the exhaust line downstream the reactor exit. After each operation for 30 mm,

the argon gas supply through the SiO generator was stopped, and the reaction was so

terminated. The reactor was then cooled down to room temperature under the

continuous flow of argon gas through the reactor tube. All silicon nitride products

obtained at different locations inside the reactor were collected individually and

weighed before further analysis. The powder particle size was determined using a Philip

CM- 12 scanning transmission electron microscope (TEM), and silicon nitride whiskers

were observed using a Joel JSM 6400 scanning electron microscope (SEM). The

particle size distribution of nano-sized powder was measured by photo correlation

spectroscopy (PCS) using a Beckman Coulter N4 Plus analyzer, based on which

average particle sizes were determined.
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3.3 Extent of SiO Conversion

The content of SiO remaining unreacted in product powder was determined by

thermal treatment that allowed SiO to sublimate from the powder. Samples of product

powder collected with filters and that having attached to the reactor wall were heated in

an argon stream at 1350°C for 1 hr. At this temperature, SiO possibly remaining in the

powder samples has high vapor pressure and sublimates. It has been known that silicon

nitride powder obtained from the ammonolysis of SiO vapor is amorphous and easily

oxidized to silicon oxy-nitride (Si2N2O) when exposed to the atmosphere {Szepvolgyi,

etal., 2001; Weeren, et al., 1994; Wada, etal., 19981. It was thus assumed that all

product silicon nitride powder had been oxidized to silicon oxy-nitride before heating

and remained unchanged upon heating at 1350°C for 1 hr.

Approximately 10 mg of product powder was put into an alumina tray (25 mm x

15 mm x 5 mm deep) and then inserted in an alumina tube (38.1 mm inside diameter x

1524 mm long) to be heated in an electric furnace (Lindberg-54454). The thermal

treatment was performed in continuous flow of argon, which passed over the tray at a

very low velocity of 0.45 cmls. Each sample tray was weighed before as well as after

each run to determine the decrease in mass of sample in each tray due to the sublimation

of SiO, which gave the fraction of SiO remaining unreacted based on the total Si atoms

contained in each sample. Thus,
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where Am is the decrease in sample mass while mr is the sample mass remaining after

heating. M1 represents the molecular weight of species i.

The experimental apparatus used for this operation is schematically shown in

Figure 3.5.
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Figure 3.5 Schematic reactor set-up for the thermal treatment of products



3.4 Collecting Efficiency of Si3N4 Products

When dealing with nano-sized silicon nitride powder, the method of measuring

and collecting the product is a crucial key to determining the reaction kinetics of SiO

ammonolysis. Several experimental results show that the amount of Si3N4 products

recovered is less than that of SiO vapor supplied in the reactor. It is suspected that the

discrepancy may be due to losses occurring in the powder collection and to the

formation of Si/5i02 mixture from the condensation of SiO vapor at a particular

location in the reactor, where it can not be removed.

With the current reactor set-up as illustrated in Figure 3.4, an experimental run

was conducted with five additional short mullite tubes (60.5 mm O.D., 55.0 mm I.D.,

79.0 mm long) inserted into the reactor tube and placed at location between region Ri

and R2, as shown in Figure 3.6. As described in later sections, whiskers formed at two

locations: the SiO generator outlet and the region, designated as Ri in Figure 3.6, on the

reactor wall. Powder attached to the region, designated as R2 in Figure 3.6, on the

reactor wall where temperature dropped abruptly below 1000°C as well as to the bottom

flange and was collected with filters in the exit gas line. When products were collected,

whiskers were scraped off from the wall in the region Ri and from the SiO generator

outlet, while powder was scraped off from the wall in the region R2 and bottom flange

surface using special collecting devices. Powder was also collected from filters mounted

in the exhaust line. No product was seen or collected on the rest of reactor wall.

However, it was visually observed that the reactor wall right below the region Ri
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Figure 3.6 Schematic diagram of tubular-flow reactor with five additional
short mullite tubes for product collection
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became darker in color. Based on these observations, the five additional mullite tubes

described above were inserted between the regions Ri and R2 to see if any changes in

the mass of respective tubes due to product attachment or any chemical reaction in this

region. The main purpose of this run is to test the efficiency of collecting silicon nitride

products.

All of the sampling tubes used for collecting products were dried in an oven at

130°C overnight. Before the ammonolysis reaction, they were kept in a dessicator for a

short time period to avoid adsorption of moisture in air. Then, each sampling tube was

weighed by a balance with a reading accuracy of 0.00001 gram before it was inserted

into the reactor. It should be mentioned that the operating condition A was selected for

this study at a fixed temperature of 1350°C. After 30 mm operation, each sampling tube

was weighed to determine an increase in mass. Also, products collected from the reactor

wall (region Ri and R2) that were not covered with the sampling tubes as well as

product collected with filters were weighed.
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4. EXPERIMENTAL RESULTS AND DISCUSSION

4.1 Preliminary Experiments

4.1.1 SiO Vapor Generation

Without supplying flow of carrier gas argon through a bed of amorphous SiO

particles in the SiO generator, experimental results show that the mass of SiO

particles hardly changes over a time period of 3 hr at 1350°C. It is indicated that the

generation of SiO vapor is controlled by the flow of argon through the bed SiO

particles. In this study, a series of runs with different initial amounts of SiO particles

were carried out at a constant argon flow rate in order to change the SiO-feed rate.

The generation of SiO vapor was determined based on the decrease in the mass of the

SiO particles in the SiO feeder over a time period selected.

At 1300°C, Figure 4.1 demonstrates that the SiO vapor generated in 2 hr

increases with an increase in the initial amount of SiO particles. However, the amount

of SiO vapor generation starts leveling off, when the amount of SiO particles

becomes larger, approaching a state of saturation. Thus, it may be concluded that the

SiO vapor generation can be controlled by adjusting the initial mass of SiO particles

charged in the SiO generator.
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It should be mentioned that fluffy deposits with dark-yellow-brown color were

found on the reactor wall, region L2 in the up-flow arrangements shown in Figure

3.1, where the temperature is about 500°C. According to thermodynamic

consideration [Kubaschewski and Chart, 1974] and the results reported by Lin [1996]

and Brady [1959], this product could be a mixture of SiO/Si/Si02 solids due to the

sharp temperature drop toward the reactor exit.

4.1.2 SiO-NH3 Reaction

4.1.2.1 Relatively High Velocity of NH3 Supply-Up-flow arrangements

h the ammonolysis of silicon monoxide, it has been proved that NH3 plays an

important role for converting SiO into Si3N4 products. Thus, serious attention must be

focused on methods for supplying NH3 into the reacting zone and maintaining high

concentration ofNH3 at the feeder outlet, because NH3 dissociates in the feeder tube.

Several experimental runs were conducted under different operating conditions in a

vertical tubular flow reactor. The feed rates of the two reactants as well as argon

annular flow and relative locations of the two-feeder outlets were systematically

adjusted to investigate changes in the distribution of Si3N4 products. All experimental

results obtained in the 3 hr-operation at 1350°C, using the up-flow arrangements

illustrated in Figure 3.2, are summarized in Table 4.1.



Table 4.1 Operating conditions for the SiO-NH3 reaction with relatively high NH3 supply and resulting Si3N4 product
distributions

Run No.

Ar-SiO

(mis)

NH3

(mis)

Ar-Q

(cmis)

Relative

distance

(cm)

Powder

[Filterj

(wt%)

Powder

[Othersi

(wt%)

Whiskers

[SiO exiti

(wt%)

Whiskers

[Li]

(wt%)

H-17 0.65 78.5 6.5 1.5 down 0.0 0.0 97.5 2.5

H-15 0.65 78.5 6.5 2.0 up 0.0 0.0 82.5 17.5

H-16 0.65 78.5 10.6 2.0 up 0.0 36.7 51.9 11.4

H-19 1.1 18.0 10.6 0.0 0.0 0.0 100.0 0.0

H-21 1.7 18.0 10.6 3.0 up 5.0 39.9 55.4 4.7
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There are two different kinds of Si3N4 products produced in this process: (1)

whiskers at the two-feeder outlets and on the reactor wall (region Li), (2) fine powder

inside the gas-exit tube, at the reactor top flange, on the reactor wall (region L2), and

at filters. When the NH3 feeder exit was placed either below or at the same level of

the SiO generator exit, all products became Si3N4 whiskers no matter what operating

conditions were employed. The results obtained from run H- 17 and H- 19 show that

almost all whiskers formed inside/at the SiO generator, as shown in Figure 4.2 and

4.3, respectively. Because the formation of whiskers at the SiO generator outlet

hinders the proper supply of SiO vapor, one may suggest to place the NH3 feeder

outlet above the SiO generator exit. However, when the NH3 feeder outlet was placed

about 2 cm above the SiO generator in run H-15, majority of products were whiskers

at the NH3 feeder outlet in addition to those collected on the reactor wall (Li), as

shown in Figure 4.4 and 4.5. The amount of whiskers at the feeder exit as well as the

reactor wall significantly reduced when a higher feed rate of annular argon was

employed in run H-16. Comparing the results in run H-16 with those in run H-15

shows significant improvement in Si3N4 powder formation up to about 37 wt%.

However, the formation of whiskers at the feeder outlet was unavoidable. All the

Si3N4 products collected at different locations in the reactor in run H- 16 are shown in

Figure 4.6.

The best experimental results were obtained in run H-2 1 when the gas linear

velocity of SiO was adjusted to be on the same order-of-magnitude as that of NH3. It

should be noted that the NH3 feeder outlet was placed 3 cm above the SiO generator
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outlet, and a vacuum pump connected to the filters was employed to control the gas

flow at the reactor-exit. As shown in Figure 4.7, the formation of whiskers only took

place at the NH3 feeder exit. Figure 4.8 shows an SEM image ofSi3N4 product

collected inside the gas-exit tube, indicating that the product is a mixture of whiskers

and fine powder chunks. Fine powder chunks were collected at filters as clearly

observed by SEM in Figure 4.9.

