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CRHAMICS 

"MineraIs of variable compo~i tian and rather doubtful purity (that) :.' te 

subjected to an unmeasurable thermal treatment for a period oftirneJl1st long 

enough to allow unknown reactions to take place incompletely, yieldin'g the 

heterogeneous, non-stoichiometric material known by the narn" of ceramics." 
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ABSTRACT 

The processing conditions for carbothermal reduction nf ~ilil'a tu sIlIcon 

nitride was found ta be sensitive tn several key processing purameten-,' nan1l'ly 

the intima~y ofmixing of carbon and silic3. the temperature. the specifie h1l1,h 

surface area of carbon, the nitrogen gas punty and the actIOn l)f the mll'OI-!:pn 

gas passing through the reactan ts 

Sol-gel processmg was found to provide superior mixing conditions over dry 

mixing, which allowed for complete conversion to silicon nitnde at optllllllm 

carbon:silica ratios of 7:1. The ideal reaction tempera ture was round ln be 1 Il 

the range of I500°C tü I550 l e. Suppression of silicon oxynltnde and SIlIcon 

carbide was achleved by ensunng that: (a) the nI trugen ga~ wa~ g'l'ttl'red of 

oxygen, and (b) that the gas passed through the reactant.s Thernilldynanllc 

modelling of the Si-O-N -C system showed that ordinardy the eq ui 1 i OI'lUlI1 

conditIOns for the formation of silicon nitnde are very (h·llcatl· Slight 

deviations away from equdibrium leads to the formatiun of nlln-pquilIol'!llITl 

species such as silicon carblde caused by the budd-up of earbun lTlonoxlde. 

Reaction conditions such as allowing nltrogen gas tn p(l~~ through the 

reactants beneficially mayes the reaction equilihnum wcll uway {'rom the 

silicon carbide and sIlicon oxynitride stability regions 

The particle size of sIlicon nitride produced from carbun and :::.!I1ca 

precursors was of the order of 2-3 llm and could only be reduced LI) ..,u h-fllJ(;ron 

range by seeding with ultra-fine silicon nltnde. It was ",hown that thf~ 

mechanism of nucleatlOn and growth of unseeded readant~> wa,,> fir..,t 

nuclention on the carbon by the reactir)fl between carbon, SiO gas and nltrr)gl!n 

(gas-solid reaction), and then growth ()f the particle~ by the ga~ pha,>c react!rJ!1 

(CO, SlO, :"J2). 
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RESCNIE 

Les conditlOns de réduction carbothermique de la silice en nItrure de 

silicIUm ont ete etudiées. Le processus est sen::.ible a un certain nombre de 

parametres clés intervenant lors de ]a fabrIcation, tels que: le degre de 

melange du carhone et de la silice, la lemperature, la surface specdique du 

carbone, la purete du gaz d'azotp et ['actlOn du gaz d'azote passant à travers les 

réactifs. 

On a trouve que le procedé sol-gel donnait de meilleures conditions de 

mélange par rapport au rr.elange a sec, permettant la conversion complète du 

nitrure du stllclUm aveç un rapport optimal carbone/silicium de 7 pour 1. La 

temperat1lre ideale de reactlOn était entre 1500°C et 1550°C. L'élimination de 

l'oxynitrure de siliçium et du carbure de silicium à eté obtenu grâce aux 

mesures suivantes. (a) l'azote a été libéré de son oxygene, et (b) le gaz est 

passé à travers les reactifs. La modèlisation thermodynamique du système Si­

O-N-C a montre que les conditions d'equdibre pour la formation du nitrure de 

sIiicllll11 sont tres dificiles a atteindre De f~llbles écarts par rapport à 

l'équilibre peuvent conduire a la formatIOn de composés instables tel que le 

carburp de silIcl um formé par un empilement de monoxyde de carbone. Les 

conditions de readion comme celles permettant le passage du azote a travers 

les reactifs eloignent l'equilibre des regions de stabilité pour le nitrure et 

l'oxynl trure de si liclUm 

La uulle des particules de nitrure de sIlicium produites à partir du carhone 

et de la silice etait de l'ordre de 2-3 llm et ne pouvait être réduite à un niVe:l'.l 

inferieur micron que grùce à un ensemencement de particules de nitrure de 

silicium extra fines. Il a ete demonstré que le mécanisme de gérmination et de 

L'rOissance des reactifs non ensemencés était d'abord la gérmination sur le 
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carbone par la réaction entre le carbone, le gas SiO et t'azote (reaction vapeur­

solide), et ensuite la croissance des particules par la reaction de la ph:\~t' 

gazeuse (CO, SiO, N2) 

- 1 V . 



E = 

ACK~OWLEDGEMENTS 

1 would like to express my sincere gratitude to Professor R.A.L. Drew for 

his supervision ând encouragement throughout the course of this thesis, and to 

Dr. K. Shanker for his advice and assistance. 

1 wou Id like to thank my colleagues in the ceramlCS group for their 

contribution by way of their help and support and individual expertise. 

Particular thanks go ta Dr :\tD. Pugh for ideas and suggestions and excell~tlt 

proof reading, and to J .R . .McOermid for drafting sorne of the diagrams at such 

short noticE'. 

1 wou Id also like to thank Mohammed Djahazi for translating the abstract 

mto French. 

Special thanks go to :YIartin Knoepfel and Bruno Grondin for their 

instrul'tion and guidance in the construction of my equipment. 1 would also 

hke to show my apprecwtion to Professors R.I.L. Guthrie and J.J. Jonas for the 

use of thei r Xerox systems. 

Last, but certalIlly not least. 1 would like to thank my wife, Linda Zarnon, for 

her continued encouragement, support and technical advice throughout aIl the 

ups and downs of my degree; for the Ume taken out from her own studies ta 

type this thesls and for the help in the pracessing ofall of the micrographs. 

- v -

.Mi 



-----------------.-----------------"""11 

TABLE OF CONTENTS 

ABSTRACT 

RESUMÉ 

ACK~OWLEDGE~IE~TS 

TABLE OF CONTENTS 

LIST OF FIGURES 

LIST OF TABLES 

1. INTRODUCT10N 

2. LITERA TURE REVIEW 

2.1 SILICON NITRIDE 

2.1.1 The Structure of Silicon Nitride 

2.1.2 Densification of Silicon Nitride 

2.1.2.1 Sintering Mechanisms 

2.1.2.1.1 Solid State Sintering 

2.1.2.1.2 Liquid phase Sintering 

Il 

III 

v 

VI 

XII 

xvii 

1 

H 

Il 

12 

12 

14 

2.1.2.2 Sintered Silicon ~itride 14 

2.1.2.3 Sintered Sialons 16 

2.1.2.4 Alternative Production Routes for Silicon Nitnde IR 
Component Fabrication 

2.1.2.4.1 Hot pressing 18 

2.1.2.4.2 Reaction Bonded Silicon Nitride (RBSN) 20 

2.1.3 The Influence ofPowder Characteristics on Sintering and 22 
Mechanical Properties 

2.1.3.1 Powder Requirements 

2.1.3.1.1 Particle Size 

2.1.3.1.2 Particle Size Distribution 

- VI -

23 

24 

24 



2 1.3.1.3 The Effect of The a-p Transformation 29 
-1 

.,i 2.1.3 1.4 Powder Impuntiec::; and Their Effects on 29 
Sin tering and :Y1echanical Properties 

2.1.4 Silicon ~itride Powder Production Routes 32 

:3 CARBOTHER:vtAL REDUCTION OF SILICA 

3.1 BACKGROL'~D 

3.2 THE REACTION 

3.2.1 Back Reactions 

3.2.2 ReactIOn Tlme and Temperature 

3.2.3 The cr ta p Silicon ='Iitride Transformation 

3.2.4 Starting .\tlaterials 

3.2.4.1 Silica 

3.2.4.2 Carbon 

:1.2.5 Mixing of Precursors 

3.2.6.1 Silica Sols 

3.2.6.2 Carbon Dispersion 

3.2 6 Carbothermally Produced Silicon Nitride 
Powder .\tlorphology 

:3 ~ 7 Seeding 

3.2.7.1 C lassical N ucleation Theory 

3.2.7.2 Vapour ta Solid Nucleation 

3.2.7.3 Seeding wlth Silicon Nitride 

35 

35 

36 

39 

40 

42 

42 

42 

44 

48 

49 

52 

53 

54 

56 

59 

61 

4. THER:\lOCHE:\IISTRY OF THE Si-O-~-C SYSTE:\I 62 

4.1 THER:\IOCHE~[JCAL DATA 62 

4 2 THER~10DY~ A~IIC ~lODELLI::"iG OF THE SI-Q-N -C SYSTE:YI 66 

4.2 1 The F~ A *C*T System 67 

4 2.1 1 Thermodynamic Principles 

4.2.1.2 Le ChateliE'r'::) Principle 

-Vll-

67 

69 



4.2.1.3 Pro gram EQUILIB MI") 
I~ 

• t 4.2.1.4 Program PREDOM 74 

5. SCOPE OF THE INVESTIGATION 7H 

6. EXPERIMENTAL PROCEDURE 78 

6.1 PRECURSOR POWDERS 78 

6.2 PRECURSOR MIXING 80 

6.2.1 SEEDING 83 

6.3 NITRIDATION 83 

6.4 SUBSTRATES 8fi 

6.5 ANALYSIS 90 

6.5.1 X-ray Diffraction (XRD) 90 

6.5.2 Chemical Analysis 93 

6.5.3 Specifie ~urface Area Measurement 93 

6.5.4 Particle Size Analysis 93 

6.5.5 Scanning Electron Microscopy 94 

7. RESULTS AND DISCUSSION 95 

7.1 OPI'IMIZATION OF THE CARBON :SILICA RATIO 95 

7.1.1 Preparation: Dry-mixing vs. sol-gel processing 95 

7.2 THE CARBON:SILICA RATIO AND ITS EFFECT 101 
ON SILICON NITRIDE YIELD 

7.2.1 Silicon Carbide Formation 104 

7.2.2 Silicon Oxyni tride ]1)4 

7.3 SILICON NI'l'HIDE FORMATION AS A l (yI 
FUNCTION OF TEMPERATURE 

7.4 THE EFFECT OF SURFACE AREA L09 
OF THE ST ARTING MATE RIALS 

f 

- viii -



7.5 PARTICLE SIZE AND MORPHOLOGY 113 
1 7.5.1 Temperature 113 1. 

7.5.2 Carbon:Silica Ratio 116 

7.6 PREClJRSOR PQWDER TREATMENT 119 

7.6.1 Mixing 119 

7.6.2 The Effect ofPelletizing 121 

7.6.3 Effect ofGrinding of Gels on the Silicon 130 
Nitride Particle Size 

7.7 SUBSTRATE EXPERlMENTS 132 

7.8 SEEDING 144 

7.8.1 Particle Size 145 

7.8.2 Observation of N ucleation 152 

7.8.3 Whisker growth 161 

7.8.4 Seeding of low surface area carbon precursors 162 

7.8.5 Seeding oflow carbon:silica ru.tios 165 

7.9 THERrvfQDYNA~IIC MODE~_LING OF 167 
CARBOTHERMALREDUCTION 

7.9.1 Estimation ofthermodynamic data 167 

7.9.2 Reactions in the Si-Q-N -C System 169 

7.9.2.1 The forma tion of silicon ni tride 1t39 

7.9.2.? The back reaction between silica 170 
and silicon nitride 

7.9.3 Modelling of carbothermal reduction ofsilica 171 

7.10 SUMj\tIARY OF RESULTS 177 

7.10.1 Bulk Powder Production 180 

8. CONCLUSIONS AND FUTURE WORK 187 

8 1 CONCLCSIONS 187 

8 .) ' ~ SUGGESTED FlJTURE \VOTIK 191 

- IX -



9. STATElYIENT OF ORIGINALITY 

REFERENCES 

APPENDICES 

- x-

193 

19;) 

~04 



LEAVES xi and 214 OMI'ITED IN 
PAGE NUMBERING. 

National Libr-ary of Canada 

Canadian Theses Seï!Vice. 

FE.UILLETS xi et 214 NON INCWS 
DANS LA. PAGlNATlOO. 

Bibliothèque nationale du Canada 

Service des thèses canadiennes. 



=~ 
i 

"1 
LIST OF FIGURES 

Figure 2.1: The two polymorphs of silicon nitride. to 

Figure 2.2: Paths for material transport during sintering. 1:1 

Figure 2.3: The Si-AI-O-N phase diagram (1700"C). 17 

Figure 2.4: Schema tic of a Hot- press. lH 

Figure 2.5: Cladded HIPping. ~l 

Figure 2.6: 3-Point MOR strengths of silicon nitride ceramics. :25 

Figure 3.1: TEM mic;ograph of a typical carbon black. -15 

Figure 3.2: Schema tics of carbon black particles. 46 

Figure 3.3: Surface characteristics of fumed silica. 50 

Figure 3.4: Bonding ofsiloxane groups with water. 51 

Figure 3.5: Free energy of nucleus formation as a function 57 
of nucleus radius. 

Figure 3.6: Heterogeneous nucleation on a solid substrate. fiO 

Figure 4.1: The Fe-S-O predominance diagram (627 OC). 75 

Figur~ 6.1: Electron micrograph of a CAB-Q-SIL fumed 81 
silica particle (Courtesy Cabot Corp). 

Figure 6.2: Schematic ofpowder mixing. 82 

Figure 6.3: Nitriding Furnace. 84 

Figure 6.4: (a) Alumina crucible. 86 

Figure 6.4: (b) Top view of the graphite crucible, 87 
(c) base of graphite crucible. 

Figure 6.5: Loading of the crucible. RB 

Figure 6.6: Crucible with carbon, boron nitride and 89 
alum~na substrates in position. 

Figure 7.1: Weight % silicon nitride produced vs. carbon:silica 96 
ratio in the alumina cruclble. 

Figure 7.2: Weight silicon nitride vs.Carbon:silica ratio. ~;}8 

- Xll -



1 Figure 7.3: Weight% silicon nitride vs. carbon:silica ratio. 99 

Figure 7.4: Silica weight 10ss as SiO gas vs. carbon:silica ratio. 102 

Figure 7.5: AI-O-N predominance diagram. 106 

Figure 7.6: Variation in welght percent of a-Si3N 4 108 
and p-SiC with temperature. 

Figure 7.7: Weight % silicon niLride vs carbon surface area. 110 

Figure 7.8: Weight % silicon nltnde vs. silica surface area. 111 

Figure 7.9 : Powder microstructure at (a) 1350°C, 114 
and (b) 1500°C. 

Figure 7.9: Powder microstructure at (c) 1550°C, 115 
and (d) 1600°C. 

Figure 7.10: Powder microstructure at carbon:silica ratios of: 
(a) 2:1, and (b) 4:1. 

117 

Figure 7.10 : Powder microstructure at carbon:silica ratios of: 
(c) 7:1, and (d) 10:1. 

118 

Figure 7.11 : Silicon nitride powders derived From: (a) dry-mixed 120 
materials and tb) sol-gel processed materials. 

Figure 7.12: Cross section through a pellet. 122 

Figure 7.13: a-silicon ni tride clumps on the pellet defect. 124 

Figure 7.14: Close-up of a clump of silicon nitride surface. 124 

Figure 7.15: Clumps ofparticles on the defect surface of a 
low surface area carbon pellet. 

125 

Figure 7.16: Enlargement ofa clump seen in Figure 7.15. 125 

Figure 7.17: Prod uct of loose powdered precursors made u p 
of high surface area silica (EH-5), and low surface 

127 

area carbon (:VI-SOO). 

Figure 7.18: Electron micrograph of a longitudinal section 127 
through a pellet showing clumps of particles 
bridging the capping defect. 

Figure 7.19: (a) Micrograph ofparticulate silicon nitride. 128 
and (b) its EDS spectra. 

~ F' "''''0 19ure 1._ : (a) Micrograph ofribbon silicon nitride, 129 
and (bl its EDS spectra. 

-Xlll -



• , 
Figure 7.21: (a) Silicon nitride powder formed from gels 131 

crushed in a pesUe and mortar. 

Figure 7.21: (b) Silicon nitride powder formed from gels l~H 
broken down in a blender. 

Figure 7.22: Carbon substrates (clockwise from the left) 1 :J.t 
ta) as-received. (b) no reactants, 
(c) with reactants. 

Figure 7.23: (a) Boron nitride substrates before (le ft) and 135 
after reactlOn; tb) alumina substrates before 
(left) and after reaction. 

Figure 7.24: Alumina surface after heat treatment. 1 :36 

Figure 7.25: Boron nitride substrate after heat treatment. 13R 

Figure 7.26: A micrograph of a-silicon nitride whiskers 
formed on a graphite substrate. 

139 

Figure 7.27: Multiple whiskers growing From a single point 
on the graphite substrate. 

