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ABSTRACT 

The synthesis of silicon nitride (Si3N4) by carbothermal reduction of 

silica was found ta be very sensitive to the processing steps used for the starling 

materials (Si02, C) and ta the reaction conditions. It was found that a good dcgrec 

of intimacy between the starting materials was required in order tü obtain fille 

ceramic powders. This was best achieved by attrition milling the precursors with 

Zr02 media for 0.5 to 4 hours. Due to its lower wear rate, Zr02 media provcd lo be 

superior to both Si3N 4 and AIZ03 media. 

The formation of Si3N4 was known ta occur over a narrow lemperalure 

range (I450-1550°C). Experiments showed that, indecd, full conversion of Si02 

occurs only in this temperature range. Below 1450°C the reaction procceds at an 

extremely slow rate, white above 1550°C, silicon carbide forms. The morphology of 

the silicon nitride powder produced was also shown to vary widely depcndinL~ on the 

reaction temperature. The silicon nit.ride grains synthesized al Itl90°C were 

equiaxed, while those produced at a slightly higher Lemperature, 15tlO°C, were 

acicular. 

The amount and morphology of the silicon carbide formed provcd ta 

be very sensitive to impurities present in the precursors prior to the rcnction. The 

nitrogen flow rate during reaction as weIl as the position of pellets in the rencLor 

played a key role in the final SiC content of the powder. 
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The addition of 5 weight % UBE silicon nitride powder (0.2 J1Ifl) as seed 

in the starting materials resulted in a definite decrease in the overall grain size of 

the silicon nitride powder produced. AIso, seeding the prccursors resulted in silicon 

nitride powders with narrow size distribution, as opposed to a bimodal size 

distribution for the unseeded ones. 

One of the best commercially available S'3N4 powder (UBE) together 

with two large batches of silicon nitride powder made by carbothermal reduction 

were presc;ed and sintered into bars. The bars were then broken and their bend 

strengths were evaluated. The results showed that, although not as high as UBE 

(637 MPa), the strength values of the two carbothermal powders were excellent (507 

and 577 MPa) considering their lower sintered densities which was the rt:;sult of 

residual carbon present in the powder. 
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RÉSUMÉ 

Il est démontré que la synthèse du nitrure de silice (S13N.l) p~ la 

réduction carbothermique de la silice e~L très sensible aux différente~ élUpes de 

préparation des réactifs (Si021 C) ainsi qu'aux conditions de rèaction. Un excellellt 

degré de n1élange du carbone et de la silice s'est avéré essentiel afin d'obtenir une 

fine poudre de nitrure de silicium. Ceci a été réalisé en mélangeant les réactifs par 

attrition avec des billes d'oxyde de zirconium (Zr02) pour une durée de 0.5 à 4 

heures. A cause de leur faible taux d'usure, les billes de Zr02 se ~()nt avérées 

supérieures à celles en oxyde d'alurüiuium (AI20 3) O'J encore, à celles Cil Si3N 4• 

Il avait précédement été démontré que la formation de Si]N4 a liell 

seulement entre 1450 et 1550°C. Les expériences effectuées dans cette thèse onl 

corroboré que la conversion complète de la silice en nitrure de silicium Il'a lieu que 

dans ce mince intervale de température. Sous 1450°C la cinétHlue de formation du 

nitrure de silicium est extrêmement lente, alor5 qu'au-dessus de 1550°C, le carbure 

de silicium (SiC) commence à se former. La morphologie des grains de Si]N4 formés 

à 1490°C s'est avérée équiaxiale (sphérique) alors qu'à 1540°C, les gr~ins ont ad op lé 

une morphologie nettement aciculaire. 

L'er.semencement par addition de 5 % par masse de fines particules 

(0.2 J.lIIl) de Si3N4 (UBE) s'est traduit par un net décroissement de la taille des grains 

de nitrure de silicium produits. Une autre conséquence de l'ensemencement a été 

d'uniformiser la distribution de la taille des grains; comparativement à une 

distribution bimodale pour les poudres de nitrure de silicium produites sans 
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ensemencement. 

Deux poudres de nitrure de silicium synthétisées par réduction 

carbothcrmiquc, ainsi que l'une des meilleures poudres présentement disponible sur 

le marché (UBE) ont été compactées et fritées sous forme de barres. Les barres ont 

ensuite été brisées afin de mesurer la force de pliage (bend strength). Les résultats 

indiquent une force de rupture 10gèrement inférieure pour les poudres 

carbothermiques (507 et 577 MPa) comparativement à UBE (637 MPa). Ces résultats 

sont excellent si l'on tient compte des densités finales inférieures des poudres 

carbothermiques causées par un traitement de décarburisation non-optimisé. 
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1. INTRODUCTION 

Advanced ceramics include a wide variety of materials based on silicon 

carbide, silicon nitride, zirconia, and alumina. These materials combine the 

trad:tional advantages of ceramics, such as high hardness, good heat resistance, and 

chemical inertness, with the ability to withstand a significant tensile stress. While 

fabricated in a manner similar to that for traditional ceramics, the higher 

performance of advanced ceramics is a result of strict contrul of purity, 

composition, microstructure, and processing. 

Advanced ceramics can be separated into two categories; those used 

for electronic applications which make up >84% of the world ceramics market, and 

those used for structural applications sharing the remainder of the market. 

Electronic applications range from SiC resistors, to AIN substrates and from BaTi03 

ferroelectrics to Zr02 oxygen sensors, while the structural applications includc TiC 

coated machining tools, Si3N4 valves, and SiC turbocharger rotors to name a few. 

The commercialization of ndvanced structural ceramics has not 

occurred as rapidly as anticipated. The slower growth in development is direcLly 

related to technical problems associated with the production of reHable, 

reproducible, and cost-competitive ceramic products. These problems stem from the 

inherent brittleness of ceramics and their sensitivity to smaH flaws introduced 

during processing and in service(l). With a conservative estimate of the potential 

market of between $1 billion and $5 billion by the year 2000(2) and a more 

optimistic potential market of $24.5 billion by 1995(3), solutions to these problems 
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are the focus of intense research worldwide. 

Because the starting powder determines the ultimate quality of a 

ceramic part, there is a need to develop improved starting powders with high 

chemical purity and controlled particle sizes. Ceramic powders should be very fine 

« 1 p.m) in order to have good sinterability and, at the same time, the grains should 

be equiaxed in order to improve the green density (better packing) and hence, 

increase the particle-particle contacts before sintering. 

For Si3N4 powders, not only should the above requirements be fulfilled 

but also, since Si3N4 is a non-oxide ceramic, its oxygen content should be carefully 

controlled. Oxygen compounds su ch as Si02 (melting point of silica = 1728°C) 

present with the Si3N4 at the sintering temperature (1650-1800°C) will melt and 

surround the Si3N4 grains by forming a liquid (or glassy) phase, particularly in 

conjunction with other oxide sintering aids. A small amount of oxygen is, however, 

desirable «5 weight %) since the oxygen-based glassy phase that will form at the 

sintering temperature is instrumental in helping the Si3N4 densification. This 

increases the mass transfer rates of Si and N atoms (otherwise slow since Si and N 

atoms are strongly bonded together with covalent bonds), and also provides a 

medium into which a-Si3N4 grains can dissolve and reprecipitate as P-Si3N4 grains 

(section 2.1.2.2). On the other hand, excessive amounts of oxygen will result in a 

glassy phase occupying a large volume fraction of a dense Si3N4 component. This 

will in turn translate into a deterioration of the high temperature mechanical 

properties of that component. Other impurities su ch as iron, sodium or calcium can 
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also b~ very detrimental by reducing the melting point of the liquid phase through 

the formation of low melting eutectics(4). 

A whole variety of processes are available to synthesize Si3N4 

powders. The most widely used are the imide process, direct nitridation, laser and 

plasma techniques, and the carbothermal reduction of Si02 (section 2.1.4.4) to narne 

a few. The latter, due its obvious econornic benefits (cheap and abundant starting 

materials - Si02, C, N2), has been chosen to be the object of study of this thesis. 

The next chapter will discuss the structure of Si3N4, its applications, how it can be 

densified, as weIl as the most cornmon ways to synthesize Si3N4 powders. 
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2. LITERATURE REVIEW 

2.1 SILICON NITRIDE 

Nitride cerarnics are not naturally occurring rnaterials, and the only native 

nitridcs which have been found were in met\:!orites(S). Silicon nitride (Si3N4) must therefore 

be c;ynthesized. This was first accomplished by Wôhler and Deville(6) in 1857 by using 

silicon tetrachloride and arnrnonia. However, it was not until the early 1950'5 that silicon 

nitride was rediscovered as a potentially good candidate for engineering applications(7). 

Table 2.1 lists sorne of the unique properties that have made monolithic Si3N4 50 

interesting then and now, and compares these properties with those of well-known 

materials. 

Table 2.1 : Comparison of properties of various materials(1 ,8-10). 

Material Densi~ Melting Tensile Elong. Hardness Toughness 
(g/cm ) point (OC) strength (%) (kg/mm2) (MPa/mt) 

(MPa) 

Sintered Si3N4 3.19 1900 300-500 - 2200 4-6 
(decompose) 

Dense Al20 3 (a) 3.95 2050 200-300 - 2370 3-5 

Gray cast iron 6.95-7.35 1170-1290 200 - 230 37-45 

Stainless steel 8.0 1400-1150 500-600 30-40 170 150-250 
(304) 

Copper 9.0 1080 200 18 110 250-350 

Aluminum 2.7 660 40-50 55 140 23-45 

As can be seen in Table 2.1, silicon nitride has a high decomposition 
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temperature and a high strength to density ratio compared to stainless stccl(ll). AIso, ln 

contrast to metals, whieh tend to soften at high temperatures, Si3N-1 still demonstratcs 

excellent strength at elevated temperatures with a modulus of rupture (MOR) of .. 350 MPa 

at 1300°C(l2). 

Silicon nitride is also well known for its wear resistance, excellent thermal 

shock properties (due to its relatively low coefficient of thermal expansioll), resistance tü 

corrosive environments, and hot hardness. These ail make silicon nitride the idcal 

engineering ceramic for tribologieal applications su ch as bearings and cutting tools(l3,14), 

and high temperature applicationsOS,16) like turbine blades or valves for diesel 

engines(I7,18). In gas-turbine engines, the use of silicon nitride allows engines to operate 

at higher temperatures without the need for cooling, thus enabling a more efficient 

thermodynamic cycle(I9) and eliminating mechanical lasses resulting from the need ta 

pump cooling air. While the efficiency of diesel engines does not incrcase with opcrating 

temperature, the use of silicon nitride still eliminates the need for water cooling, thus 

reducing friction by eliminating the fan and the water [-lUmp. In spark-ignilcd engines, 

ceramics reduce friction, rotating inertia, and the increased operating tcmpcrature also 

results in a more complete burning of the fuel, as weIl as a reduction in CO cmissions. For 

example, recent studies(20) showed that the use of silieon nitride valves in a 5.8L Chcvrolct 

V-8 engine increased its power by 6 ta 7%. 

The structure of Si3N4 responsible for these unique properties will be 

discussed in thp. following section. 
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2.1.1 THE STRUCTURE OF SILICON NITRIDE 

Silicon nitride is a highly covalent compound. It is composed of ... 70% 

covalent bonds, the remaining 30% being ionic bonds(21). The strong and directional 

nature of covalent bonds accounts for the hardness of silicon nitride, its high 

melting (df!composition) tempcrature, its high strength ev en at elevated 

temperatures, and its low thermal expansion coefficient. 

A little more th an 20 years ago, Vassiliou and Wild(22) identified for 

the first time two forms of Si3N4, designated as « and p. These « and P phases 

observed by Ruddlesden and Popper(23) were first thought to be orthorhombic and 

rhombohedral respcctively. Soon after, a study done by Turkdogan et al. (24) resolved 

sorne of the previous anomalies, and estabIished that both the « and p phases were 

hexagonal with the «-Si3N4 unit cell having ac-axis twice as long as the P-Si3N4 

celI (Table 2.2). 

Table 2.2 : Si3N4 unit cell dimensions (A) 

AXIS «-Si3N}2S) P-Si3N4 (26) 

a 7.765 ± 0.001 7.608 ± 0.001 

b 5.622 ± 0.001 2.911 ± 0.001 

It was originally propo5ed that «-silicon nitride was actually an 

oxynitride of approximate composition Sill.SNlSOO.S(27-3I), however, recent 

observations do not support this conclusion(2S,32-34). It therefore appears that« and 

pare true polymorphs of silicon nitride. 
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1 
The crystal structure of both a and ~-SI3N4 are composed of 

tetrahedra of four nitrogen atoms with a Si atom in the center. The a unit cell 

(Si 12N16) has a stacking sequence ABCD ... with CD being the rnirror irnuge of An, 

whereas the ~ unit ccll (Si6NS) has a stacking scquence AI3AB ... (Fig. 2. nt 12). 

(a) (h) 

Figure 2.1 : Crystal structures of a) a-Si3N4 and b) P-Si3N4. 

Both phases of Si3N4 have approxirnately the sarne density 

(-3.19g/cm3). a-Si 3N4 is known as the low-temperature phase, and givcn enough 

time and the Pl Jpcr means ot mass transport, it will transform to ~-Si3N4 at around 

1500od35.36). The understanding of these two phases is paramount in the SI3N4 

system since, during sintering, a-Si3N4 grains will dissolve in the liquld phase (see 

2.1.2.1) and reprecipitate as fiber-like P-Si3N4 grains. The presence of these 

intertwined elongated ~-Si3N4 grains in the final sintered product is in good part 
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responsible for the high strength and toughness of Si3N4 products. 

2.1.2 DENSIFICATION OF SILICON NITRIDE 

Silicon nitride compon~nts must be densified in arder ta have useful 

mechanical propertics. Three main processing routes can be used to achieve this, 

namcly sintcring (SSN), reaction-bonding (RBSN), or hot-pressing (HPSN). Section 

2.1.2.2 will deal with the basic mechanisms behind sintering. 

The component ta be sintered is usually a powder compact (premixed 

with suitable additives), or green body, made by various methods such as slip 

casting, injection molding, uni axial-pressing, and/or isostatic-pressing, as described 

in the following section. 

2.1.2.1 Compaction Processes 

The main purposes of forming a compact prior to sintering is to 

increase the particle-particle contact which is essential for proper mass transport, 

to increase capillary pressure of the liquid phase (at sintering temperature) and ta 

form a green body into the desired shape sa that a minimum amount of machining 

will be required after sintering. 

A green body can contain anywhere from 25% ta 60% porosity and the 

powder is held together by weak van der Waal forces and mechanical interlocking. 

Powders can be compacted by various pressing methods. The most 

common 15 uniaxial pressing, where the powder is placed in a die and pressure is 

applied in one direction (uniaxially). This compaction method is, however, limited 
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to simple geometries and the green bodies compacted with uniaxial-pressing usually 

have nonuniform densities(37-39) which will in turn cause the densification or 

shrinkage to be nonuniform. 

Isostatic pressini40) invoives the concurrent application of pressure 

on the powder from aIl sides. The powder is placed in a rubber mold, seaied (most 

of the air Inside the rubber mold has been evacuated), and it is then placed in a fluid 

(H20/0il). Pressure is applied (35-1380MPa) on the fluid and transferrerJ uniformally 

to the rubber mold containing the powder. 

An alternate compaction method is slip casting, where a liquid 

containing ceramic particles is poured into a PQrOUS mold (usually plaster(41») which 

removes the liquid, Ieaving behind a particulate compact along rnold walls. The 

compaction is provided by the capillary pressure of the Iiquid entcring the fine 

porous structure of the mold. Slip casting is usually donc at room temperature. This 

pro cess allows the fabrication of complex objects such as gas turbine sUltor, turbine 

blades, and fuel injection nozzles. However, careful control of several 

parameters(42) must be exerted. These include viscosity of slip, freedom from air 

bubbIes, and mold release properties to name a few. 

In injection molding, the ceramic powder is mixed with a thermoplastic 

resin, wax, plasticizer, or solvent and then kneaded under heat(43). A molding 

machine then pressure-injects the mixture into a mold through a nozzle. The 

organics in the molded part are then burned out, after which the compact is 

sintered(44,45). TLts technique is suitable for manufacturing in large quantities, 
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products of complicated shapes requiring dimensional accuracy and surface 

smoothness such as heat engines ceramic parts. 

2.1.2.2 Sintering Mechanisms 

Sintering is essentially a heat-treatment process by which fine 

particles, which are in contact with each other, agglomerate when heated to a 

suitable temperature, this agglomeration being accompanied usually by a decrease 

in the porosity and an increase in the bulk density of the mass(46). During this 

process the surface area decreases 50 that the surface free energy, and hence the 

total free energy of the system decreases. In other words, the system eliminates the 

high surface free energy solid-vapour interfaces in favor of the lower free energy 

solid-solid interfaces. 