4.1.2.2 Relatively Low Velocity of NH3 Supply-Up-flow arrangements

Based on the preceding results, the reactor set-up and the operating conditions

were modified and adjusted for the SiO-NI]3 reaction. To obtain most Si3N4 powder

product, it is suggested that the gas linear velocities of SiO and NH3 should be

maintained on the same order of magnitude. Thus, two tubes with different diameters

were used to build a new NIH3 feeder. The use of this new NH3 feeder provides two

major advantages: (1) adjusting the gas linear velocity of NH3 at the feeder outlet; and

(2) preventing N}13 from being thermally decomposed within the feeder tube before

entering the reacting zone. The NH3 feeder-exit was always placed 3 cm above the

SiO generator-exit to avoid the formation of whiskers at the two-feeder outlets. Table

4.2 summarizes the distribution of Si3N4 products varying with operating conditions.

In run L-26, Si3N4 powder (a total of about 37 wt%) was collected at 3

different locations in the reactor: at filters, at the reactor top flange, and inside the exit









Table 4.2 Operating conditions of the SiO-NH3 reaction with relatively low NT-I3 supply and the results ofSi3N4
product distributions

Ar-SiO NH3t Ar-Q Powder Powder Whiskers Whiskers Remarks
Run No. IFilterl [Others] [NH3 exiti IL!]

(mis) (mis) (cm/s) (wt%) (wt%) (wt%)

using internalL-26 3.92 3.0 10.6 9.6 27.4 52.1 10.9
gas-exit tube

without internalL-27 3.92 3.0 10.6 19.0 12.0 52.6 16.4
gas-exit tube

without internal
L-28 3.92 3.28 10.6 25.6 17.1 53.9 3.4 gas-exit tube and

vacuum pump was
employed

total flow rate of NIH3 mixed with the argon dilute
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tube. It should be mentioned that additional flow of argon through the N}13 feeder

tube was used in this study to adjust the concentration as well as the linear velocity of

NH3 flow at the feeder outlet. Figure 4.10 shows whiskers formed at the two feeder-

outlets as a major product. A TEM picture in Figure 4.11 indicates that the powder

product having aftached to the reactor wall, region L2, is nano-sized powder with an

average particle size of 34 nm.

It is suspected that placing the exit tube inside the reacting zone might have

provided surface for whisker formation. Thus, run L-27 was conducted under the

same conditions used in run L-26, but all effluent gases directly went through a

nozzle mounted at the top of the reactor flange. The amount of nano-sized powder

collected at filters was about 2 times greater than that collected in run L-26. Figure

4.12 shows a TEM picture of nano-sized powder, obtained in run L-27 with a filter,

with particle sizes in the range of 10-50 nm.

When the linear velocities of SiO and NH3 were adjusted to be roughly the

same in run L-28, the production of nano-sized powder increased, yielding a high

fraction of 26% for powder collected at the filter. This result implies that maintaining

the gas linear velocities roughly the same between SiO and NH3 enhances nano-sized

powder formation, leading to a highest powder fraction in the total silicon nitride

products. The TEM image in Figure 4.13 shows that powder collected at the reactor

top flange in this run (L-28) is nano-sized powder with particles smaller than 100 nm.

The results obtained from these preliminary runs can be summarized as follows:











1. Contact between SiO vapor and NH3 near the solid surface is attributed to the

formation of whiskers around the feeder outlet, and the whisker formation seems

to be unavoidable as long as the tube-in-tube arrangement of two-feeders is

employed.

2. Controlling the gas linear velocities roughly the same for SiO and NH3 is a crucial

key to the nano-sized Si3N4 formation.

3. The flow of argon in the annular space outside the SiO generator is important and

has to be high enough in order to minimize the formation of whiskers on the

reactor wall.

4. The internal gas-exit tube should be placed outside the reacting zone in order to

minimize the surface area available for whisker formation.

Based on these findings, the best possible reactor set-up for the ammonolysis of SiO

was determined. As illustrated in Figure 3.4, down flow of gas was employed with

two concentric tubes for feeding NH3 and generating SiO vapor respectively.

4.1.2.3 Collecting Efficiency of Si3N4 products

Table 4.3 summarizes the distribution of products collected at different

locations in the reactor, when the reaction was carried out with five sampling tubes

inserted in the reactor, as shown in Figure 3.6. After 30 mm operation, the total

amount of Si3N4 products collected, including the mass gain of sampling tubes, is



Table 4.3 Distribution of Si3N4 products in the tubular flow reactor

Locations Tmeasured (°C)
Collected products

and morphologies, mg

Mass gain of sample tubes

(if any), mg

Region Ri 1345
0.79 [whiskers]

8.11 [dark-gray powder chunks]

-

Tube #1 1342 4.33 [whiskers] 33.13 (after removal of whiskers)

Tube #2 1330 - 17.01

Tube#3 1311 - -

Tube #4 1277 -

Tube#5 1201 18.08 [finepowder] -

Region R2 <1000 9.58 [fine powder] -

The reactor

bottom flange
- 2.85 [fine powder] -

Filter - 16.32 [fine powder] -



about 110.2 mg, while the total SiO supplied is 111.5 mg, measured from the mass

reduction in the SiO particles. It should be noted that a chunk of dark powder formed

in region Ri in the reactor and that the surfaces of tube #1 and #2 became dark-gray

after the reaction. Both the sampling tubes gained mass while tube #1 only had

whiskers, but no whiskers nor powder attached to tube #2. White-film of powder was

observed covering inside the tube #5. It is suspected that the dark coloring of mullite

tubes is attributed to the formation of solid solution of SiISiO2 in the mullite phase

(the great majority is Si02), resulting from the precipitation of Si/Si02 mixture from

SiO vapor due to temperature reduction. With the thermal treatment (as illustrated in

Figure 3.5), majority of dark-gray powder chunks collected in region Ri sublimated

when heated, indicating that this powder is Si/Si02 mixtures. The white powder on

the tube #5 is Si3N4 powder.

The sum of Si3N4 products (including both whiskers and powder) collected is

51.95 mg, which is equivalent to 49.01 mg SiO. On the other hand, the sum of mass

of dark gray powder chunks (suspected to be Si/Si02) collected in region Ri and all

the mass increases in the five sampling tubes is 58.25 mg. This is considered to be

SiO. Thus the total SiO equivalent mass is 107.26 mg, which is 97% of the amount of

SiO supplied in the reactor. However, SiO utilization, namely the amount of SiO

converted to Si3N4 product, is quite low (about 44%) due to the condensation of SiO

vapor on the reactor wall. The SiO utilization is defined as the SiO equivalent mass of

total Si3N4 products produced divided by the total amount of SiO supplied in the

reactor.
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It is suggested that, though SiO vapor that has condensed back to Si/Si02 and

formed a solution in the mullite phase can not be collected, all the Si3N4 products can

be collected with a high efficiency by the scraping/brushing/filtering methods

employed.

4.1.2.4 SiO Vapor Generation

As shown in the preliminary experiment, the SiO vapor generation is

controlled by the flow of argon as a carrier gas through the bed of SiO particles.

When the flow of argon is maintained unchanged, the SiO generation rate depends

only on the mass of SiO particles initially charged in the SiO generator. In this study,

a series of runs with different initial amounts of SiO particles were made in order to

change the SiO vapor generation rate, namely the concentration of SiO supplied into

the reacting zone. As illustrated in Figure 4.14, the SiO vapor generation could be

adjusted by changing the initial mass of SiO particles in the range from 0.6 g to 3.4 g,

which corresponded to the SiO generation from 50 mg to 175 mg over a period of 30

mm.
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4.2 Nano-Sized Si3N4 Powder Synthesis

4.2.1 Relative Locations between the NH3 Feeder and SiO Generator Outlets

In the SiO-NH3 reaction at 1350°C, it was proved that the nano-sized silicon

nitride powder production was significantly affected by the method for supplying

NH3 into contact with SiO vapor in the reacting zone [Lin and Kimura, 1996]. A

series of runs were conducted by changing relative locations between the SiO

generator and NH3 feeder outlets to investigate any changes in the formation of

products and to find optimum arrangements of SiO generator and NH3 feeder. Table

4.4 shows changes in the amount of nano-sized powder with the relative distance

between the NH3 feeder and SiO generator outlets. It is suggested that the SiO

generator outlet should be placed 1.5 cm above the NH3 feeder outlet to produce most

nano-sized powder. Based on these findings, the SiO-exit was placed 1.5 cm above

the NH3-exit for the rest of experiment. More details regarding the changes in product

formation will be discussed in the next chapter.

Table 4.4 Nano-sized powder production at different relative locations between the
two-feeder outlets

Run Relative distance
(cm)

Powdert

(mg)
A-0 0.0 33.5
A-i 1.0 35.9

A-1.5 1.5 41.6
A-3 3.0 24.9

uJa.,1., ji ijj iii uppu.,u iii lull! upiauvti
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4.2.2 Product Morphologies

Two different morphologies of silicon nitride products were obtained at

different locations in the reactor: (1) whiskers at the SiO generator outlet as well as

on the reactor wall, region Ri; and (2) fine powder on the reactor wall, region R2, as

well as on the reactor bottom flange in addition to that collected with external in-line

filters. As illustrated in Figure 3.5, region Ri is 5-140 mm long inside the 200 mm

long uniform temperature zone, while region R2 is outside the heating zone, where

the temperature abruptly drops below 1000°C. Figure 4.15 shows TEM pictures of

Si3N4 powder having attached to the reactor wall in region R2 and that collected with

a filter, indicating that both the powders are essentially the same, composed of

particles with diameters ranging from a few nanometers to about 70 nm. The average

diameter of particles shown in Figure 4.15(a) is 17.9 nm, measured by PCS. Figure

4.16 shows an SEM image of whiskers, formed on the reactor wall in region Ri, with

a variety of shapes and diameters of a few micrometers.