1 ~39 

Figure 7.28: The tip ofa silicon nitride whisker grown 140 
on a graphite substrate. 

Figure 7.29: (a) Sintered silicon nitride as-sintered (left), 142 
and after reaction. 

Figure 7.29: (b) The morphology ofwhiskers grown on the 142 
sintered silicon nitI -de. 

Figure 7.30: (a) Iso-pressed a-silicon nitride before reaction. 143 

Figure 7.30: (b) Iso-pressed a-sIlicon nitride after reaction. 143 

Figure 7.31: Cumulative particle size distribution of 146 
silicon nitride powders. 

Figure 7.32: (a) silicon nitride powder. 
Original seed content = 0%. 

148 

Figure 7.32: (b) '3ilicon nitride powder. 14R 
Original seed content = 5%. 

Figure 7.32 : (c) silicon nltride powder. 149 
Original seed content = 50%. 

Figure 7.33: An example of an agglomerate found in powders 149 
seen in Figure 7 32 (e). 

Figure 7.34: Cumulative particle size distribution of unground 1 fil) 
and ground silicon llltride powders. 

- XlV -



Figure 7.35: (a) A micrograph of the silicon nitride whiskers. 153 
.... 

Figure 7.35' (b) A micrograph of the product ofwhisker 153 
seeded material. 

.F'igure 7.36. Activation energy barners to the movement of 156 
atoms close to the crystal/gas interface. 

Figure 7.37: Cumulative particle size distribution ofsilicon 159 
nitride produced from mixtures seeded with 
5% Ube SN-E-IO or Starck LC-12. 

Figure 7.38: (a) Silj('on nitride produced from 160 
5% Ube seed mate rial. 

Figure 7.38: (b) Silicon nitride produced from 
5% Starck sepd material. 

160 

Figure 7.39: XRD of silicon nitride produced from: 
(a) unseeded and (b) seeded low surface 

163 

area carbon. 

Figure 7.39: (c) Silicon nitride powder produced from 
a mixture of a low surface area carbon (M-800) 

164 

and a high suface area silica (EH-5) with 5% seed 
(UBE SN-E-10). 

Figure 7.40: An agglomerate of silicon nitride formed from 166 
a low carbon:silica ratio of 3:1. 

Figure 7.41: Partial pressures ofSiO, N2, CO vs. initial 172 
nitrogen feed content. 

Figure 7...12: Si-O-N-C predominance diagram at 1773 K. 174 
(Pm vs Pro)' 

Figure 7.43: Si-O-N-C predominance diagram at 1773 K. 176 
(ac vs. pco)' 

Figure 7...14: Suggested developmen t of clumps ofparticles 179 
seen on surfaces withm capping fractures of 
carbon/silica pellets. 

Figure 7...15: Graphite element resistance furnace with graphite 
crucible. trays and powder in position. 

181 

Figure 7...16: Bulk powder particles. 183 

- xv-



Figure 7.47: 

Figure 7.48: 

Cumulative particle size distribution ofsilicon 
nitride produced in bulk and experirncntally, 
compared with a commercial Toshiba powder 
(A-200l. 

Suggested improvements in cru cible design. 

• XVI -

IH-l 

lH5 



LIST OF TABLES 

Table 2.1. Mechanical properties of sintered silicon nitride 7 
and sintered silicon carbide. 

Table 2.2 ShN4 unit cel! dimensions (À). 9 

Table 2.3. SelfdifTusion coeficients for A1203 and ShN-l,. 15 

Table 2.4. Mechanical properties of silicon ni tride. 22 

Table 4.1 Thermochemical data for a, p silicon nitride and silicon 64 
oxynitride 

Table 6.1 Precursor powder characteristics 79 

Table 6.2 Operating parameters for the Sedigraph 5000D. 94 

Table 7.1. Net weight gains/losses for the substrate 133 
materials (mg). 

Table 7.2. Silicon nitride particle sizes and surface areas of 145 
seeded and unseeded precnrsors. 

Table 7.3. Si02 loss as SiO with increasing seed content. 151 

Table 7 4: The number ofparticles/gram ofsilicon nitride. 158 

Table 7.5: a and p silicon nitride estimated thermochemical data. 169 

- xVlÏ -



1 

• 

CHAPTER 1 

INTRODUCTION 

f± & AiLU4, 

The past decade has been witness ta the rapid development of structural 

ceramics as potential replacements for more traditional matcnals sueh as 

steels and superallays. Their attraction stems from their streng-th, t"rPl'p :1110 

oxidation resistance at high temperatures, weIl above the limlls \'xhthtll'O by 

their metallic counterparts. The potential impact of engll1ecnng ('craInte 

materials will be to improve the fuel burning efficlency of gas turbi ne and 

diesel engines. Other promising applications are in areas where high wear 

occurs, such as mineraIs handling and metal processing equipment. 

A heat engine is a device that converts heat into work, the operntlOn of 

which can be mode lIed by the Carnot cycle. Raising the eomhustion 

tempe rature of the engine increases the converSlOIl efficieney of heat into 

work. The most obvious application of ce ramies in this field are g"as turbines 

and diesel engines. Currently, the operating temperatures of the::-.e eng-ine'i 

are between 800 and 100QoC, the limiting temper::l.ture being the I}r.~et of 

creep of the metal alloys used in the combustion zone. Even :"mall inere:l...,e!:, in 

the operating tempe rature (e.g. 10°C) can lead ta major improvernenb U in 

the combustion efficiency. In the operation of gas turbine.." this ha~ bef!n 

achieved hy the careful design ofblades with complex networks oftiny cooling 

channels which lower the temperature of the metallie componen ts whll...,l 

allowing the gas tempe rature to rise. However, ceramic matenals offenng 

much improved hrgh temperature properties wauld enahle the operating 

temperature to be increased by as rnuch as 100 to .'30WC wlthoul eooling 

Nowadays, where energy conservation and, partieularly, pollution euntrol arc 

major political issues, the advantage of u~ing high operatlng temperature~ 
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are two-fold: (a) the higher the operating temperature, the more co.nplete is 

the combustion. This ln turn allows for the use of lower octane fuels and for 

lower fuel consumption; and (b) greater efficiency leads to a greater power to 

weight ratio, lmplying that for a particular power output a smaller engine can 

be used. 

The efficiency of the diesel englne is also limited by the operating 

temperature of the combustion chamber, and must be cooled in order to 

malntam a constant temperature. The power to drive the cooling system 

cornes from the engme itself, significantly reducing the power output. In 

addition, the system adds weight to the engine, reducing the useful power 

output still further. The greatest disadvantage of having a cooling system is 

lts unreliability. In a study conducted on U.S. army tanks3 and trucks, 

greater than 50% of aIl breakdowns were related to problems with the cooling 

system. 'l'hus, elimination of the cooling system is extremely advantageous, 

and has become the objective of the development cf the 

CununinsJTARADCOM adiabatic turbo-compound engine program. 

These are two examples of the more popular "high tech" applications, but 

they are not the only ones being considered. Besides heat engines, structural 

ce ramies lend themselves weIl to low temperature, high wear situations, such 

as in slurry pumps, cutting blades, tool bits and extrusion dies, to name a few. 

In many ways, more successful development is to be expected in these fields 

since part deSIgn is less complex and operating conditions are less rigorous 

than those required for heat engmes. 

Thus far, lt would appear that ceramic materials are the perfect choice for 

the replacement ofmetals. and yet very few applications exist where they are 

commonly encountered. Other than in their traditional applications as 

refractones and vitreous china, the projections for market growth world-wide 
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for advanced ceramics ranges between $187 billion (US)" by the year 2000 tu 

$17 billion (US)5 by 1995. The breadth uf these projections indicate that the 

potential for market growth is large but uneerÜlln. The uneertalnty is 11l1ked 

to the inherent nature of ceramies, Le. metals will fail in a reason.lhly 

predictable manner whereas ceramic materials fail unpredictahly hy bnttll' 

fracture. Failure in metals invariably oceurs after a perlOd of pla~tll' 

deformation; thus, in designing for high stress applications, allowanl't' IS 

made for the onset of plastic deformation. With ceramics, there is never any 

plastic deformation (at least at low temperature), and fracture oceurs wlthout 

w?rning. This would not be so serious if it was certain that failure would 

occur above a certain stress condition; however, the point of failure is highly 

dependent upon the size of defects or flaws in the microstructure. The 

reliability and reproducibility of ceramic materials is th(~refore solely 

dependent on the elimination of critical defects within the microstructure. 

This is a problem that must be overcome so that ceramic compunents l'an he 

manufactured to be technically reliable and €conomically competitive. 

The reliability of a ceramic component is therefore of prime importance. 

The most important variables en route to achievmg a critl<.:al defect-fref~ 

cerarnic will be shown to be directly relClted to the processing route and, ln 

particular, the starting materials used in fabrication of components. 

Reliability, although critical, is not the only drawback of using ceramics, 

since there are other disadvantages limiting their applicatIOn. Few ceramlCS 

have high enough toughnesses to make them capable of with::3tanding the 

shock of impact. Thus, there are problems with their applicati()n~ as machIne 

tools, an are a where high impact resistance 15 required. These problems are 

being approached by the incorporation of whiskers li and fibers in the ceramic 
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matnx, WhlCh then act to prevent the propagation of cracks by vanous 

mechanlsms ,'. 

Sorne of the ceramic materials being considered for high temperature, 

~tructural applications are alumina (A1203)' zirconia(Zr02), silicon carbide 

(SiC), and silicon nitride fSi1N..j.). Each of the above materials have quite 

different properties and are suitable for a number of different applications. In 

terms of developing good mechanical properties, they are aIl highly dependent 

upon the conditIOn of the microstructure which is controlled by the fabrication 

process of the ceramic b()dy. 

Ceranuc materials cannot practically be cast into shape in the same way 

as metals since they only become molten at very high tempe ratures or never 

become molten but decompose, as is the case for Si3N..j. and SiC. This is due to 

the highly covalent nature of their interatomic bonding. The usual way ta 

consolidate powdered ce rami cs tS by mechanically compacting the powder to 

fonn a green body and then heating the body ta an appropriate temperature 

for diffusion to take place, leading to particle~particle bonding and 

densification. The latter process is known as sintering, and will be discussed 

in greater detail1ater. 

The occurrence of second phases can be brought about either purposefully 

las in liquid-pnase sintering), or may result from impurities in the starting 

powder. Should these phases have Low melting points, then the mechanical 

properties at high temperatures would be greatly reduced. Silicon nitride is 

an example of where the presence of a second phase is beneficial. Because of 

its low coefficient of self-diffusion, silicon nitride powder will not sinter and 

densify satlsfactorily. Additions are made to the powder that form an 

oxynitride liquid phase at high temperatures, which promûtes densification 

and bonds the particles together. In the event that impurities su ch as iron, 
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sodium or calcium are present, th~ liquid melting point is reduced thl'ough the 

formation of low me1ting point eutectics. This, in turn. severely de grades t.he 

high tempe rature mechanical properties of the silicon nitride ceramlc'\. 

Therefore, the powder characteristics are ofcritical importance on the route tu 

producing reliable ceramics. Other defects and flaws may be introducE'd at 

later stages of fabrication, but if the starting powder lS unsatisfactory, then 

the best mechanical properties that could posslbly be achieved by t.he fin~ll 

monolithic ceramic will always be controlled by the characteristics of the 

starting powder. 

This work de aIs specifically with the production of silicon nitride powder 

by carbothermal synthesis. The next two chapters will discuss the physieal 

properties of silicon nitride, its applicatiùns in engineering and the primary 

methods by which quality silicon nitride powders are produced. In resped of 

the commercial manufacturing of powders, it will be shown how the 

properties of the powders affect the final properties of the ceramic. 
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2.1 SILICON NITRIDE 

CHAPfER2 

LITERATURE REVIEW 

Historically, the first published report concerning the formation of silicon 

llltride was by Wuller and Deville9 in 1857. Surprisingly, this was not 

accomphshed by the reaction between the constituent elements, but from 

silicon tetrachloride and ammonia. Subsequent work by Sinding-Larson 10.11, 

Mehner 12(1896) and Johnson 13(1909) went on to form silicon nitride by the 

direct nitridation of silicon and by the carbothermal reduction of silica. 

Othef studiesI4.15.16 were conducted to characterize the properties of silicon 

nitride itself, but interest dec1ined until the 1940's when ceramics were 

rediscovered as materials that exhibitied superior mechanical properties to 

mctals at elevated tempe ratures. In 1944, COllway 17 identified several key 

areas where ceramics could be usee! in aircraft propulsion systems and diesel 

engines. 

The main advantages to using ceramics components in gas turbines was 

seen to be the potential to increase the ove raIl efficiency of the engine by 

rnising the gas temperature at the turbine inlet. The application of ceramics 

in turbines by this time had already been looked into in Germanyl8, where 

porcelain blades were fitted to a ceramic rotor with a glass as a bonding agent. 

Sure enough, the engine could be run at increased turbine entry temperatures 

of -230"C, but problems arose when no solution could be found to prevent 

thermal shock when the engine was shut down. 

The early stages of dew'lopment for ceramic components were plagued by 

failure; a result of a combination of poor mechanical design and 

unsatisfactory maLerials. In the early Fifties, silicon nitride was found to 
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have good refractory properties 19 and, as a result, was recommended as a gond 

candidate for engineering applications. 

The development of improved ceramic materials like si licon nitride, silicon 

carbide, and zirconia ini tia ted renewed en th usiasm for Governmt.'ll t-

sponsored programs for heat engine development. Japan, the U.S.A., Sweden. 

Germany and the Unitp.d Kir,~dom aU have sUl'h programs. and have 

S'.lccessfully demonstrated enginC-'s that can rll!1 for many hours wilhout 

failure. However, problems still arist:! because the cG'1lponents l'annol he 

;lroduced with intrinsically reliable prop:!rties. The relia~)ility is lowered 

further by ·impacL damage from partides entrained in Lhe gas flow. 

introducing defects in th~ f'erllrr..lt: l,::>:ldillg ta component failure. 

Silicon nitride and silicon carbide both have similar high temperature and 

mechanical properties (Table 2.1). However, silicon nitride is the preferred 

Table 2.1. Mechanical properties ofsintered 
silicon nitride and sintered silicon 
carbide~O.21 . 

Temp. MOR KIC 

CC) (MPa) (MPa.m t) 

Sintered Si3N.t 20 800 3.5-8 
1300 350 

Sintered SiC 527 450 4.1 
1100 450 

material to work with, since it exhibits greater toughness and l'an he sintered 

at lower temperatures than silicon carbide. Initially, the rmly means of 

fabricating silicon nitride components was either by hot pressing green 

compacts of the powder, or by the reaction bonding of silicon metal powder 

compacts. The hot pressing method is costly and hmi ted tü corn ponen ts of 

simple geometry, whereas reaction bonding can provide cumplex shapes with 
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good dimension al properties, but the rnechanical strength is comprornised by 

residual silicon metal and porosity. The development of silicon nitride based 

alloys, called Sialons2L!3 (an 3.cronym for the elemental cornponents of Si,AI, 

o and N) has meant that fully dense components can now be created by 

pressureless sintering; this is a less costly alternative to hot pressing, vv"ith 

the additional advantage of allowing the fabrication of cornplex shapes by 

processes such as slip and pressure casting, and also injection moulding. 

Currently, tHe tabrication ofsilicon nitride ceramic cornponents is focussed 

on these technologies. particularly with respect to the effect of the nature of 

the starting powders. The following sections will briefly disCUJS the 

properties of silicon nitride, the densification processes, and the fabricatiGn 

routes that can be used to make the silicon nitride powder. 

2.1.1 The Structure of Silicon Nitride 

The tirst evaluation of the structure of silicon nitride was carried out by 

Turkdogan et al. 24 who discovered that silicon nitride could exist in two forms: 

a or p. An initial estimate of the structure by Leslie et a1.25 mistakenly 

proposed that the two forrns of si licon ni tride were isomorphous and 

rhombohedral. Later, Vassiliou and Wild26 maintained that the two forms 

were orthorhombic and hexagonal syrnmetry although which form was which 

was not stated. Shortly after this, a more rigorous study was published by 

Hardie and J ack 27 , showing that a and ~ were both hexagonal with differing c 

dimensions; a being almost twice that of ~ (Table 2.2). Since this was the case, 

the differences in structural dimensions were attributed to being the result of 

a change in stacking sequence from ABCD... for a, to ABAB ... in~. These 

results were later corroborated by Ruddlesden and Popper28. 
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Table 2.2 Si3N4 unit cell dimensions tÂ) 

a-Si:3N -4 ~\-Si3N -t 

a 7.749 7.609 

c 5.617 2.911 

Bath forms of silicon nitride are comprised of tetrahedra 01 four nltrll~('n 

atoms with a silicon atom located in the center. A single layer uf ~iht'on 

nitride is made up of a ring of ::,lX tetrahedra with each nitrogen atom shared 

between three tetrahedra (Fîgure 2.1)19. The Q unit œIl (SiI2N;I)) with 

stacking sequence ABCD has these planes arranged su ch thaL CD IS the 

mirror image of AB, whereas the P phase unit celI (Si()N l-3) is the sImple 

alternatian of these layers as ABAB ... , isomorphic t.o the phenacite structure 

(Be2Si04)29.Both of the structures are hexagonal with sp!lce groups P31c and 

P63/m for a and 13 respectively. 