In order for sintering to take place, three things must be considered: 

1 - A driving force for densification such as the reduction of 

surface area (t~e smaller the particles, the higher 

this driving force). 

2 - A source of energy (usually heat) to activate this process. 

3 - A means of material transport. 

Material transport can take place in a number of ways, as shown in 

Figure 2.2. Each one involves the transport of material from a source at the grain 

boundary to a sink or the neck between particles. The sm aller the particles are, the 

10 
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greater 13 the difference in curvature between the surface area and neck, and the 

greater is the driving force. 

The self-diffusion coefficient, D, of N in P-Si3N4 at 1400°C ls lxl0- 16 

cm2, sec. This low self -diffusion coefficient can be attrlbuted to the covalent nature 

(str-lng and directional bonds) of Si3N4 and lts short Interatomlc distances. This fact 

makes densification of pure Si3N4 by solid-state sintering a hlghly Impractical and 

slow process. The introduction of a liquid phase during sintering of Si3N4 can 

enhance material transport, and hence enable dens!flcatlon to occur without the help 

of very high external pressures, a costly alternative(47 ,48). The better densification 

that Is achieved during liquid phase sintering can also be attrlbuted to the enhanced 

~--~ /---------........~ 
,/ ~ / ~, 

/ \, ... // 

, 

x 
1. Surface diffusion 

2. Bulk diffusion 

3. Vapour diffusion 

4. Grain boundary 
di ffusion 

Figure 2.2 : Material transport path during solid-state sintering. 
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rearrangement of the particles by creep, and capillary pressure which brings the 

particles closer together. 

2.1.2.3 Sintering of Silicon Nitride 

In general, sintering of silicon nitride can be do ne with the help of 

external pressure (hot-pressed silicon nitrIde - HPSN) or alternatively, without 

(sIntered silicon nItrIde - SSN). 

The expression sIntered silicon nitrIde is usually reserved for Si3N4 

which has been densified at atmospheric pressure (also termed pressureless sintering) 

with the help of additives which react and melt to form a liquid phase below the 

sintering temperature (1650-1850°C). The liquid phase not only enhances material 

transport, but also by wetting the Si3N4 grains, it enables the particles to rearrange 

themselves into a denser body. For Si3N4, the additives (about 5-10 weight %) that 

are usually used are AIN, A1203' MgO and Y 203' although many other additives and 

additive combinations have been reported. 

SSN components generally have high relative densities (". 95-99%) 

which give them very good strengths (bend strength .. 400-1000 MPa). This 

pressureless sintering pro cess does not require sophisticated high-pressure, high­

temperature equipment, and hence offers the possibility to manufacture complex­

shaped Si3N4 articles at a low cost. 

Hot-pressing is analogous to sintering except that pressure and 

temperature are applied simultaneously(49). Hot pressing is typically conducted at 
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approximately half the absolu te melting temperature of the material{SO), which is 

usually a lower temperature than that at which the material can be densified by 

pressureless sintering. In a hot press, pressures of up to 35 MPa can be applied 

uniaxially by a graphite die(21). However, the pressure used is usually much lower. 

This external pressure is often used in conjunction with sintering aids to improve the 

densification kinetics. 

This process offers several advantages such as reduced densification 

time, lower densification temperature (less grain growth, hence highcr stren,~ths), 

and near-theoretical density can be achieved (very low residual porosity). The major 

limitation of hot pressing is shape capability. Nonuniform cross-sections, and 

intricate or contoured shapes are difficult and often impossible to fabricate by 

conventional uni axial techniques. Another drawback of this process is the high cast, 

as well as the difficulty involved in mass-producing Si3N4 components. Table 2.3 

compares the densities and strength obtained by hot pressing and sintering at 

In order to eliminate the shape limitation problems involved with the 

hot pressing technique, a similar process was developed where the pressure Is 

applied isostatically by agas during sintering. This pro cess is named Hot-Isostatic 

Pressing (HIPping). The apparatus for HIPping consists of a high-temperature 

furnace enclosed in a water-cooled autoclave capable of withstanding pressures up 

to 300 MPa and providing a uniform hot-zone temperature of up to 2000°C(52). To 

achieve densification of a ceramic preform, it must first be evacuated and then 

13 



Table 2.3 : Comparison of strength and densities obtained by different 
densification methods (51). 

Materfal Sintering aid Density MOR {at room temR.} 
(% theoriticaI) (MPa) 

Sintered Si3N4 5%MgO ... 90 483 
(SSN) 

Hot-Pressed Si3N4 5%MgO > 98 587 
(HPSN) 

sealed in a gas-Impermeable envelope (usually Ta or Si02). When pressure is applied 

at high temperatures, the envelope deforms as the compact shrinks. Although this 

process solves sorne of the shape-limitation problems associated with the hot-

pressing (uniaxiaJ) technique, it is still a complex and costly alternative. 

2.1.3 THE INFLUENCE OF POWDER CHARACTERISTICS ON 
SINTERING AND MECHANICAL PROPERTIES 

Purity, particle size distribution, reactivity, and polymorphie form (a 

and P content) of the starting Si3N4 powder can aIl affect the final properties of 

sintered components. Therefore, a thorough knowledge of a powder's characteristics 

prior to sintering is an essential part of any advanced ceramic processing operation. 

2.1.3.1 The Ideal Powder 

One approach to develop ceramic materials with enhanced strength 

and toughness involves the synthesis of ideal powders for sintering. These powders 

are often considered to have a small particle size (see section 2.1.2.1), a narrow 

14 



range of slzes to avoid excessive grain growth, an absence of aggregates, equiaxed 

morphology for improved powder packing and a controlled chemlcal purity. 

2.1.3.2 Particle Size 

ln general, the finer the powder and the greater its surface arca, the 

lower ls the temperature and time required for densification. This is shown in 

Equation 2.1 (53) which summarizes the various parameters that have a direct 

influence on the slntering rate (linear shrinkage). 

= ( 20 Y a 
3 

D ) 2/ 
5 

v'2 k T 

r-6/5 t2/5 (2.1) 

AL/Lo = Llnear shrinkage 
y = Surface energy 
a3 =- Atomlc volume of the diffusing vacancies 
t 1: Tlme 

0= Self-diffusion coefficient 
k = Boltzmann constant 
T = Temperature 
r = Particle radius 

For example, for a given sintering time and temperature, Si3N4 

starting powder of - 2llm average particle size sinters to only about 90% of 

theoretlcal density. While, with the same sintering cycle, submlcron Si3N4 powder 

with a surface are a greater than -10 m2/g slnters to more th an 95% of theorctlcal 

density(54) • 

Given enough time at high temperature, even the coarser powder (2 -

5llm) would slnter ta > 95% of theoritical density. However, long times at sintering 

temperature should be avoided since excessive grain growth would occur, and hence 

the large grains formed would result ln a lower strength of the sintered product(SS). 
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2.1.3.3 particle Size Distribution 

There is still a debate as to which is better; a narrow, or a broad size 

distribution. A broad particle size distribution will result in a higher green density 

and a lower, although not necessarily uniform, shrinkage upon firing. On the other 

hand, a narrow particle size distribution will yield a lower green density but its 

shrinkage during sintering will be uniform and much more pronounced(56). 

The difference in shrinkage 1s related to the packing efficiency of the 

two powders. A monosized powder can have a maximum packing density of .. 

74%(57). In the broad particle size distribution, the srnaller grains can fill the voids 

between larger particles and hence attain a much higher maximum packing density. 

Table 2.4 shows that, for example, for a powder with a trimodal size distribution, 

the theoretical packing density (assuming spheres) can reach up to 95%(58). 

Table 2.4 : Opt!mized trimodal packing of spheres(59-6I). 

Volume % of particle size 

Small (0.1 ~m) Medium (0.7J.Lm) Large (4.9~m) Fractional densi ty 

13.2 20.7 66.1 0.878 

11.0 14.0 75.0 0.950 

In general, a narrow size distribution is the preferred alternative, since 

during firing, the larger grains present in the broad size distribution will tend to 

grow at the expense of the smaller ones, resulting in a fined-grained microstructure 

with severallarge grains imbedded in it. These large grains can then act as stress 

16 



1 concentra tors, and hence lower the strength. For the densification of silicon nitrlde 

the presence of a liquid phase is usually required for particle rearrangcment, 

improved mass transfer rates, and also for dissolution of «-Si3N4 grains and 

precipitation of P-Si3N4 grains. However, because of the dissolution of the a-Si3N4 

grains there may, in fact, be little advantage of using monosized powder. 

2.1.3.4 Effect of Impurities 

Depending on the powder synthesis method and the subsequent milling 

and purification steps used, various types of impurities can find their way into the 

powder prior to sintering. The most common impurities are oxygen, C, Fe, Ca, F, 

Cl, and Al. As these impurities tend to migrate to the liquid phase they have an 

effect, alone or grouped, on both the densification behaviour and the high 

temperature mechanical properties ot Si3N4(62). For example, CI, an impurlty 

commonly found in powders produced by the imide process (if SiCl4 is used as a 

starting material - section 2.1.4.2), has been found to be detrimental in establishing 

a creep-resistant glassy phase as it reduces the solubility of nitrogen in the glassy 

phase(63,64) . 

Individually Al and Fe seem to have only a minor effect on high­

ternperature strength, but in combination, especially with Ca, a strong decrease ln 

the glassy phase viscosity is observed(65.66). 

For the carbothermal reduction process, the use of high purity startlng 

materials limits the presence of metallic impurities in the final powder. For this 

pro cess the most common impurities round are oxygen and carbon. Thelr effect on 
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the high-temperature mechanical properties and densification behaviour is dlscussed 

in section 2.1.4.4. 

2.1.4 SILICON NITRIDE POWDER PRODUCTION ROUTES 

As mentioned in section 2.1.3, the mechanical properties of a densified 

Si3N4 component are strongly dependent upon the starting powder characteristics. 

For example, particle size, purity, morphology, and the size distribution of a powder 

have a strong influence on the properties and densification behaviour of the final 

product. 

There is several methods by which Si3N4 powder can be synthesized. 

Each method offers a unique set of advantages and disadvantages. The following 

sections deal with sorne of the Si3N4 powder synthesis processes currently available. 

2.1.4.1 Direct Nitridation 

Silicon nitride powders can be synthesized by direct nitridation(67 .68), 

with controlled bed-depth of chemically pure Si powder (less th an lOJ.Lm diameter) 

at between 1473 and 1723K in an atmosphere of NH3, N2/H2 or N2(69) according to 

the overall reaction : 

Due to the formation of a protective layer of Si3N4 on the outside of 
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the Si powder, the nitridation reaction generally requires a long pcriod of time (5-20 

hours)(70,71). This reaction 1S exothermic, therefore, precautions have to be taken 

in order to avoid melting the Si powder, or forming P-Si3N4 (high-tcmpcl'ature 

phase). 

The direct nitridation of Si is a fairly simple method to synthcsize 

Si3N4 powder. The reaction can be conducted in a conventionall'csistance furnace, 

and this pro cess can easily be adapted for batch or continuous production. Howevcr, 

it has several associated problerns. Since the nitridation product is usually stl'ongly 

agglomerated, a milling stage is necessary for the production of fine Si3N4 

powders(72). A final chernical purification step is also required to remove impurities 

due to mill wear, and residual rnetallic Si (typically 0.2-1 weight%)(73). 

2.1.4.2 Imide Process 

This process is termed the "imide" or "diimide" process because of the 

formation of the interrnediate product silicon diirnide (Si(NH)2)' according to the 

reacdon: 

The reactants can be either both liquid, or one of thern can be a gas, and 

the other a liquid(7l). In a11 cases an intimate mixture of fine particulate silicon 

diimide and ammonium chloride is formed. The reaction usually takes place at a low 

temperature (-40°C to O°C). 
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The NH4CI can be removed by washing with liquid ammonia or thermal 

treatment in an inert gas stream at about 900°C. The final step is the pyrolysis of 

SI(NH)2 according to the following reaction(74): 

1200°C 
3Si(NH)2 (5) -----> Si3N4 (s) + 2NH3 (g) (2.3) 

The Si3N4 powder produced is amorphous. A crystallization treatment 

(>1300°C) is therefore required to transform the amorphous Si3N4 into a-Si3N4 

powder. This heat treatment results in the formation of hard agglomerates, which 

are then broken down by milling. A final chemical purification stage is performed 

to rem ove the impurities from milling, as weIl as the residual amount of chlorine 

present. 

The imide pro cess offers the advantage of producing a relatively fine a-

Si3N4 powder ( .. 10 m2/g) with high purity. However, this pro cess also has several 

disadvantages such as the problems associated with the corrosive nature of NH3, 

SiCl4 and HCI (a by-product from the decomposition of NH4CI which is recycled). 

2.1.4.3 Plasma and Laser Synthesis Process 

In recent years, much attention has been given to ultra fine powders. 

To synthesize such powders, direct current (d.c.), alternating current (a.c.) and 

radio-frequency (r.r.) thermal }llasma reactors have been developed(69). For these 

techniques, a highly ionized gas is used as a heat source. The plasma gas can be 

either pure Ar, or mixtures of Ar/N2, or Ar/H2(71,7S). 
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Si3N4 powder is synthesized by introducing gaseous, liquid or finely 

dispersed solid reactants into the plasma torch (tempcrature up to .. 6000K) 

together with ammonia, according to reactions 2.4-6. 

3SiCl4 (1) + 4NH3 (g) ---> Si3N4 (s) + 12 HCl (g) (2.'1) 

3SiH4 (g) + 4NH3 (g) ---> Si3N4 (s) + 12H2 (g) (2.5) 

3 Si(s) + 4NH3 (g) ---> Si3N4 (s) + 6H2 (g) (2.6) 

Problems are associated with each of these routes. The use of SiCl4 

leads to corrosive by-products, whereas SiH4 i~ chemically more dangerous thon the 

tetrachloride because of its spontaneous flammability in air. Whcn metallic Si is 

used as fi reactant, a significant amount of unreacted Si can end up in the Si 3N4 

powder. 

The Si3N4 powders produced by the plasma method are usually 

amorphous and extremely fine 00-20 nm). After heat treatment (> 1300°C), the final 

size of the crystalline powder is usually in the 0.2-0.3 ~m range. A laser can also 

be used P.5 a heat source by orthogonally intersecting with the reactant gas stream 

(silane-ammonia-mixtures)(76) and heating up the gas up to approximately IOOOoe 

with a heating rate of 106°C/second. The Si3N4 powder synthesized by this method 

is also extremely fine (15-20 nrn), amorphous, and contains considerable amounts of 

free silicon ( .. 2 %). 

These methods have the advantage of producing fine powders of very 
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high purity. This is especially true for the laser and r.f. plasma(77) techniques where 

there is no contamination from the electrodes. There are, however, several 

drawbacks associated with these methods in that the reactors are usually complex 

and have high energy requirements. More importantly, the very fine Si3N4 powders 

are extremely sensitive to humidity and will oxidize readily in air. Oxygen 

impuritics in the order of a few percent are the consequence. 

2.1.4.4 Carbothermal Reduction of Silica 

The previous sections dealt with various methods to synthesize silicon 

nitride powders. AlI have at least one drawback associated with them such as 

complexity of reactor, corrosion problems, cost, powder purity, fineness and 

crystallinity of powder. The choice of a pro cess depends on the application of the 

powder, the subsequent densification pro cess (pressureless-sintering, hot-pressing, 

etc.), as weIl as the cost of the powder with a given series of propel'ties. The cost 

of advanced ceramics is an important factor when considering the replacement of 

their met allie counterparts. 

Carbothermal reduction is a very cost-effective pro cess since the high 

purity starting materials required (C, S102, and N2) are cheap and abundant. Reactlo 

2.7 describes the general form of the carbothermal reduction pro cess where an oxide 

is reduced by carbon, and then subsequently nitrided. 

1350-1600°C 

OXIDE (s) + C (s) + N2 (g) ---> NITRIDE (s) + CO (g) (2.7) 

-{ 
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1 The carbothermal reduction process is not Iimited to the synthesis of 

silicon nitride. ether oxides su ch as A120 3, Ti02, Zr02' and 132°3 can also be 

reduced and transformed iuto their nitrides, or even carbidcs(78). Also, the total 

energy cast of synthe~izing compounds by carbothermal reducLion is lower than 

other processes. Table 2.5 compares the energy requirements for the synthesis of 

Si3N4 and SiC by both carbothermal reduction and from mctallic Si(79). 

Table 2.5 : Energy requirements for the synthesis of Si3N4 and SiC. 