4.2.3 Effects of SiO Vapor Supply on Si3N4 Formation

Under the gas flow condition A (refer to Table 3.4), the total amount of

products obtained at a roughly constant NH3 feed rate is plotted against the amount of

SiO vapor supplied in the reactor in Figure 4.17. It is indicated that the total amount
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of Si3N4 products (both whiskers and nano-sized powder) increases roughly

proportionally with an increase in the SiO vapor supplied. However, the amount of

SiO vapor supplied has relatively small influence on the formation of Si3N4 whiskers

in the range investigated, as shown in Figure 4.18. The SiO utilization for Si3N4

production is also roughly constant about 40 %. However, the average mass fraction

of nano-sized Si3N4 powder over the total product is as high as 83%. The overall SiO

conversion is roughly constant about 87%, as illustrated in Figure 4.19. The

conversion of SiO is defined as the SiO equivalent mass of Si3N4 powder divided by

the total SiO equivalent mass of powder collected. It should be noted that the SiO

utilization represents the fraction of SiO vapor actually supplied into the reacting

zone over the total SiO generated, while the SiO conversion represents the fraction of

SiO converted into Si3N4 powder over the total SiO actually supplied into the reacting

zone. The SiO utilization efficiency is about 50%, that is, a half of SiO vapor supplied

is always lost in the reactor, between region Ri and R2, due to the condensation of

SiO back to the mixtures ofSi/Si02 solid. When the amount of nano-sized Si3N4

powder is plotted against the mass of SiO vapor generated minus the SiO equivalent

mass of total whiskers in Figure 4.20, it is shown that the amount of nano-sized Si3N4

powder increases roughly proportionally to the SiO vapor remaining, namely the

amount of SiO vapor remaining available for the powder formation.
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4.2.4 Effects of Flow Conditions

Experimental runs were made using roughly constant concentration of SiO to

compare results obtained under different gas flow conditions: (A) argon flows

through both the annular spaces outside the SiO andNH3 feeders, (B) argon flows

through the annular space outside the SiO feeder while there is no argon flow through

the annular space outside the NH3 feeder, (H) the flow rate of argon through the

annular space outside the SiO feeder is reduced to half of condition (A) while there is

no argon flow in the annular space outside the NH3 feeder.

The results are summarized in Table 4.5. The SiO-NH3 reaction under the

flow conditions B, runs B-i and B-2, gives highest amounts of Si3N4 powder up to

about 97% of the total product. When a reduction of argon flow through the annular

space outside the SiO feeder is employed, runs H-i and H-2, the amount of whiskers

on the reactor wall at region Ri increases. This implies that the argon flow outside the

annular space of SiO feeder is important to avoid whiskers from forming on the

reactor wall while the argon flow through the annular space outside the NH3 feeder

hinders the contact of NH3 with SiO vapor in the reacting zone.

Based on these findings, a series of experiments were carried out under the

operating condition B in order to investigate the effect of contact pattern between SiO

and NH3 on the total Si3N4 products. Compared to the results obtained under the

operating condition A, there is no significant improvement in terms of the extent of
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Table 4.5 Effects of flow conditions on Si3N4 products

Run SiO Vapor Supply Total Products Powder Whiskers
(mg) (mg) (wt%) (wt%)

A 120.2 51.7 66.0 34.0
B-i 123.4 62.9 96.8 3.2
B-2 i32.6 71.7 95.8 4.2
H-i 137.4 55.4 76.2 23.8
H-2 121.9 56.3 67.6 32.4

NH3 SiO
Main Flow Annular Flow Main Flow Annular Flow

A 1 1 1 1

B 1 0 1 1

H 1 0 1 1/2
1: standard flow rate, 1/2: one half flow rate, 0: no flow

SiO conversion and nano-sized powder mass fraction. However, plotting the total

amount of Si3N4 products against the SiO vapor supplied indicates with a steeper

slope that the contact pattern of condition B promotes the Si3N4 product formation, as

shown in Figure 4.21. Hence, it is believed that the B conditions provide better

contact between SiO vapor and NH3 gas inside the reacting zone, i.e. higher SiO

utilization.



4.2.5 Effects of NH3 Feeder Tube

Though the B conditions give a high mass fraction of powder product up to

97%, the efficiency of SiO utilization is not high enough. In the case of SiO-NH3

reaction with a set of concentric tubes for NH3 feeding, for instance, over 40% of SiO

is not available for reaction. The efficiency of SiO use may be improved by changing

the method of supplying NH3 into the reaction zone. A number of runs were

attempted using a 1/8" single tube for feeding NH3; condition J. Owing to the

absence of the concentric tube outside the NH3 feeder, it should be mentioned that the

NH3 feeder outlet was re-adjusted to be placed in a direction toward the flow from the

SiO feeder outlet, which was set 1.5 cm above the 1/8" NH3 feeder outlet.

Compared with the results obtained under the B conditions, Figure 4.22

suggests that the method for supplying NH3 with a smaller NH3 feeder changes the

contact pattern between SiO vapor and NH3 in the reacting zone, resulting in a higher

efficiency of SiO utilization of about 75%. In addition, the smaller NH3 feeder

supplies a higher amount of NH3 remaining at the NH3 feeder outlet due to the

reduced decomposition of NH3 in the smaller feeder tube. However, about 25% of

SiO still remains unused. After each run under the J conditions, it was found that the

color of reactor wall between region Ri and R2 (right hand side of the SiO generator)

turned dark-gray, and the color could not be removed. Based on the evidence

discussed in the preliminary results, the disappearance of about 25% SiO vapor could

be attributed to the SiO condensation in this slow-quenching region, leading to the
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formation of SiISiO2 mixture that penetrates into the mullite reactor wall. As a

consequence, the efficiency in SiO utilization unlikely reaches 100% as long as the

quenching region exits in the reactor.

Figure 4.23 illustrates a comparison of nano-sized Si3N4 powder formation

between the operating conditions B and J. The roughly linear relationship with a slope

of 0.75 implies that 75% of SiO vapor remains available for the nano-sized powder

production under the condition J. However, there is no significant difference in terms

of the extent of SiO conversion between the two conditions, as shown in Figure 4.24.

4.2.6 Effects of Residence Time

To investigate the effects of residence time on the Si3N4 production,

experimental runs were made by changing the locations of the set of two-reactant

feeder outlets inside the uniform temperature zone while maintaining the molar

NEI3/SiO feed ratio as well as the relative locations of the two feeders under the

operating condition J. The residence time in this study is defined as the distance

between the NH3 feeder outlet and the bottom end of the uniform-temperature zone

divided by the average linear velocity of the total gas flow. The extent of SiO

conversion is plotted as a function of residence time in Figure 4.25, which shows that

the SiO conversion increases with an increase in the residence time within the range

of operating conditions investigated.
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The SiO conversion progresses from 72% at 0.17 s to 91% at 0.69 s,

indicating that the SiO-NIH3 reaction is not instantaneous, but it is relatively fast.

However, on the other hand, Figure 4.26 shows that the distributions of Si3N4

products do not change regardless the change in the residence time in the range

investigated.

4.2.7 Effects of Reaction Temperature

Because the operating condition J was found to be the most effective set-up

for utilizing SiO vapor for forming Si3N4 products, a few runs were conducted at two

more different temperatures, i.e., 1310°C and 1390°C, to determine the effects of

temperature on the Si3N4 formation. The experimental results under the same flow

conditions as J are summarized in Table 4.6. The SiO utilization is as high as about

80% when the reaction temperature is raised to 1390°C. It implies that a higher

temperature prevents SiO vapor from condensing.

Obviously, the reaction temperature has an influence on the formation of

whiskers at region Ri, which is inside the uniform-temperature zone. Based on this, it

may be concluded that higher reaction temperature promotes the SiO utilization in

terms of converting SiO vapor into Si3N4 whiskers, not nano-sized powder. However,

further kinetic study is needed.



Table 4.6 Effects of reaction temperature on Si3N4 formation

Run
No.

T

(°C)

SiO Feed

Rate

(mg)

SiO Utilization

Efficiency

(wt %)

Powder

(wt %)

Whiskers

(wt %)

Residence
Time

(s)

Extent of
SiO Conversion,

(wt%)

J-1 1310 74.1 71.6 100.0 0.0 0.537 0.889

J-2 1310 81.4 60.6 100.0 0.0 0.537 0.806

J-3 1390 140.4 80.2 86.9 13.1 0.537 0.913

J-4 1390 94.8 76.5 91.0 9.0 0.537 0.845



4.3 Production Rate of Nano-Sized Powder

As mentioned earlier, one of the goals of this work is to determine the rate

equation for the nano-sized silicon nitride powder synthesis from the SiO-NH3

reaction. The operating condition J was selected in this study because it was proved to

provide better contact between NH3 and SiO vapor in the reactor, resulting in a

highest efficiency of SiO utilization with a maximum yield of nano-sized silicon

nitride powder. In this section, the effects of the two-reactant feed rates on nano-sized

powder formation as well as the SiO conversion are investigated. The plug flow is

assumed to represent the SiO-NH3 system for developing a rate expression. The

reaction was conducted at three different temperatures, i.e. 1310°C, 1350°C, and

1390°C and at several different residence times.

4.3.1. Dependency on NH3 Feed Rate

The effects of NH3 concentration supplied into the reacting zone on the nano-

sized silicon nitride powder formation were studied under a variety of NH3/SiO feed

ratios by using different NH3 feeding methods: (J) a single 1/8" NH3 feeder tube, (JT)

two 1/8" NH3 feeder tubes, (JH) a single 1/8" NH3 feeder tube with argon to reduce

NH3 concentration to a half level of condition J, and (JQ) a single 1/8" NH3 feeder

tube with argon to reduce NH3 concentration to a half level of condition JH. It should
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be noted that the relative distance between the SiO and NH3 feeder outlets is

maintained at 1.5 cm, and the supply of N}13 is in large excess of stoichiometric ratio

over SiO, as stated earlier.

Table 4.7 compares the amount of nano-sized silicon nitride powder as well as

the extent of SiO conversion for different N113/SiO feed ratios when the feed rate of

SiO is maintained roughly constant. Both the amount of nano-sized powder and the

SiO conversion are independent of the NH3ISiO feed ratio over a wide range covering

a one-order-magnitude difference. It is indicated that the SiO-NR3 reaction is

independent of the NH3 concentration when the molar NH3/SiO feed ratio is

maintained in the range investigated.