The relationship between the two structures has been discussed 

frequently, there having been two schools ofthought: The first that a was an 

oxynitride of the approximate composition Sill 4N1500:3 ;jO to SÎ7GNIO00 2 Il, 

whereas 13 is the stoichiometric form, Si3N 4; the second being that Q and l~ 

were low and high temperature modifications, respectively. The counter­

argument against the latter was that the reverse transformation of {~ ta f1 has 

not been observed. This is presumed to be due to kinetic considerations, I.e. 

that the reverse transformation will not occur because the solid state diffusion 

of atomic species is so sluggish at the transformatIOn temperature. An 

alternative view has been ta assume that p silicon nitride is stable at al! 

temperatures and that a is the low temperature, metastable phase:l'l The 

measurementofthe thermodynamic properties ofsilicon nitride by Wild et 
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Figure 2.1: The two polymorphs of silicon nitride. 
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a1.33 was considered as confirmation that the predominating strudure 

depends upon the oxygen partial pressure; a was stabilized by a high nxygen 

partial pressure, whereas ~ by a low oxygen partial preS5ure. However. II 

silicon nitride has since been synthesized with very low amounts of oxygen in 

the structureJ4,35. 

The direct formation of p from ais sluggish, the rate-controlling step belng 

the diffusion of silicon and nitrogen species along the surface layers nf the 

silicon nitrideJ6 • This process was found to be accelerated by additLOtlS of 

liquid forming species:J7 ,JS ,19 such as magnesia. Studies of partially 

transformed, hot pressed material revealed that the transformation was a 

solution-precipitation reactian. 40 

It is now widely accepted that the appearance of the two polymorphs, 

although still nat fully understoud, is related ta the mechanism by which they 

are formed. a silicon nitride is the product of vapour phase reaction, as in the 

reaction between silicon monoxide gas, carbon and ni trogen, whereas ~ is 

favoured by the presence of a liquid phase. More l'ecently, Natansohn4i has 

confinned that the transformation of a to p will only occur in the presence of a 

liquid phase, and is t::nhanced by the presence of 13 nuclei prinf tu 

transformation. 

2.1.2 Densification of Silicon Nitride 

There are three main fabrication routes that are typically used ta make 

dense silicon nitride components, namely sintering (8SN), reaction bonding 

(RBSN) and hot pressing (HPSN). The following will glve a brief outline on 

the principles involved in each of the above forming processe!:> and di!:>cu<,s the 

advantages and disadvantages in terms of the mechanical properties 

obtained. 
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2.1.2.1 Sin tering :\I1echanisms 

2.1.2.1.1 Solid State Sintermg 

Ceramic powders can be compacted into the required shapes by a variety of 

methods such as un13xial and isostatic pressing, or slip casting. The powder 

compacts are known as green bodies, and can contain anywhere from 25% to 

60% porosity, which must be removed in order to obtain the physical 

properties close ta that of the theoretically fully dense material. 

During sintering, therefore, the changes that occur in the compact are 

mainly concerned with the reduction in the amount Gf porosity, that is, the 

microstructural alterations taking place during the transformation of an 

originally porous compact into a strong dense ceramic. 

Whatever the means by which this occurs, there are two fundamental 

criteria that must be met for sintering to ace ur, viz. a material transport 

mechanism and a sourc~ of energy to activate it. 

Ashby-t:> identified various routes by which t.he transport of material could 

take place and are shown in Figure 2.2. Each one invoh·es the transport of 

material from a sourre at the grain boundary to ê1 :,ink or the neck between 

particles. The driving force for each process is derived from the particle size. 

For vapour phase transport, for instance, the energy is derived from the 

difTerence in va pour pressure as a function of the surface curvature. Material 

lS transparted from the particle surface, which has a positive radius of 

curvature and therefore high vapour pressure, to the neck, which has a 

negative radius of curvature and a lower vapour pressure. The smaller the 

particles are, the greater is the differeLce in curvature between the surface 

area and neck, and the greater is the driving force. 
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l. Surface diffusion 

2. Bulk diffusion 

3. Vapour diffusion 

4. Grain boundry 
diffusion 

Figure 2.2: Paths for material transport during sintering. 
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Similarly, during solid state sintering, the driving force results from the 

difference in free energy or chemical potential between the free surfaces of the 

particles and the points of contact between them. Once again, the smaller the 

particle !:>lze, the greater this energy difference becomes. Surface and vapour 

diffusion via routes 1 and 3 respectively in Figure ~.2 result in pore closure 

but not removal since there is no bulk material transport to enable closing of 

porosity. However, with bulk diffusion occurring by routes 2 and 4" material 

is removed from the interface between the two particles and transported ta 

the pore. This causes the centres ofparticles to move closer together with the 

elimination of porosity, which is seen, on a maeroseopie seale, as shrinkage. 

2.1.2.1.2 Llquid phase sintering 

Liquid phase sintenng, as the name implies, requires the presence of a 

viscous liquid phase in between the particles at the sintering temperature. It 

is the liquid itself that acts as the means ofmaterial transport. Providing the 

liquid wets the surface of the particles, substantial capillary pressures are 

developed which aid densification by particle rearrangement and increase the 

particle/particle con tact pressure. This latter effect increases the rate of 

material transport by solution and reprecipitation40.43 , and can also improve 

particle rearrangement through plastic deformation and creep processes. 

2.1.2.2 Sintered Silicon Nitride 

The ability of a ceramic powder ta densify is therefore directly dependent 

upon the particle size to provide a driving force for densification. However, 

whether or not the ceramic mate rial will densify depends upon the ability of 

the species that are present to diffuse via one of the routes proposed in Figure 
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2.2. Ceramic materials are highly covalent so that the interatomic bonding. 

rather than being diffuse as in metals and ionie materials, is short and highly 

directional. This means that self diffusion as a means ofmaterial transpnrt IS 

limited44
• Interatomic bonds are neither purely ionie nOf purely covalent. but 

are to a greater degree one or the other of the two extremes. Paullngl~ denved 

a semi-empirical relationship in order to estimate the ionie nature of snlHb. 

Taking alumina and silicon nitride as examples. the degree of iomc chamL'ler 

exhibited by both materials are -60% and < 20%. respectively. ft 18 nul 

surprising then that alumina sinters more readi ly than silicon ni tnde. 

Attempts at measuring the self-diffusion coefficients in materials~ have 

shown that the values obtained for alumina are several orders of magnitude 

higher than for silicon nitride (Table 2.3). 

Table ?.3. 
Self diffusion coeficients for Al203 and Si3N4 

Diffusion Temperature Diffusion 
Material Coefficient Species (OC) 

(cm2.sec· 1) 

Al203 Al 1500 2x10 12 
0 1400 5x10' 13 

a-Si3N4 Si 1400 8x 10 12 

N 1400 ixl019 

P-Si3N4 N 1100 ix10·1f) 

Studies46 on the sintering characteristics of pure silicon nitride powder 

showed that it was practically impossible to obtain any densificatIOn; even hot 

pressing did not improve matters. :VIore recently, Danforth et al. 11 were ahle 

to fabricate fully dense pure silicon nitride by hot pressing using extremely 

fine powders (17 nm) with very low oxygen contents. 
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Solid state sintering of silicon nitride is therefore poss:ble but the 

complexity of the process required to produce such high quality powders is 

extremely costly, and sa makes the process impractical. 

Thus, liquld phase sintering has become the more popular means of 

enhancing material transport during the sintering of silicon nitride. Deeley 

et a1. 4H found that densification of hot pressed and reaction bonded silicon 

nitride coulci be accomplished with the 8.ddition of small quantities of :\1g0. 

First reports of sintering of silicon nitride were documented by Terwilliger 

and Lange-t9. Other liquià fonning single and multi-component systems were 

developed from hot-pressing, such as Y 203 + Al203 and Y 203 + MgO. One 

very important contribution was the simultaneous discovery of the SiAION 

system (Figure 2.3) by Jack et aL22 and Oyama et a1. 23 in two separate 

investigations. Typical addtions ta Si3N4 are A1203, AIN, SiOz, and, more 

recentlly, YZ03. 

2.1.2.3 Sintered Sialons 

The Si-AI-O-N system has become one of the most widely investigated 

systems, especially those with Y 203 additions. One of the disadvantages of 

using a liquid phase is that it limi ts the high temperature mechanical 

properties ta below those of the softening tempe rature of the glassy phase. By 

devitrifying the glass into an ordered crystalline structure, the melting point 

inaeases, making the grain boundary phase more refractory. In the case of 

the Y-Si-AI-O-N system, yttrium aluminogarnet (Y 3A15012 or Y AG) is the 

highe~t melting point, crystalline phase that can be derived from the glass; 

Gazza';() reported improvements in low and high tempe rature creep resistance 

by heat treatment ofY-Si-Al-O-N. 
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~(3A~~AIN) 

~(AIN AIA) 

Figure 2.3: The Si-AI-Q-N phase diagram (1700°C). 
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The alternative ta changing the nature of the glassy phase is ta eliminate 

the liqUld phase altogether by ensuring that the glassy phase and the silicon 

nitride are intersoluble. This is the principle used in the hot pressing of 

silicon nitride with BeSiN251. Hawever, the amount ofwork done in this field 

is minimal, presumably due to the highly toxic nature of beryllium 

compounds. 

2.1.2.4 Alternative Production Routes for Silicon Nitride Componen~ 

Fabrication 

2.1.2.4.1 Hot pressing 

Hot pressing (HPSN) is an alternative means of supplying pressure rather 

than relying on the capillary pressure aione, as is the case with pressureless 

sintering. Figure 2 4 is a schematic of a typicai hot press. Essentially. it 

consists of a high tempe rature graphite die and punch er.closed in a gas-tight 

high temperat.ure furnace. Since the operation is usually carried out at 

temperatures close to 2000"C, the die and punch are protected from oxidation 

by conducti ng the operation in an inert gas atmosphere. Further protection is 

given by coating the die and punch with boron nitride, which also prevents 

reaction with the powder material being pressed. Pressure is supplied by 

means of a hydraulic press with a water-cooled platten. 

L, order to hot press silicon ni trid~, small addi tions of sin tering aids such 

as magnesia or yttria must be made in order to promote liquid formation and 

hence sintering. By the simultaneolls application of temperature and 

pressure, 100 c1(' densification can be achieved, which is accompanied 

simultaneously by the transformation of equiaxed Q to acicular ~ grains. 

These ~ grains, rather th an being randomly oriented, become preferentially 

aligned perpendicular to the pressing axis52 • This accounts for the anisotropy 
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Figure 2.4: Schematic afa Hot-press. 
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of the meehanlcal and thermal properties seen parallel and perpendicular to 

the hot pressing directIOn. 

Unfortunately, hot pressing can only be applied to a limited number of 

applications, i.e. shapes that have only a single axis of symmetry like blocks, 

cylinders or rings. Other more complex shapes made of hot pressed silicon 

nitride must be m:1Chlned at great cost using diamond tooling. 

The geumetnc limitatwns of hot pressing have been overcome by the 

development of hot i~ustatic pressing techniques (HIPing). Pressure is 

applied to the article by the application of gas pressure and can be used for 

densifying powder compacts and previously sintered components. Powder 

cumpacts of complex geometry must first be sealed in a deformable can, as 

seen in Figure 2.5, using a material su ch as silica or tantalum that is easily 

deformable at the sintering temperature. When pressure (100-200 MPa) is 

applied at high temperatures, the coating or cladding material deforms as 

the compact shrinks. This is more often referred to as cladded hipping, 

whereas the hipping of previously sintered components is termed cladless. 

The merits of using the latter method means that both the sintering and 

hipping can be carried out in the same furnace, and with lower pressure 

requirement (lOMPa). 

2.1.2.4.2 Reaction Bonded Silicon Nitride (RBSN) 

Reaetion bonded silicon nitride is a particularly attractive process for 

making monolithic components since complex, near-net shapes can be made 

with little or no shrinkage occurring during nitridation. 

RBSN is made 'uy the direct nitridation of silicon. Powdered silicon is 

cunsolidated into block" of billets by a variety of techniques such as isostatic 

pressing or slip casting. and then partially sintered in argon at -1300°C to 
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Figure 2.5: Cladded HIPping. 
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increase the strength. The preform can then be readily machined to the 

shape of the required products. After shaping, the compünent is reaction 

bnnded in a nitrogen atmosphere at tempe ratures between 1200 and 1450°C. 

The resulting product lS close tü the required tolerances (within 0.1 %). 'INith a 

porosity content of approximately 20%, the remainder is silicon nitride (60 to 

9fY7'o a, with the balance being 13), and residual unreacted silicon. Moulson53 

has detailed ln depth the mechanisms involved in the production of 

commercial RBSN, and need not be discussed here. 

2.1.3 The InDuence of Powder Characteristics on Sintering and 

Mechanical Properties 

The previous sections have discussed the means by which ceramics. and in 

particular, silicon nitride can be produced, but of key importance is the 

development of a high strength reliable material. 

Tahle 2.4 shows sorne typical room temperature four-point flexure 

strength, and toughness data for reartion bonded (RB SN), hot pressed (HPSN) 

and sintered silicon nitride (SSN). From these data, HPSN has in most 

Table 2.4. Mechanical Properties of Silicon Nitride. 

Relative Flexure KIC Malerial Density (%) 
Strength (MPa.m t) 

(MPa) 

RBSN 69-84 200-350 1.7-2.8 

HPSN 100 620-900 4.0-7.2 

SSN 98-99 799-900 3.5-8.0 

respects the best properties, but is impractical for the manufacture of complex 

shapes. On the other hand, RBSN has excellent dimensional stability but the 
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poorest mechanicai properties and also poor oxidation resistancc;)". Within 

these two extremes then, sintered silicon nitride is a good compromise 

between high strength and dimensional tolerances, with the added benl'tit nI' 

the ability to make complex shapes. Clearly then, the chniee llfthe fabricatlOll 

route cannot be based soleIy on the process that provides the most slqwrior 

mechanical properties. Therefore, selection is made by optimizing the l'ost (lI' 

production, strength and shape complexity for a particular applicatiOn. 'l'hl' 

mechanical properties already detailed before suggest that SSN can dpvl'lop 

the highest toughness, which is of great significance to the man ufacturers of 

tooi bits and other mechanical parts. The following discussion on si IIcon 

nitride powders will be related ta their effects on the properties ofSSN 

2.1.3.1 Powder Reguirements 

The mechanical properties of any ceramic are highly dependent upon the 

nature of the microstructure. The occurrence of defects such as pore::, or 

second phases can aet as sites for crack nucleation. In 1920, Griffith!)4 dcrivcd 

an expression in terms of the material's fracture toughness, VE y, and the 

defect size such that: 

a = A (EY)t 
f ,c 

(2.1) 

where Of is the fracture stress, Ethe Young's Modulus of the material\ y the 

energy required to create ne. w surfaces, c is the defect size, and A is a constan t 

dependent on the defect geometry. A more general relationshi p ha::; bp.f~n 

presented by Evans & Tappi n 'i5 to take account of cr~ck geometries, but Lhf~ 

principle remains the same. 

In terms of a ceramic material, the quality and reproducibility of the 

mechanical properties is directly related ta the size of the large~t defect 
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present. During the fabrication process of a ceramic, care must be taken in 

order to prevent the introduction of microstructural flaws resulting during 

sinterinff uf the powder, from impurities (dust, lint, and extraneous material), 

and aisn introduced as machining flaws. The mechanical properties seen in 

Tabie 2.4, when viewed in conjunction wlth the relative density, clearly show 

how closely related they are to the condition of the microstructure. 

The flexure strength as a function of temperature for silicon nitride 

(Figure 2.6 56 ) bears out mueh the same relationship, with the strength being 

greatly reduced above 1200°C. 

2.1.3.1.1 Particle Size 

The particle size must be extremely small « 111m) in order to provide the 

high surface free energy that acts as the driving force for densification. Since 

diffusion coefficients of silicon and nitrogen in silicon nitride are extremely 

low, the required diffusion distances for sintering can be decreased by using 

ultrafine powders, as discussed earlier. 