Energy requirements (kWh/kg) 
for the synthesis of: 

Si3N4 SiC 

From Si02 2.60 4.20 

From Si 4.03 4.70 

Carbothermal reduction of silica was among the first methods used to 

make silicon nitride.The first patent was granted ta Mehnar in 1895(80), followed by 

a series of patents at the beginning of this century(81-84). Currently, Toshiba 

(japan) is the only company that commercially produces silicon nitride powder by 

carbothermal reduction. Other companies, su ch as Atochem (France), and DOW 

(USA) are also interested in the pro cess and are presen!:ly at the pilot plant leveI. 

The overall reaction for the carbothermal reduction of silica is 
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described as follows: 

3Si02 (s) + 6C (s) + 2N2 (g) ----:> Si3N4 (s) + 6CO (g) (2.8) 

In this relatively simple equation, Si02 is reduced by carbon, and then 

nitrided to form silicon nitride. However, in practice, stoichiometric amounts of 

starting materials da not guarantee completion of the reaction. Excess amounts of 

C (malar ratio > 3: 1, C:Si02) are normally used ta ensure full conversion of 8i02' 

and to dilute the CO product gas present in the reaction bed, and hence avoid the 

formation of SiC (see section 4.1.5), flowing N2 i5 usually preferred over a static N2 

atmosphere. 

The overall reaction is believed to follow several steps(85-87): 

and 

and/or 

Si02 (s) + C (s) ----> 8iO (g) + CO (g) 

3SiO (g) + 3C (s) + 2N2 (g) ----:> Si3N4 (s) + 3CO (g) 

3SiO (g) + 3CO (g) + 2N2 (g) ----:> Si3N4 (s) + 3C02 (g) 

(2.9) 

(2.10) 

(2.11) 

The first reaction (2.9) ls a solid-solid reaction between silica and 

carbon that results in the formation of SiO and CO gases(87,88). More silica is then 

reduced by carbon monoxide in the reaction: 

8i02 (s) + CO (g) ----> SiO (g) + CO2 (g) (2.12) 
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with carbon monoxide being regenerated by the following reaction: 

C (s) + CO2 (g) ----> 2CO (g) (2.13) 

It has been suggested that nuclei of Si3N4 are produced by the reaction 

of SiO and N2 with C(89) (equation 2.10). The growth of these nuclei via the gas 

phase reaction(90) (equation 2.1l) and the formation of new nuclei of Si3N4 will 

occur with time (at the reaetion temperature) until a11 the Si02 is eonvertcd to SiO 

gas(86) . 

Like aIl synthesis methods, carbothermal reduction of Si02 has 

associated drawbacks. The main problem is related to the removal of the ex cess 

amount of carbon used to ensure full conversion of Si02 to Si3N4. After reaetion, 

the Si3N4 powder and the remaining C (30-50 wt%) are intimately mixed togcther, 

rendering separation by physical or mechanical means virtually impossible. The most 

common way to eliminate the carbon is to simply oxidize it in air at a temperature 

of 650-BOO°C for several hours. 

After C removal, the Si3N4 powder ean still contain levels of C 

between 0.7 and 1.0 % by weighé71). This residual C can react with the silicon 

oxynitride liquid phase during sintering, and therefore result in a compositional shift 

of the liquid(4), as weB as a porous final product (from SiO and CO evolution). The 

removal of C in an oxidizing environment aIso partially oxidizes Si3N4 to Si02 (78). 

The high levels of oxygen sometimes round in Si3N4 powders produced by 
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carbothermal reduction can have a deleterious effect on the high temperature 

mechanical properties of a component. The presence of excessive amounts of oxygen 

(>5 weight %) will result in the formation of a large volume fraction of intergranular 

glassy phase in the final dense Si3N4 part. Although the densification behavior of 

such a compound would be excellent due to improved mass transfer rates and larger 

medium into which ex grains can dissolve and repredpitate as J} grains, its high 

temperature strength and creep resistance would be strongly affected in a negative 

way; the intergranular phase softening at a relatively low temperature ( .. lOOO°C). 

To limit the amount of oxygen, methods for the elimination of C in oxygen-free 

atmospheres (NH3, H2/NH3) can be used as an alternative(91) decarburization 

method. 

Another problem that has traditionally been associated with the 

carbothermal reduction process is the morphology of the Si3N4 powder produced. 

Although usually fully crystalline (with high ex contents), the powder produced has 

a tendency to be agglomerated and have a large particle size (typically 1-5 llm). 

This meant that a final milling or "deagglomeration" step had to be performed to 

make the Si3N4 powder suitable for sintering. 

2.1.5 OBJECTIVES OF THESIS 

The goal of this thesis was to study and identify the parameters 

influencing the powder morphology, particle size, size distribution and composition 

(œ-Si3N4, J}-Si3N4, SiC) of Si3N4 powders produced by the carbothermal reduction 
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1 
process and then produce a Si3N4 powder with optimized properties for sintering. 

A further objective was to characterize the powders in terms of their 

sinterabiIity and mechanical properties. 
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• 3. EXPERIMENTAL PROCEDURE 

3.1 STARTING MATERIALS 

The raw materials used in this study were high surface area, high purity fumed 

Si02' and carbon black. This choice was based on previous work(92) that showed that 

very fine starting materials were necessary to achieve full conversion of Si02 to 

Si3N4' For experiments with seeded raw materials, a sub-micron, high purity a-

S!3N4 powder was used. This is a commercial powder produced by the imide process. 

Table 3.1 summarizes the specifications of these powders. Fig. 3.1 is a secondary 

Table 3.1 : Specifications of starting materials. 

POWDER FUMED SILICA CARBON BLACK a-Si3N4 (SEED) 

GRADE EH-5 M-1300 SN-E-I0 
(Cabot Corp.) (Cabot Corp.) (UBE Industries Ltd.) 

PARTICLE SIZE -0.010J.lIl1 0.0 1 0-0.020J.llll 0.1-0.2jJlTl 

SPECIFIC 400 m 2jg 500 m2jg 10-11 m2jg 
SURFACE AREA 

H20 - 1% ASH - 0.24% 0<2.0% 
Al < 5ppm CY ANIDES<7ppm C < 0.2% 

MAJOR Fe < 2ppm Ni < 17ppm Cl < 100ppm 
IMPURITIES Ca < 2ppm Cr < 12ppm Fe < 100ppm 

Fe < lOppm Ca < 50ppm 
Al < 50ppm 

CRYSTALLINE 
COMMENTS AMORPHOUS AMORPHOUS a-Phase=95% 

(l-Phase=5% 
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electron mlcrograph of the seed materlal, showing an average partlcle slze of .. 0.2 

JlIIl. 

1J111l 

Fig. 3.1: a-Si3N4 seed material (UBE SN-E-I0) 

3.2 MIXING OF PRECURSORS 

The starting materials were mixed in a 7:1 C:Si02 motar ratio by a sol-gel 

processing technique. This ratio was previously determined to be optimum for full 

conversion of Si02 to Si3N4 (92). The solids were either baIl millcd or attrition milled 

(200 rpm) with distilled water in a 6:1 wt H20:weight solids ratio with 5mm ~ 

Si3N/, AI20/ or Zr02 ++ media. The media: solids ratio rangcd from 1.5: 1 ta 

13.4: 1. 

+ Union Process 

++ Toya Soda -
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After blending, the mixture was dried in a microwave oven, and then, dried 

further in a convection aven at 140°C for 24 hours. Before the nitridation, a final 

H20 removal step was done in a furnace at 300°C for 2 hours. Fig.3.2 is a 

photograph of the "lumps" of starting materials which are ready to be reacted, whUe 

Fig.3.3 Is a flowchart summarizing the mixing procedure. 

'. ;, ::::~::~rr~' '. . 
." , ";,' 

;,,'''J' . ( 

Fig. 3.2 : "Lumps" of startfng materials ready ta be 
reacted. 
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Fig. 3.3 : Flowchart of mixing and drying of precursors. 

3.3 NITRIDATION 

The pellets were put onto a perforated graphite plate, inside a large 

cylindrical graphite reactor ($ .. 16cm, height"18cm) (Fig.3.4). A layer of carbon fclt 

was placed between the pellets and the perforated plate in order to provide a more 

uniform N2 flow through the reactants, and also, to prevent the smaller pellets from 

falUng out of the reactor. The design of the reactor was such, that preheated 

flowing N2 gas entered the bottom of the reactor, passed over the reactants and 

exlted the reactor at the top. In most experiments, a N2 gas flow rate of 

1900cc/min at STP (linear flow c 0.2 cm/sec) was used. In order ta study the 

importance of gas flow rate, several experiments were conducted with lower ~nd 
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higher flow rates 950 cc/min (0.1 cmls at STP) and 3800 cc/min (0.4 cm/s 

PERFORATED 
FLOOR 

N2 + CO/C0 2 + SiO 

EXHAUST 

t t t t'--~ 

REACTOR 

GRAPHITE FELT 

Fig. 3.4: Schematic vlew of graphite reactor. 

at STP) respectively. Relatively low linear flow rates were u8ed in order to avoid 

excessive 1085 of SiO gas. 

The reaction took place in a graphite resistance rurnace (Fig.3.5) with a 

rectangular hot zone (25cmX30cmX35cm) at the back of which, a W5%Re-W26%Re 

thermocouple monitored the temper,ature. Calibration of the furnace temperature 

wa5 done using the melting points of pure meta} powders (Co, Ni, and Fe) placed in 

small BN crucibles inside an empty reactor. The accuracy of the temperature 

resulting from the calibration procedure 15 estlmated to be t 10°C. The furnace 

temperature wa5 regulated by a controller which received the signal from the 

thermocouple, and sent an appropriate signal ta the SCR (Silicon Control Rectifier), 
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1 which in turn dictated to the transformer the current to be sent to the elements. 

~
,: ""!"1 

, . 
r ~..;.: 1 

l f. 

, . ..... :, 
Figure 3.5: High temperature graphite electric resistance 

furnace. 

The reactions took place at various temperatures, ranging from 1450°C to 1600°C. 

While the time of experiments was varied. The CO analyzer can be seen in Figure 

3.5 above the controller panel. 

3.4 ANALYSIS 

3.4.1 X-RAY DIFFRACTION (XRD) 

X-ray diffraction was used both to identify and quantify the phases 

present after reaction. An American Instruments X-ray generator was used to 

provide CuKœ radiation, with an accelerating voltage of 40kV (:1:0.1 %) and a beam 
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current of 20mA (10.1%). A Philips Automatic Powder Diffractometer system was 

used to produce XRD patterns over a scan range of 29 from 15° to 450
, at a rate 

of 10 /minute. This range was ch os en 50 that the strongest peaks from aIl the 

possible phases could be detected. 

The identification of the phases present in the nitrided powders was do ne 

by comparing their patterns to JCPDS reference patterns stored in the memory of 

a Philips APD 1700 computer system (Digital Micro-POP 11). 

Quantitative analysis using XRD patterns was done with the help of two 

calibration curves (Appendix 1). With these, it was possible to quantify the amount 

accuracy of ± 2%. 

The f}-Si3N4/u-Si3N4 calibration curve (in Appendix I) showed good 

agreement with a similar curve drawn by Gazzara et al. (93). Although different 

peaks for ex and f}-Si3N4 were selected for their calibration curve, by using the 

diffraction patterns that were generated in this study, it was pOSSible to compare 

the curves. This corTlparison yielded maximum differences of 4% for mixtures 

containing around 50-60 weight% f}-Si3N4. 

3.4.2 CHEMICAL ANALYSIS 

As mentioned in section 2.1.4.4, the main impurities present in a 

silicon nitride powder produced by the carbothermal reduction pro cess are oxygen 

and carbon. Hencc, most of the chemical analysis was focussed on these two 
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elements. The total nitrogen content of the powders was also evaluated as a mean 

of estimating the actual amount of silicon nitride in the powders, and hence 

determine the degree of conversion of Si02 to Si3N4. 

The total oxygen (Si02, Si2N20, and various oxides) as weIl as the total 

nitrogen content of the powders were analyzed by ELKEM Metals in Niagara Falls 

(New-York) using a TC136 LECO EFIOO electrode furnace and associated analyzer. 

In this method, between 20-25 mg of the ceramic powder is placed into a tin 

capsule, which is then placed into a nickel basket. This basket is then put into a 

graphite crucible, together with a smaH amount of graphite powder and" 0.5 g of 

tin. The whole assembly is then burned ( .. 2700°C) under a flowing He (carrier gas) 

atmosphere to release the oxygen and nitrogen in the sample. The oxygen present 

in the sample reacts with the graphite crucible forming carbon monoxide. The gas 

to be analyzed together with the carrier gas flow first through an infrared (IR) 

analyzer. The IR detector responds selectively to carbon monoxide and produces a 

signal proportional to the concentration. This signal is integrated over a pcriod of 

time and forms a unique measure of the carbon monoxide quantity and therefore of 

the oxygen content of the sample. After passing through the IR analyzer, the gases 

are filtered, leaving only nitrogen and the helium carrier gas. This mixture passes 

into a thermal conduct:ivity cell where nitrogen produces a change in the output 

signal due to its appreciably lower thermal conductivity compared with pure helium. 

The time integral of this signal is then interpreted as a unique measure of the 

nitrogen content of the sample. 
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The carbon content of the decarburized silicon nitride powders was 

evaluated at McGill University using a LECO WRJ 2 (model 761-100) carbon 

analyzer. Carbon is analyzed in a very similar manner to oxygen. About 0.05-0.2 g 

of ceramic powder is placed in a relatively porous clay crucible together with 0.5 -

1 g of copper chips used as an accelerator. The assembly is then placed in a small 

induction furnace where it is burned (l350°C) in a dry air environment. The carbon 

present in the sample reacts with the oxygen, forming carbon dioxide. This gas then 

passes in a thermal conductivity cell where its reading is compared with two 

reference gases (02 and dry air). This comparison enables the total amount of 

carbon dioxide in the gas to be found, and therefore the initial carbon content in the 

powder can be estimated. 

X-Ray Fluorescence analysis were also do ne on Si3N4 powders to 

establish the presence of various cations (Mg, Zr, Fe, Na, AI, K, Ca, and y). The 

analysis were performed at the Sherritt Gordon Laboratories on a Siemens XRF 303 

instrument. The powder samples were pressed into pellets and placed in a cup where 

X-rays from a Rh target were focussed. The X-rays emitted by the sample then 

passed through a LiF analyzing crystal attached to a goniometer. Using Bragg's law, 

a computer system analyzed the information (wavelength of radiation of interest, 

angle, d spacing) and yielded the content (wt%) of the cations. 

3.4.3 PARTICLE SIZE ANALYSIS 

As mentioned in section 2.1.3, the average particle size as weIl as the 
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size distribution of powders have tremendous effects on the sinterlng 

behaviour(94,95), and hence the mechanical properties of the final prodlJct. It is 

therefore very important to c1early identify these parame'.:ers before sintering. 

To do 50, three methods have been used; surface nrea measurements 

(BET), partic1e sizing by Dynamic Light Scattering (DLS), and visual examination 

with a Scanning Electron Microscope (SEM). 

3.4.3.1 Surface Area Measurements (BET) 

The surface area measurements of the nitrided powders were carried out 

using a Quantasorb area-meter. The measurement of the specific surface area is 

based upon the theory of Brunauer, Emmett, and Teller(96) (I3ET theory), and Is 

usually expressed in m2/g. The surface area ls Inferred from the differential thermal 

conductivity of a He/N2 mixture before and after adsorption of a monolayer of 

N2(97,9S) onto the surface of the powders at 77K. 

Equivalent spherical partic1e sizes can be calculated from the specifie 

surface, but will be influenced by particle shape (whiskers as opposed ta equiaxed 

grains), surface roughness, surface phases like amorphous SiOTlayers or absorbcd 

chemical residues from the powder production, and degree of agglomeration(71). 

More importantly, sinee one of the driving forces of sintering is the reduction of 

surface energy (decrease of the are a of the solid-gas phase interfaces)(21,99}, thls 

value gives a direct indication of a powder's slnterability. 
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3.4.3.2 Dynamic Light Scattering (DLS) 

The particle sizing of the powders was earried out using a St bmicron 

particle size analyzer, a NICOMP 370, from Pacifie Scientific InstruII1!:.nts. It uses 

the principle of Dynamie Light Scattering to obtain a size distrib.Jtion. The light 

from a laser is focussed into a glass tube containing a dilute suspension of particles. 