4.3.2 Dependency on SiO Concentration

4.3.2.1 Direct Method

Several experimental runs described in the prior sections imply that the

amount of SiO vapor supplied at a fixed NH3 feed rate has an influence on the

formation of Si3N4 products. It should be noted that, because the total flow rate of gas

is maintained roughly constant, the changes in the SiO vapor generation, i.e. the

changes in the SiO vapor feed rate, correspond to the changes in the SiO

concentration. Also, the residence time of gas in the uniform-temperature zone is



Table 4.7 Effects of NH3 feed rates on the SiO-NH3 reaction

Run No.*
SiO feed rate

x mmolls

NH3 feed rate

x iO3 mmolls

Nano-sized powder

mmol

SiO conversion, Xs10

-

JQ 1.72 169 0.53 0.895

JH 1.65 330 0.52 0.849

J 1.57 766 0.56 0.891

JT 1.57 1532 0.54 0.828

J = a-single-tube NH3 feeder, JH = a-single-tube NH3 feeder with NH3 concentration reduced to a half of condition J,
JQ = a-single-tube NH3 feeder with NH3 concentration reduced to a half of condition JH, JT = the two of NH3 feeder
tubes.
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maintained constant. The feed rate of SiO vapor into the reacting zone in this study

was calculated based on the SiO vapor supplied minus the SiO equivalent mass of

whiskers at the SiO feeder outlet. The amount of nano-sized powder obtained under

three different gas-flow conditions (A,B and J) is plotted against the feed rate of SiO

vapor into the reacting zone, as illustrated in Figure 4.27. The plot shows that the total

amount of nano-sized powder collected at different locations in the reactor increases

proportionally with an increase in the feed rate of SiO vapor into the reacting zone,

independently of the flow conditions. This proportionality indicates that the nano-

sized powder formation rate is of first order with respect to the SiO concentration in

the range investigated, when NH3 is supplied in large excess. It should be noted that

the differences in the slopes reflect the differences in the efficiency of SiO utilization.

On the other hand, the linearity indicates that the SiO conversion is constant under the

constant residence time regardless the SiO concentration. However, the plot shown in

Figure 4.27 does not give the rate constant.

4.3.2.2 Indirect Method

The performance equation for a plug flow reactor, when the rate of reaction is

represented by an n-th order expression, is given by



-
E
E.'

1.0

0.2
,,_
/, -

/ ,_'I--

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Feed Rate of SiO Vapor into Reacting Zone, mmolls

Figure 4.27 Dependency of nano-sized powder formation on the SiO vapor feed rate under
different operating conditions: (.) flow condition A; (*) flow condition B;
(I1) flow condition J
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1 dX = JTk dr (1)A AO° (1-X)

where GAO is the feed concentration of reactant A, 'r is the residence time defined as t

= V/v0, V is the reactor volume, and v0 is the volumetric flow rate of feed. XAJ' is the

final extent of conversion of reactant A at the outlet of reactor, where the residence

time is 'rj. As indicated by the equation, when the residence time of reactant in a

reactor is maintained constant and the temperature distribution is fixed in the plug-

flow reactor, the extent of reactant conversion becomes independent of the reactant

feed concentration, GAO, when the reaction is of first order with respect to the reactant

concentration, i.e. n = 1, regardless the temperature distribution in the reactor. The

only exception is an instantaneous reaction in which the extent of conversion is

always 100%.

Table 4.8 shows the extents of conversion of SiO obtained at different SiO

feed rates. As previously stated, because the total flow rate of gas is maintained

roughly constant, the changes in the SiO feed rate correspond to the changes in the

SiO concentration, while the residence time is maintained roughly constant. The

results shown in Table 4.8 indicate that the extent of SiO conversion is roughly

constant, independently of SiO concentration. Obviously the extent of conversion is

not 1.0, and hence the reaction is not instantaneous. Because the reaction is

independent ofNH3 concentration under the condition that it is in large excess, the

reaction is of first order with respect to the SiO concentration.



Table 4.8 Effects of SiO feed concentrations on the SiO-NH3 reaction

Run No.
SiO feed rate

1 iii NH3 feed rate

x 1 mmolls

Fraction of powder

% by mass

SiO conversion, Xsio
-

J-1 0.63 763 94.1 0.930

J-2 1.20 769 94.0 0.917

J-3 1.57 766 98.0 0.891

J-4 1.60 768 98.1 0.880

J-5 1.76 547 88.1 0.924
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4.3.3 Rate constant

As stated earlier, a 200 mm long zone in the furnace is identified as the

uniform temperature zone, in which temperature variation is within ±5°C, and outside

of this zone may be defined as the variable temperature zone, in which temperature

sharply drops. However, it is natural to consider that the reaction between SiO and

NH3 also takes place to some extent, though minor, in the variable temperature zone

outside the uniform temperature zone. It is hence assumed in this study that the

temperature is uniform at a prescribed temperature in the uniform temperature zone to

determine the value of rate constant at the prescribed temperature.

For a first order reaction, Eq. (1) may be rearranged to cover both the uniform

and variable temperature zones:

ln(1XA)=kr+ fk dr (2)

where t is the residence time of reactant gas mixture in the uniform temperature zone

while is its residence time in the variable temperature zone, as illustrated in Figure

4.28. Also, k* is the rate constant in the variable temperature zone. The subscript A

denotes SiO. As long as the temperature distribution in the variable temperature zone

is fixed, the integral term is constant for a constant flow rate of reactant gas mixture,

based on the assumption that the total flow rate of reactant gas does not change due to
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Figure 4.28 Temperature profile distributions in the tubular-flow reactor
for the SiO-NH3 system



the reaction. If the residence time of reactant gas mixture in the uniform temperature

zone is varied by changing the locations of reactant feeder outlets without changing

the gas flow rate, then Eq. (2) can be combined for two different residence times, t1

and t2, as

l-XA1
in =k(r2r1) (3)
1-XA2

where XA i and XA2 are respective extents of conversion. Equation (3) suggests that

using the conversion data, XAI, for the shortest residence time 'r1 as the standard

conversion yields a straight line when natural log of (1 XA1 )/ (1 XA2 ) is plotted

against 'r2 - ti. Its slope is the rate constant k.

Figure 4.29 shows conversion data obtained for different residence times at

1350°C, plotted according to Eq. (3). The good linear relationship yields 2.15 s_i as

the rate constant at 1350°C. Figure 4.30 shows an Arrhenius plot of rate constants so

obtained at three different temperatures. An apparent activation energy is evaluated

from this plot to be 180 kJ/mol. Consequently, the rate equation for the ammonolysis

of SiO may be represented in the range investigated as

-180x103 /

= 1.64x 106 e
/RT

[mourn3 . sec] (4)
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when NH3 is in large excess over SiO.
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Figure 4.29 Extents of SiO conversion at different residence times, plotted based on Eq. (3).
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4.4 The Growth of Nano-Sized Powder

4.4.1 Background

The mechanism of nucleation and growth controls the particle size and its

distribution of solid particles. These properties are directly reflected on the

characteristics finished ceramic pieces. Theoretically, the nucleation and growth of

solids from the vapor phase is a process that can be understood in terms of the

kinetics of formation of initial small solid-phase particles by the clustering of atoms

in the gas phase, followed by the further interaction of vapor atoms with the growing

surface [Hudson, 1992].

Nucleation is a process by which molecules of a certain composition come

together by random interaction to form an initial regular structural pattern in the

crystalline solid. A nucleus starts as just a few molecules connected. Once nuclei

have formed, there is a tendency for them to decay because these newly formed

nuclei are very small (relatively unstable) and have a large surface area with respect

to volume. This mean that a large number of the atoms in the nuclei are on the surface

with unsatisfied chemical bonds. In order for nuclei to survive, they must undergo

rapid growth beyond their critical size. The critical size is the point above which

nuclei no longer spontaneously decay, and become stable clusters having the atomic

arrangement of the desired condensed phase [Kathmann, et al., 2000; Granqvist and

Buhrman, 1976].
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On the other hand, growth is a process by which existing nuclei of material

grow into larger particles. It can occur at nucleation sites, where atoms of gas impinge

onto the surface exposed to this gas and particles can coalesce [Lihrmann, 1994 and

Visintin, 1996].

4.4.2 Experiments

In this study, factors influencing the growth of nano-sized powder were

investigated, i.e. residence time and reaction temperature, under the flow condition J.

Based on the Brownian motion theory, the mean particle size of powder collected

with filters was determined using photo correlation spectroscopy (PCS). Because the

powder seems to be easily aggregated in most diluents, ethanol was selected for this

analysis due to its low surface tension and viscosity. First, the powder was dispersed

in ethanol in a container, which was immersed in an ultrasonic water-bath. In order to

avoid the powder agglomeration, a sonic ated time of 15 mm was required before

starting the particle size measurement. Then, the solution was transferred into a cell,

and the cell was put into a sample holder of PCS analyzer, which is capable of

measuring particle sizes in the range from 3 nm to 700 nm. Basically, PCS sizes

particles by characterizing the exact time scale of the random intensity fluctuations

caused by the change patterns of the diffusing Brownian particles.
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4.4.3 Effects of residence time

The experimental results obtained at 1350°C plotted in Figure 4.31 show that

the average mean particle size of nano-sized powder increases with an increase in the

residence time. The growth process may be divided into two stages: an induction

stage, and a cluster growth stage.

During the induction stage, the homogenous vapor-phase nucleation takes

place as sequence of additions of single molecules for developing embryo. This

process leads to the formation of nucleus with a radius equal to r*, the critical nucleus

radius, above which it becomes stable.

The linear relationship between the powder particle size and residence time in

the growth stage may be explained by the theory of collision and coalescence.

According to the kinetic theory of gases, the impingement rate of molecules of a gas

onto a surface exposed to this gas should be taken into account. Jin et al. [2001] has

proposed a sticking process,

+ A,1

where A and A represent clusters containing i molecules and j molecules,

respectively. In the sticking process, it is assumed that the internal energy of a

sticking cluster comes from the kinetics energy of the cluster, and its quantity is equal

to the loss of kinetic energy due to the collision. When the internal energy is lower
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than the binding energy, the collision leads to the growth of cluster. Based on this

model of cluster growth process, they used the Direct Simulation Monte Carlo

(DSMC) method, and simulated the growth process to show that the longer the

residence time, the larger the size of the cluster. Hence, it is believed that the longer

residence time may provide a larger probability of collisions, which leads to

successful incorporation into clusters.