2.1.3.1.2 Particle Size Distribution 

The question of which is the best particle size distribution to have, i.e. 

narrow or bruad, is a controversial one since different benefits can be gained 

from buth. Simply put, a broad distribution results in high green densities 

and low shrinkage upon firing, but the degree of shrinkagl:' is not necessarily 

uniform. A narrow distribution powder on the other hand, is difficult to 

compact. glving poor green densities and large but uniform sh.cinkage upon 

firing 

The differences in shrinkage between the two distributions cornes from the 

efficiency of packing of the powder particles. Assuming ideal packing, mono-
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1 
size spherical particles cou Id glve an ideal green density of 74%. Perfect 

packing might be achieved over a short range but, over the long range, 

disruptions in the ordering in the form of voids and packing defects occurS7 in 

a similar manner to the modelling of dislocations, vacancies and grain 

boundaries by the bubble raft5H analogy. This means that a large amount of 

porosity (-40%) may have to be removed in order to achieve full densification. 

Therefore, higher green densities can be achieved using a broad distribution 

where small particles can fill ûp the extra void space, thus leading to much 

less overall shrinkage. However, inhomogeneities in the particle size 

distribution within the green compact cause localized differential shrinkagE' 

when smtering. Thus smaU cracks and voids can open up as a result of the 

stresses induced in the regions of variable parti cIe size. 

Another problem with having a broad particle size distribution is that 

large grains will grow at the expense of the adjacent smaller grains. The 

grain size must be kept as small as possible since large grains are detrimental 

to the mechanical strength. The existence of large grains in a fine grained 

microstructure are viewed as being similar to that of inclusions in an 

otherwise homogeneous matrix59
. Large stresses can develop at the interface 

between the inclllsion and the interface as a result of mismatch in expansion 

coefficients oflwo materials given by Equation 2.26°: 

o = -20 = -
r t 

(a - a ) ûT (R 
nt 1 3 

1+ v 1+ 2v r*) (2.2) 
nt 1 --+--

2E E 
nt 

where Or radian stress 

0t tangential stress 

= inclusion 
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m matrix 

a thermal coefficient of expansion 

v Poisson's ratio 

E Young's modulus 

R Inclusion radius 

r* radial distance from incl usion 

.1.T= difference between ambient temperature and thl' 

temperature prior to the onset ofstress relaxation 

In sorne cases, these stresses alone can be large enough to initiate a crack 

which, in itself, becomes a critical flaw upon loading. In addition, if the 

elastic moduli of the inclusion and matrix differ, then the inclusion also 

becomes the source of stress concentration61 when the matrix is subjected lo 

an applied stress. Failure in ceramics caused by inclusions is seen as being a 

complex combination of the residual stress due ta thermal expansion 

mismatch and stress concentration. 

In general, the thermal expansion coefficients seen in non-cu bic single 

crystals are anisotropie, whereas the overall expansion coefficien t of a 

randomly oriented, fine grained, polycrystalline material is isotropie. Thus, 

in much the same ways as for inclusions, large grains can produce lafl,{'~ 

interfacial stresses and also result ln stress concentration. 

A broad particle size distribution can therefore lead to enhanced grain 

growth, with large grains growing at the expense of the smaller one~. This 

state ofaffairs need not arIse ifall of the particles were much the ,::>am(~ size il'::> 

in a narrow size distributlOn. 

Barringer et a1. 62 have postulated that the advantages of monosÎzed 

powders are: 
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1. Ease of processing uniform microstructures, resulting in greater control of 

the sîntered gram size and porosity. 

2. Modification of sub-micron powder surface properties so that dispersion in 

a liquid phase and subsequent deposition as an ordered green body can be 

achieved. 

By adopting these views, the authors suggest that liquid phase sintering, 

primarily responslble for particle rearrangement, becomes unnece<::essary 

when uniform microstructures are possible with monosized particles. The 

alternative view is held by Sacks et al.63 and Gauthier et a1. 64 who have 

investigated the use of wide and selected bimodal distributions of ceramic 

powders. In the former study, broad and narrow distributions of alumina 

powders resultcd in much the same sintered microstructure. 

The densification of silicon nitride requîres the presence of a liquid phase, 

not only for particle rearrangement, but aiso for the dissolution of a and 

precipitation of p. So that there may, in fact, be Little advantage to using a 

monosized powder; a wider distribution would, therefore, have the advantage 

ofhigher green density, green strength apd reduced porosity, although there 

is no absolute proofofthis. 

A eontributing factor to the green density 1s particle morphology: particles 

with high npcct ratios. when randomly oriented, will pack very inefficiently 

in the green state with large amounts of residual porosity65. This has become 

a particular problem when trying ta incorporate whiskers into ceramic 

matrices in order tü improve the fracture toughness characteristics. The 

whiskers bccome agglomerated with large amounts of unfilled void space 

within thè aggregate. However, with respect to non-composi te cermnics, the 

ide:!l partide morphology is equiaxed rather than completely sph..:!rical. It 
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has been suggestednô that equiaxed particles pack more efficiently dUl' tn 

their sligh t irregulari ties. 

2.1.3.1.3 The Effect orThe a-B Transformntion 

The mechanical properties and, in partIcular, the fracture tOll!{hlll'~~ Ile 
fully dense silicon nitride is denved from the acicular nature nt' lb 

microstructuré7 This cornes about as a result of the tran~rllnnati()n lIt' 

equiaxed a particles to aClcular l3 partldes during the densdil'a tlOn pr()t'l'S~. 

The ~ particles are nucleated on pre-exlsting p partldes ln the Cl phase. whil'h 

grow at the expense of a via the liquid phase The aspect l'allO of 1\ thal 

develops is dependent upon the Initial quantlty of pre-exl:-otll1g p, a~Sllrnlnf~ 

that growth unly occurs parailei ta the prismatic axis. The re!;ll1llt1:-.hl p 

between the aspect ratlO (R) and the u/p ratio ln the starting powder has heen 

suggested by Lange nH as being: 

Q 

R = l t -
~ 

Therefofè, high a-silicon nitride powders are required for fabncaLiol1, hullt IS 

noted that this relationship breaks down when ulp , whereupol1 it le, 

thought that heterogeneol.J.s nucleation of ~ (presumably on u) i~ ~upp()~ed tu 

predominate. 

2.1.3.1.4 Powder fmpurities and Thelr Effects on Sintering and \'l~ch~~n~'~Jj 

Propertles 

Direct comparisons between the commercially available ...,t!!con nI tfldf~ 

powders are difficult ta make due to the gre8.~ variahdity in the uccurrf:nce fJf 

particular elemental species. Depending on which method lS used tu make a 
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particular powder, this allows for the introduction of elemental speCles 

characteristic of that process. 

The most cornmon irnpurity is oxygen, in the form ofsilica, and is usually a 

result of the direct oxidation of the particle surface. Silica has a higher free 

energy of formation than values often quoted for silicon nitride and, as such, 

the oxidation pl'oduct of the latter will always be silica. It is well understoodl:i9 

that this reaction takes place qui te readily at room tempe rature in the 

presence of air or humid atmospheres,although the kinetics are quite slow. 

However, powders such as those produced by plasma synthesis, with particle 

sizes weIl below the sub-micron range « 30nm), are even more susceptible to 

oxidation due to their highly reactive nature. A more recent study70 has 

suggested that oxygen may also be contained within the particles themselves 

and is very much dependent upon the preparation process that was used; a 

high internaI oxygen content is characteristic of direct ni tridation and 

carbothermal reduction processes, whereas decomposition of silicon diimide 

(section 2.1.4) is the opposi te. The oxygen content in itself is not detrimental 

ta the high ternperature performance of the ceramic since it is a principal 

constituent in silicon nitride-based alloy systems, such as the Si-AI-O-N 

system. Instead, allowance can be made for the oxygen already present in the 

SIlicon ni tride powder when calculating the additions necessary for a 

particular sialon composition. The major source of the degradation in the 

high temperature mechanicai properties arises from the reaction of the silica, 

:1ssociated with the silicon nitride, interacting with other impurities in the 

powder 

ImpuritIes sUl'h as Iron and alkali elements like sodium, potassium and 

calcium, l'an aIl fonn silicates with significantly lower melting points (e.g 

FeSiO,1 with Tm = 1150ù C: N a~Si205. Tm = 87 4,°C)71 than say a Y -Si-AI-O-i'1 
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glassy phase (Tm == 1500 aC7:2). the intergranular liquid phase present in 

many y -Sialon mate rials. Therefore. at high temperatures. low melting pomt 

phases in the grain baundaries reduce the vlscosity of the glassy pha:::w :lnd 

lead to enhancemen t of creep processes. 

Halogens such as chlorine and t1uorine are also seen as undesirable 

impurities. Bath of these elements. but more particularly chlorine. an' 

thought to inhibit the dissolution of nitrogen 7:J in the IIltergranuLar glassy 

phase. This, in turn, retards the a to P transformation which takes place by 

solution precipitation reaction via the liquid phase. In some Y-Si-AI-O-N 

compositions, the formation of the crystalline intergranular phase known as 

N-YAM solid solution (Y 4A120g-y -iSi207N2)..,s is inhibi ted by the presence of 

chlorine, in favour of amorphous Y'2Si05 glass. This is seen as being direct 

evidence that the nitrogen solubility is greatly reduced by the presence I)f 

chlorine. The lack of niirogen in the glassy phase results in a drop in the 

viscosity and softening temperature of the grain boundary phase, and 

consequently decreases the high temperature properties of the materwl 

Fluorine has been observed to have an additional effece 1 on the surface 

chemistry of silicon nitride powders in that such powders are difficult tl) 

disperse in aqueous media. This is of prime importance in fabnc:.llion 

processes such as slip casting, where powder consolidation must proceed via 

well dispen.:;ed, as opposed to flocculated particles. 

Carbon is another impurity that has been reported as having a deletert{Ju~ 

effect on the high temperature mechanical propertles of silicon nitnde ba<3ed 

ceramics. It is usually associated with silicon nitride powder,,> prnduced hy 

rarbothermal reductlOn of sdica, but can abo be introduccd dunng mJlllng 

operatIOns which use carbide milling media Initially, Il wa~ thought that 

carbon reduced the oxidatlOn resi~tance of graIn boundary cry:-,taillne pha~e.~ 
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such as ~-melilite, produced in hot pressed Y-Sialons75. However, Hampshire 

and ,Jack76 showed that it was N-melilite itself that caused the poor high-

temperature oxidation resistance; the specifie volume change occurring 

during oxidation of N-melilite is about 30%. It was found that the carbon 

reacts with the surface silica on the silicon nitride powder , resulting il: the 

evolution of Siû gas which therefore moves the overall composition into a 

phase field containing N-melilite. Thus, wh en using silicon nitride powders 

with significant carbon contents, the additive content must be adjusted such 

that N -melilite formation is avoided. 

2.1.4 Silicon Nitride Powder Production Routes 

Silicon nitride can be produced by several different routes. Commercially, 

the most important has been the direct nitridation ofsilicon"7,78.79 by: 

2S1 + 2N) = SI31V,,, 
(, , ' • .(g) ... ~) 

(2.4) 

This is the methoà used by H.C. Starck Gmbh. of Germany in the 

manufacture of their range of powders. The reaction between silicon and 

nitrogen is highly exothermic. and extreme care must be taken ta control the 

reaction temperature ta prevent the melting of the silicon powder. Should the 

reaetion get out of control and the silicon melt, complete nitridation becomes 

virtually impossi bie. Despite careful control of the temperature, the a-silicon 

nitride 50 formed is heavdy agglomerated and must be milled in order ta 

obtain fine powders. The milling procedure is one of the principal sources of 

iron and tungsten contamination. arising from the milling media. 

The powders are purified by treatment with hydrogen t1uoride. which 

serves to remove residual silicon and silica in addition to iron. In so doing, 
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the powders can become contaminated with fluorine. the effects of which wcrc 

n:~ntioned earlier. 

Another alternative is to proceed via a vapour phase reaction. betwcl' l1 

either silicon tetrachloride or silane and ammonia. by one of the following 

reactions: 

3S,Cl" ) + 4 NH", ) = S'3N., \ + 12HCl .... g ",g ... ~, Ig) 
t2,f) 

or 

38tH" +4NH3( =S, TIl., +12H.) .... g) g) 3"' ... 5) _Ig) (2,6) 

Using the correct reaction conditions, very fine amorphous silicon nitride 

can be produced. The limitations on production are either equipment 

corrosion problems, as with Readion 2.5, or the prohibitively high co~t of 

silane gas. Various methods have been developed despite these drawhacks by 

either using a simple tube furnace80 design or by making use of laser or ga~ 

plasmas81 •82 to drive the readions. Powders formed using these fast two 

methods are characteristically ultrafine « Illm) and amorphous; once again, 

the capital outlay for the process equipment is high, but the pClwders produced 

30180 tend to have high oxygen contents in the form of a surface layer of silica 

As was previously stated, the particles are so fine that they readily react wilh 

oxygen or moisture in the atmosphere and, therefore, must he kept and 

processed under an inert gas atmosphere. 

Another method similar to Reaction 2.5 is the production of si licon 

diimide83 at zero degrees celcius as Reaction 2.7: 
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(2.7) 

Once the ammonium chloride is removecl with liquid ammania, the silicon 

diimide is first given a polymerization heat treatment, and then pyrolyzed at 

11000C in nitrogen to produce amorphous silicon nitride. Subsequent heat 

treatment at temper:\Î ures greater than 1430 oC converts this to a-silicon 

nitride. This mft l ,i IS the route taken by UBE Industries Ltd.84 and Ford 

Motor Co .,'", . .. uce fine silicon nitride powders. The l..JBE-SNEIO powder 

is adwl' as having a low chlorine content of 100 ppm (Braue et al.72 

oh:-'t' 1 deleterious effects due to chlorine at approximately 400 ppm), low 

.\'\jgen content of 1.2wt.%, and a measured average particle size of 0.211m . 

This is by aIl accounts an excellent powder, but the major drawback in 

production is the elimination of oxygen from the system in Reaction 2.7, 

which is costly in terms of equipment and rUllning costs. 

Other pyrolyzation techniques for the production of amorphous silicon 

nitride powders involve the controlled decomposition of organosilicon 

compoundsH6 such as polycarbosilane and methylchloropolysilanes. These 

routes are not popular because of the high cast of the precursor materials. It 

is reasonable to suppose that production costs would decrease if there were 

sufficient demand. 
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CHAPTER3 

CARBOTHER:VIAL REDUCTION OF' SILICA 

3.1 BACKGROU~D 

The previous chapter nutlined the different methods that arc l"lll"l"I'llllv 

available for maklng sllicon nitride: however, none of thc~e pr()l'C',:-'l'.., 

necessarily produces the "ide:!l" powder. Instead, then' IS lIs11~dly at ll':t::-.t Illlt' 

drawback to each of the processe::. (induding carbotherm,d redllL't.lilIl ) in lerm:-. 

of purity and partide size of the sIlicon nltride pnHiul'cd. the l'ost Id' li1\' 

precursors, or even the production costs. The selection (jf the pl'll('!'~sing l'Illltl~ 

becomes a choice between the priee of the powder and the 1 nhl'rl'n t 

disada van tages of using tha t powder tü fabrica te monoll thic cerarn 1 (' 

components. 

When considering carbothermal reduction, the resulting silit:on nltridl' 

powder will more than likely be contaminated with excess carbon and 

probably have a high oxygen content. However, from the point of view of 

starting materials, carbothermal reduction of sdica tn silic()n nltrld(, would 

appear to be olle of the most cost-effective ()pLÏons avad~lbl(~: \'arbl)!1 :111.1 '-.ill(':! 

are two of the most abundantly avadable matenals, partleul:lfly ':>i1ic:! It 1:-' 

estimated that 45.16% of the Earth's upper mantle (·on::>i::.ts of ~dlca 

At the turn of the century, carbon wa~ well known for ils prfJpertlj~':J a:-. ;1 

strong reducing agent and was in great demanrl iI1 the IffJD ;lnd 'itr!t:llnr311'-,try 

It is not surprising lhat carbothermal reductwn or :,dit:a wa~ among IJOe lif t!w 

first methods used to make silicon nitrlde. In 1896 the first patr!nt fr)r th(! 

process was granted to :vrehner12 of Germany, ~h()rtly f()llowed 1 n 1 :JIJ9 by 

Johnson '3 and 1910 by Sinding-Larsen IfJ • yluch of the lnteff;':>t in ':>dicon 

nitride was more as an intermediate step in the production ()f ammonia than 
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for Its ceramic propcrties. However, this was short-lived due to the ciiscovery 

()fthe Haywr proœ~~ for mo.king :lmmonia. 

At thE~ pre~pnt tlml:. To"hIba IS the only company producin!5 powders by thi;:, 

method commercllllly, the most widely used powders belIlg those denved from 

the dIfl'ct nltnciatI,m of :,Ilicon. and from the ImIde process. ~ollolithic 

('!~r:lll111: artlC:le~ made from ,:arbothermally produced silicon nltnde are 

usuilllv found tu have poor mecil:.lnICal prnpertles'7. however rercnt work~" 

would indicatc that ::'llperior mechamcal propertles can o.lso be developed frem 

th{~"e pow<1er::,. 