The suspended particles are not stationary; rather, they move about, or diffuse, in 

random-walk fashion by the pro cess known as Brownian motion (caused by collisions 

of neighbouring solvent molecules). Each of these particles scatters light in a11 

directions. The intensity of this seattered light is th en related to the particles 

equivalent diameter. Small particles will "jitter" about in solution relatively rapidly, 

resulting in a rapidly fluetuating intensity signal; by contrast, larger ones will 

diffuse more slowly, resulting in a more slowly varying intensity. 

The samples were prepared by dispersing .. 0.1 g of powder in 50 ml of 

distilled water with an ultrasonic horn for 5 minutes. After the ultrasonic dispersion, 

about lml of a dispersant (DARVAN 821 *) was added to keep the dispersion stable. 

With a syringe, this dispersion was then injected in the NICOMP through a "Iuer" 

connection. 

Every 15 seconds, the machine automatieally generated particle size 

distribution graphs on a % number or a % volume basis, as weil as an average 

rliameter. The analysis was stopped, and the results were retrieved, wh en enough 

* Vanderbilt Corp., Norwalk, CT. 
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data had been coUected and the statistical parameters (chi-squared, fit error) 

indicated a good fit for the particle distribution curves. 

3.4.4 SCANNING ELECTRON MICROSCOPE (SEM) 

Particle sizing as weB as powder rnorphology observations were done with 

the aid of SCflnning Electron Microscopy (jEOL 840 and JEOL T300). The samples 

were prepared by dispersing .. O.05g of powder in 50ml of isopropanol with an 

ultrasonic horn for 10 minutes. A few drops of the dispersion were then deposited 

on an aluminum stub where upon the isopropanol was allowed to evaporate. A thin 

coating (a few nanometel's) of gold-platinum was sputtered onto the samplc to avoid 

charging. 

The particle size distributions w~re obtained by taking several 

micrographs of a given powder at high magnification, and then, manually measuring 

the diameter of several hundred grains. For each grain, an average diameter was 

calculated by measuring the width and the length of the grain on the micrograph, 

and taking an average. The results obtained with this method proved to be very close 

to those obtained with the DLS technique (see Appendix II). 

3.5 SINTERING OF SYNTHESIZED POWDERS 

3.5.1 SELECTION OF POWOERS AND ADDITIVES 

To study the sinterability of the silicon nitride powders synthesized in 

this work, two powders were selected and compared with UBE SN-ElO (imide 

process), one of the best quaIity commercial silic\ln nitride powders presently 
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available on the market. The two carbothermally produced powders were made with 

reactants (7: 1 carbon black:fumed silica ratio, 5 weight% seed) attrition milled with 

a Zr02 media:solids ratio of 13.4:1, for 0.5 and 4 hours respectivp.ly (see section 

4.3). 

ln this study, the sintering additives that were used were Al20 3 * (4 

weight%) and Y 20/ (6 weight%), two commonly used additivesOOO-l02). The 

amount of sintering aids used was slightly higher than the A Y6 cfJmposition(l 03,1 04) 

developed by GTE (2 weight% A1203' 6 weight% Y 203) to compensate for the 

presence of residual C in the Si3N4 powder whieh acts as a reducing agent. 

The silicon nitride powders and the additives were attrition milled and 

processed according to the overall flowchart presented in Figure 3.6. 

* AI6 AG, Aleoa Corp. 
+ MOL YCORP Corp. 
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Figure 3.6 : Overall flowchart of powder processing scheme. 

3.5.2 PRESSING & SINTERING OF Si3N4 BARS 

Arter the second sieving step the powders (4.5 - 5.5 grams) were 

isostatically pressed into rectangular bars (60 mm x 10 mm x 5-7 mm). The bars 

were then placed in a graphite crucible filled with a powder made up of 40 welght% 

BN and 60 weight% silicon nitride powder and additives (90 weight% Si3N4, 4 
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welght% A1203' 6 weight% Y 203)' The bars, surrounded by the powder bed material, 

wcre slntered for 2 hours at 1800°C accordlng to the following temperature cycle. 

1800 .....•.......••..•..••.•....•••. ~. ,--------_ 
1790 •..••.•...••••..•.•••••••. , 

: 
TEMP. 1 : 

CC) \ 1 
, t 

'400 ..••..•.•••..•..•.• ·····t···~························:········ 0 . :: 

1000 

1500 

200 

20 25 
min min 

-60 3 

t " . ~. 
, , , , 
o 
o 

min min 
120 
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30 
;nln 

TIME 

Figure 3.7 : Sinterlng cycle of the bars. 

After sintering, the surfaces of the bars were machined with a 240 grit 

diamond wheel (60 - 80 ~m finish) to ensure fiat, parallel surfaces and the edges 

were bevelled to remove stress concentration features that would negatively 

influence the strength of the bars. 

Densities were measured at various points in the process. The tap 

density of the powders was measured prior ta the uni axial pressing step, the green 

denslty of the bars was measured both belore and after the isostatic pressing stage 

and the final sintered density was evaluated using the Archimedian method in water 

(ASTM C373). 
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3.5.3 EVALUATION OF MECHANICAL PROPERTIES 

The bars were placed in a 4-point bend apparatus (Figure 3.8) where 

a load was applied until (racture. Knowing this load, the cross-sectional dimensions 

of the bars, and the dimensions of the jig, it was possible to evaluate the Modulus 

of Rupture (bend strength) of the bars (equation 3.1). 

r k 

a'r ••• dl.'rl .... ' .. ft 

1 , 
1 
1 
1 

Figure 3.8( 1 05) : 4-point bend testing of ceramic samples. 

3Pa 
M.O.R. =--- 3.1 

Where M.O.R. = Modulus of Rupture (Pa) 
P ;; Load (N) 
a = Constant related to the jig's geometry 

(here 0.010 m) 
b = Width of bar (In m) 
d ;; Thickness of bar (in m) 

The machine used to suppl y the load was an universal testing 

machine *. The deformation was done at a rate of 0.5 mm/min. 

The toughness of the bars was evaluated by randomly selecting four 
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bars from each of the three groups (1/2 hour attrition milling (A.M.), 4 hours A.M., 

UBE) and polishing them to a 1 J.Lm finish. The samples were then tested with a 

dlamond indentor* using a 50 kg load. The K1c was measured using the following 

equation006): 

• INSTRON 1362 

Where E = Young's Modulus 
H = Hardness 
P = Load 
c = Length of crack 
a = size of inde nt 

• Vlcker's Indentation 
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4. RESULTS & DISCUSSION 

4.1 SELECTION OF PRECURSOR PREPARATION METHOD 

The mixing/milling of the precursors (C, Si02 and maybe Si3N 4 seed) 

is a crucial step in determining the final characteristics of the Si3N4 powder 

produced. The objective of the mixing/milling step is to incrcase the intimacy 

between C and Si02 particles which will ultimately result in a finer Si3N4 powdcr 

(section 4.2) and while doing so, introduce minimal impurities which could promo te 

the formation of other phases (e.g. SiC - section 4.1.2). 

The efficiency of various mixing methods as weIl as the resulting 

contamination have been investigated. The outcome of this study is presented ir. the 

following sections, together with the influence of various reaction conditions 

(temperature, location of pellets in reactor, N2 gas flow) on the formation of SiC. 

4.1.1 PRECURSOR MIXING EFFICIENCY 

Both carbon and silica partides are extremely fine (10--40 nm) but tend 

to form soft agglomerates. In order to break down these agglomerates and bring 

about good contact between the silica and carbon partides, various mixing/milling 

methods were investigated. The first mixing method studied was blending, where 

upon the starting materials together with water were placed into a 4 liter 

commercial stainless steel blender for up to 1/2 hour at high speed. However, 

blending did not succeed in breaking down the agglomerates and also, Iron 

contamination from the blades and the walls of the blender t resulting from 
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prolonged blend;ng Ume, was a strong possibility and a major concerne The lack of 

efficiency of biending in breaking down agglomerates was indirectIy evaluated by 

looking at the final Si3N4 particle size. The blended precursors (with seed) yielded 

Si3N4 powders with large average grain sizes of 0.9 - 1.2 ~Lr. As will be shown in 

sectlons 4.2.1 and 4.3, large Si3N4 grain sizes (> 0.5 ~m) are the resuit of poor 

intimacy between c..; and Si02' 

The more aggressive nature of attrition miIling, on the other hand, 

proved to be a very efficient way of breaking down the precursor agglomerates. This 

method also offereù the advantage that the amount of miIling energy put toward 

mixing the carbon and silica could be easily controlled via the attrition milling time, 

the volume of media used, and the rotational speed of the attrition milling arms. In 

this work, the rotational speed was kept constant at 200 rpm, while changes in the 

amount of media, the type of media, and the milling time were aIl studied. Three 

different types of milling media balls were used; hot-pressed Si3N4, AI20 3, and 

Zr02' 

The efficiency of baIl milling as a mixing method was also studied. 

However, as will be shown in the following section, baIl miIling proved to be much 

less efficient when compared to attrition milling. 

The pick up of impurities during the milling operation (from media 

wear) is a major concerne Section 4.1.2 will deai with the source, the nature, as weB 

as with the effects of such contaminants on the formation of by-products other than 

Si3N4 (SiC, AIN, Si02-AI20 3 compounds). 
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4.1.2 MEDIA CONTAMINATION 

Impurities can be either present in the starting materials (e.g. iron in 

silica, or organics in carbon black) or can be introduced during the different 

processing steps (handIing, mixing/milling, drying) required for the preparation of 

the precursors. As mentioned in section 3.1, the starting materials used in this work 

conta in very low levels of impurities and pick up of impurities during the various 

processing steps (mainly media wear during attrition or baIl milling) prior to the 

reaction determines the quality of the end product. A study of the wear of the 

different types of milling media as a function of attrition milling time was therefore 

undertaken. This was compared with ball milling using Si3N4 media. The results are 

presented in Figure 4.1. 

Figure 4.1 shows that the amount of contamination that can result 

from attrition or baIl milling of the starting materials can be surprisingly high, 

depending on the media used. For example, attrition milling 100 g of silica together 

with 140 g of carbon for 4 hours with hot-pressed Si3N4 media balls resulted in a 

media wear of about 8 g. It can also be seen that attrition milling is much more 

efficient than baIl milling, since one day of ball milling was found to be roughly 

equivalent to 2 hours of attrition milling. Hence, in order to ITtLike the ~tarting 

materials processing stage as short as possible, attrition milling was chosen over bail 

milling. 

Of the three different types of media balls studied, after 4 hours of 

attrition milling the A120 3 media (7:1 media weight:solids weight) showed the most 
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Figure 4.1 : Wear behaviour of A1203' S13N4' and zr02 media 
as a function of mUllng time. 

wear, 10sing between 12 and 14 g of its weight for every 100 g of S102 milled. This 

AI20 3 present in the starting materials resulted in the synthesis of a "silicon nitride" 

powder which contained 5-15 weight% AIN, 15-25 weight% SiC, and 35-45 weight% 

P-Si3N4 the balance' being œ-Si3N4• Figure 4.2 is the X-ray diffraction pattern of 

this powder. Although not clearly identified on the diffraction patterns, large 

globules which are believed to be alumino-silicates cou Id be clearly seen wlth the 

aid of the SEM (Figure 4.3). These alumina-silicate globules are beIieved to be the 

result of alumina "chips" (from alumina media wear) which have reacted with Si02 

prior to nitridation, and sintered tagether. Because of their smooth features these 
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globules are thought to have been a viscous llquid at the synthesis temperature 

(151O°C). This liquid phase is in turn belleved to be in part responsible for the 

formation of silicon carbid~ and ~-si1icon nitride at such a low temperature (section 

4.1.5). 
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Figure 4.2 : X-ray diffraction pattern of powder produced from starting 
materials (5 weight% seed) attrition milled for 4 hours with 
AIZ03 media (7:1 weight of media:weight of solids). 

For the same am ou nt of materials milled and with the same weight of 

media to solids (7:1), the silicon nitride media showed a slight improvement, losing 

around J3 g after 4 hours of attrition milling. Besides the obvious contamination 

problems, the wear of silicon nitride media poses another threat to the mechanical 

properties of the final product, i.e. the introduction of large (10-100~m) ~-Si3N4 

"chips" into the u-Si3N4 powder produced (Figure 4.4). 
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Figure 4.4 : SEM micrograph of P-Si3N4 "chips" resulting from the wear 
of the hot-pressed Si3N4 media after 4 hours of attrition 
milling. 
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These large "chips" of p-Si3N4 (high-temperature phase) will ~ot 

dissolve into the liquid phase and reprecipitate (as will the a-Si3N4 grains) during 

sintering. Hence, the "chips" will remain intact in the final dense silicon nitride 

product where, because of their morphology, chey could act as stress concentra tors 

and therefore lower the strength of the ceramic. AIso, these p-5i JN4 "chips" could 

partially inhibit the shrinkage process by hindering the movement of a-Si3N4 grains 

and creating larges pores in the final product. 

Zr02 media balls showed the best wear performance of a1l, with no 

discernable weight 105S even after 4 hours of attrition milling with a media 

weight:solids weight ratio of 7: 1. ln order for the volume of Zr02 media (higher 

density th an Si3N4 media) to be equivalent to the volume of Si3N4 media u::,cd, the 

weight of Zr02 media:weight of solids ratio was increased to 13.4: 1. Even with thia 

weight (134 g of media to mill 10 g of solids), after 4 hours of attrition milhng the 

Zr02 media only lost a maximum of 0.5 g for every 100 g of Si02 milled. Bere, both 

the mass and the volume of media used are believed to be important factors. For 

a given volume of media, a higher media mass (by using a media with higher dcnsity) 

will mean that more energy will be imparted to each collision, and thcrefore rcsult 

in a more efficient dispersion. On the other hand, for a given weight of media, a 

higher volume of media balls (more media balls having a lower density) will cause 

the collisions between the media and the particles to be more frequent and hence, 

improve the dispersion. 

In order to establish the exact nature of the impurities brought about 
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by media wear, semi-quantitative XRF analysis was performed on Si3N4 powders 

made from precursors that were blended, attrition milled (Si3N4 and Zr02 media) 

and ball milled (Si3N4 media). The results of these analyses are presented in Table 

4.1. 

Table 4.1 : XRF analysis of various Si3N4 powders. 

Precursors preparation Cation content (weight %) 
method Mg2+ A13+ Fe3+ y3+ Zr4+ 

Mixed in blender 0.02 0.04 0.05 0.00 0.00 
(10 min.) 

4 days ball miIling 0.00 0.24 0.14 3.50 0.01 
(Si3N4 media) 

4 hours attrition 
mi1!!ng (7:1, Si3N4 media) 0.00 0.21 0.10 1.23 0.00 

4 hours attrition 0.00 0.04 0.02 0.02 0.64 
milling (7:1, Zr02 media) 

The XRF results enabled the identification of thr sintering aids used 

in the manufacture of the hot-pressed Si3N4 media (not specified by the 

manufacturer). The high contents of Y, Al, and Fe observed when Si3N4 media was 

used indicate that the sintering additives used were most probably Al20 3 and Y 203' 

The high Fe content could also be the result of contamination from the media (Le. 

from an early stage in media fabrication - milling with steel or stainless steel balls). 

It was repeatedly observed that the starting matnials exposed to a 

substantial amount of media wear (especially Si3N4 media) and hence containing 

{ 
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more impurities, had a higher tendency to form SiC and P-Si3N4 rather than (l­

Si3N4; an observation also shared by Bowden et a1. (07). For exarnple, two different 

batches of reactants were prepared under identical conditions (attrition rnillcd for 

1 houd with Si3N4 and Zr02' Both batches were then reacted at the l'Jarne 

temperature (l51O°C) using the same N2 linear flow rate of 0.2 crnls at STi>. The 

batch of reactants made with Si3N4 media experienced a higher Icvel of 

contamination from media \/ear (2 % of silica weight) than the batch rnilled with 

Zr02 media (no discernable wear). The silicon nitride powdcr produced with the 

"contaminated" reactants had a higher silicon carbide content ( .. 7 weight% SiC) 

than the "non-contaminated" one (traces of SiC). The X-ray diffraction patterns of 

both these powders are shown in Figure 4.5. The higher SiC content observed when 

precursors were exposed to Si3N4 media wear is believed to be related to the 

combined effect of Y, AI, and especially Fe irnpurities (Table 4.0 and slrongly 

suggests that the Iron originates from the Si3N4 media itself. 