4.4.4 Effects of reaction temperature

In principle, the total rate of forming solid (transformation rate) is the product

of nucleation rate and growth rate {Lucchese and Marlow, 1993]. Once the nucleation

has taken place, the growth stage begins. However, because of the residence time

selected is much longer than the nucleation time, i.e., the induction stage as

previously discussed, it is believed that the growth rate is dominant in this process.

Figure 4.32 illustrates that the average mean particle size of silicon nitride

powder increases drastically with an increase in the reaction temperature at a fixed

residence time of 0.537 s. This can be explained by two different approaches. Based

on the kinetic theory of gases, higher temperature promotes more frequent collisions

between clusters, resulting in a higher probability of coalescence. For the second

approach, it is assumed that the growth of nano-sized powder follows the rules of

Terrace-ledge-kink (TLK) model for crystal surfaces. Growth on such a surface
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proceeds by sequence of steps involving adsorption from the vapor to form a surface

adatom, and diffusion of this adatom on the surface to an active site [Hudson, 1992].

For most cases, when an adspecies (Si3N4 nucleus) impinges on the surface of the

same material (Si3N4 cluster), it will be adsorbed. Thus, the growth rate depends on

how fast the adspecies finds an active site before it desorbs. This implies that the

growth rate is surface diffusion controlled, which becomes more active with

increasing temperature. The equation for surface diffusion may be represented by

D - DoexP[t''
RT J

cm2 Is

where D0 is the pre-exponential factor for the diffusion coefficient, and LIEd is the

diffusion activation energy. The growth rate of particles may be represented based on

the surface diffusion mechanism as

d (
d3 d DPS13N4

6

where PSi3N4 is the molar density of nano-sized silicon nitride and f (CSIN) is a

function of Si3N4 adspecies concentration gradient (acting as a driving force) on the

particle surface, which is unknown at this time.
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Simplifying the equation above yields,

dd 2f(CSIN)
D

dt P Si3N4

The equation above suggests that the particle growth rate is proportional to the

diffusivity when the temperature dependency of f (cSN) is not very significant.

When the mean residence time is fixed, then the equation above indicates that

the average particle size is proportional to the diffusivity. The average particle size is

plotted in semi-log scale in Figure 4.33, yielding an apparent activation energy for

particle growth of 470 kJ/mol. This is of the same order of magnitude as the

activation energy for surface-diffusion in element metals [Borg and Dienes, 1992].
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5. FLOW SIMULATION

According to the discussion in the preceding sections, considerable

experimental evidence has proved that contact patterns for the two reactants are one

of the most important parameters which affect silicon nitride formation kinetics.

Relative locations of reactant feeders influence not only the kinetics of nano-sized

powder formation but also the formation and locations of silicon nitride whiskers.

Within the range investigated, it has been evidenced by a number of experimental

results that the flow of gases in the reactor is the crucial key to determining the

kinetics and morphologies of products. Moreover, whiskers always form at two

specific locations: (1) at the exit of SiO generator and (2) on the reactor wall, region

Ri, as described earlier. It is suspected that an involvement of solid surface is

essential for whisker formation. However, it is very difficult to clarify experimentally

the relationship between the flow of reactant gases and silicon nitride formation and

to identify the exact physical nature of flow in terms of product morphologies.

To better understand the performance of reactor and to see reasons why

whiskers form at these particular locations, a mathematical model was developed and

solved using a computational fluid dynamics (CFD) modeling program. The results of

simulation were used to identify correlations between whisker formation and gas flow

in the reactor. Because it is extremely difficult to measure concentrations of SiO and

NH3 at the locations where whiskers form, an attempt was made to develop a kinetic
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expression for whisker formation based on estimated concentration profiles of

reactant gases.

5.1 Mathematical Model

In the last one or two decades, applications of computational fluid dynamics

(CFD) to academic researches and industrial processes are a challenging activity due

to the availability of high-speed computers and the decreasing cost for performing

CFD analysis. The simulation of flow allows engineers to analyze flow characteristics

in realistic geometries, and makes it easier to improve process and reactor designs

[Meeks, 2000]. Based on the principles of kinetics and transport phenomena

integrated, the CFD simulation may be used for determining optimum reactor

arrangements and conditions, such as reactant feed rates and locations of feeder exits,

so that the formation of nano-sized powder is maximized and that of whisker is

minimized.

5.1.1 Simplification of Reactor Geometries

The detailed arrangements of the NH3 and SiO feeders in the reactor are

illustrated in Figure 5.1(a). Because the use of cylindrical coordinates to
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mathematically model the reactor setting with multiple tube combinations is too

complex, rectangular coordinates are selected for simulating velocity and

concentration profiles according to Figure 5.1(b). The reactor is cut by a plane

containing all the three axes of reactor, SiO generator, and NH3 feeder, and then

extending one of the coordinates infinitely in the direction perpendicular to the plane,

which is the z-axis in this case. It should be noted that this simplified approach is

applicable to the flow problem with a relatively low Reynolds number {Kaiktsis,

1992; Noren, 1992].

5.1.2 Equations of Change

This section summarizes the mathematical equations that are employed in the

simulation to represent the thermofluid system. The following assumptions are made

for this study.

(1) The system is isothermal, isobaric, and operated at the steady state condition,

because the temperature and pressure do not change significantly.

(2) The flow is Newtonian and laminar.

(3) SiO and NH3 are diluted in argon as a background fluid, i.e., the major

component.

(4) The bulk density is constant and the bulk gas is treated as a mixture of

incompressible fluids.
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(5) The effective diffusion coefficient of species i in major component j is constant.

Based on these assumptions, the equations of change may be simplified as:

V(p1U)V(VDp)R1=O

(VU) = 0

(U.V)U = _VP+g+(V2U)
p p

Equations (1 )-(3) reduce in the selected coordinates to

ra D [a2pa2pl = 0
I
-(pu)+-(p1v)l

LaX ay j ax ay2 j

au ôv = 0
ax ay

au auu+v =
ax ay pax2 ay2

(1)

(2)

(3)

(4)

(5)

(6)

8v av ra2v a2vl
= -g+-[----+--j (7)ax ay
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where

p,: the fluid density of species i

U: the velocity vector as a function of position and time

R1: the generation rate of species i due to chemical reactions

D: the effective diffusion coefficient of species i in major component j

P: the fluid pressure

,u: the fluid viscosity

Boundary conditions: u =0 and v =0 on all wall surfaces.

5.1.3 Solution Algorithm

These differential equations governing the conservation of mass and

momentum for the SiO-N113 system were solved simultaneously based on the finite

volume (FV) method using a computational fluid dynamic modeling software

(STAR-CD v.3.102A). The equations are integrated over individual cells and then the

cell-centered nodal values are estimated. The solution sequence of simple pressure-

correction algorithm for obtaining the pressure field from the equation of mass

conservation contains two main steps for steady-state calculations. First, a predictor

stage produces the provisional velocity field derived from the boundary conditions,
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the momentum conservation equation, and provisional pressure distributions, which

are uniform at the operating pressure in this case. Then, the provisional fields are

refined in the correction stage based on the satisfaction of both momentum and

continuity balances. At steady state, the above sequence is repeatedly executed until

the solution is reached within a tolerance. To avoid numerical instabilities, under-

relaxation was used in iterative calculations as a weighted mean of the previous

iteration value and the current one. The tolerance was set to be 0.1%. The detailed

computational algorithms should be referred to elsewhere [Anderson, 1995].

It should be noted that, due to the limitations associated with the software, the

reaction between SiO and NH3 as well as the dissociation of NH3 could not be

incorporated in the model simulation. Because the concentrations of these two species

in the gas phase are very low, the velocity profiles obtained by the simulation may not

have been affected by ignoring these two reactions, which will provide useful enough

information for the current purposes. However, the concentration profiles may not

have been well predicted by the simulation, except near the feeder outlets of these

two reactants, where neither the ammonolysis of SiO nor NH3 dissociation is

significant.
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5.1.4 Simulated Results

The results of simulation can be displayed in an either numerical or graphic

format. The following graphic plots in Figure 5.2(a) and (b) show an example of

velocity profiles and concentration distributions of the SiO-NH3 system when no

chemical reactions are involved. Numerical values obtained by the simulation can be

used to construct SiO and NH3 concentration profiles, as references, at any particular

locations in the reactor, as shown in Figure 5.2(c). The figure shows the SiO and NH3

concentration profiles at the level of NH3 feeder outlet, where y = 0. These profiles

are expected to be close enough to the real profiles in the reactor, as described above.

The rather high concentration of SiO and the low concentration of NH3 along

the right-hand-side wall explain why SiO goes back to Si/Si02 mixtures on the wall

without forming Si3N4, yielding a low efficiency of SiO use.
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5.2 Effects of Relative Positions of SiO and NH3 Feeder Outlets

5.2.1 Experimental Results

It has been proved that nano-sized silicon nitride powder is affected by the

method of supplying NH3 into contact with SiO in the reacting zone [Lin and Kimura,

1996]. Several runs were made by changing the relative locations between the SiO

generator and Nil3 feeder outlets to investigate any changes in the formation of

products, and optimum arrangements of SiO generator and NH3 feeder were selected

as described earlier. Results obtained from the simulation suggested proper operating

conditions systematically.

It was found that the amounts of silicon nitride products collected at different

locations in the reactor significantly changed, depending on the relative locations

between the two-reactant feeder outlets. The experimental results, obtained with

linear velocities, temperature, SiO vapor supply maintained roughly constant, are

presented in Figure 5.3. Among these settings, the highest yield of nano-sized product

powder is obtained when the SiO feeder outlet is placed 1.0-1.5 cm above the NH3

exit. However, considering the amount of whiskers collected at the SiO generator

outlet as well as the SiO conversion, it is hence recommended that the SiO-exit

should be placed 1.5 cm above the NH3 feeder outlet to obtain most nano-sized

powder with a highest level of SiO conversion.
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5.2.2 Velocity Profiles in the Reactor

Figure 5.4(a) shows the velocity profiles for the reactor arrangements where

the SiO generator and NH3 feeder exits are placed side by side at the same level.