:3.2 TIIE REACTIO~ 

In pnnclple, the co.rbothermal reduction of silica is a relatively simple 

readlOl1 a mIxture of ::,ilica and carbon is heated at the appropnate 

temper:lture ln nltrogen for a sufficient period of time and the reaction 

proceeos :lcl'ording tn: 

(3.1 ) 

'l'Ill" ,mly descrtbes the overall reaction. and stolchiometric mixtures of silica 

and l'arbon do not necessarily result in silicon nitrirle. Cnder the correct 

conditIOns. the chief reo.ction stages as imtially proposed by Lee et <JI..,9 were as 

rnllow::>: 

StliL':! is redUt'ed by c.lrbon ta silicon monoxide gus and carbon monoxlde: 

(3.2) 

whereupon more silica IS redllced by carbon monoxide in the reaction: 
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S 10 J( 1 + CO == S 10 + CO , 
_S Igi 1,111 _(.'il 

with carbon monoxide being regenerated by reaction: 

c + CO :: 2CO 
\ S 1 21.i11 1 IJI (3.4) 

Silicon nitride is formed by the reaction between silicon monoxide gas and 

ni trogen wi th carbon as: 

3S10 + 3C + 2N) = St.N., + 3CO 
Igi (ql -<gl J ..... sl 1,>1) (3.5) 

which will be referred to as the gas-solid reaction. One possible alternal1ve lo 

this is the formation of silicon nitride via the following gas phase readion: 

3SI0 + 3CO + 2N.,. == St
3
N" + :3CO.) 

(g) (g) ""gl ~sl _Ig) (3 6) 

The rapid rate of reaction to form silicon nitride, as seen by Szweda'j(), wa~ 

thought to be due to the reaction between siliea and ca rbon monoxide 

(Reaction 3.3.), since this would be more rapid than for ~ilica ul1d carhon. 

Higgins91 , who conducted work on the carbothermal reductinn of kaolirll Le LI) 

sialon (a similar system to Si-O-N-C, but also contaimng a!ummÎ1lm) found 

that as the CO content of the reactiün gas (N 2) increased tü lfi%. Sia!on 

formation decreased, and was replaœd by silicon carbtde. By increasillg Lhe 

carbon monoxide content still further to 18%, silicon carhide formalion wa~ 

completely suppressed; the only residual remaining pha~es being mulllle and 

amorphous silica. By making parallel compaLsons belween the two "y~tcrn:-" 

since the two are quite slmil.tr, tt would appear From Hlggln\ wnrk that the 

carbon mono xi de partial pressure must be maintalned at a low leveJ in ()rdt~r tu 

maximize the formation of silicon nitride. 
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Alternative or additional steps to the formation of Si3N 4 have also been 

proposed. For example, Lee and Cutler92 suggested silicon carbide as an 

intermediate step in the formation of silicon monoxide gas according to the 

reaction sequence: 

(3.7) 

and then 

2SlC +StO, +2N) -Sl,yN" +3CO ,,) '..(~, ' • .cg) J ... s) Ig) 

(3.8) 

or 

SIC + SlO)( = 3810 +CO 
IS) _ s) Ig) Ig! 

(3.9) 

However, no other studies have ever reported seemg silicon car bide in 

incompletely reacted products containing silicon nitride and so that would 

appear ta be an un likely reaction step, unless Reaction 3.8 was very rapid. 

Other studlesn ,94 have reported silicon carbide as an intermediate phase in the 

production afSiO gas. but these were a11 done under inert atmosphere. 

Barnitskaya et a1. 95 state that pure silicon nitrîde cannot be obtained from 

carbon. silica and nitrogen alone: they report that the maximum amount of 

silicon mtride attainable is only a few percent, the balance being silicon 

carbide In ordtr to obtain a higher yield of a-silicon nitride, small additions of 

iron were made to their starting material. As a result, they proposed that 

silicon nitride grew from a molten intermediate compound - a form of iron 

carbosilicide - by a complex series ofreactions. This is quite contrary to Siddiqi 

and Hendry JI who have shown that iron impurities promote the formation of 

siltcon carbide. not silicon nitride. 
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1 3.2.1 Back Reactions 

In addition tü the re:lctlOns st:lted above. there are several p,)s::ilble back 

reactions that must be considered for completeness and they are shuwn beluw 

1 !"" ISOU C) 

:3.sd) ..j... co =: ~ S,() ..j... "'d' 
(!JI (~I ~( ... ) (,,) 

(~~.l ;3%) 

A further reaction was suggested by Hendry and Jack 1110 whereby -,ilico!1 

nitride reaets with oxygen. a frequent anpurity in the nitl'()gen fcol'd g:l~, l.e .. 

:?SI).V, -lO, =f)Sd) ·-Lv 
J -Tt ~ J _, ...! J , L;) ~( .. ~) 

This is similar to the volatilization of ~dlcon nitflde seen ',! dUl'Ing th!.! liqUld-

phase sintering of Sh;-; -t and of 8ialons, when: silicon nitride re.lcl:-, wi th "JIll':! 

in the liquid as: 

and results in the formation of gas porosity and even bloating I)f the componf;n t 

during firing. 
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The forward reaction sequence and the possible back reaetions that ean also 

occur illustrate the complex nature of the Si-O-N-C system. Since aIl of the 

above reactions are either gas phase or gas-solld reactlOns, then by application 

of Le Chatelier':::; Pnnciple(section 4.2 1.2), their equilibnum posltions are 

strongly dependent upon the partial pressures of carbon monoxide, si licon 

monoxide and nltrogen gases. That being the case, the outcome of 

('arbothermal reductlOn IS very sensitive to the manner in which the reaction is 

eonducted. Such considerations are: (i) the nitrogen gas punty and flow rate, 

(ii) starting material purity, (iii) the degree of precursor mixing, and (iv) 

powder compaction. 

3.2.2 Reaction Time and Temperature 

For laboratory seale experiments, based on either weight 10ss90 , XRD 90.101 

or nitrogen content lO '2 of the final powders, the reaction time for the production 

ofsilicon nitride has been found to be close to five hours. Lee et a1. 92 report the 

reaction time as being closer to three hours from weight 10ss experiments, 

howcver, these results were influenced by small additions oLron (5wt%). 

Regarding the reaction temperature. there is a great de al more 

discrepancy' The lowest temperature stated for the reaction was 1350°C by 

Cutlerltl.l apparently in the production of siliton mtride from rice hulls. A 

number of other Investigations 1ll1 lil4.105 have placed the reaction tempe rature 

at 1400"C or hlgher ~ttll. between 1450-1470°C by Figush & Likolill>, Mori et 

al 1112. Sidditll et al. J \ and Szweda et al.!jl) recoglllze a higher temperature of 

1500"C J.S bell1g more apprupnate. 

At temperatures ln excrss of the~e. P-sillcon c::!.rbide IS always the 

predominant pha~L' wlth severa! rrports 9il 
11)- definlng the minimum 

ternperatul'l' requlred for }()(),,; st/ieun carblde formatlOn as 1600"C. The low 
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temperature of reaction seen by Cutler was explained by l-Iendry and Jack Ion 

to result from the activity of carbon derived from rice husks being much highet" 

than unity. This, when applied to Reaction (3.17), with the thermndynamll' 

data considered, 

would lead to a decrease in the tempe rature required to produce sIlicon nitride. 

Anoth.~r consideration that must be taken into account is the punty of tlll' 

starting material. Rice husks are not necessarily a high-purity sourn' of 

carbon, and typically they have mmerallmpunties such as sodium. potassium. 

iron and calcium which must be removed prior to mtnding 10H The presence of 

these impurities and their effects on the nitridation kinetics are not known. 

As discussed in the previous section, the Si-O-N-C system is very sensitive 

to variations in the partial pressures of the gaseous speCles, such a::.; carbon 

monoxide and silicon monoxide. The ways in whlch these partial pressures 

vary depend upon the manner in which the experiments are carried out. 

Examples of such variables are the actual gas flow rate or veloclLy 'lnd the 

ability of the gas to flow through the reactants. The latter is related tu the '>Ize 

and shape of the crucible, which can affect how much of the flowing gas hy-

passes or short-circuits the readants. Other constraints, ::,uch as powder 

compaction into pellets, could have sirnilar consequence') hy re::,Lfl('Ung th{! 

free flow of gas through the reactants. Vanations in parameters ~uch a~ thf~')f~ 

ma)' ': 'l"" J.ffected the results of previous researen work On(' ca:",c in pOl n t Î.., 

the broaCl r'aIl~t: ,)f reaction temperatures reported, the::,e muy be due tn :lny of 

the reasons mentil)ned :lbove, or even the way in which the temperature wa:-, 

rneasured. Precl'",é detads concernmg the expenmenLd :::.d-up and prcw(!dufI! 
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are rarely reported, and so it is often difficult to compare one set of data to 

another. 

3 2.3 The Cl to U Silicon Nitride Transformation 

The form of silicon nitride produced durmg earbothermal reduction is 

usually reported as being predominantly Cl with traee amounts of p (-5-10%). 

Most report that the Cl content of the resulting powders are at least 95% since 

5% 1S the mWlmum detection limit for most X-ray diffractlOl1 equipment, the 

method generally used for phase analysis. 

Hendry and Jack 100 showed that the development of Cl in preference to 13 \Vas 

directly related ta the partial pressure of the SiO gas: the lirnit being 

approximately 0.07 atm. A high {3 (> 5%) product was obtained at lower SiO 

gas partial pressures, which could be fully transformed ta 13 by a second step 

involving the heat treatment of the product at 1500°C in a 80%N2:20%H2 

reducing atmosphere. This was thought to be due ta the removal of the surface 

layer of silica remaining on the silicon nitride which is presumed to prevent 

the Cl to p tran!::ifOrmatlOn. However, it is weIl established (Section 2.1.1) that 

the u to i\ transformation always requires the presence of a liquid phase. 

Therefure. the mechanism for the Cl ta p transition discussed by Hendry and 

Jack l
()() is somewhat unclear and may in faet be incorrect, based on more recent 

work. 

3.2.4 Starting Materials 

3.2.4.1 Si liea --
Fine partlcle slEea 1:3 produced in a number of different ways and can be 

used as :l preeursor for t:3rbothermal reduction. One of the most common forms 

used 15 fumed stliC:l. 1(19 made by the pyrolysls of silieon tetrachloride in a Dame 
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of hydrogen and oxygen. The resulting pow(krs :ll"l' l'xtrL'llwly PIll"l' ~lnl'l' 

silicon tetrachloride pret'ursor IS ~\ liqUld .Incl. (':\11 hl' pUIï!ït'd \VIth rI'L\tI\:t' 

ease. The particle Slzes of the powders are :dso èxtremeh tïnl' .dtl\tl\l<.;h tlwv 

are not of unlform shape; Lnstead, they h<lve .1 retlrular ~trUt'tllrt· llldde II p lIt" 

chams ofvery small partI des that are fused togt'tlll'r (seL' Chaptpr l"i l, Fll~tln' 

6.1). Typically. fumed sIliras have a lllghly a\.'tlVL' surf:u'l'. m,tl{ln~ till'Ill 

extremely hydrophilic The surface ChL'Illlst:.ry \Ir ::,dli';t wll Ilw dhl'U:-,'-,I'd hlll't1v 

in Section 3.2.6.1 on sdlca sols. A more compl·~te di~l'u~~lIJn IS ~l ven hv 1 It-r 1111 

Other alternative precursors are slhca sols and powders Whll'h l',ln lw m.ld,' 

either by the hydrolY'll::' of silicon compounds or by the fWU tr:llll.:l lllln 1 li 

soluble silicate~ wlth <lcids. The former methud, ur!::.l rit'velllped by Slobl'l l't 

a1. lll , is accomplished by hydrolyzing a lower alkyl sllit'ate (typll':dly 

tetraethyl orthosilicate (TEOS)) Ln an alcohul medium ('Onl:lllllng watl'r .Ind 

ammonia. This material was uscd by Zh:\ng and Cannon lOI a~) the SOli ('('p III' 

silica for carbothermal reduction. However. one dl~~HI van Lage wlLh ll!:>l n g 

organosilicate routes is that the maxinwm solids loadll1g of the final :.,tlll':l in 

the sol is very low (-l(y:-; ), 

The neutraltz~1ti()tl of::,oluble !::.llicate~ with aCl(b l'('!::.ulb III t/w {'onll klllJWIl 

as precipitated silica, Sodium sIlicate i!:': the must cornmon IH·('('Ul'!::.or and, will'Il 

suitably diluted and aClddied, become~ a :,odlum ..,tabtli/('d ')(JI (jf '.,t!ll'il' :I1'ld 

The colloldal partleles l)f ~diclc :lcld are then grrJwn IntI) .i [H'("'qJll:IU' hy 

further additions uf sodium sdil':lte ,\nd Jeld A vartf'ty (JI' rnl'th{)(h ,Il'P 

avadable ta obtdln preclpltuted ~t!lC:J pI)Wd(~l':1 wlth 'll:r'i dtfïl'I'('nl 

characteristics 11 ~ such a~ puri ty, surfaœ area and morphol(jgy The lll;ljlJr 

disadvantage in :helr use as precursors for :-.l!tcon nitrlde productlfH) 1.., lhl~ 

presence of residual sodium (typically () l-l(~ J, the deleten:f)u~ e/Tf:ct!Jf '~()dlllrn 

on high temperature prupertles of silicon nltnde were dl:,ru':>::>f;d I!arllf~r 
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(Chapter 2.1.3.1.4). One option is to use an ammonium silicate as the starting 

material, but this tends to result in a more costly product. Despite this, many 

varieties of high surface area precipitated silicas are now commercially 

available and prepared in a similar manner ta the above; these are advertized 

as having low sodium content (e.g. Degussa FK320DS precipitated silica 

<O.5%Na). 

Very little published work on carbothermal reduction reports the use of 

precipitated silica, possibly due to sodium contamination; one exception is that 

of Hendry and .Jack loo who, in subsequent studies 90.JI, went on ta work with 

fumed silicas. 

One interesting source used by Perrera105 was the precIpitation of colloidal 

silica from the geothermal waters of Wairakei, New Zealand. The partic1es 

were colloidal in size ( < 211m) and contained only very small quanti ties of iron 

and sodium ( Fe<0.006%, 0Ia = 0.3%, Ca == 0.07%). 

3.2A.2 Carbon 

Carbon can be obtuined in a variety of forms and from numerous different 

sources, e.g. carbon blacks, chareoal, coke, pitch and from starch and other 

organie l'ompounds. Carbon blacks are made from the partial combustion of 

resid ual a rorna tIC hydrocarbons; usually the heavy resid ue from the 

distilbtiun of l'rude 011. The grade or fineness of the product is dependent upon 

the extent of oXldatlOn uf the final product. 

Carbon black puwders a150 have extremely fine particles, and are similar to 

fumed silien ln that they farm aggregates of primary particles (Figure 3.1)113. 

Eaeh pnm.lry partlde IS Itself made up of concentric layers of crystallites, as 

shl1wl\ srhematlcally ln Figure 3.2t:1\114. The surface area of the particles can 
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Figure 3.1: TEM micrograph ofa typical carbon blrick. 
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Figure 3.2: Schematics of carbon black particles. 
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be increased by a secondary processing stage after formation. The pllnlSlty 

produced in the primary particles is directly related to the amount nf llxygcn 

used tü axidize the powder. The crystallites which have a h1gh aspe~'t ratIO 

preferentially oxidize perpendicular ta their long axis, and since they an' a1l 

aligned concentrically in each primary partide, the oxidation process l'aUSl'S 

channels to open up (Figure 3 2tb»). Therefore, the surface area of the powders 

can be varied accarding ta the degree of oxidatiun. 

Carbon blacks have been by far the ma st popular form of carbon used in thl' 

research of the carbotherrnal reduction process; they are extreme ly fine 

powders that can be readily mixed with other powders in either the dry state or 

in sorne dispersing medium tsee Section 3.2.6). 

Another SOUfce of carbon is nyrolyzed starch, which has been investigated 

by Zhang and Cannon 101 and found to be reasonably satisfactory for the 

production of silicon nitride. However, starch glVes a poor yield of carbon 

(approximately 15%) due ta the high oxygen content of the starch moleculc. 

Much better yields of carbon can be obtained from other organic sources. One 

such material is polyacrylonitrile (PAN) which has a carbon yield of around 

50% and is the most preferred precursor in the man ufadure of carbon fi hers. 

This source of carbon has been the basis of the patent issued to Toray l'5 for the 

carbothermal rcduction of silica ta silicon nitride and also the subject of 

sirnilar work by Sugahara et a1. 116 in the carbothermal reduction of 

lVIontmorillûni te. 