The effect of impurities on the thermochernistry of the Si-O-N-C 

system has been well studied by Siddiqi and Hendry(89) and also by Higgins and 

Hendry(108). They showed that smaH arnounts of impurities (notably Iron) in the 

reactants have a pronounced effect on the formation of liquid phases at the reaction 

temperature. These liquid phases could then aet as a source of silicon carbide 

formation, and hence catalyse and bring down the tempera turc at which silicon 

carbide starts to form (1550°C without irnpuritics, 1320°C wh en 2 weight% iron is 

added). In Siddiqi's work, silicon carbide a1so formed as whiskers when contarninants 
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Figure 4.5 : Si3N4 powders produced using starting materials milled 
with a) hot-pressed Si3N4 media, h) Zr02 media. 
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1 
were present, and the formation of liquid phases was emphasized by the presence 

of Fe-Si ri ch globules on the tip of many silicon carbide whiskers. However, ln the 

present work no such globules were observed on the silicon carbide whiskers. 

4.1.3 EFFECT OF GAS FLOW 

It is generally accepted that the first step in the carbathermal 

reduction process is the formation of SiO gas according ta equation 2.9. The SiO gas 

produced can then react with C (equation 2.10) or CO gas (equation 2.10 to form 

However, several authors(108-112) have found that when the partial 

pressure of CO is too high in the reactor, the formation of silicon carbide is 

promoted through the following reaction (see section 4.1.5): 

SiO (g) + 3CO (g) ---> SiC (s) + 2C02 (g) (4.1) 

In order to lower the partial pressure of CO and hence minimize the 

formation of silicon carbide, pure nitrogen gas must flow continuously through the 

reactor bed to "flush" out the CO gas. This is the reason why f10wing N2 gas is 

preferred over a static nitrogen atmosphere. 

A series of experiments was conducted to study the effect of varylng 

the nitrogen flow rate through the reactor bed on the silicon carbide formation. 

Seeded (5 weight%) and unseeded starting materials chosen for this study wcre both 

attrition milled for 0.5 hour with a Zr02 media weight:solids weight ratio of 7:1. 

Three different nitrogen gas flows were selected; 0.1, 0.2 and 0.4 cm/sec at STP 
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(950, 1900 and 3800 cc/min). After the reaction (1530°C) the powders produced were 

decarburized and tbe phases present were identified by X-ray diffraction. The 

amount of silicon carbide in each powder was estimated with the help of a 

calibration curve (Appendix )). Figure 4.6 summarizes the results. 

Figure 4.6 clearly shows the importance of nitrogen flow rate on 

silicon carbide formation. As expected, a low nitrogen gas flow of 0.1 cm/sec (at 

STP) was insufficient to maintain a low partial pressure of CO, and hence resulted 

in a silicon nitride powder with high silicon carbide contents of 9-10 weight%. 

Increasing the nitrogen flow rate to 0.2 cm/sec drastically reduced the levels of 

silicon carbide in the Si3N4 powders to 2-3 weight % (detection limit). Further 

increasing the nitrogen gas flow to 0.4 cm/sec did not result in any significant 

compositional changes, the levels of silicon carbide still remaining low. Also, seeding 

the starting matcrials did not seem to have any significant effects on the silicon 

carbide formation at the different nitrogen flow rates used. 

Another interesting set of results that emerged from these 

experiments is the morphology of the IJowders produced. By visually examining the 

various powders with the aid of a scanning electron microscope, it was possible to 

note a sharp increase in the whisker content of the powders produced with a low 

nitrogen flow rate (950 cc/min) as opposed to that produced with a higher nitrogen 

gas flow (1900 and 3800 cc/min). These results are presented in Table 4.2. 

Interestingly enough, the powders with the highest whisker content 

(produced with the lowest nitrogen flow rate) correlated with those having the 
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highest silicon carbide content. This further confirms that the layer of whiskers 

outside the reacted pellets was silicon carbide (see section 4.1.5). 

12 

1 1/2 hr A.M. - no seed ...... 
10 1/2 hr A.M. - 5 wt% seed ---...-.. 

~ 
~ .c 8 
Cl cu 
~ 
+-' c 6 m c 
0 
0 
C,) 

4 en 
1 

~ 

2 e- --- .. 
950 1900 2850 3800 
N'1 gas flow (cc/min at STP) 

figure 4.6 : Effect of varying the nitrogen flow rate on the 
silicon carbide formation. 
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Table 4.2 : Effect of nitrogen gas flow on whiskers content. 

N2 flow rate at STP Approximate 
(cc/min) whisker ex - SiC content 

content of seeded (weight %) 
and 

unseeded powders 

950 10-15 % 10 

1900 < 5 % 2-3 

3800 < 5 % 2 - 3 

4.1.4 POSITION OF PELLETS IN THE REAC TOR 

The design of the reactor is such that pellets can be placed on three 

different levels in the reactor (Figure 4.7). About 60 grams of starting materials 

were placed on each of the three perforated floors. After a 5-hour reaction time 

at 1510°C (N2 = 1900 cc/min at STP), the reacted pellets on each floor were 

separated according to their position in the reactor. On each rIoor, the reacted 

pellets located at the centre of the reactor were separated from those near the 

reactor wall (edge). Analysis of the silicon carbide contents of the reacted pellets 

from the different locations were then perforrned by X-ray diffraction and the 

results are presented in Figure 4.8. 

Figure 4.8 clearly shows that the pellets located near the reactor wall 

on the upper floors, have a significantly higher silicon carbide content (14-15 weight 

%) than those on the bottom floor (6-7 weight % SiC), or even those at the centre 

of the upper floors (7-9 weight % SiC). This is believed to be due to a combination 

of two factors; the presence of "de ad zones" near the reactor wall (N2 flow was not 
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Figure 4.7 : Schematic view of reactor and position of pellets. 

as efficient as in the centre of the perforated floors) and an increased partial 

pressure of CO for the upper f1oors. The later statement can be explained as 

follows: as the gas moves up in the reactor, the pellets on the first floor (bottom) 

are continuous)y contacted by fl'esh incoming pure nitrogen gas. lIowcver, the 

pellets on the second and third floor are not subjected to the same gaseous 

cnvironment since the gaseous products (CO, CO2, SiO) from the lower floors will 

eventually reach the upper ones. It has already been established that during the 

synthesis of u-Si3N4 by carbothermal reduction, relatively high partial pressures of 

CO can resuJt in the formation of silicon carbide(108.1 12). 
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Figure 4.8 : Effect of pellet location on their silicon carbide content. 

The higher silicon carbide content on the edge of the upper floors ls 

not believed to be solely the effect of a change in gaseous environment since the 

pellets located at the centre of the upper Cloors, also subjected to high CO content, 

have relatively low silicon carbide levels. AIso, the high silicon carbide content on 

the edge of the third floor cannot be caused by the presence of "dead zones" alone 

since, due to the symmetrical geornetry of the reactor, "dead zones" on the edge of 

the top floors would also be present on the edge of the bottom floor. Hence, if "dead 

zones" alone wcre responsible for large differences in the silicon carbide contents 

between the pellets at the edge and centre of the upper floors, this difference would 
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also exist for the pellets on the first floor, which is not the case. 

These results cIearly demonstrate the importance of supplying the 

starting rnaterials with an uniforrn and flowing supply of fresh nitrogen. Thcreforc, 

in all the subsequent experiments, the starting rnaterials (100-150 grarns) werc 

placed only on the bottorn floor. This change resulted in an overall lowering of the 

silicon carbide content of the u-Si3N4 powder produced. 

4.1.5 FORMATION OF SILICON CARBIDE 

It is not cIear yet what effects, if any, the presence of silicon carbide 

in a dense Si3N4 part will have on its properties. Sorne believe that the introduction 

of SiC imparts thermal shock resistance to Si3N4(113), and that levcls of SiC as high 

as 30 weight% do not have an effect on the oxidation rcsistance of Si3N4 (114). 

Others(l15) have found that the presence of SiC in hot-prcssed ~i1icon nitride 

ceramics causes cracking during oxidation. 

In this study, silicon carbide, whenever present in small quanti tics, was 

found to form a thin «50~m) green layer on the surface of sorne of the reacted 

pellets. The composition of the layer was confirmed to be SiC by X-ray diffraction. 

Further SEM analysis of the silicon carbide layers, revealed that it was aimost 

entirely composed of whiskers (Figure 4.9). 

It is not cIear yet why SiC forms on the outside of the pellets rather 

than the inside where one would expect the partial pressure of CO to be higher and 

the availability of C to be greater. However, this phenomenon might be explalned 

(as just discussed) by the existence of gas flow "dead zones" in the reactor bed. The 
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Figure 4.9 : SEM micrograph of a fragment of a silicon carbide layer 
« 1550°C, surface, impurity level hlgh). 

presence of these regions in the viscinity of the pellets would result in localized 

build-up of CO gas which could then contribute to the formation of a silicon carbide 

layer outside sorne of the pellets. 

The variation in the morphologies of the silicon carbide is believed 

to be mainly related to the levels of impurities introduced during attrition milling 

of the precursors. By varying the reaction conditions (see Table 4.3) and keeping the 

level of Impurities as low as possible, pure silicon carbide powders with a fine (0.05-

0.2 l1m) cquiaxed (very few whiskers) morphology can be produced. These fine silicon 

carbide grains were, however, strongly agglomerated forming "brainlike" structures 

(Figure 4.10). 

Silicon carbide is known to occur in sorne fifty or more different 

62 



~,~""~._"'?' ,...,,~..,~~ \~_ ... ~ ''''''''i;..~qnl'.''~~'''''"!'l~i'1'''"f''~"""",~~~;;T!""''''''''-'''''Ir''''''"'"',..--.r;>t"",''''''-'l;T~~~''''',,,,,,I~~~;:;;tiJit", • .,\15 ~ ,~2Ç!(f4"_i 

~ 

Table 4.3 : Influence of various reaction parameters on the formation of silicon carbide. 

Level of impurities Nitrogen gas flow Relative amounts of Morphology of silicon 
in starting materials (cm/sec) Temperature silicon carbide carbide present 

Thick layer of 
0.10 1490 - 1550°C 5 - 10 wt% whiskers 

LOW (0.01-0.5 mm) 
(attrition milled 

with Zr02 media, 1490 - 1550°C < 3 wt% Thin layer of 
0.5 - 4 hours) whiskers «IOOJ,Lm) 

> 0.20 
> 1550°C > 98 wt% Mostly equiaxed 

grains ("brainlike") 

0.10 1490 - 1550°C 80 - 90 wt% Whisker bundles 
HIGH 

(attrition milled 1490 - 1550°C 10 - 20 wt% Whisker bundles 
with Si3N4 media, > 0.20 

> 1550°C > 98 wt% Whisker bundles 1 - 4 hours) 

VERY HIGH 
1 

(attrition milled > 0.20 1490 - 1550°C 50 - 90 wt% Whisker bundles 
with Si3N4 media, 

8 - 16 hours) 
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modifications or allotropes. 8y comparing the X-ray diffraction patterns of the 

silicon carbide powders produced with the JCPDS standard diffraction patterns 

stored in the computer memory, it was possible to positively identify the "in-house" 

SiC as a-SiC, Moissanite-6H (see Appendix 1). This finding is consistent with 

Knippenberg's observations(l16) that a-SiC (hexagonal wurzite structure) is the 

stable modification at 1300-1600°C and that, with increasing growth temperatures, 

5J.111l 

Figure 4.10 : SEM micrograph of "brainlike" silicon carbide 
agglomerates (> 1550°C, bulk, impurity level low). 
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the types 4H, 15R, 6H, and SH are found successively. Sorne authors( 117) also claim 

that the 2H type (rare modification) can be stabilized by nitrogen when prepared by 

the Si3NiC reaction. However, the only SiC polytype that was observed in this work 

was the commonly found( 118) 6H type. 

The ~-SiC structure (cubic zinc blende or sphalerite structure) which 

is metastable at a11 temperatures(119) was not observed. Cho and Charles(l20), 

working on small scale synthesis of Si3N4 by carbothermal reduction, clairned to 

have observed smaH amounts « 5 weight%) of p-SiC in sorne of thcir silicon nitride 

powders. However, the quantities of silicon carbide produced in their experiments 

were insufficient to ensure proper identification of the crystalline phase (a or p­

SiC) by X-ray diffraction since the main diffraction peaks for both a and p-SiC 

occur at the same location (29 .. 36°). In this work, large quantities (50 - 60 g) of 

pure silicon carbide powders have been synthesized by incrcasing the rcaction 

temperature to .. 1600°C. Whenever silicon carbide was found in Jarge enough 

quantities for X-ray diffraction analysis to be conclusive (> 2 weight%), the analysis 

revealed a-SiC, rather th an p-SiC. Figure 4.11 compares the X-ray diffraction 

patterns of the pure silicon carbide powder and that of a silicon nitride powder 

containing ... 5 weight % SiC (both powders McGill synthesized) with the JCPDS 

standard diffraction patterns for both a and ~-SiC. The identification of the 

crystalline phase of SiC (a or P) is made difficult when SiC is present in Si3N4 in 

small quantities «10 weight %). Since in Figure 4.11 a) SiC occurs as a "green layer" 

surrounding the reacted lumps of a-Si3N4' it was possible to physically separa te this 
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layer. The pieces of SiC "layers" were collected (with sorne ex-Si3N4 present) and 

analyzed by X-ray diffraction. The diffraction pattern obtained is presented in 

Figure 4.11 b) where it becomes clearer that the small quantity of SiC present in 

a) was in fact a-SiC. Figure 4.11 clearly shows how ex-SiC can easily be mistaken 

for p-SiC by X-ray diffraction, when only small amounts of SiC are available for 

analysis. 

The reaction temperature can have a dramatic effect on the formation 

of silicon carbide. Previous work done at McGill University(8S) showed that the 

synthesis of SiJN4 by carbothermal reduction of Si02 only occurs over a narrow 

temperature range (1500-1550°C). This study showed that for a 5 hO:lr reaction time, 

a temperature below 1450°C yielded very little ex-Si3N4 (very slow 1 eaction) while 

above 1550°C, silicon carbide was the stable solid phase. These resul ts are in 

good agreement with Szweda's work(l2I). In order for the reaction to achieve 

completion within a reasonable amount of time, and also avoid the presence of 

silicon carbide in the Si3N4 powder produced, the reaction temperature should be 

carefully controlled and keot roughly between 1500°C an! 1550°C. It is, however, 

important ta note that these values are only valid for high purity starting materials. 

The presence of impurities can considerably lower this temperature "window" or, 

even make it very difficult to avoid SiC formation(89, 120). 

Table 4.3 summarizes qualitatively the observations made during this 

work, with respect to the effects of impurities (picked up mainly from media wear), 

temperature and gas flow on the SiC morphology and content in the a-Si3N4 powder 
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Figure 4.11 : X-ray diffraction patterns of: a) Si 3N4 powder containing 
.. 5 weight % SiC, b) "green layer" collected in a), c) Pure 
silicon carbide powder, d) JCPDS standard for a-SiC, 
e) jCPDS standard for p-SiC. 
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produced. 

Large increases in the silicon carbide levels could be seen whenever 

the starting materials were heavily contaminated. AIso, for the cases where the 

silicon carbide content reached > 90 weight%, the powder morphology was quite 

different; an equiaxed or "brainlike" morphology (see Figure 4.10) for starting 

materials with low impurities, and whisker bundles for those with high levels of 

contaminants (see Figure 4.9). 

4.1.6 SUMMARY OF OPTIMUM PRECURSOR PREPARATION 
METHOD 

In summary, the optimum precursor preparation method was: 

Mixing Method : Attrition Milling (0.5 - 4 hours) 

Media: Zr02 (7:1, 13.4:1) 

while the optimum reaction conditions were found to be: 

Temperature: 1490 - 1540 Oc 

N2 Gas Flow: 0.2 cm/sec 

Position of pellets: Bottom Floor. 

4.2 EFFECT OF PRECURSOR PREPARATION ON SILICON 
NITRIDE FORMATION 

Aithough the C and Si02 particles are extremely fine 00-40 nm), they 

both tend to agglomerate. The degree of intimacy between the C and Si02 particles 

will therefore depend to a great extent on the ability of the mixing process 

(attrition milling with Zr02 media) to break down these agglomerates. This section 
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will investigate the effect of the degree of intimacy between the precursors and the 

nucleation and growth behaviour of silicon nitride. 

4.2.1 PARTICLE SIZE 

A series of experiments was conducted in order ta study the effcct of 

varying the attrition milling time of the starting materials, on the morphology and 

size of the silicon nitride powders produced. The silica and carbon (without sIlicon 

nitride seed) were mixed for 0.5, l, 2 and 4 hours using Zr02 media, after which, 

these four different batches of reactants were nitridcd under the surne rl'action 

conditions (T ... 1510°C, N2=1900 cc/min at STP). The reactcd products weIl' lhcll 

decarburized and the morphology of the a-Si3N4 particles was ~lUÙlCd with the aid 

of the SEM. Figure 4.12 (a) and (b) are micrographs of the powders produced frolll 

the 1/2-hour and 4-hour attrition milled starting rnalcrials. 