There is circulation flow identified at two locations: (1) at the end of pipes between

the two feeders and (2) on the reactor wall next to the SiO generator outlet. These two

locations are exactly the same as those where whiskers form when the same reactor

arrangements were used in the actual experimental runs. To see reasons why whiskers

form at the same locations as those of flow circulation, Figure 5.4(a) is magnified as

illustrated in Figure 5.4(b). The velocity profiles on the reactor wall show that the

circulating motion takes place when the downward-flow merges with the upward-

flow and then changes the direction towards the center, corresponding to the flow

changes from negative to positive, as plotted in Figure 5.4(c). It should be mentioned

that the velocity profiles are based on those in the unit cells next to the reactor wall,

because the velocities at the reactor wall are all zero due to the boundary conditions.

As a result, the velocity becomes zero at a point in this area and causes the formation

of flow stagnation. The same phenomena appear at the pipe ends as shown in Figure

5.4(d) and (e). As mentioned earlier, whiskers were found at this location in the actual

experimental runs. Hence, these results indicate that the gas flow has a strong

influence on whisker formation.

However, when the SiO generator outlet is shifted by 1.5 cm above the NH3

feeder exit, the simulated results indicate that there is no longer circulation flow at the
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pipe end between the two feeder outlets while there is circulation flow on the reactor

wall at roughly the same location as shown in Figure 5.5. It was found by

experimental runs that the amount of whiskers found at the SiO generator outlet

became negligibly small when such the reactor arrangements were used. Thus, it

clearly indicates that whisker formation takes place only when the stagnation of flow

forms. It should be noted that a wider area of flow stagnation on the reactor wall is

obtained from the simulation, as shown in Figure 5.5(b), which corresponds to the

wider area of whisker formation found in the actual experimental runs.

Table 5.1 clearly indicates an agreement between the locations where

whiskers form and those where the flow stagnation appears in the simulation in

region Ri. It has been proved by many case studies by simulation and experimental

runs, based on the same reactor arrangements, that the formation of circulating flow

next to the solid surface, either pipe or wall, corresponds identically to whisker

formation. It has thus concluded that whiskers form on the solid surface where the

stagnation of flow forms.

5.3 Effects of Flow Patterns and Contact Efficiency

In the preceding chapter, the results obtained from experimental runs show

that the production ofSi3N4 products change when the flow conditions are changed.

As summarized in Table 5.2, the SiO-N113 reaction under the flow condition B yields









Table 5.1 Locations of flow stagnation and whisker formation

Run No. SiO and NH3 distance Locations of whisker Locations of flow stagnation
(cm) formation (cm)t based on the simulation (cm)

AA-1 0.0 1.0 0.5
AA-2 1.5 8.5 8.1

AA-3 3.0 7.5 6.0
A-i 1.5 0.5 0.0
A-2 1.5 0.0 0.0
B 1.5 1.5 0.0

H-i 1.5 1.0 0.0
H-2 1.5 1.0 0.0

L 0.0 3.0 1.0

tdistance measured from the NH3-exit
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the highest amount of nano-sized powder in the products of silicon nitride. On the

other hand, when the argon flow through the annular space outside the SiO feeder is

reduced in run H, the amount of whiskers having formed on the reactor wall at region

Ri increases. Based on these findings, it is suggested that the contact pattern of two

reactant gases in the reacting zone plays an important role in the Si3N4 formation.

Table 5.2 Effects of flow conditions on silicon nitride formation

SiO Vapor Supply Powder Whisker
Condition (mg) (wt%) (wt%)

A 113-147 81.7 18.3

B 117-142 86.9 13.1

H 120-140 71.9 28.1

Taverage values of several runs obtained at 1350°C with a fixed 1.5 cm set-up of the
relative locations between the two-reactant feeder outlets

Without the thermal decomposition of NH3 and the SiO-NH3 reaction, the

concentration profiles of SiO and N}13 near the feeder outlets obtained from the

simulation may only be useful. Nevertheless, the concentration profiles of NH3 in the

reacting zone were obtained with the simulation, because the supply of NH3 is in

large excess of stoichiometric ratio over SiO and its changes due to the reaction with

SiO are negligible. Also, the changes in the concentration profiles due to the changes

in the flow arrangements (A, B, and H) may at least give useful information on the
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actual concentration profile. Figure 5.6 thus shows a comparison of NIH3

concentrations at different locations. The concentration of NH3 at the center of the

reacting zone is much higher than that averaged over the cross-sectional area of the

reactor tube and that on the reactor wall at region Ri. Thus, it is assumed that nano-

sized silicon nitride formation mainly takes place in the central region. Among those

plots in Figure 5.6, it is indicated that a reduction in the argon flow through the

annular space outside the NH3 feeder significantly increases the NH3 concentration in

the core zone. This could allow NH3 to react with SiO vapor coming out of the feeder.

The assumption that nano-sized powder is mainly produced in the core zone explains

the highest powder fraction over the total silicon nitride products obtained under the

flow condition B. The increase in the amount of whiskers collected on the reactor

wall under the flow condition H with a reduced argon annular flow outside the SiO

feeder is attributed to the increase in the NH3 concentration on the reactor wall at

region Ri, as illustrated in Figure 5.7.

5.4 Production Rate of Whiskers

As described in the previous section, the location where whiskers form at the

SiO generator outlet is not far from the NH3 feeder outlet, and neither the SiO

ammonolysis nor the NH3 dissociation is significant at this location. Under such

circumstances, the concentration profiles obtained by the simulation may not be very
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different from those in the reactor. Based on this assumption, the concentration of

NH3 and that of SiO predicted by the simulation were used for developing a rate

expression for whisker formation at the SiO feeder outlet. The formation rates of

whiskers were determined by the mass of whiskers collected divided by the area

where the whiskers were collected and by the time of reactor operation. The

concentration ofNIH3 as well as that of SiO was evaluated as an averaged value over

the entire area corresponding to the area where whiskers formed.

Because it has already been shown that the silicon nitride powder generation

rate is of first order with respect to the SiO concentration, it has been assumed that

the whisker formation rate is also of first order with respect to the SiO concentration.

Figure 5.8 shows the whisker formation rate divided by respective averaged SiO

concentrations plotted against the averaged NH3 concentrations in log-log scale. The

formation rates of whiskers at the SiO feeder outlet may be represented by a single

line, yielding a rate expression for whisker formation as

,-, 0.31

rW,fl4( = 0.158 C0 LNH, molts m2

The low power, roughly 1/3, to the NH3 concentration implies that there may

be multiple reaction pathways in the formation of whiskers, involving active

intermediates, such as NH and NH2, resulting from the NH3 dissociation on solid
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surface [Lavin and Bates, 1930; Duncan and Wilson, 1932; Huithen and Nakamura,

1927]. However, because of the primary goal of this study, i.e. the synthesis of

nano-sized silicon nitride powder, no further investigation for the whisker formation

mechanism was conducted.

5.5 Suggested Flow to Estimate Whiskers

The discussion in the preceding sections of this chapter show that the whisker

fonnation at the SiO feeder exit is affected by the flow circulation at the pipe ends,

which has formed depending on the relative locations of the two-reactant feeder

outlets. Though placing the SiO-exit above the NH3 feeder outlet can significantly

reduce the whisker formation at the SiO generator outlet, the formation of whiskers

on the reactor wall still remains.

Referring to the relationship between the locations of whisker formation on

the reactor wall and the locations of flow stagnation having appeared in the

simulation, the stagnation is considered to be one of major factors contributing to the

whisker formation. It is suspected that the formation of flow stagnation may be

caused by the difference in the flow velocities between the reactant gas mixture at the

center and the flow of annular argon supplied along the reactor tube. To eliminate this

undesired condition, one may suggest an increase in the flow rate of annular argon.

However, because of the limitations of the current experimental set-up, the simulation



143

was used to predict any changes of flow stagnation when different flow rates of

annular argon were employed.

At the normal operating conditions, the flow of annular argon is about 0.2 mIs.

The simulation results in circulation flow with the formation of stagnation on the

reactor wall and right next to the SiO generator outlet, as shown in Figure 5.5(a).

When the argon flow is increased to 0.3 m/s and 0.60 mIs, the flow stagnation reduces

and eventually disappears at the annular flow rate of 0.75 mIs, as illustrated in Figure

5.9. Based on these findings, it is implied that the argon annular flow plays an

important role in the formation of flow stagnation on the reactor wall. When the flow

rate of annular argon is high enough, the stagnation is no longer formed and whisker

formation could be prevented.
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6. CONCLUSION AND RECOMMENDATIONS

6.1 Conclusions

A vertical tubular-flow reactor was used to study the synthesis of nano-sized

silicon nitride powder via the ammonolysis of SiO vapor at temperatures ranging

from 1300°C to 1400°C. SiO vapor was directly generated from amorphous SiO

particles, and then carried by argon gas into the reacting zone where the reaction with

ammonia takes place. Several methods for supplying SiO and NH3 were tested for

maximum yields of nano-sized powder. The effects of feed concentrations of NH3

and SiO, the residence time of reactant gas mixture in the uniform-temperature zone,

and the reaction temperature on the kinetics of nano-sized powder synthesis were

investigated experimentally. A mathematical model was used to identify correlations

between whisker formation and gas flow as well as reactant gas concentrations in the

reactor. The results are summarized in the following sections.

6.1.1 Nano-Sized Si3N4 Powder Synthesis

(1) The reaction of SiO and NH3 yields two different morphologies of silicon nitride

products at different locations in the reactor: (a) nano-sized powder (a few
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nanometers to about 70 nm in diameter) on the reactor wall, region R2, as well as

on the reactor bottom flange in addition to that collected with external in-line

filters, and (b) whiskers at the SiO generator outlet as well as on the reactor wall,

region Ri. However, the dominant product in the system is nano-sized powder.

(2) Though the total amount of Si3N4 products increases with an increase in the SiO

vapor supplied, the mass of whiskers is roughly constant as long as the feeder

arrangements and operating conditions are fixed, ranging from 0 mg to 20 mg in

the range investigated.