Production of silicon nitride From other sources of carbon, such as From pIne 

tar and pitch, have recently been the subject ofpatents issued in France'17 and 

Gennanyl18. The previous section showed thut rice hulb are a gond source of 

silica, but they will also yield carbon by thermal decompusltion of the cellulose, 

which makes up 80 wt. C1c of the husk However, cellul()sc having simtlar 
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carbon und oxygen content ta starch also has a poor yield of carbon of around 

15%. At best, the ratio of carbon:silica (3:1) satisfies the stoichiometric 

requirE'ment for the formatlOn of pure silicon nitride; whether or not this is 

sati!::ifactory will be diséussed later. 

~L2.5 Mixlllg ofPrecursors 

There are two options available for the mixing of silica and carbon: either 

by ffilXlllg the powders mechanically in the dry state, or by dispersing the two 

materials in a liquid medium to form a sol, and then driving off the liquid to 

form a solid gel. 

It is assurned that much of the literature available on carbothermal 

reduction relates to the dry-mi'{lng of~ilica and carbon powders since in many 

cases no mentIOn is made of the mixing conditions. The first study into the 

relative merits of dry mixmg and sol-gel processing was conducted by Szweda 

et. al. 90 who used a wa ter- based sol to disperse carbon black and fumed silica. 

This method could produce silicon nitride high in Q (85%) with small amounts 

of p silicon nitride (5%), silicon carbide (5%), and silicon oxynitride (5%). The 

presence of silicun oxynitride was thought to be related to the residual 

moisture content of the dned gel producing a significant partial pressure of 

oxygen during the reaction. In comparison, the dry-mixed precursors resulted 

in silicon nitnde cnnslsting entirely of the Q phase. 

The sol-gel approach was therefore seen as a useful method of handling 

::;dica and carbon. but not necessarily a good route regarding the formation of a 

quality silicon nltnde powder . .N'o mention was made of the use of other 

disperslI1g liquid::. that l'outd be used to form a sol that would reduce the 

occurrence of secondary phases such as silicon oxynitride. 
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3.2.5.1 Silie:]. Sols 

The surface chemistry o[sili~'a has been reviewed in great depth by Iler 1.,1, 

50 that thlS review will only be concerned \Vith those fads pertinent. tn tilt' 

current work. 

Silica, and especially fumed si lieu, owe rnuch of thclr l'ornplt'x l'hellll'"try III 

the nature of the surface of the primary particles. Furned ~dica h,IS :1 ,-,urface 

consisting of three different groups: siloxane groups, hydroxy 1 and hy<ir()~~pn 

bonded hydroxyl groups, each shown schernatically in Figure :3.3. 'l'Ill' stloxarw 

groups, being non-polar, are hydrophobie but can hydrogen-bond with water as 

shown in Figure3,4 The hydroxyl groups become attached durtng the 

pyrolyzation process and are hydrophilie, as are the hydrogen-bonrled hydroxyl 

groups that become attached by the reaetion with water The latter can bine! 

adjacent to the primary hydroxyl groups or directly with the stlox.lne gr"oups. 

The presence of these surface groups makes the silica partieles capable of 

hydrogen-bonding with other materials like liquids so that, provided the 

particles are small enough « O.lllm), they can [orm sta ble coll ni da 1 

dispersions as a result of this bonding, to form a sol. 

The dispersing liquids can be categorized 119 into three main groups: Group 

l for polar hydrogen-bonding liquids; Group II for medium polar medium­

hydrogen bonding liquids; and Group III for non-polar non-hydrogen bonding 

liquids. 

Examples of Group l liquids are water, the lower alcohols (ethanol, hutanol) 

and short-chain polyalcohols. Group II is the broadest category consl::.ting 1)1' 

the higher alcohols, sorne oils, plasticizers and resln:-,. Group III an~ mllwral 

ails and hydrocarbon solvents such as benzene, toluene, hexane und mln~~r;d 

spirits. 
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Figure 3 3: Surface characteristics of fumed silica. 
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Il IS believed that fumed silica more readily forms hydrogen bonds with the 

Gmup l liquids ra ther than 1 tself, whereas in Group II, and particularly in 

Group III, thls occurs to a JessE'r extent and the silicaJolns up to form networks. 

whlt:h increast:'~ the vl~ClJsity of the sol The outcome is that greater solids 

loading can be achleved with Group r liquids fur a given viscosity than Group 

TI ur lH liqUld~ l'hi:, mC,1ns that silica can be used in a variety of liquid 

'-lystem'j LI) adju~t its rheologic:.:d properties according tu their end use. e.g. as 

additive::, tu palnts, f(Jod~, toothpaste, etc. 

F'urther reference will be made to fumed silica!liquid systems ln the 

disl'ust-.ion. 

3.!2.5.2 Carbon DlSIJersi().~ 

Carbon blacks do not have the same surface properties as silica; this being 

the case, they do not hydrogen bond readily wi th liquid systems and sa do not 

form a "table sol However. the carbon partlcles are sa fine that it takes a long 

penon of lIme bt>fore they will seUle out, thus additions of carbon can be made 

to a siliea sol prep:Jred by the rnethods just described. without any notieeable 

!:>eparatiun. This is one approach to preparing intimate mixtures of silica and 

t'arbon and was the method used by Szweda et a1. 90 . 

The alternative to this it to dissolve a high carbon yielding organic polymer 

ln a suitable solvent, and then disperse the silica in the solvent/polymer 

mixture tu fonn a :::01. ThIS is the method u.sed by Torayl15 and others 116 

whHe PA~ lS dissolved in, for examp!e, an organic soivent. and once 

dlssolutwn IS complete. :::.ilIca. can be dispersed in the mixture and dried tO::l gel 

a t 8n-l ~nvC The P.c\.:\ St!1C:1 gd is thèn partially oXldized in air at 220-:350°C, 

whllreupnn the P.\)l" polymer und€'rgoes oxidative degr.ldations which alters 

l ts chemicall'llm pUSl tlùn to that of a higher carbon conten t; a process known as 
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cyclization. Once thlS process is complete. the pellets are heated ln :1 nltnl~l'n 

atmosphere at a tempe rature of 1500û C. by which time the cyclized PA~~ has 

completely decümposed lnto carbon. and carbolhermal reductioll llf the ~Iilc:l 

can then take place ta form silicon nltridf'. 

The ultimate difference between the two rnethuds uf prepan nt~ .... ob 

described h8re can be seen ln two ways: l'üher as siliC:1 partide~ L'O,ltlllg- c:\rnllll 

particles, as in the first method. or as carbon l'oatlng- the ')1 Ile:! parlldes ln LhL' 

second method. The interper:.etratlOn of PA~ lntn layered millprais such a~ 

montmorillonite (~ao '33(A1l ô7:\1g0 3:30[Si.dOllJ(OIl)~.nlI~O) tn fonn 

intercalation llti compoi.Jllds IS seen as another example of thi.., latter method. 

In pri"'1ciple, a sol-gel technique offers supenor mixll1g conditIOns hetwen lwo 

components on a molecular scale than uny other technique On the lltlwr hand, 

dry mixing of matenals. although able tü provlde gond rnlxing on a 

macroscoplC level, could not possibly hope to attaln separatIOn uf small 

agglomerated powder partides as can be achieved dunng sol-gel proceSSlI1/{. 

3.2.6 Qarbothermally Produced Silicon t-litride Powder Morphology 

ldeally for the manufacture c; monolithic ceramics, silicon nitride partide!-J 

are required to be equiaxed, but not necessarily spherical, have a narrow "Ize 

distribution and bp less than l pm in diameter Only in very few publication:" 

can the final product truly be called part.iculate In most case", the !:>Illcon 

nitride is very fibrous or consisting of straight whi::,kers lll ! or, ln I)th!~r':J, thf~ 

silicon nitride forms as convoluted ribbons 'JI),.]\ II)'!. When llldlvldu;!1 parUdl~':J 

are seen, they appear almu::,t hexagonal in cro",,-seeUonl'il l',r, 1'/', :lnd 

approximately 2-3lJITl ln didmeter The faet that they are h(~xagrm:jl ln ITI),,', 

section suggest that lhey ~.e single cryst.als. Mon et al Jf)~} ()b"Crvf:d Lb:ll thf~ 

difference between the partIculate and nbbon morpholl)gle::, wa'"> rdated to the 
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nltrl)g(~n conl!.:nt (JI' the powdcr pruducts; the fïbruus parucles havln'S" ,1 luw 

1~ltrl)gr~n ('ontpnt ,lnd the ht;'<:q.;rmal parucles h~lvin~ ,1 h1<sh nltrlJi,;en ("J!1tent. 

Th(~ ()nly IJther In::,tanLt~..., wht~r(> pJrtl('!es have been prr)duœd Wél:, Nhen the 

)111(':\ :! nd ('aroun mIxture::, were sl:'eded WI th very fïne (O,.Jllm) (l sdicon nltnàe 

parudc'1, the effect (Jfwhich will be discussed ln the next sectlOn. 

;~ ~ 7 ~~r~(b.!1J5: 

The prartlLe of seeding is common to a variety of chemlcal. metallurglcal 

and l'l.!r:llnIl' proce::,ses for the purpuse of increasing the rate (Jf reactlUn and, to 

a l'ert~lIn extent, controlling the ultimate partlcle size and/or partiele 

morphology. 

Some examplcs are the Shern tt-Gordon processI~(J for the production of 

nickel from romplex sulphlde ores (Fe-Co-~i-Cu). The ores are leached with 

amlI1oni:l :lt lOf) 'C and 8 utm. ta precipitate and remove iron hydroxidc 

(Fe(OIlh) and then boiled tu reprecipitate copper ~ulphide. ~ickel is then 

redl1ced [rOl1\ the ammoniacal solution by treatment with hydrogen at a 

pr('~~ure of if) :ltm. Llt l70'C. Even l1nder these conditions, nl<:kel will nnt 

readdy pl'l'l'Ipltatt' unlcss the llquid H ~eeded wIth fine nIckel powder The 

~arne 1::3 truc nf the :\lond Prucess1!1, where ni('kel c~ll'bonyl vapour 1S 

deC(lmpll::'l,d to Carb(ln monnxlde ,lnci th.: nII '"d deposited un nickel shot. 

Seeding I~ uSt~d for grain refinement of aluminiuml!~. where small 

additIOns (lf .\ITi i cry'-ltals ,ire Inocculated inta the molten metal bath shortly 

befure t·,l~tIIH.; l'he efficacy of thl::> 1S dependent upon th,: Ume bet\veen the 

additllltl and castlng, since the crystals themselves will eventually dissolve ln 

the Ilwlt: a phenomennn knnwn as f8.ding. 

Other metallurglcal applicatIOn::, of seeding are the growth of single 

crystals t'rom multen metals, often known 8.5 crystal pulling. .\lost of the 
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methods involve the relative motion between a seed aystal su ch th~lt a slngll' 

crystal is literally pulled fr0m the melt. This technique k[ll)wn :l~ tilt' 

Czorhralski method 1 ~l lS the most rellable and fastest rnule for the productlon 

oflarge single crystals su ch as silicon 

Two of the most common applieatlOns of ~eeding ln the l'l'f:Ullle 1 ndll~try a I"l' 

the precIpitation of alumilllUm hydroxlde (AI(OEu'I) in the Bayer pr()ce~~ 1'1 

and the devi tnficatlOn of gbs!:>es tü form glass l'er:HTIlCS 1 ~):) 

In the Bayer process, bauxIte IS leaL'hed with ~odillm hydroxlde tu obt:un .l 

sodium alUITIlnate solution whieh, by itself, IS gelatinous and diffieult t() 

handle. Alumlllum hydroxlde can be preclpltated l'rom the solution by tilt' 

addition of an excess of seed AUOHh partlde~. The preClpltated produd 1:::; 

then dried and culcined through a number of tranSI tion pha:::;l'~ tn form <l-!\ l~() 1 

(corundum). 

The crystallization of gbss ceramlCS such as II thl um a lumi nosd 1("(1 te (LAS). 

is carried out using TiOz addItions as a nudeatIng agent. Thl~ 1~ carned out tl) 

promote the nucleatlOn of graIns or crystals withtn the glas~ Its(~lf ln the 

absence of nucleating agents, nucleation occur~ readily at the ~.,urfa<:l'. Thl~ IS 

a result of localized differences in the coOrdInatIOn of ion~ ht'tween the '-,llrral"(~ 

and the bulk glass which cre3tes a hlgh energy state where devltnficatlOn can 

readilyoccur. This leads to the formatIOn of large directlOnal columnar gr:!1 n~ 

growing Inwards from the surface, wlth a hlgh incidence ()f vIJld '.,paCI~. 

resulting in poor mechamcal propertles. )J" udea tIng agen b th(ln~f()n! prom{Jle 

a fine equiaxed grain structure \VIth much llnpruved l')utruplc mel'hanu'al 

propertles 

AIl of these example~ serve to il! ustra te Lhat thé' n uclea LIon of a p:1 rtlf'u 1:1 r 

compound or :,tructure in a system IS enhanced by the addition qf nllc:l(~:lLlng 

agents. This proce!:Js, more often referred tü as heterogt:~ne()u!) nucleatllJn a::, 
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IJpplj'-,/'d tu humugeneou::, nudcatwn, IS discu~:;,ed in greater detall in the next 

c.,cct!lJn 

:~ 2 7 l Cla::,:;,lt:al ~ udeatlOn Theory 

When a new phase Imtially forms as a product of a reaction, the new phase 

Invanahly IJCl'ur::, as a ::,mall nucleus of tHorns, either wlthm or un the surface of 

tlw I)nt.;lnatln~ ph:l::'C Th., formatIon orthe nuelell~ reqlllres ,1 L'crtt11n ,lffinllnt 

Id'work, W, that mu~t hl' none in orcier tu bnng enough atoms together to make 
. -

,\ nucleus Clven th.lt there ,1re :-; ':lIte::, where nuc!eation l'ould cccur wlthm 

tlll' ,>y!:>tern, the number (Jt nuclel that actually form (n) l'an be J.pproxlmat~d 

by' '" 

, W 
'l cc V ".tp 1 - - 1 

le r ' ( 3.18) 

If th,· nUI'II'us IS ::,mall, tl'l1dlng towards the size of an atam, then t1ucleatiun 

l'an Llkt.' pl;l(,l~ equally wl'II anywhere wlthin the ~ystem, astate referred to as 

IWlllt)~l'nl'\lll::' nllcleatlop The work done ln creatlng ;~ t1udeus IS rt'ally the 

('(IIHII·rh,lllon. ~G\. :ltld surface area (or energy req lllred to create ,l new 

"urt',lCl') ..1(~" nf tht.' nudpus The free enc(S'y chan!5"e for a clustpr of ,Homs of 

radlu::, r 1::> t.;lVl'n by-

• t;, .),,(; = tllr \ - -IIr .).(/ 
,~ 

(3 19) 

whl'rl' \ IS the ~UrLll'e energy. Tlll':3 reLül!)nshlp i~ tllustrated ln Figure 3.5 of 

~CI .lS.1 functlOn of the radius. When the nucleus slze 1S smalL the free energy 

dut.' tl) the surface :lrea domtnates, but for larger radii. the volume free energy 
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Figure 3.5: Free energy of nucleus formation as a function of 
nucleus radius. 
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duminates, such that ~Gr is highly dependent upon the size of the nucleus. 

The relationship shows ~G as a maximum at a value of: 

r =-
'2y 

,j,G 
and (3.20) 

which is termed the cntical radius size. Clusters of atoms, often referred to as 

embryds, smaller than thls size are unstable and will tend to disappear. A 

cIuster of atams, wlth a radIUs of r(', is capable of continued growth, but stable 

growth actually ensue~ when this critical cluster size is greater than this. 

This relatlOnshlp, Whll'h IS known as the capillarity theory 127.IZH, is applied 

ta al! ::.ystems ln WhlCh n udeatlOn takes place, whether it be the nucleation of 

gr:uns from m()lten metal or the deposltion of a material from the vapour 

phase. In etther case, the critlC'al nucleus size and therefore the activation 

energy is dependent upon undercooling, superheating and supersaturation 

efTects. 

Hornogeneous nucleation IS a rare occurrence. In reality - as in situations 

like that of molten metal in a crucible or mold - nucleation of chemical 

readions, as ln the evolution of CO in steelmaking or solidification, will 

usually occur at sites suC'h as defects in the crucible surface or at impurities 

within the melt. In these situations, the free energy of nucleation (~Gn) is 

rnuch lower than that requlred for nucleation by the system aione. In effect, 

the activation energy barner. Ao, (Figure 3.5) is decreased by the presence of a 

suitable nucleating surface. 