These micrographs illustrate the bimodal size distribution of the 

powders. AIl four powders had a more or less similar appearance, with variut ions in 

the size of the large and smaH particles, as weil as the relative amount of each sizc 

class present. Quantifying these results was, however, difficult without the aid 

of the particle size analyzer (section 3.4.3.2), which experienccd probl(,!I1s with the 

dispersion of the silicon nitride particles. The size analysis of the small and large 

grains was finally performed on SEM micrognJphs using techniques describcd in 

Appendix II, while the relative amount of each Size class was ~emi-quantilatively 

obtained from SEM observations (section 3.4.4). These rcslllts, togethcr with ~urface 

area meaSllrements are presented in Table 4.4. 

69 



( 

{,fi" 
~l 
'1;' 

(a) 

(b) 

1J.UD 

1J.U1l 

Figure 4.12: SEM micrograph of powder produced from unseeded starting 
materials (7: 1, weight of Zr02 media:weight of soads) 
attrition milled for a) 1/2 hour b) 4 hours. 
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The values presented in Table 4.4 clearly indicate that, although the 

calculated weighted average diameters stay fairly constant (1.4-1.5 ~m) even for 

increased attrition milling time, the surface are a of the powders go cs up from 8.92 

m2 / g for the 1/2 hour attrition milled precursors to 12.30 m2 / g when the milling 

time is increased to 4 hours. This is the result of a larger proportion of finer 

particles. The 1/2 hour attrition milled unseeded precursors yielded a Si 3N4 powder 

composed mostly of coarse particles with .. 60 vol% of O. 75 ~m grains alld - 40 

vol% of 2.5 ~m grains. Increasing the milling time to 1 hour resulted in a decreuse 

of the size of larger grains (from 2.5 ~m ta 1.45 ~m) and the formation of filler 

grains. Further increa~es in the milling time did not bring about ::.ignificant changes 

in the average diameter of the fine grains, but did raise the pl uportion of fines from 

2 vol% for 1 ho ur A.M. to 35 vol% for 4 hours A.M .. Sorne uf the variations in 

particle size àistributions observed in Table 4.4 are difficult tu explain, and rnight 

be attributed to the sensitivity of the reaction conditions whlch have becn shown lo 

play an instrumental role in determining the partic1c's rnorphology (sec ~eclion 

4.4.1). 

71 



;. -""\ 

Table 4.4 : Relative amounts of large and small silicon nitride particles as a function of attrition milling 
time of unseeded starting materials (7: l, weight of Zr02 media:weight of solids). 

Calculated Calculated 
Attrition average Approx. average Approx. Calculated 

milling time diameter of content of diameter of content of weighted 
of unseeded SMALL SMALL LARGE LARGE average 

starting particles particles particles particles diameter 
materials (JJ,m) (vol %) (JJ,m) (vol %) (JJ,m) 

1/2 hour 0.75 60 2.5 40 1.5 

1 hour 0.4 - 0.6 - 2 1.45 - 98 1.5 

2 hours 0.54 10 1.45 90 1.4 

4 hours 0.53 35 1.96 65 1.5 
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4.2.2 NUCLEATION BEHAVIOUR 

The trends presented in Table 4.4 can be explaincd by the nuclcation 

and growth behaviour of a-Si3N4• Zhang and Cannon(86) suggested thut the glowth 

of Si3N4 takes place via the gas-phase reaetion (4.5) and that nucleation of Si3N.1 

occurs either on the siliea or the carbon surface through the ~olid-phase reuction 

(4.6). 

gas-phase 3SiO (g) + 3CO (g) + 2N2 (g) -) Si3N4 (s) + 3C02 (g) (4.5) 

AG = 8.4 J/mol 

solid-phase 3SiO (g) + 3C (s) + 2N2 (g) -> Si3N4 (s) + ~~CO (g) (4.6) 

AG = 12.3 J/moI 

Si02 (s) + C (s) + Flowing N2 (g) -> SiO (g) + CO (g) + flowing N2 (g) (4.7) 

AG .. -60 000 J/mol 

The âG of both reaction 4.5 and 4.6 are only slighLly positive (c1o~e 

to zero). By looking at reaction 4.7 one can understand better why the ga~ phase 

reaction (4.5) is favoured. The highly negative t-G of rcaction 4.7 indicutes that it 

will be the first reaction to occur, producing large amounts of SiO and CO gases. 

Since these products are the reactants for reaction 4.5, they will hencc drive it to 

the right. 

Previous work do ne at McGill University(90,92l on the growth of Si3N4 

on various substrates also confirmed these results, and indicated that growth of 

Si3N4 on pre-existing a-Si3N4 grains by the gas-phase reaction W8& by far favourcd 
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over nucleation of Si3N4 on carbon by the salid-phase reaction. In other words, (l-

Si jN4 prefen cù LU grow on pre-existing «-Si3N4 nucJci ralher thon to form new 

nuclei. Howevcr, in Durham's work(92), the reactont concentration ncar the 

substrates surfaces might not have been high enough ta promote nucleation of a-

Si3N4 on carbon. La McrO 22) dcscribed a praccss (Figure 4.13) whereby a burst of 

nucleation is followed by growth. In this process, nucleation only occurs whcn the 

concentration of reuctants has rcached a high enough level, termed super-saturation 

(sec section 4.3.1). Wh en the nucJeation reaction has used up the reactants ta the 

NUCLEATION 

CONCENTRATION 
GROWTH 

OF AEACTANT8 

TIME 

SUPER-SATURATION 

CONCENTRATION 

SATURATION 
CONCENTRATION 

"~jgure 4.13(122) : Schematic of the ideal nucleation-growth process. 
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1 
point where their concentration is below the super-saturation level, growth of Si3N4 

then occurs. 

A similar curve for the evolution of CO gas during carbothermal 

reduction was obtained (Figure 4.14) when a CO analyzer was connected to the off-

gases of thp- furnace. Monitoring the CO gas evolution during thc reaction is also an 

efficient way to monitor the SiO gas since thc concentration of SiO and CO are 

closely related to one another; the main source of CO production being the rcaction 

between Si02 and C and/or CO (equations 4.7 and 2.12) or uetwcen C and CO2 

(cquation 2.13). 
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Figure 4.14 : CO evolution during carbothermal reduction of Si02 at 1530°C. 
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The Si3N4 powders in Table 4.4 are, in the main, composed of large 

partic1es. This is believed ta be directly related to the very small number of nuc1ei 

present (unseeded starting materials), or formed at the beginning of the reaction. 

The limited number of sites inilially present for growth to take place resulted in a 

few nuclei growing to large dimensions (1-5 J.Lm). Since a large fraction of the tot:!! 

volume of reactants (notably SiO gas) is used up rapidly at the beginning of the 

reaction, insufficient SiO gas is left for further growth on the nuclei produced sorne 

time after the initial burst of CO and SiO. 

With regard to the bimodal size distribution, nucleation is believed to 

take place throughout the reactionj i.e. on a global basis at the beginning of the 

reaction and, after the initial burst of reactants, on a more limited seale in local 

regions where the starting materials are especially welI mixed. Even though attrition 

milling is an aggressive mixing method, the starting materials from which these 

Si3N4 powders were produeed had, overall, an insufficient number of "weIl mixed" 

regions to cause a widespread formation of a-Si3N4 nuclei. However, increasing the 

attrition milling time is believed to have resulted in a larger number of these "well-

mixed" regions, and therefore a greater amount of nucleation for the 4 hours A.M. 

than for the 1/2 ho ur A.M. starting materials, explaining why the volume fraction 

of fines tends to go up with longer attrition milling times. 

4.2.3 REACTION USING A SOLUBLE FORM OF CARBON 

A series of experiments was conducted in order ta study both the 

feasability of the use of a soluble form of carbon and the morpholagy and particle 
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1 
size of the silicon nitride powder produced. Indeed, the size and size distribution of 

the silicon nitride particles provide key Indications on the nuclcation and growth 

behaviour that has takcn place during the reaction. Various soluble forms of carbon 

exist such as furfuryl alcohol used by Silverman( 123) for the carbothermal synthcsis 

of aluminum nitride, paly-acrylonitrile (PAN) which is soluble in dimethylformamide 

(DMF), ethyl cellulose, starch and sugar to name a few. Because of its wide 

availability, low cost and high purity, refined sugar (sucrase) was used in thcse 

experiments. Extensive work has been done at McGlIl University on the use of sugar 

as a carbon source for the synthesis of AIN by carbothermal reduction( 124}. From 

this work, an optimized pyrolysis cycle was developed (Figure 4.15) and the actual 

carbon yield from the pyrolysis of sugar was estimated to be around 20-25% (100 

grams of sugar will yield 20-25 grams of carbon). 
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Figure 4.15 : Pyrolysis cycle used for the "burn-out" of sugar. 
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The reactants for the synthesis of silicon nitride powders were 

prepared using the following amounts of precursors (Table 4.5) : 

Table 4.5 : Amounts of precursors used for the synthesis of silicon 
nitride using sugar as a carbon source. 

1 
Starting materials 1 Weight (grams) 

1 

Sugar 114.1 

Si02 35.1 

H20 310 

The precursors together with ... 1 kilogram of Zr02 media balls (weight 

of Zr02 media:total weight of solids ratio of 7:1) were placed in a polyethylene 

bottle in which they were ball milled for 24 hours and then, pyrolyzed into pellets. 

Thesc pellets were reacted at a temperature of 1510-1520°C for 5 hours under a N2 

flow rate of 1900 cc/min at STP. The silicon nitride powder produced (Figure 4.16) 

was extremely fine (20-50 nm) with a surface area of 85.2 m2/g. The addition of 

sceds to the starting materials did not seem to have a significant effect on the 

partic!e size, since the vast majority (>99%) of the particles observed by electron 

microscopy had a size weIl below that of the seed (0.2 ~m). 

The X-ray diffraction pattern of the decarburized silicon nitride 

powder (Figure 4.17) indicates that, although the peaks present are those of a-Si3N41 

the powder is not fully crystaIline (shown by amorphous background below the 

peaks). The amorphous background is the result of residual amounts of both carbon 

( ... 5 weight%) and silica (oxygen ... 9.5 weight%). Although a high oxygen 
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Figure 4.16 : SEM rnicrograph of silicon nilridc powdcr produced wilh 
sucrose. 
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Figure 4.17 : X-ray diffraction pattern of the silicon nitride powder 
produced with sugar. 
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1 
content was expected for such a fine powder, leyels of oxygen well above 5 wcight% 

deariy indicate that not aIl of the Si02 converted into Si3N4. The lack of conversion 

is thought to be due to pellets uf reactants being insufficiently porous to allow for 

adequate diffusion of nitrogen. The density of pellets was measured by the 

Archimedian method using mercury. The pellets made with sugar had a density of 

1.2 - 1.5 g/cm3, compared with a density of 0.6 - 0.7 g/crn3 for the pellets made 

with carbon black. The high density of the material eyen after reaction would also 

explain why the normal decarburization cycle (2 hours at 750°C in still air) was 

unable to bring the final carbon content down to nocmallevels (0.5 -1.5 wcight%). 

Optimizing pellet densities, as weIl as the various parameters involved in .. he use of 

a soluble form of carbon is, however, beyond the scope of this work. The only 

information that was sought here was to see the effect of replacing C black by 

sugar (hence maximizing the intimacy between the prccursors) and observing its 

influence on the particle size of the silicon nitride powdcrs. 

A higher degree of intimacy betwecn the carbon and silica partic1cs, 

brought about by longer attrition milling tirnes will result, at lenst on a local basls, 

in a faster release of reactants (SiO and CO gases). This will then cause the 

concentration of reactants to locally exceed the super-saturation concentration and 

will hence, with the help of a sufficently high nurnber of carbon partic1es or other 

appropriate nucleation sites in close proximity, result in a burst of nuc1eatiora. 

The use of longer attrition milling tirnes to achieye a better intimacy 

between the precursors is limited in its efficiency, and even with Zr02 media, 
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extremely long milling times can cause serious contamination problems. As will be 

seen in section 4.3, combining the effects of moderate attrition milling time 

together with the introduction in the reactants of fine «-Si3N4 particles as seed is 

a viable way to produce fine equiaxed «-Si3N4 powders. 

Another interesting way to produce a fine Si3N4 powder is to maximize 

the contact between the carbon and silica by having either one, or both of these in 

a water soluble form during mixing. However, upon drying a soluble form of silica 

(i.e. no evidcncc of solids) might agglomerate and form small pockets of silica (even 

with an excess amount of carbon). These regions would tend to sinter before the 

reaction temperature is reached, forming relatively large silica globules (l - lOj.Lm). 

t3ecause of mass transfer considerations, such globules might not convert into Si3N4 

as efficiently, resulting in high oxygen contents for the final a-Si3N4 powder. On the 

other hand, upon drying and pyrolyzing, a soluble farm of carbon, the result would 

also be carbon rich regions in the reactants (especially since carbon is used in 

excess). However, these regions do not represent a problem since carbon does not 

sin ter under these reaction conditions. 

When a soluble form of carbon is mixed with an extremely fine 

particulate silica pawder, such as the fumed silica used ln this study, the carbon 

bearing molecules surround the silica particles. Arter pyrolyzing, the carbon 

particles left behind will actually coat each silica particle, hence maximizing the 

contact between the carbon and the silica. Such an intimate contact between the 

precursors will result locally, in ar. extremely rapid rate of SiO and CO gas evolution 
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at the reaction temperature yielding concentrations weIl above the super-saturation 

level discussed earlier. This will in turn cause a widespread burst of Si3N4 nucIeation 

to occur, resulting in a very fine powder. 

Such a fine powder with a narrow size distribution is not the rcsult of 

heterogeneous nuc1eation. The size characteristics of this powdcr c1early indicale 

that homogeneou5 nucleation (nuclei forming almost everywhcrc at the same time) 

pIayed a major role in the formation of the silicon nitride by carbothcrrnal 

reduction. This is proof that as the intimacy betwee~ the carbon and the silica is 

improved (either by using a soluble form of carbon and/or by increasing the attrition 

milling time (section 4.2.1)), a greater degree of nucleation occurs. This in turn 

results in ~ finer silicon nitride powder. 

4.3 EFFECT OF SEEDING 

Severai authors(92.125.126) have already establishcd the importance of 

seeding of carbon/silica mixtures in reducing the final particle size of the silicon 

nitride powder. Also, it will be shown in section 4.4 that <;eeding {'fisures a faster 

conversion of Si02 ta a.-Si3N4. 

Previous work done at McGill University by Shanker et al. (90) showed 

that as the amount of seed is increased from 5 to 50 % of the weight of silica, the 

partic1e size decreases and tends towards that of the sced (O.2Jlm) materiaJ. 

However, in the-ir wark, the starting materials were not attrition milled but were 

mixed in a blender for 15 minutes in iso-propanol. 

Although suhmicron silicon nitride powders can he synthesized by using 
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1 
large amounts of seed, it is not a commercially viable option. Shanker et al. also 

reported that increasing the seed content causes a greater agglomeration of the 

final powder. Hence, if seeding is used, !t should be limited to small quantities. The 

next section will deal with the combined effects of small additions of a-Si3N4 seed 

together with an increased intimacy between the carbon and silica achieved through 

attrition rnilHng. 

4.3.1 INFLUENCE OF ATTRITION MILLING TIME 

Figure 4.18-19 are SEM micrographs of the a-Si3N4 powders produced 

from seerled and unseeded starting materlals attrition milled for 0.5 and 4 ho urs 

respectively, using carbon black. 

The adàltlon of 5 % by weight of seed to the raw materials, combined 

with attrition rnilling as a means of improving the precursor intimacy, resulted in 

submicron a-Si3N4 powders with narrow size particle size distributions. As se en in 

Figures 4.18-19, the most dramatic Jifference between the seeded and unseeded 

powders lies in their particle size distributions. The seeded precursors resulted in 

fairly monosized powders, unlike the unseeded ones which resulted in the formation 

of powders with bimodal size distributions (see section 4.2.1). The bimodal size 

distributions observed in the unseeded powders is thought to be the result of very 

few nuc1eation/growth sites being available at the beginning of the reaction 

concurrent with the large SiO release. Initially, this translates into the formation 

of few nuc1ei which will then grow to large dimensions (1.5 - 5 ~m) since the growth 

process is favoured over nucleation under these conditions. However, in the case of 
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(a) 

1J111l 

(b) 

Figure 4.18: SEM micrographs of cx-Si3N4 pO\vdcrs produccd ( ... 1 510°C) from 
starting materials attrition milled (7: l, weight of Zr02 
media: weight of solids ratio) for 0.5 hour, 
a) unseeded, h) seeded. 
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(a) 

(b) 

Figure 4.19 : SEM micrographs of a-Si3N4 powders produced ( .. 15100 C) 
from starting materials attrition milled (7: l, weight 
of Zr02 media:weight of solids ratio) for 4 hours, 
a) unseeded, b) seeded. 
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1 
the seeded powders, the fine a-Si3N4 particles present allowed the initial SiO burst 

of nucleation and growth to take place on a larger number of nucleation sites, hcnce 

resulting in an a-Si3N4 powder with narrow size distribution. 