(3) The contact pattern between SiO vapor and NH3 gas inside the reacting zone is an

important factor for silicon nitride formation kinetics. High amounts of nano-

sized powder can be synthesized when the flow condition B is employed. An

annular argon flow supplied along the reactor tube is important to avoid whiskers

from forming on the reactor wall.

(4) The method for supplying NH3 with a smaller NH3 feeder (flow condition J)

changes the contact pattern between SiO vapor and NH3 in the reacting zone,

leading to a higher efficiency of SiO utilization. However, the SiO condensation

in the slow-quenching region, resulting in the formation of SiJSiO2 mixtures, is

unavoidable.

(5) The SiO conversion is roughly constant, independently of the flow condition in

the range of operating conditions investigated. However, the SiO conversion

increases up to 91% with an increase in the residence time in the range
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investigated, indicating that the SiO-NH3 reaction is not instantaneous, but it is

relatively fast.

(6) Higher reaction temperature promotes the SiO utilization in terms of converting

SiO vapor into silicon nitride whiskers, especially on the reactor wall in region

Ri.

6.1.2 Production of Nano-Sized Powder

According to the experimental findings obtained from the operating condition

J, the conclusions are given below:

(1) The rate of nano-sized powder synthesis is independent of NH3 concentration

when NH3 is in large excess over SiO, while the extent of SiO conversion is

independent of the SiO feed concentrations. Based on these findings, a rate

expression of first order with respect to the SiO concentration was proposed.

(2) At temperatures in the range of 1310-1390°C with several different residence

times, the magnitude as well as temperature dependency of apparent first-order

rate constant was determined. The rate constant k can be expressed as: k =

1.64x106 exp(-180/RT), where R is 8.31410 kJ/mol and T is in K.

(3) Growth of nano-sized powder is roughly proportional to the mean residence time

of reactant gas in the uniform-temperature reacting zone. Also, the mean particle

size of nano-sized powder increased with an increase in the reaction temperature.
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6.1.3 Flow Simulation

To better understand the performance of reactor and to see reasons why

whiskers form at particular locations, a mathematical model was developed and

solved using a CFD modeling software.

(1) When the two feeder outlets are at the same level, circulating motion has been

identified at two locations: (a) at the end of pipes between the two feeder exits,

and (b) on the reactor wall next to the SiO generator outlet. These two locations

are exactly the same as those where whiskers form when the same reactor

arrangements are used in the actual experimental runs.

(2) The flow simulation agrees quite well with experimental results, showing that the

SiO generator outlet should be placed above the NH3 feeder outlet to avoid

whisker formation at the reactant feeder outlets. However, the formation of flow

stagnation still remains on the reactor wall with a wider area of flow stagnation,

which corresponds to the wider area of whisker formation found in the actual

experimental run.

(3) Several case studies by simulation and experimental runs clearly indicate that

whiskers form on the solid surface where the stagnation of flow forms.

(4) A reduction in argon flow through the annular space outside the NH3 significantly

increases the NH3 concentration in the core zone, corresponding to the highest

nano-sized powder production obtained in the flow condition B.
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(5) Based on predicted reactant gas concentrations at the SiO feeder outlet, a power

law rate expression for whisker formation was proposed, which is about 1/3 with

respect to the NH3 concentration.

0.31

rWhIS ker = 0.158 C,0 L' NH3 mol / s m2

(6) The argon annular flow plays an important role in the formation of flow

stagnation. The simulated results show that the stagnation is no longer formed

when the flow rate of annular gas is high enough.

6.2 Recommendations for Future Study

(1) The current nano-sized powder contains SiO remaining unreacted as an impurity,

showing that the SiO-NH3 reaction is incomplete. Further study on proper

operating conditions enhancing the SiO conversion should be done.

(2) This study shows that the efficiency of SiO utilization seems to be increased with

an increase in the reaction temperature. Further increase in the operating

temperature with a high flow rate of annular argon may eliminate the SiO

condensation and more nano-sized powder could be obtained.
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(3) To simulate the gas flow in the reactor under the flow condition J (having a

highest efficiency of SiO utilization), a modification of cylindrical coordinates for

modeling the reactor setting is necessary due to the NIH3 jet-flow coming out of

the NH3 feeder.

(4) The mechanism of whisker formation is not clear. The model simulation including

the dissociation ofNH3 as well as the reaction between SiO and NH3 should be

investigated in order to obtain the actual concentration profiles of SiO and NH3 in

the reactor. Also, this may provide useful information for the whisker formation

on the reactor wall in region Ri.

(5) Though the simulated results show that the high flow of annular argon could

eliminate the formation of flow stagnation attributing to the whisker formation,

experimental runs have never been tested. Further investigation is needed.

(6) The actual mechanism for the growth of nano-sized powder is not clear. Further

study is needed.
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APPENDIX A

PROPERTIES OF SiO PARTICLES

Table A-i: Chemical specification amd physical properties of SiO particles

Trace impurities ppm
(metal basis)

Fe 500

Al 250

Mn 150

Mg 100

Ca 100

Cu 50

B 25

Physical Properties

Melting Point, °C 1702

Density, kg/rn3 2.13

Average Particle Size, xm 400

BET area, m2/g 0.017

Alfa Aesar





APPENDIX B
S13N4 PRODUCTION

Table B-i: SiO vapor generated at 1350°C in 30 mm

Run No. Initial SiO Mass

(g)

Argon Flow Ratet

(1/mm)

SiO Mass Lost

(mg)

SiO-1 0.66896 5.55 50.23

SiO-2 0.93545 5.55 75.17

SiO-3 0.95146 5.55 95.06

SiO-4 1.17108 5.55 113.15

SiO-5 1.37832 5.55 117.93

SiO-6 1.34368 5.55 117.44

SiO-7 1.34518 5.55 120.21

SiO-8 1.54096 5.55 124.64

SiO-9 2.43583 5.55 142.74

SiO-10 2.54388 5.55 143.46

SiO-11 2.95026 5.55 172.78

SiO-12 3.44713 5.55 174.88

at 1350°C with an average velocity of 2.5 m/s at the SiO generator outlet
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Table B-2: The distribution ofSi3N4 under the flow condition A at 1350°C

Run No. SiO Vapor Supplied

(mg)

Powder

(mg)

Whiskers

(mg)

Total Products

(mg)

A-i 113.2 35.2 0.0 35.2

A-2 120.2 34.1 17.6 51.7

A-3 142.2 40.2 20.6 60.8

A-4 142.3 56.9 3.4 60.3

A-5 147.2 63.1 13.9 77.0

A-6 208.1 77.9 7.7 85.6

Table B-3: Effects of the amount of SiO vapor supplied on the ammonolysis of SiO vapor
(Condition A)

Run No. SiO Vapor Supplied
(mg)

SiO Utilization

(wt %)
SiO Conversion

Xsio

A-I 113.2 29.3 0.858

A-2 120.2 40.6 0.796

A-3 142.2 40.3 0.880

A-4 142.3 40.0 1.000

A-5 147.2 49.3 0.821

A-6 208.1 38.8 0.874
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Table B-4: Effects of the amount of SiO vapor remaining on the nano-sized silicon
nitride production (Condition A)

Run No. SiO Vapor Supplied Whiskers SiO remainingt Powder
(mg) (mg) (mg) (mg)

A-i 113.2 0.0 113.2 35.2

A-2 120.2 17.6 103.6 34.1

A-3 142.2 20.6 122.8 40.2

A-4 142.3 3.4 139.1 56.9

A-5 147.2 13.9 134.1 63.1

A-6 208.1 7.7 200.9 77.9

1 --------------- i. _1 ------------- ----__ _rn!r I ---------.I __I - r__r,_IV })UI uppiiu 11liflU 44ULL V aiciii iiI UI iL'.J UUcU ULL U1 LUIaI I1I UI VILLIS1
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Table B-5: The distribution of Si3N4 under the flow condition B at 1350°C

Run No. SiO Vapor Supplied

(mg)

Powder

(mg)

Whiskers

(mg)

Total Products

(mg)

B-i 117.4 46.5 6.2 52.7

B-2 123.4 60.9 2.0 62.9

B-3 132.6 68.7 3.0 71.7

B-4 140.6 72.4 21.1 93.6

B-5 142.7 60.9 18.9 79.8

B-6 172.8 105.9 0.0 105.9

B-i 226.2 115.9 0.0 115.9

Table B-6: Effects of the amount of SO vapor supplied on the ammonolysis of SiO vapor
(Condition B)

Run No. SiO Vapor Supplied
(mg)

SiO Utilization

(wt %)

SiO Conversion
X10

B-i 117.4 42.3 0.786

B-2 123.4 48.1 0.864

B-3 132.6 51.0 0.911

B-4 140.6 62.8 0.799

B-S 142.7 52.7 0.870

B-6 172.8 57.8 0.912

B-i 226.2 48.4 0.770
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Table B-7: Effects of the amount of SiO vapor remaining on the nano-sized silicon
nitride production (Condition B)

Run No. SiO Vapor Supplied Whiskers SiO remaining Powder
(mg) (mg) (mg) (mg)

B-i 117.4 6.2 111.6 46.5

B-2 123.4 2.0 121.5 60.9

B-3 132.6 3.0 129.7 68.7

B-4 140.6 21.1 120.7 72.4

B-5 142.7 18.9 124.9 60.9

B-6 172.8 0.0 172.8 105.9

B-7 226.2 0.0 226.2 115.9

SiO vapor supplied minus equilvalent mass of SiO based on the total mass of whiskers
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Table B-8: The distribution ofSi3N4 under the flow condition J at 1350°C

Run No. SiO Vapor Supplied
(mg)

Powder
(mg)

Whiskers

(mg)

Total Products
(mg)

J-1 50.2 36.7 2.3 39.0

J-2 75.2 39.2 5.4 44.6

J-3 95.1 58.9 3.8 62.6

J-4 117.9 91.5 21.5 113.0

J-5 124.6 78.6 1.6 80.2

J-6 126.9 79.6 1.5 81.1

J-7 139.4 114.7 15.6 130.3

J-8 158.8 106.8 30.8 137.7

J-9 174.9 109.2 1.5 110.7

Table B-9: Effects of the amount of SiO vapor supplied on the ammonolysis of SiO vapor
(Condition J)