3.2.Î.2 Vapour to Solid i'J ucleation 

For depositioll l'rom the vapour phase, the critical radius Slze is dependent 

upon the degree of supersaturation of the vapour phase: lower 

supersaturations cail for a higher critical radius size ::Imce: 

( hT) (p) ~G = - - ln -
l' \/ P 

(~1.21 ) 

where .:lGv is the Gibbs free energy per unit volume, V, of condensed phase 

from the supersaturated vapour with pressure, P, to the equilibrium vapour 

pressure, P e. 

Figure 3.6 is a schema tic for the situation where nucleatlOn is taklng place 

heterogenously on a surface fl'om the vapour phase where Yv." Yvn and y.,n are 

the surface energles for the ll1terfaces between the vapour-solid, vapour­

nucleus and solid-nucleus. For a nucleus that wets a fiat nucleus sile the 

degree ofwetting can he represe lted as a function of angle, ~): 

y cos (8) = y - y 
un us sn 

(3.22) 

where 8 is the contact angle between the nucleus and the vapour such that us 0 

tends towards zero, the nucleus will cnmpletely wet the nucleation ~ite, When 

8= 180°, no wetting occurs and the solid will not nudeate on the ':lu:-face, :1nd 

conditions then favour homogeneous nucleation. ~Gr in Equation 3 19 can he 

rewritten for heterogeneous nucleation as: 

DoC = \.l ~G -1- A Y + A Y +- A Y 
r.he! f1 U ,u ,'6 ,'1 "1 'ln 1)'1 (3 23, 
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Figure 3.6: Heterogeneous nucleation on a solid substrate. 
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where 'ln is the volume of the nucleus and A .... ,. A ... n' A'1l are tlH' 1"l'~Pl'L'Lt\'f,' 

surface areas for the solid-vapour. solid-nucleus. vnpnur-nudeus interf:ll'('" 

The activation energy for heterog-enous l111cleatil1n can be expressed .\S 1_''': 

= ~G (\Ol 
Lnt.honl 

Hence, for complete wetting (H=O), there is no activ:\tlOn \~ner~y 

(.lGcnt,het=O) barrier, and as 8 increases towards l80 ù

, the actIvation (!lll'!f.{Y 

approaches the value for homogeneous nucleatlOn. Completl~ wellin\..{ 

conditions can be achieved by seeding the system with partu.:les ,)f the ::.anll' 

phase as the nucleation site. Whether a material \\'111 aet as a ht'lerog('tlt'llllS 

nucleation surface depends upon there being a similarity in buth the cht~mlslry 

of the two mate rials, and also a high degree of latticp registry - gre:lter than 

85% between the high order lattire planes. 

3.2.7.3 Seeding with Silicon :--iitricie 

The seeding prüeess has been used for produclng '3dicon tlltnde by [n()t!f' 1'1, 

al. 129 and Figush and Licko 1111J
, both ofwhom report a l'eductilll1 in t1lf! IlIUm:lt!' 

particle size of the silicon nitride. InDue :11so notieed th:1t the addilllJn (jf '1m:dl 

quantities (-1 wt. % Si·~:\ -t) of seed crystal reduced the amOlln t of rp~lri \1:11 ..,11 i{':\ 

ta undetectable leveb and increase the reactluIl klnetlc..,. ThIl-,. Il WfJlIJd 

appear that the additlOn of seed silicon ni tride IS actIng as a heterugtnl'i)[J ) 

nucleating site for silicon rutride, although no mention of the mannel' in WhlCh 

this occurs is made. 
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CHAP'fER4 

THERMOCHEMISTRY OF THE Si-O-N-C SYSTE:YI 

4.1 TIIERYJOCHEMICAL DATA 

Holi~t1l' approaches to the thermuchemistry of the Si-l; )I -C system have 

rarely been undertaken, mainly due tü the lack of reliable data for sorne of the 

specle'3 Invl)lved, e.g silicon nitride and oxynitride. Less complex ternary 

system::. have been studied, :,uch as the Si-O-C system by N agamori et a1.1JO 

and SI-0-01 system by HendrylJI ar..d Blegan·lb . 

The thermodynamic properties of a silicon nitride were studied first by 

Matignon!.12, Henke and BrantleyU3, SatohlJ4 and Phelke and Elliottl 35 , and 

was fur a long tune, the tJnly data available (Table 4.1). The preferred 

estimation by Chase et aL (JANAF)l:lfi of the data being the heat capacity, 

determined by Satoh, and the standard enthalpy of formation (j,Hof 298) and 

the entropy (~S0298) after the work by Phelke and Elliot. The basls for this 

data from earlier editions of the JAN AF Tables l37 have not changed and were 

ongmally called into question by Wild et al.J:J since it was apparent that the 

a·silicon nitride used by Phelke & Elliott was impure and contained 

slgnlfll'ant quantities of the ~-phase. 

Further work by Colquhoun 138 on the nitridation of silicon in an iron-

14wt. ("(1 silicon alloy determined a series of relationships for the Gibbs free 

enèrgy (j,G0) as a function of temper:1ture for u and p silicon nitride and 

silIcon oxynitride n'able 4.1). Their data, backed up by previous work by 

Wild·lJ , suggested that Q silicon nitride was ir fact a farm of üxynit:-ide, 

having a range of oxygen substi tu tion from Si 11 .lN 1500 :3 to Si Il sN 1500 5. In 

cüntrast, the ~-phase L'on~lsted entirely of silicon and nitrogen in the 

stnlchiometric ratio ofSi3N.t. 
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The a ta P transformation has already been discussed (SèdlO!l ~.l 1) :lnd ! t 

has been shawn that u can exist with less than the theoretlcal amount l)f 

oxygen substitution in the lattlLe stated above Furthernllll't', (l will not 

transform readily ta 13 wlthout the presencp ofa hqUld phase tn aet a~ a I1H':\ll" 

afmaterial transpurt for the phase change. 

By using :l similar technique tn that of Colquho~ln l't al \ 'H, Ble~:\!l,\h a\so 

evaluated the thermodynamic propertles fur ~ silkun nitride and siltt'()11 

axynitride (Table .1.1). However, the data were found tu ditTer sq.;-niticantlv 

from thosl' of the former authors. HendrylJl proposed that thesp ddTerencps 

were a rl'sult of using the activities of SIlicon in iron l'rom different sources 

and went on to standardize thelr results uased on the Fe Si activlty data 

reviewed by ChartL J9 As a result, a much better agreement Na~ obLained 

between the different sets of data n'able 4.1). However, I1end ry l Il denved ,\ 

preferred equatian for p-Si:)N ~ using an f>xpecimentally measured vaille 

derived by Woadl40 for the raom temperature enthalpy of formaLlOn (~fI 'I,'''JK) 

This was combined with the heat capacity <Cp) data for (l Sill('On l''tnde, 

presumably assuming that the heat capacIty of a and ~\ are sIrmlar, d' not the 

same. Based upon this data, Hendry was able tu produee a predornlnarH'(' 

diagram for the Si-O-N system. The heat eapacity and entropy at 298K of I~­

silicon nitride have more recently been evaluated experiment:dly by 

Koshchenko and Gnnbergl.J.I ,1 .J.~. 

Other studies of silil~on oxynitride by Ryall 1 t:l, Colquhoun 1 IK and Ehlertl 14 

were evaluat€d in great detail by Fegleyl4'i (Table ,LI), Th(~~e data af(~ 

thought ta be the mast rehqhle value", avadahle and af(~, ln p:lrt, VPrlfipd hy 

Kashchenko and Grinbe'-;;14b, whose mensured value fr)r S" "Jf; l'~ ln vf~ry ('I(J<"(~ 

agreement with the value estimated by Fegley (Table 4.1). 
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Table 4.1: ThE.'nnf1chen1l'.:al data for a, ~ sihcon nitride &nd silicon oxynitride 

PrB!>'_ A1.H.hor (KJ'm:)!I' tKJ'môll 
1 

S029B 
\J1mol K\ 

ft 

Cp (J:mol K) 

b c d 

Trange 
(Kl ~

I !lG'-r 1 MI<{2Q8 

I---~------ . 1 1 ~~~ 
ù.S'3~ (h,lk"'-_~:.~:6+ 75 3~ t---c" 6 ] w. 1 '20 .06 42 579 -36 5L~~~ 

t~f;~;,:::,""< F:;:;:~~-f=·:::;3 r -:::. + 1 ~_~-~-::~~= 
fSato!113', -1' 745 112769 -b 04~~B 66~ 298-2000 

~-SI3N.TcolquhounI38 1-808+0376T -808 1 635 
r---; ---~------~----+------~---
1-__ ~~I('g8~~_ .9~~+{l451T__ .954 .-t-----t-----

Hendry l31 -S8i + (1 49T ·987 .50.5 -+--------1 

HendrylJl 
(cf Wood) 

Kosehenkol~1 

·925+045T 1 .9252 ·105 

642 

47.3 

10392 65429 -26039 ·11 511 298-2000 

1 S12N20 1 Colquhoun l38 1 883 + 0 285T ·883 

Blegan36 -9481 +0 254T -948 -------j 

Hendryl31 1-658+013OT ·658 200 

Fegleyl.6 -947 7±5 11 45 35±O.4 113.9 9668 -44 61!) 0650 298·2500 

Koshchenko 14l! 4426 5·300 



Silicon carbide, in contrast tn sdicon mU'ide ~md silicon oxynltndl" has 

been studied far more thol'oughly. As sueh, the be~t assessmen t nI' tlw 

thermodynamH' data for the Q .lnd ~ SIC pha~l's l'an hl:' fnund III tlw ,Ji\:--JAF 

Therrnodynarnic Da ta Ta bles l.r: 

More recently, sorne studies of the Si 0 )i-C system haVl' lWt'n [JuhiIslwd 

based on sorne of the Jbove data. Wada ll ' inve:::.l1gated the [Jha::-,l' st:lhIlitll'~ l)f 

the system (and ln particular ~~-silicon llltndel ln relation tn the :lcllvlty l)f 

carbon at high temperatures, to be used pnnclpally as :1 g\llctl' tn lH'tt.er 

understand the slntenng of sdicon mtnde J.nct sIlicon carblde l'eramll'::-' ,md 

composItes. Ekelund et a1.148 have studied the phase stabdltH's \)1' 'illlCOn 

mtride, silicon oxynitnde and sIlicon carblde dUr! Jg carbuthermal rt'dudlOn 

at high pressùres. How closely this work can be related to artllal prartlt'l' (JI' 

carbcthermal reduction IS not dear Slnce the exppnnwn ts W!'fl' carned lIut 1 n 

a stagnant nitrogen atmosphere ln I)rder to apprnach eqlltlibnurn l'olHlillOn:-, 

ln general, it seems that sdicon nI tnde formatIon IS reliant upon a grea t 

excess ofnitrogen gas through thp reartants. 

Thermodynamlc data for other phases such as sIllca, silIcon monuxlde ga~ 

and silicon carblde for the present study have been taken from the literalun' 

(Appendix 1) and need not be discus:)ed here 

Having reviewed some of the more pertinent thermodynarnlc data for the 

Si-O-)J'-C system, it is clear that the values for Cl and 1~ sIlicon nltnde are far 

from certain Silicon oxymtnde has recelved more attentIOn and, alth'Jllgh 

still not certain, the data proposed by Fegley IS regarded a~ a '/('ry g'rJl)(j 

estimation. 

- 65 -

1 



4- 2 THER~IODY:--;A.\I1IC ~lODELLI~G OF THE SI-O-~-C SYSTEM 

UntiJ more accurate thermodynamic data for Q and V silicon nitride 

becume avallablf', an alternat! ve means of assessl11g thE: eXlsting data must be 

tried. One method of dOlng thl~ would be to somehow slmubtt> or modc-l a 

complete "y'-'tem ll~;Ing the accepted thermodynamic data for earl! of the 

~peclt~~ Involved. In that way, ddferent data for a partIcubr phase, ln this 

ca~e "ilwm flltnde, can be tned :lnd the outcome compared with the products 

of a real ~y<)tem 

The calculatluns from such a nddd could become quite cumbersomf:' for a 

systf'm L'()n!:>l~tlng of a number of difTerent elements, and the subsequent 

possibll' l'Dmpound and reaction combmations. Call'ulatwns of this nature are 

therefore well sUlLed tu bemg adapted tü use on a computer 

Fortunately, therp is IlU need ta design difTerent models for mdividual 

systems; Instead, there now e:üst generie computer-based systems designed 

speeifically for therrnodynamic call'ulations of this nature. One of the more 

popular :lnd powerfllJ systems is the F'i<A *C"'T system, a brief descnption of 

WhlCh follows in the ne;,t section With this sytem, it is possible to do this 

klnd of modplling but, as wlth any thermodynarruc calculation, the fesults 

produced l'l'fer tü equdibnum conditions and take no account of any kinetic 

considera tions. 

The obJect of USlllg thiS was to try tn study the ~ystem as a whole, rather 

than speeulate a posslble sequence of reactions, as has been the strategy 

l'rnploycd ln past studles. In so doing, it was hoped that a better 

underslandi n~ ()f the variables affectmg carbothermal reuuction could be 

:lehieved and, in addition, try to ascertaln a working set of thermodynamic 

da ta for u and 13 si liL'on ni tride. 
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4.2.1 The F* A *C*T System 

F* A *C*T (Faci lit y for the Analysis of ChemlL'al Thermndynamll's) lS .1 

mainframe computer-bù:sed system deslgned tn be USl'c1 for t111' more 

commonly encountered thennodynamll' calculatlOns. lkvelopl'd by Hall'. 

Pelton and Thompson 119, the F* A *C*T system has a wldt:' range ()t\'apabdl tH'" 

which includE: the calculatton of 

1. Reaction heat balances 

2. Isothermal/isobaric property changes (~H, j.G. etc.) 

3. Elemelltal or compo'lnd vapour pressures 

4. Equilibrium products of complex multi-phase chemical rendiOns. 

5. Predominance diagrams 

6. Binary, tcrnary and quaternary phase diagrams. 

Each ofthese functlOns .. He quite specific in their own right, the outpul~ (Jf 

which can be combined together 111 order to form the basis for the modelli ng- of 

chemical reactions and '5ystems. 

The system has a large database of thermodynaITIlC propertle'l for over 

5000 Elements and compounds thal l'an be aecessed hy the user 1 n 

calculations. However. the user may also speeify his or her ()wn rn~ferred 

data in order to assess da ta from other suurces. 

The two most applicable fadllties of the pro gram ln the pre~f~nt work w ~r~ 

the calc'llation of equilibnum products for the Sl-Q-:\r-C ~ystem ŒQCILIB) 

and the calculation of predominance dIagrams (PREnOM). 

4.2.1.1 Thermodynamic Pnnciples 

The F*A"'C*T program requires, for pach speCles, the enthalpy of 

formation at 298.15K, (~H\~9H)' the ab~o!ute entropy at 298.] 5K(S"'~(JH)' and 

constants specifying the temperature dependence of the hcat capaclty (Cp), 
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'Nlth Llw U'mrwratufI: r:lngf: IJ\f;r '.\Ihlch thl::, ~lpplle:::, Tn thlS partll'ular ca:::,e, 

,[ • 1 Il) il,/,. : 1)', r l,II! ') 11' 

wh"r!' Il, h, (' and ri are the pulynomtal coefficients rtesèrtblng- the he:.lt 

, :1 pa,'l tv "f Lill' ph;l:;e, elemen t Ilr ,~(Jmp()und 

tb,· "ntrr,py ,'h:lnge for the re:.H:tlOn ('an he applIed U:'lng the reLltlUn:-,hlp:::, 

!wtWf'f'/l ~C;, ~J f ~Ind ...lS for any reactlOn ..1:::" 

.::.( ;! - '::'11! - r:.~ f 

wht·n·...1C; .. HI :lnd...lS' :..Ire the standard free energy, enthalpy, and entropy 

l'lIang,,,., ,It tl'mperature T, respectively For a reactlon such as ReactIon 4.3 

1 
\/1 \11 ... \Ji- '::'Jl ... ., \ -'::'/1_"'''11·1 (' 

~~!'" 

·1 

-~'::'ll -1 
.')K 

, '9'\ 

r , 
,1 r - (' ,iT-

(43) 

(' li r , 
-":\1"'" .J 

wh lell 1:-" lthet'Wlse known :lS Kirchuff:::, La w, The change lfl absolute entropy, 

..lS'!, I~ cakulaled In a SiII1l1ar manner, where. 

T C 
J \ ir-I - dT-

)~'H T 
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..'lI 

..'l'i, -..'l" "" - 1 --- il l' 
"-- [ 

calculatlOns on the F* A "C""T system 

Often, the standard l'nthalplè::' !lI' formation ,lt ~~)KK ,lnd ,dhldult' 

entropies for a t'ompound ail not l'XÎst, ,lnd must he e .... tlrnalt,d !l'Ilm 

rebtlUnships between the Glbh~ t'n~e èner~y IJI !'ormatlllt1, ~(; . ,Ind tilt' 

temperature, ~uch th.lt. 