The particle sizc analysis performed on the powders produced from 

both the seeded and unsecded starting materials are presented graphically in Figure 

4.20 (data for unseeded material presented in Table 4.4). 

Ave. 
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Figure 4.20 : Effect of seeding and attrition milling of the starling 
materials on the particle size of a-Si 3N4 powders 
(T ... 1510°C, N2 = 1900 cc/min, RX time = 5 hûurs, 
7: 1 weight of Zr02 media:weight of solidb ratio). 

ln Figure 4.20, the weighted average of the particles for the unseeded 

powders is represented by hollow circles, while the solid circles represent the 
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narrow size distributions observed in the seedp.d powders. Although it is difficult to 

establish uny trend for the unseeded powders, the seeded powders clearly show a 

reduction in silicon nitride particle size with increasing attrition milling time of the 

precursors. The decrease in particle size observed for the seeded powders could be 

attributed to two factors. The first is the same one that was responsible for an 

increase in surface are a for the unseeded powders (see section 4.3). Mixing the 

starting materials for longer periods of time increases the number of regions where 

there is good intimacy between the carbon and siIica particles. This in turn causes 

a larger amount of nucleation to take place and hence, results in a finer a-Si3N4 

powder since growth takes place on existing nuclei (e.g. seed materiaI) while 

concurrently, nLlcleation occurs in regions defficient of nuclei. The second factor 

that could also play an important role in reducing the a-Si3N4 particle size ie: the 

actual milling of the seed itself. As the attrition milling time is increased, the 

particles and the agglomerates in the «-Si3N4 se~d which is added prior to milling 

get broken down more and more by the media, hence providing smaller and more 

numerous si tes on which growth and nucleation can occur. 

4.3.2 INCREASING THE MEDIA:SOLIDS RATIO 

In the previous section it was shown that the addition of 5 weight% 

seed to the starting materials resulted in fine monosized Si3N4 powders and, that 

increasing the intimacy between the starting materials with longèr attrition milling 

time resulted in a decrease of the average particle size. Another way to improve the 

intimacy between the starting materials is to increase the aggressiveness of the 

( 
" 
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1 
rnilIing process by having a higher rncdia:solids wcight ratio. A ~eries of experirncnts 

was therefore conducted where the Zr02 medin:solids ratio wa~ ir.ercased l'rom 7: 1 

to 13.4:1. These experirnents were carried out at 1500°C for 5 hours \Vith u Ilitrogcn 

flow rate of 0.2 cm/sec at STP. The rcsults of the particle sizc unalysis arc 

presented in Table 4.6 and Figure 4.21. 

Figure 4.21 shows that the pùwdcrs ~ynthcsizcd from !>wrting 

rnaterlals rnilled with a Zr02 media:soIids ratio of 1 :~.4: 1 hml an avcrnge particle 

diameter about 0.1 !-lm smaller th an those millcd \~ lIh a ï: 1 fllcdw:solids rût 10. This 

ls due to the fact that having a higher mcdia:solids ratio is in faet cquivalcnt to 

transferring more "milling energy" into brcaking the smull siltca and carbon 

agglomerates (as weIl as the seed) and iocreasing I.he dl~pcrsion. This, III turn, 

translaœs into a better intimacy bctween the precursors, and morc humogeneously 

disperses the secd particles; this was shawn to be rcsponsible (see abovc) for the 

formation of fine particles and narrow size distributions. The vulucs of :'lundurd 

deviation in Table 4.6 confirm that as the intimacy betwccn the precur~ors is 

irnproved, the particle size distribution becomes narrower (indicatcd t>y a decrease 

in the absolute value of the sta:ldard devi~tion). SEM microgruphs of the püwder 

made from starting materials attrition P1illed for 4 hours with 13.4: 1 rnedia:~olids 

ratio are shown in Figure 4.22. Attrition milling the seedcd (5 weigbt %) ~tarting 

materials for 4 hours, using a 13.4: 1 Zr02 media:solids ratio, proved to bc the 

optimum preparation technique developed for the production of very fine 

unagglomerated a-Si3N4 powders. 
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TatHe 4.6 : Effects of attrition milling time and media:solids ratio on particle 
size. 

Zr02 media:solids Attrition milling Calculated Standard 
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welght rallo time (hours) average diameter deviatil)n, (J 
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0.5 0.73 0.32 

1 0.56 0.11 
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Figure 4.21 : Effects of attrition milling time and media:solids 
ratio on particle size. 
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1J1ltl 

Figure 4.22 : SEM mic"ographs of siiicon nilriclc powdcr 
(4 hours A.M.- 13.4:1 Zr02 mcdia:solids -
5 \vcight % sced - T = 1510Q C - N2 = 0.2 cro/sec.). 
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4.4 EFFECT OF REACTION TIME AND TEMPERATURE ON 
CONVERSION OF Si02 

A series of experiments wa~ conducted ta study the effect of reaction 

time and temperature on the formation of Si3N4. The degree of conversion of silica 

can be evaluated by several methods. Measuring the weight 10ss which occurred 

during the reaction is an easy and efficient way to estimate the extent of 

conversion. It was experimentally observed that after reaction, a weight loss of ... 

36% (for 7: 1 carbon black:fumed silica ratio) translates, arter decarburization, into 

a powder composed of > 97% silicon nitride. However, one has ta be careful and not 

rely solely on weight losses for conversion studies. X-ray diffraction should always 

be used ta identify the presence of crystalline phases other than silicon ni tride. For 

example, large quantities of SiC (> 10 weight%) in the final product will increase the 

weight losses since the conversion of Si02 into SiC (100%) was experimentally 

observed to result in weight lasses of 47-50%. 

As scen in section 4.1.5, the complete conversion to Si3N4 occurs only 

over a narrow temperature range. These experiments were conducted at 1490°C for 

various lengths of time and at 1540°C (upper end of range) for 5 hours. The choice 

of temperatures was based on the formation of large amounts of SiC being observed 

above 1540°C and below l490°C the formation of Si3N4 is very slow. The reactants 

used in this study were attrition milled for 0.5 hour (seeded and unseeded) and 4 

hours (seeded). Figure 4.23 summarizes the weight 1055 results and indicates that, 

at a temperature of 1490°C, a reaction time of at least 8 hours was necessary in 

order for the seeded starting materials ta fully canvert into Si3N4. However, for the 
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unseeded precursors, conversion was incomplete, even after 12 hours al 149()OC. On 

the other hand, at a reaction temperatllre of 1540°C and a reactlon time of 5 hours, 

the unseeded starting materials were > 90% converted while the seeded anes 

achieved complete conversion showing, once again, the dramatic effect of 

tcmperature on the kinetics of the process. In general, the slrong influence of 
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temperature reaetion rates has been described extensively by the Arrhenius 

equation( l 02,127,128). 

The extent of conversion of Si02 into Si3N4 can be visuali.led more 

clearly by looking at Figure 4.24 which give& the oxygen and nitrogen contents of 

the undecarburized powders after reaetion. It is interesting ta note, in Figures 4.23 

and 4.24, that the presence of a discontinuity in reaction between 2 and 4 hours, 

renders an "S" shape to aIl three curves. To verify the existence of this 

discontinuity, the 2 and 3 1/2 hour experiments were repeated, yielding similar 

result~. 

The elongated "S" shape of the curve observed in Figure 4.23 is known 

to occur in a few systems, and is one of the four main reaction kinetics models(29) 

which follows Avrami's equation(130-2): 

obtain: 

x = 100*[1 - exp (- k tn)] 4.2 

Where x = Degree of conversion (0 - 100%) 
k = Rate constant 
t = Time 
n = Avrami exponent 

Developing this equation further by taking double logarithms we 

ln (-ln (1 - x» = ln k + n ln t 4.3 

Therefore according to equation 4.3, plotting ln{-ln(J-x)) vs 111 t should 

re5ult in a linear relationship if the mode! i5 obeyed. Figure 4.25 indicates a good 
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Figure 4.24 : Oxygen and nitrogen contents in the undecarburized 
Si3N4 powders as a function of reaction time. 
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Figure 4.25 : Graphical representation of conversion versus time 
using the Avrami model. 

fit of the data with corr~lation coefficient of ~ 0.95 for the linear regression 

analysis (Table 4.7). The values of k and n that were calculated from that graph are 

also presented in Table 4.7. The conversion vs time data that was used to build both 

Figures 4.23 and 4.25 are presented in Appendix Ill. 

The value of n (an integer which varies from 1 to 4) can reflect the 
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Table 4.7 : Values of n and k derived from Figure 4.25. 

Coefficient of 
n k line<lr 

? 
regression, r-

1/2 hr A.M.-no seed 0.81 0.25 0.97 

1/2 hr A.M.-5 wt% seed 0.87 0.30 0.95 
- --

4 hrs A.M.-5 wt% seed 0.88 0.34 0.97 
L.. 

geometry and dimensionality of the grow,-h process(33). As seen in Table 4.7, the 

calculated values of n are very close to unity. Under lhese conditions, the growth 

is said to proceed in a rodIike fashion from instantaneous nuc1ei Le.) most of the 

nuclei being formed initially at the start of reaction. Interestingly enough, the 

results obtained in this work tend to support the fact that both an initial bursl of 

nucleation occurs (see section 4.2.2), and that the growth of the Si3N4 grains at 

1490°C does seem to occur in a rodIike fashion {see section 4.4.0. The values of k 

presented in Table 4.7 indicate that the rate of reaction is slightly faster for the 

seeded starting matprials compared with the unseeded, and also faster for the 

precursors attrition milled for longer periods Jf time (better contact betwecn the 

silica and carbon particles). Both confirm the evidence presented in earlier sections. 

Very f èW authors have worked on the reaction kinetics of carbon:silica 

mixtures at high temperature. Among those who did, Blumenthal et al. (134) and 

Biernacki and Wotzak(135) have both found that a discontinuity (at certain 

temperatures and for specific C:Si02 ratios) does appear somewhere in the middle 

of the reaction kinetics curves, giving them the appearance of an elongated "S". 
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I3lumenthal et al. attributed the presence of this discontinuity to the formation of 

SiC (reaction 4.8) as an intermediate product. The SiC would then proceed to react 

with Si02 to form CO and SiO gases according to reaction 4.9. 

Si02 + 3 C ---> SiC + 2 CO 4.8 

SiC + 2 Si02 ---> 3 SiO + CO 4.9 

However, the results obtained in this work do not support their theory. 

X-ray diffraction patterns for various reaction times (Figure 4.26) do not show the 

presence of any SiC at 1490°C before, during, or after after the discontinuity. Zhang 

and Cannon(86) alsa studied the reaction kinetics of the formation of Si3N4 but they 

did not find any discontinuity. Their measurements were, however, obtained over 

long time intervals (3, 5, 7, and 14 hours reaction time), making it difficult to 

observe or confirm the presence of such changes. Using the ratio of intensities of 

an a-Si3N4 peak (20.6°) and the amorphous background (highest intensity of 

lIoreacted Si02 between 15° and 35°) in the diffraction patterns obtained after 

Jifferent reaction times at 1490°C, it was possible to get an even more direct 

measurement of conversion (Figure 4.27). 

Figure 4.27 clearly shows how sluggish the conversion of unseeded 

materials is, compared with the seeded precursors. This demonstrates the 

importance of possessing a sufficiently large number of nucleation sites if the 

reaction is to go to completion within a reasonable period of time. In order to try 

to explain the presence of the discontinuity also found in Figure 4.27, continuous 
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Figure 4.26 : X-ray diffraction patterns of Si3N4 powders 
synthesized at 1490°C (continue on next page). 
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Figure 4.26 : X-ray diffraction patterns of Si3N4 powders 
synthesized at 1490°C. 
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Figure 4.27 : Ratios of X-ray diffraction peaks intensity 
vs reaction time. 

measurements of CO gas evolution were obtained on two separa te occasions during 

the carbothermal reduction of a given starting material (1/2 hour A.M.- 5 wt% 

seed). The results obtained from these experiments are presented in Figure 4.28. As 

expected, in both cases the CO contents react.ptl a maximum at the beginning of the 

reaction, and dropped rapidty after only several minutes. This burst of CO gas is the 
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rcsult of the fast reaction between the C and Si02 particles (see sections 4.2.2 and 

4.3.1) which are initially in good contact with each other. Because of mass transfer 

considerations, once the intimate contact between the C and Si02 is no longer 

present, the amount of CO gas proùHced will decrease dramaticaHy. 
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Figure 4.28 : CO evolution as a function of reaction time (I490°C) 
for the carbothermal reduction of 1/2 hl A.M.-5 wt% seed 
precursors. 

Interestingly enough, in Figure 4.28, between 2 and 4 ho urs (location 

of the discontinuity) a small but definite increase in the CO content can be 

observ~d. An explanation has been put forward in arder to try to explain the 

presence of a small "burst" of CO gas a few hours aCter the initial burst. It is 
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suggested that this phenornenon might be caused by a partial sintering of the 

unreacted Si02 agglomerates. As the Si02 agglomerates densify into globules, they 

bring in their path carbon partieles, establishing once again good contact bctweell 

them. This causes the reaction to accelerate again and in turn resùlts in a 

"secondary" burst of CO gas. Since this seeondary burst of CO gas is thought to be 

the result of the reaction between C and 5i02 (equation 2.9), a burst of 5iO should 

also be generated leading to an increase in the conversion rate (observed in Figures 

4.23, 24, 26 and 27). The sintering cf silica agglornerates, taking place dunng the 

initial period of the reaction (0 - 4 hours), could explain why the net weight losses 

observed between 2 and 4 hours reaction times (Figure 4.23) were so srnal!. It would 

also explain why the reaeted pellets showed 20 - 30 % shrinkage after rcuction. 

Evidence that sintering took place was obtained when the reacted mixture 

~ontaining a-Si3N4 and amorphous silica after a 2 hour reaction at 1490°C was 

decarburized and observed by SEM (Figure 4.29). This micrograph clearly shows that 

the silica particles have naw sintered together, forming large porou:; globules. The 

presence of these siliea globules was expected since the reaction tempera turc uscd 

in this study is equivalent ta ... 90% of the melting point of pure silicu (1710°C). 

Figure 4.30 is a schematic representation of the phcnornenon dc~cribcd 

above. Prior to the reaction, the carbon and silicu agglomcrates are in physical 

contact with each other. The regions where the C and Si02 touch eaeh other will 

react rapidly, leading to rapid evolution of CO and SiO. Sinee the C and Si02 

agglomerates react together to farm gaseous products, the solid partides are no 
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Figure 4.29 : SEM micrograph of sintered silica agglomerates 
present after a 2 hours reaction at 1490°C. 
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Figure 4.30 : Schematic representation of the partial sintering 
of SI02 agglomerates. 

103 



r 
1 longer in good contact with each other and hence, the rate of evolution of CO/SiO 

slows down. When the silica agglomerates sinter togcther, they bring once again the 

C and Si02 partic1es in good contact with each other, resulting in a "sccondary" 

burst of SiO and CO gases. 

4.4.1 EFFECT OF TEMPERATURE ON MORPHOLOGY OF 
Si3N4 POWDER 

In the previous section, it was shown that temjJerature played an 

important raIe in establishing the time required for complete conversion uf Si02 into 

Si3N4. Temperature was also seen to be a kcy parame ter re5ponsible for the 

presence of compounds other than silicon nitride; Si20 2N at low tempcrature 

« 1490°C) and SiC at high temperature (> 1550°C). It has abo Jccn observell tbat 

temperature played a role in establishing the type of growth which occurs. There 

was a drastic difference between the morphology of the a-Si3N.\ grains produced at 

1490°C and the material produced at 1540°C. The effect of a 50°C tcrnperature 

difference in the reaction temperature is Shown in figure 4.31. The SEM 

micrographs clearly illustrate that the a-Si3N4 partides produced at 1490 CJ C have 

a much larger aspect ratio than thase synthesized at 1540°C. The difference in 

morphology is believed to be related to the Lime availublc for growth. For the 

seeded precursors, at 1540°C, less than 5 hours are required for cOlllplete 

conversion, as opposed to roughly 10 hours at 1490°C. In the case of slower growlh 

of a-Si3N4 grains the rate determining step be-::omes the availabillty of 

growth/nucleation sites on pre··existing a-SJ 3N4 nuclei (grains). Previous work done 
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at McGill(92) showcd lhat at low temperature, a preferred growth along the c-axis 

takcs place. At higher tcmpcrature, the gaseous species are more abundant, hcnce 

a) 

10J.UD 

b) 

" 

Figure 4.31 : SEM micrographs of a-Si3N4 powders produced from 
precursors 0/2 hour A.M. - no seed) reacted at 
a) 1490°C, b) 1540°C. 
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increasing the driving force for :he growth to occur on several sites rather than only 

along the c-axis. Hence, the grains that have grown at a lower temperuture will be 

more prismatic in appearance, and will tend to grow in a rodlike fashion. This last 

observation was predicted by an Avrami exponent of neur unit y (see section <lA). On 

the other hand, a fast growth rate indicates that the sites on which a-Si3N4 can 

grow are more numerous and nence, the grains will tend to exhibit an cquiaxed 

appearance (almost spherical in shape). 