Run No. SiO Vapor Supplied SiO Utilization SiO Conversion
(mg) (wt %) X10

J-1 50.2 73.3 0.930

J-2 75.2 56.0 0.739

J-3 95.1 62.2 0.917

J-4 117.9 90.4 0.802

J-5 124.6 60.7 0.891

J-6 126.9 60.3 0.880

J-7 139.4 88.2 0.924

J-8 158.8 81.8 0.882

J-9 174.9 59.7 0.826
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Table B-1O: Effects of the amount of SiO vapor remaining on the nano-sized silicon
nitride production (Condition J)

Run No. SiO Vapor Supplied Whiskers SiO remainmg Powder
(mg) (mg) (mg) (mg)

J-1 50.2 2.3 48.1 50.4

J-2 75.2 5.4 70.1 75.5

J-3 95.1 3.8 91.5 95.3

J-4 117.9 21.5 97.6 119.1

J-5 124.6 1.6 123.1 124.7

J-6 126.9 1.5 125.5 127.0

J-7 139.4 15.6 124.7 140.2

J-8 158.8 30.8 129.7 160.5

J-9 174.9 1.5 173.4 175.0

t c..,- -----------_1_A___ c':,-1____i L_ ---------1)1'.., V auyyzI.#tL 11m130 Lain V Lafl#iiL IAWOJ .fl L7A.J IJUOLaLa LJAS LID., LULU! IIWOO JI VVILLOfl¼#t 0
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Table B-il: Effects of residence time on silicon nitride production at 1350°C

Run No. Residence Time
(s)

SiO Conversion
X10

Powder
(wt%)

Whiskers

(wt%)

J-RT-1 0.171 0.717 100 0.0

J-RT-2 0.352 0.808 91.3 8.7

J-RT-3 0.537 0.880 98.1 1.9

J-RT-4 0.685 0.909 94.1 5.9
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Table B-12: Dependency of nano-sized powder formation on the SiO vapor
feed rate under different operating conditions

Feed Rate of SiO Vaport
x 03 (mmolls)

Nano-Sized Powder
(mmol)

Flow A B J A B J

1.43 1.48 0.63 0.25 0.33 0.26

1.38 1.56 0.95 0.24 0.44 0.28

1.55 1.67 1.20 0.29 0.49 0.42

1.80 1.78 1.49 0.41 0.52 0.65

1.86 1.78 1.57 0.45 0.44 0.56

2.63 2.18 1.60 0.56 0.76 0.57

2.86 1.76 0.83 0.82

2.00 0.76

2.21 0.78

f ,,.,_ 1 i i rnr1 i 11 iLIJ V apui uppiicu ILJLUU V 1UL I1I UI L1I'.J UUcU UU WIIIIL LI1 UUJy ai

the SiO generator outlet
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Table B-13: Extents of SiO conversion at different residence times at 1350°C

Run No. Residence Time
(cm)

Residence Time

(s)

SiO Conversion
X10

J-RT-ES 9.5 0.171 0.717

J-RT-S 9.5 0.352 0.808

J-RT- Mt 14.5 0.537 0.866

J-RT-L 18.5 0.685 0.909

average values of several runs

Table B-14: Extents of SiO conversion at different temperatures

Run No. Temperature
(K)

Residence Time

(s)

SiO Conversion
X10

J-1310-1 1583 0.537 0.806

J-1310-2 1583 0.685 0.851

J-1390-1 1663 0.344 0.830

J-1390-2 1663 0.537 0.913
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Table B-15: The average mean particle sizes of powder at different residence times
at 1350°C

Run No. Residence Time
(s)

Mean Size
(urn)

Standard Deviation

(mn)

J-ES-1 0.171 19.0 1.1

J-ES-2 0.171 44.3 33.6

J-ES-3 0.171 7.2 1.4

J-S-1 0.352 46.0 6.5

J-S-2 0.352 22.8 1.3

J-S-3 0.352 71.4 11.7

J-M-1 0.537 70.8 5.2

J-M-2 0.537 45.1 5.4

J-M-3 0.537 100.1 5.6

J-L-1 0.685 111.0 39.9

J-L-2 0.685 119.0 9.8
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Table B-16: The average mean particle sizes of powder at different reaction
temperatures at a fixed residence time

Run No. Temperature Mean Size Standard Deviation
(K) (urn) (nm)

J4310-01 1583 35.1 3.1

J-1310-02 1583 52.6 9.1

J-M-1 1623 70.8 5.2

J-M-2 1623 45.1 5.4

J-M-3 1623 100.1 5.6

J-1390-01 1663 276.9 53.2

J-1390-02 1663 223.9 25.5

J-1390-03 1663 224.7 21.3
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APPENDIX C

FLOW SIMULATION DATA

Table C-i: Effects of the distance between the two feeder outlet on product
silicon nitride distribution

Run No. Level SiO Vapor Supplied Powder Whiskers Total Products
(cm) (mg) (mg) (mg) (mg)

A-0 0.0 100.3 33.6 21.5 55.1

A-i 1.0 81.2 29.2 5.7 34.9

A-15 1.5 71.8 29.9 6.9 36.7

A-3 3.0 60.4 15.0 8.4 23.4

Run No. Level SiO Conversion Powder Whiskers Whiskers
(cm) X10 (wt%) Exit (wt%) Wall (wt%)

A-0 0.0 0.900 60.9 33.1 6.0

A-i 1.0 0.865 83.7 13.5 2.8

A-is i.s 0.898 81.3 6.5 12.2

A-3 3.0 0.876 64.2 3.9 31.9
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Table C-2: The distribution of NH3 concentration in the reacting zone

Flow Condition A B H
at (mm)

5 0.092 0.108 0.108

10 0.090 0.111 0.108

15 0.091 0.116 0.115

20 0.093 0.124 0.109

25 0.095 0.135 0.112

30 0.098 0.146 0.139

40 0.100 0.166 0.128

50 0.110 0.182 0.140

60 0.120 0.195 0.179

Flow Condition A B H
at (mm)

5 0.235 0.407 0.410

10 0.237 0.446 0.447

15 0.253 0.468 0.463

20 0.270 0.478 0.454

25 0.285 0.479 0.445

30 0.298 0.472 0.444

40 0.312 0.440 0.412

50 0.311 0.401 0.387

60 0.298 0.368 0.374

average over cross-sectional area of the reactor tube
at center of the reactor tube



Table C-3: The distribution of Nil3 concentration on the reactor wall

Flow Condition
at (mm)

A B H

0 3.11E-04 3.71E-04 l.25E-03

5 3.38E-04 4.03E-04 L48E-03

10 3.53E-04 4.23E-04 1.63E-03

15 3.67E-04 4.41E-04 1.74E-03

20 3.82E-04 4.61E-04 1.84E-03

25 3.98E-04 4.87E-04 1.93E-03

30 4.18E-04 5.21E-04 2.O1E-03

40 4.79E-04 6.36E-04 2.20E-03

45 5.28E-04 7.33E-04 2.31E-03

50 5.97E-04 8.69E-04 2.47E-03

55 6.92E-04 1.05E-03 2.67E-03

60 8.18E-04 1.28E-03 2.95E-03
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Table C-4: Whisker formation rate at the SiO generator outlet at 1350°C

Run Level average SiO average NH3 Whiskers
(cm) (mourn3) (mourn3) (mgI3O mm)

A-i 3.0 6.71E-03 5.15E-07 0.91

A-2 2.0 1.36E-02 4.73E-06 2.08

A-3 1.5 7.91E-03 l.14E-05 2.38

A-4 1.0 7.70E-03 2.42E-05 4.68

A-5 0.0 l.16E-02 9.88E-04 18.24

A-6 1.5 1.40E-02 1.09E-04 1.38

H-2 1.5 1.49E-02 l.46E-04 3.60

B-i 0.5 1.68E-02 7.99E-05 4.30

L-1 0.0 1.89E-02 7.82E-03 12.53

Run Level Whisker Rate Log N}13 Log Rate
(cm) (mollmol SiO/m2!s)

A-I 3.0 1.90E-03 -6.29 -2.72

A-2 2.0 2.14E-03 -5.33 -2.67

A-3 1.5 4.21E-03 -4.94 -2.38

A-4 1.0 8.51E-03 -4.62 -2.07

A-S 0.0 2.20E-02 -3.01 -1.66

A-6 1.5 4.55E-03 -3.96 -2.34

H-2 1.5 i.11E-02 -3.84 -1.95

B-I 0.5 1.18E-02 -4.10 -1.93

L-1 0.0 3.06E-02 -2.11 -1.51

Run A-i to A-5: area of whisker fomation = 2.84x m2

Run A-6, H-2, B-i, and L-1: area of whisker formation = 8.60x105 m2
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Table C-5: Whisker formation rate on the reactor wall right next to
the SiO generator outlet at 1350°C

Run Level average SiO average NH3 Whiskers Area
(cm) (mourn3) (mourn3) (mg/30 miii) (m2)

H-i 1.5 8.45E-03 1.82E-02 13.19 3.25E-04

H-2 1.5 8.04E-03 2.06E-02 14.62 6.15E-04

L-1 0.0 1.06E-02 8.87E-03 13.90 6.1OE-04

B-2 1.5 9.81E-03 7.29E-03 18.60 6.80E-04

A-7 1.5 5.12E-03 7.18E-03 18.90 6.15E-04

A-8 1.5 1.07E-02 6.46E-03 15.09 3.00E-04

Run Level Whisker Rate Log NH3 Log Rate
(cm) (mol/mol SiOIm2/s)

H-i 1.5 1.91E-02 -1.74 -1.72

H-2 1.5 1.17E-02 -1.69 -1.93

L-i 0.0 8.53E-03 -2.05 -2.07

B-2 1.5 1.I1E-02 -2.14 -1.96

A-7 1.5 2.38E-02 -2.14 -1.62

A-8 1.5 i.87E-02 -2.19 -1.73