4.5 SINTERING AND MECHANICAL PROPERTIES 

The quality of ceramic powders is often evaluated in terms of ils 

sinterability and the mechanical properties of the final product. In order to cvaluate 

the quality of the Si3N4 powders produced by carbothermal reduction, two large 

batches ( .. 100 grams) of powders produced at McGill were compared to lhe bcst 

commercially available Si3N4 powder; UBE SN-EIO (imide process). The twa Si3N4 

powders synthesized at McGill were made from seeded precursors attrition milled 

for 0.5 and 4 hours using a Zr02 media:solids ratio of 13.4: 1. The carbolhermal 

reaction tcmperature for these two powders was 1540°C. Su ch a temperature 

enabled a relatively rapid conversion of Si02 (within 5 hours) while limiting bath, 

the presence of SiC observed at higher temperatures (> 1550°C), and the formation 

of large quantities of a-Si3N4 whiskers seen at lower tcmperalures ( ... 1490°C). 

The UBE pawder, alang with the two carbothermic powders were 

pressed into bars, sintered, and then fractured to study their mechanical properties. 
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4.5.1 SINTERING BEHAVIOUR 

Table 4.8 summarizes the various densities obtained for the Si3N4 

powders. The first intel'esting thing to notice is the difference in surface area 

between the carbothermally produced powders. By simply varying the length of 

attrition miIling of the precursors, it is possible to create a powder with the 

Table 4.8 : Relative densities and surface area of carbothermic 
and commercial Si3N4 powders. 

Surface Average relative density* (%) 
Area 

Si3N4 Powders (m2/g) Tap After After After 
density uniaxial iso- sintering 

pressing static 
pressing 

0.5 hour 7.4 17 43 51 93.0 
Carbothermal A.M. 

process 
4 hours 15.3 15 41 49 95.0 

A.M. 

Imide pro cess UBE 10.6 21 41 50 96.1 

* The theoritical density of the Si3N4 powders with the additives (4 weight % 
A1203' 6 weight % Y 203) was calculated to be = 3.321 g/cm3. 

desired surface area. It was mentioned in sections 2.1.2.3 and 2.1.3.2 that the 

driving force behind sintering was the reduction in surface area. Therefore, it is not 

surprising that the final sintered density is higher for the 4 hour A.M. powder (high 

surface area) than it is for the 0.5 hour A.M.Oow surface area). The 4 hour A.M. 

powder was, however, expected to have a higher sintered density than the UBE since 
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its surface are a is 2/3 that of the 4 hour A.M .. The presence of smaH amounts of 

SiC whiskers and free carbon in the carbothermic powders is thought to have 

partially inhibited the sintering process. 

The relative density of the sintered UBE powder was similar to that 

obtained in previous work (pressureless sintering) done at McGill (136). In theÎr work, 

Pugh and Drew achieved a relative density of 96.3% for UBE and of 94.0% for 

Toshiba, a commercial Si3N4 powder synthesized by carbothermal reduction. 

4.5.2 MECHANICAL PROPERTIES 

The mechanical properties of the sintered bars are listed in Table 4.9. 

The highest average bend strength was obtained with the bars made from UDE 

powder (637 MPa), foHowed closely by the 0.5 hour A.M. (577 MPa) and the <1 hours 

A.M. (507 MPa). Although these strength values are similar, the same test 

performed at high temperature (l250°C) could have weIl resulted in much higher 

values for the carbothermal powders than for the UBE powder (imide process). It is 

known that chloride impurities present in imide powders (0.005 - 0.1 wt%) have a 

strong adverse effect on the high temperature properties of sintered products(l37). 

The bend strength observed for the UBE bars is in good agreement with values 

previously obtained (650-700 MPa)(I36) by Pugh and Drew using a similar 

densification and strength testing procedure. In their work they also sludied the 

densification behaviour of other commercial powders such as Toshiba A-200, a 

powder produced by carbothermal reduction. The average bend strength obtained 

from the densified Toshiba powder was 510 MPa with a Weibull modulus of 9. Bath 
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Table 4.9 : Mechanical properties of sintered bars. 

Meehanical Properties 

Average 4- KIc 
Si3N4 Powders points bend Number Weibull 

strength of bars (MNm-3/ 2) modulus 
(MPa) 

Carbothermal ! 0.5 hour 576 ± 33* 10 5.8 11.5 
Pro cess A.M. 

4 hours 507 ± 16* 9 4.9 22.0 
A.M. 

Imide Proeess UBE 637 ± 24 * 11 4.1 16.2 

* 1 hp,se values represent the 95% confidence interval. 

the 0.5 and 4 hour A.M. powders resulted in bars with mueh higher Weibull modulus 

and strength vulues similar or better th an those of the Toshiba. 

The Weibull modulus values presented in Table 4.9 were obtained by 

calculating the slope of the curve in Figure 4.32. The Wei bull modulus "m" is an 

indication of the reliability of the ceramic product (a value of m > 10 is usually 

considered good). The 4 ho ur A.M. series exhibited the best Weibull modulus (m = 

22.0), followed by UBE (m = 16.2) and the 0.5 ho ur A.M. powder (m = 11.5). The high 

value of "m" obtained for the 4 hour A.M. bars rnight indicate that although the 

internai flaws present are more numerous (lower sintered density and strength), they 

are also probably more uniform in size than the UBE series sinee a large variation 

in critical defect size will result in a wide range of strength values. The Weibull 

modulus values obtained for the 0.5 and 4 hours A.M. series are also far superior to 
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Figure 4.32 : Weibull plot for the sintered powders. 

The KJc values reported in Table 4.9 gave a measure of the materials 

relative toughness. The highest KIc was obtained for the 0.5 hour A.M. series (5.8 

MNm -3/2), while UBE had the lowest value with 4.1 MNm -3/2. Although it is 

difficujt to compare these values due to their low sintered densities (pores help 

arrest cracks), they are still in good agreement with the values obtained by Henshall 

et a1.(138) (4.5 - 5.1 MNm- 3/2 ), Nose and Jujii(39) (4.8 - 6.4 MNm- 312) and Evans 

and Charles(I40) (4.9 MNm -3/2) for similar material. 
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5. CONCLUSIONS 

The research work into the formation of Si3N4 powder by carbothermal 

reduction of Si02 was carried out in order to optimize the conditions to produce a 

hlgh quality, sinterable powder. 

A) PREPARATION METHOD OF PRECUR80R8 

(1) A high degree of intimacy for the startin& materials 

(C, 8i02) was found to be ~ssential to olJtain a high 

surface area powder. 

(2) Attrition milling the starting materials to achieve an 

intimate mixing of the precursors, proved to be superior 

over blending or baIl milling. 

(3) Zr02 media were found to have a much lower wear rate 

than Si3N4 or AI20 3 media and hence contributed to 

maintain a low contamination level. 

B) EFFECT OF SEEDING 

(1) The addition of 5 weight % seed material (UBE - 0.2 JlIIl) 

to the starting materials resulted in Si3N4 powders with 

narrow particle size distribution and much finer average 

grain size than for the unseeded precursors. 

(2) The addition of seed was also observed to improve the 

reaction kinetics. 
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C) REACTION CONDITIONS 

(1) The flow of N2 through the reactor during reacLion was 

found to be very important in keeping the SiC contents 

in the final powder low. For this reason, a linear gas 

flow rate ~ 0.2 cm/sec was used in this study. 

(2) The pellets in the reactor should not be located where 

the N2 flow is poor (near the walls) or where the partial 

pressure of CO ffiight be high (upper levels of reactor) 

if low SiC contents are desired. 

(3) The SiC synthesized in this work was a-SiC, a crystallo­

graphic phase rarely reported in carbothermic powders. 

Other authors have reported the presence of ~-SiC in 

their powders but, it may have been misidentified sinee 

large quantities (> 10 weight % SiC in Si3N4 powders) are 

required in order to differentiate between the IX and ~ 

phases with X-ray diffraction techniques. 

(4) The reaction temperature was found ta be extremely 

important. Only reaction temperatures betwecn 1490°C 

and 1550°C resulted in c relatively pure Si3N4 powder. 

Below 1490°C the reaction kinetics are very slow 

(uneonverted Si02 present after 5 hours reaction) and above 

1550°C large quantities of SiC are produced. 

(5) The Si3N4 grains produced at 1490°C were found to be 

acicular in nature, white tho~e produced at 1540°C were 

equiaxed. 
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(6) A burst of CO gas was seen to occur a short time aft~r 

the reactants reached the reaction temperature. 

This burst of CO gas was seen to be of great importance in 

trying to explain the nucleation phenomena and the reaction 

mechanisms. 

D) SINTERING AND MECHANICAL PRO PERT lES 

(1) Average relative densities of 93.0 and 95.0% (pressureless 

sintering) were obtained for the carbothermic powders 

produced in this work, while a slightly higher relative 

density was obtained for the UBE powder (imide process). 

(2) For the sintered bars made from carbothermic powders, 

very good strengths (507 and 577 MPa) and excellent 

Weibull modulus (16 and 22) were obtained. These 

results clearly show that carbothermal powders can be 

used to produce high strength ceramic materials. 
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6. FUTURE WORK 

1 - Lower the final 02 content of the Si3N4 powder by: 

a) making sure that the Si02 is completely reduced by using a CO analyzer 

to monitor the progress of reaction. 

b) limit the amount of oxidation brought about by the decarburization stage, 

by removing the carbon in NH3 rather than in dry air. 

2 - Improve the physical and chemical characterization procedures for Si3N4 

powders: 

a) find a proper carbon analysis method that can distinguish between free 

carbon and carbon from SiC. 

b) use automated Image Analysis techniques to charactc~ize the particle size 

and size distribution parameters in a statistically rigorous manner. 

3 - Do a complete study on the reaction kinetics of the carbothcrmal rcduction of 

Si02 into Si3N4 and examine the effects of various parameters such as: 

a) higher temperatures (1515°C, 1540°C). 

h) effect of pellet size on weight losses observed. 

c) effect of higher N 2 gas flow on conversion time. 

4 - Optimize the pyrolysis cycle when sugar is used as a carbon source, and vary the 

density of the pellets to study if the diffusion of gaseous species in and out the 

pdlets is indeed the rate determining step. 

5 - Study the sinterability of other powders sucn as those synthesized at lower 

temperature (1490°C), as weIl as the unseeded ones. Find the optimum sintering 

cycle and compare the synthesized powders with commercial powders made by 

carbothermal reduction (Starck) and processed under identical conditions. 
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6 - Build a small continuous carbothermal reactor (rotating graphite tube) for the 

synthesis of Si3N4 powders. 
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APPENDIX l 

X-RAY DIFFRACTION CALIBRATION CURVES 

In order to estimate the a-SiC and the (3-Si3N4 content in a ex-Si3N4 powder, 

calibration curves were generated (Fig.I-O. In both cases, the curves were obtained 

by adding known amounts of pure ex-SiC (in-house synthesis) or ~-Si3N4 (from fully 

sintered commercial powder*) ta an a-Si3N4 powder* (the srnall amount of ~-Si3N4 

present in the a-Si3N4 powder was taken into account in the measuremcnt and 

calculation). In order to have complete calibrat!on curvcs, this procedure was 

repeated with different amounts of a-SiC and ~-Si3N4' These very fine «325 mesh) 

powders were mixed with a mortar and pestle, and then, put into a XRD sarnple 

holder. X-ray diffraction patterns were then taken for the various mixtures of ex-

SiC/ex-Si3N4 and ~-Si3N4/a-Si3N4' 

For each of the ex-SiC, a-Si3N4, and (3-Si3N4 diffraction patterns, a single peak 

was selected (Table I-l). The selection criteria for each peak was based on factors 

such as their high relative intensity, and whenever possible, their lack of overlap 

with peaks of the other phases. The JCPDS standard diffraction pattern for a-SiC 

that was used in this study was 29-1131 (Moissanite-6H). 

The XRD calibration curves are given as a plot of the net relative intensity 

(total intensity - background) ratio of the selected peaks (Eqn.I-O versus weight% 

content of the phase of interest. 
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Table 1-1 : Selection of diffraction peak angle for calibration curves. 

Il ANGLE 28 SELECTED (MILLER INDICES) 

Calibration curve cx-Si3N4 phase P-Si3N4 phase «-SiC phase 

P-Si3Ni«-Si3N4 31.0° (201) 27.1 0 (200) -
«-SiC/«-Si3N4 20.6° (101) -- 35.8° (102) 

* SN-E-lO, UBE Industries LTD. 

(1-1) Ratio = 
(Iphase 1 - BKG) 

(Iphase 1 - BKG) + (Iphase 2 -BKG) 

Where. BKG = BacKground intensity 
Ii = Intensity of selected peak i 
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Figure 1-1 : XRD Calibration curves; (a) P-Si3Nia-Si3N4 
(b) a-·SiC/a-Si3N4 
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APPENDIX II 

COMPARISON BETWEEN PARTICLE SIZE OBTAINED WITH THE 
DLS TECHN1QUE AND THOSE OBTAINED BY SEM 

Table 11-1 compares the average diameters (d) calculated with SEM 

micrographs (expressed on a % number basis), with the average diameters 

obtained with the DLS technique (expressed on both a % number and a % volume 

basis). 

Table 11-1 : Average diameter of sc['dl~d œ-Si3N4 powders (7:1 weight of Zr02 
media:weight of solids). 

Attrition milling d, calculated with d, obtained with DLS technique 
time of precursors SEM micrographs {J.Lll1} 

(hours) {J.lIIl} % number 
% number % volume 

0.5 0.73 0.762 0.847 

1 0.56 0.556 0.602 

2 0.50 0.566 0.599 

4 0.40 0.481 0.517 

Both techniques showed relatively good agreement, with a 

maximum difference of .. 0.08 J.Lm (at 4 hours A.M.) for the average diameters on 

a % number basis. The small discrepency between the two values is thought to be 

related to the difficulty in obtaining a good dispersion of particles for the DLS 

technique. The lack of dispersion results from the formation of soft agglomerates 

and these being seen as larger particles, thus yielding average diameters that are 

usually slightly larger than those calculated with SEM micrographs. 

* The DLS results represent an average of 3-4 measurements. 
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APPENDIX III 

WEIGHT LOSS vs REACTICN TIME DATA 

Table 111-1 contains the weight Joss vs reaction time data that was 

used to build the graphs in Figures 4.23 and 4.25 (see section 4.4). 

Table III-i : Weight IOS5 and % conversion as a function of reaction time 
(1490°C for various precursors). 

-
Precursors 

0.5 hour A.M.- 0.5 hour A.M.- 4 hours A.M.-
no seed 5 weight% seed 5 weight% seed 

Reaction Wt Extent of Wt Extent of Wt Extent of 
time 10S5 conversion 10ss conversion 105S conversion 

(hours) (%) (%) (%) (%) (%) (%) 

0* 9.2 ... 1 7.9 .. 1 11.1 .. 1 

0.5 11.5 10.6 11.1 11.4 14.8 14.9 

17.4 32.1 18.4 37.4 22.7 46.6 
2 

22.8 --- --- 53.0 23.7 50.6 

3.5 --- --- 21.9 49.8 23.5 49.8 

4.25 19.1 38.3 23.1 54.1 --- ---

5 22.7 51.5 25.9 64.1 30.6 78.3 

6.5 29.2 75.2 33.2 90.0 32.9 87.6 

8 30.9 81.4 34.4 94.3 34.6 94.4 

12 34.2 93.4 35.4 97.9 33.8 97.6 

* A reaction time of 0 hours was approximated by stopping the experiment as 
soon as the starting materials reached the reaction temperature . 
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The weight 1055 data was obtained by measuring the difference in 

weight of the precursors before, and after the reaction, while the extent of 

conversion data was derived from 02 and N2 analysis performed on the reacted 

products. 
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