..'lI 1 .::: - ( •• - III r 1 ~ t) 1 

where -c IS the heat uf furmatlUn term (~H 1'.2'IKI, .1l1d Ir! I~ t!ll' l'hang!' III 

reaction 1~ elther ne~ltglhle or Lem, whl('h 1,> O('tt'll nol trUt' hllt, tlntll'r ~lldl 

Clrcum::,tances, thlS rnetlltlrl. 1'->.1 go()d ,lppn'XIlll.I110tl ![(lWt·\,f'!, ln ()rd('r L1!.I! 

the calculauons he carneri llut by F'A'C'T ,I~ effil'lc'ntly :10.; P()'-,·,tldl', 

estimatlOns ur l'ven nther riaLl fur lhe heat capaclty rnll,>t hl' lOdlldpd 

4.2.1 :2 Le Chatelter\ Pnl1nple 

system, It is convenlent tll mt~ntll)n the therml)(jyn:illll(' h.hl., thaL 

LeChateher's Princlple de,>cnhes. The pflnclple IS IJften ::ot:ltcd ln I)nkr tu 

qualitatively èstimate the change In the èqutllhflurn pfJ'>IUon f)f.1 l'llt'rIlll·;tl 

reactlOn when l'hang f:s arf' mllde to the partud prc::,:,urc,-> IIC' Lhe ('(Jn',lILul:nL 

gaseous reactants or pr0ducts. 

LeChatelier's Pnnclple states that "when a sy·,tem whlch J'> :lt l'quI li hn urn 

IS subjected to the effeds of an external Inf1uence, the ~ystem m()ve~ 1 n th:lt 
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direction that tend5 to nullify the effects of the externa1 influence"150 This 

can he demonstrated in two ways; e:ther in terms of a phase change due to an 

increase ln temperature, or as a phase change due to an increase in pressure. 

Con:::'lder a two-phase system such as water in equdibrium with water 

(4.7) 

If the heat input mto the system IS Increased (the externa1 Influence), then the 

system will worie to nullify that efTf2ct by transforrrung more water into steam, 

a t.ransformation that absorbs heat. In 50 domg, the temperature remains 

constant at lOO"C 5mt:e the heat that wüuld otherwise have ralsed the 

temperature has been used tü transform water intü steam. The reverse is U150 

true, i e coohng the system results In the condensation of the steam WI th a 

release of tht' energy used to create 1 t. In so doing, the removal of heat from 

the system (the external influence) is countered by the heat evolvE:d from the 

phase change from steum tü \Vater (referred to as latent heat) and the system 

remaInS at lOO"C. 

The mnut'llce of pressure on the equIlibrium position can best be shown 

wlth:l ddTen'nt example, where there is a change in the number of moles, as 

ln the equdibnum hetween nitrogen dlOxide (NO:?,) and dinitrogen tetroxide 

(~20 l) such lhat: 

(4,8) 

In this case, the eqihbrium will respond to a change in the pressure by 

working tü nullify the effect. One mole of any gas occupies the same volume 

(22 4 dmJ at STP) Thus, in this instance there is a halving lI1 the number of 

moles in the formation of ~ ~o l, and therefore a halvlng in the volume that 
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the gas Dccuples. An tnl'I"ea::;e ln the pre::;surp will then LI\lIUI" tilt' prtldul·tllll\ 

of ~:20-t since by decrea~ll1g the volume, tlll' elTl'l,t I)!' ,Ill l'xtl'IILd l'n,,,,',Ult' 

tnerease IS nullitied. Tbe converse IS truc d'the pre~~llrl' I~ dl'l'l"l':I~l'd . .lnd tIlt' 

formatIOn of 11ltrogen diuxldc is favoured 

LeChatelier's Pnnciple can thereforc he usp,i .1::' :1 quallt:\tlVt' 111\':111'-. .lt' 

assesslng hnw ,ln equdlbnum wlll respond tl> t'xtt'rn.d lnnllL'nt'l'~ ln 

tempe rature ,ln )re:,;,urp 

This can be :,hown ln a more quantitative mannt'r 1 
,,1 l'Ill' t;ihb" P!}('r~y 

dlfference 1 ~G") between >~ Ù~(:";I and )l" ~O 11:";1 l'an he t~xpres::-'l'd 1 n tt'rrth t Il ! ht' 

equdlbrium constant, Ku, at a fixed temp'.:. ,l~~\re, .b. 

~(;') -= RTlnJ\ 
1·1 ~ j ) 

where R is the universal gas constant and Tl:' the templ'rature whl!'!1 !~, hy 

definition, independent of pressure lIowever, :1'> ha:, been ~h()wn ,d)ovp, tllt' 

reaction equtlibrium expressed ll1 term~ of the nllmber of molp::, 1::' dt'lH'ndt'lll 

upon the pressure. Therefore, Headum .1, 8 becflmt'':>' 

K = 

Il y () 
! 1 

fi \ (J 
) 

1 ~ II) 1 

where PI = XIP and Pl and Xl are the partl:ll pres~ure and mole fr:H LIon (JI 

species 1 and P is the overall pres::,ure of the 'System. l'hl!'> 

.'( v () p x\' (J 
~ 4 2 l 

-=KP K = = r .1 II) p ) ) 

.'(~{J P .'(V() p-
) ) 
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where K'( i:-:, the equillbrium constant expressed as mole fractions. Since Kp is 

always constant, K"( wdl vary aceording to the overall pressure. By 

Încrea..,ing the pre5!:>ure, K\ must a150 Increase, which is only accompli shed by 

increasl ng the mole fraction of:..r 204 ::md decreasing the mole fraction of N02. 

Thercfure, the fpadllln is shlfted towards the products. 

In more general terms, the Kp for a readion such as . 

(lA +bB == cC+dD (4.12) 

can he exprE'ssed as: 

< .i Y" J pCpJ PePl) "C x /) 
K --- =- __ = K pc+d-<l-o (4.13) 

p <! i} 

p\PU :\~X~ papi> t 

Refere nees to Lee ha tel i e r's Principle wIll be made in order to 

qualitatively demonstrate the effects Oll the equilibrium of a particular 

reaction by either altering the overall pressure of the system or the partial 

pressure of one of the l'l'actants or products. 

4.2.l.3 Program EQC ILIB 

Program EQUILIB of the F*A*C*T system calculates the products of a 

given set of reactants at specdied temperatures and pressures, along with 

va ious con'::itraints at equilibrium. This is accomplished by iteratively 

optimizlng the number of moles of the selected products in orcier to obta!n the 

mo:::;t negativl' Gibbs free energy l'or the system. It is well understoùd that 

equilihnnm conditions persist when the Gibbs free energy (~G) is at a 

minimum. In etTect, what the program is able to do is ta consider the chemical 

envlronment a~ a whole The only other alternative ta this would be to 

cakulale the ~G for each possible reaction, and optimize the system for the 
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minimum ~G. By the very nature of this method. this is impradlcal and 

tedious. not to mention that if one critieal reaction happens to be overlooked. 

the whole calculation becomes invalld TherefQre. the method l'mpillyed III 

EQUILlB is the most efficlent route for predicting the equdibri um conditions 

resulting from a partlcular set of reactants. 

The major advRntage to using a system like this 1:5 that thermodynarl11l' 

caleulations are no longer conducted for single readIOns in isolation of nlhl'r 

compounds that are '3table under the same conditions. Instead, the prog-ram 

takes an overall approach ta the problem. considenng aIl the pOS~:)lhll!tles. 

An example of how the data, reactants and products are entered Into the 

prùgram for sdicon, oxygen. mtrogen and carbon is given ln Appendix 1. Sorne 

of the optional features that were used are: 

1. The suppression of printing of species occurring below a certain eut-off 

concentration. 

2. The extrapolation of temperature. Very often. thermodynanllc data IS 

specified for a phase over a stated temperature range. The ChOlC(,~ of the 

most stable phase for a given temperature belng the most suitahle spe('\(~~ 

that also has a temperature range that eovers th:lt tempera tur!:' The da la 

can be extrapolated beyond the range, but not with any cert:llnty. 

3. Fixing activities in the product equihbnum. This can be used tu 

determine the amounts of reactants requlred in order tn achi~~ve fixed 

concentrations or activities of particular product ~peLles. Care has lo he 

taken such that in fiXIng a number of product. activilles that the Pha:~f~ 

Rule is stIll obeY2d 

The program has other facIlI tles for the trea tmen l uf ()ther ~y::.lern,> ">l1ch a <.. 

ideal and non-ideal solutions, and aqueous systems whtch are elther not 

considered or required in the present work. 
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42. i 4 Program PREDOM 

The concept of the predominance diagram \\'~s popularized by Kellogg and 

Basru 1" :l!-> an aid to vlsualizing the ranges of stabilities for metal-oxygen­

suJphur systems. Since then, they have become an Important tool for 

a~~esstng the reactiun concütJOns for many other systems. The authors of the 

F-l<A !<C-l<T program havE:' revlewedl52 the use and calculation of predominance 

diagrams In detail, and proposed a new, efficient method for the calculation of 

the diagrams, that particulariy lends itself to the basis of a computational 

algorithm 

Essentlally, a predominance diagram is a represen ta tion of a11 the 

compounds of a selected "base element" that are stable in relation ta the 

partial pressures (acti vi ties) or ratios thereof of other species. These species 

must not contatn the base elemen t. An exarnple of the Fe-S-O system is given 

in Figure -Ll, where iron is the base element and the stability ranges of the 

t'fnnpounds of Iron are shown In relation ta the partial pressures of 802 and 

O~. In systems containing more than three elements, values of additional 

v:1.nables must he fixed (one for each extra element) in orcier for the diagram 

tu be calculated. 

The boundanes beLween the phases are not strictly phase boundaries, 

except where twn arljacent phases are ln the conden.:3ed state. In the instance 

where two g~s phase reglOn8 are adjacent L.) or,è another, the boundary 

between them 18 the locus of points of equal partial pressures of the se gases. 

Each field therefore cont~llns the predominating gùs (hence the name) with a 

lesser concentration of the gus from the adjacent field. 
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Figure 4.1: The Fe-S-O Predominance diagram (627 OC). 
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CHAPTER5 

sc OPE OF THE INVESTIGATION 

When the work for this thesis was begun in May 1986, the original aim 

was to try to produce high-quality p-sialon ceramlC powders from nov(\\ 

precursors. Although several studies9t ,153-1S7 have been carned out on the 

carbothermal reduction of aluminosilicate m1l1erals to W-Sialons and 

oxynitrides, problems exist with the characteristics of the end-product, tht.> 

powders produced tended to consist of hard agglomerates requiring milling in 

order to produce a sinterable product. The milling operation is almost always 

a source of major contamination, by the wear and abrasion of the grinding 

media. 

The starting point for this work was to investigate sol-gel processing as 

a me ans of mixing the precursor (AI203, Si02, C, y 203, etc.) on a fine seule. 

Nitriding studies were then to be undertaken to ascertain the optimum 

conditions for producing high-quality powders (if that could be achieved) 

Initially, nitriding experiments were carried out on silica and carbon, 

reproducing the work done by Szweda90 , in order ta become familiar with the 

process. Howevi!!, it soon became clear from the results obtained fmm t.hese 

tests, that the details concerning the formation of quality powders, as opposed 

to those with mixed morphologies and purity, were somewhat lackmg in the 

literature. Since silicon nitride powder 15 produeed commercially hy 

carbothermal reduction, it is assumed that much of the teehnieal informatIOn 

is withheld in the proprietary domain. In addition, nothing has becn 

discussed concerning the problems associated with the seale-up from small 

laboratory preparation to larger scale pruduction. 
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Rather than continue with the direct production of W-Sialon, it was 

decided that it would be best ta carry on with the investigation into silicon 

nitride production. The former project was seen as having too many variables 

ta optimize Therefore, starting offsimply with silicon nitride and working up 

ta more complex systems wlth subsequent projects was seen as a better course 

of approach ta the problem. 

The scope of the lnvestigation was firstly to investigate the role played by 

the foIlowlng variables on carbothermal reduction ofsilica to silicon nitride: 

1. the molar ratio of carbon:silica. 

2. the precursor mixing conditions used. 

3. the surface areas of the silica and carbon. 

4. powder treatment prior to reacti,-,n (pelletized vs.loose powder). 

5. the optimum reaction temperature, 

The aim was to optimize these variables and determine the effect that they 

had on the degree of conversion of silica to silicon nitride, and also the effect 

on the particle size and morphology produced. 

The Si-O-N-C systt>m was modelled thermodynamically using the 

F* A *C*T system. The thermodynami,' data existing in the literature for 

silicon nitride was assessed for its validity by comparing the calculated 

resu1ts of carbothermal reduction to the results obtained from 

experimentation. Conditions for the formation of non-equilibrium phases 

could then be determined and related ta experimental results. 

Using the results obtained from the preliminary results, a study inta the 

effed of seedmg was carried out to try to produce micron ta sub-micron sized 

powder. Having made small quanti ties of si licon ni tride powder and 

determined the optimum reaction conditions. an attempt was made at making 

larger quantities, to identify the problems involved with scale-up. 
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CHAPTER6 

EXPERIMENTAL PROCEDURE 

The experimental procedure for the preparation and study of silicon 

nitride powder was divided into six key areas: 

1. precursors 

2. precursor mixing 

3. nitridation 

4. substrate de position 

5. powder analysis and characterization 

6. bulk powder preparation 

These stages were undertaken in arder to examine the critical processing 

parameters for silicon nitride production. 

6.1 PRECURSOR POWDERS 

This study was carried out using high-purity carbon blacks and fumed 

silicas, aU of which were provided by the Cabot Corporation. Their physical 

and chemical characteristics are summarized in Table 6 1. The powders are 

aIl high purity, the highest impurity content being found in the high surface 

area carbon black (Monarch 1300), which had relatively high levels of 

cyanides (6.33 ppm) and phenols with significant trace amounts of nickel 

(16.4 ppm) and chromium (11.8 ppm). 

Weight losses of all of the above powders were ascertained by heating 

them under the same conditions that were used for the nitridatlOn reaction ut 

1400°C in nitrogen scrubbed of oxyg€'n with a linear gas flow ra te of 31 

cm/min. In every case, the weight losses of ail of the powders were much 

greater than the volatile content given by the manufacturer. For the silica, 
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Silica 

Carbon black 

~._~-". 

EH-5 

M-5 

LM-130 

M-1300 

M-IOOO 

M-880 

M-800 
--

Table 6.1 Precursor powder characteristics 

Surface Particle Bulk Impurity Major Area Size Density Content Impurity (m2/g) (pm) (g/crn3) (ppm) 

380 .007 .04 38 H20 

200 .014 .04 38 H20 
, 

130 .021 .05 38 H20 
500 .013 .29 58 CN,Ni,Cr 

343 .016 .26 38 CN,Ni,Cr 

220 .016 .13 15 CN,Ni,Cr 

210 .017 .24 9 CN,Ni,Cr 
----- -

~,-, 

Volatile Actual 1 

s wtloss 1 

(%) (%) 
1 

1 

1 

2.5 5.1 
1 

2 4.2 

1.0 3.9 

9.5 17.7 

9.5 -
1.5 0.7 

1.5 5.2 



this is likely to be due ta the removal of wnter. since ultra-fine fUIlH'rl sllil.'~\s 

are extremely hydrophilic. readily picking up 111oistul'e from the :ltm()~phere 

The carbon blacks lost a great deal more vnLnile matenal than the product 

data sheet would suggest. Since mixtures of silica and carbon werL' preparerl 

by a sol-gel method. it could not be determmed what effed the :lrlrlitlOn nI' 

propanol (the disperslllg medium) would have on thl' W'~lf.;ht lllss rlue tn 

moisture. However. the weight loss nf carbon black W~b !llnrc ~\}l,ndïl':Int .1S 

much of the weight 10ss was due ta the evolution I)f cyanldes and phenols 

Therefore. this was taken into accoun t when l'alcu la li n~' thl' mo l a r 

carbon:silica ratios. 

The sihca powders a11 have extremely high surface areas, whll:h lmplic::. a 

very small particle SIze, but the nature of the ultimate partlrles is far t'rom 

being uniform. Instead, each sdica particle is an aggregate uf hranched 

chains ofprimary particles that have become fused logether, as seen ln Figurt! 

6:1. 

6.2 PREClJRSOR :.vnXI;';O 

The mIxlng of the silica and carbon powders was acctJmpli::.hed by ellh(~r 

dry mechanical mixing (dry mixing) or by a sol-gel route. The dry mixll1g 

comprised of combimng correct ratios of sdica and carhon In a dry ~lastic 

washbottle with a number of alumll1a grinding balls (10 mm diameter), ard 

shaken vigorously by hand for ten to fifleen mmutes, or until nu more whitl' 

particles ofsilica could be disc~rned. The sol-gel mixmg route was carned I)ut 

as per the flow ch art seen in Figure 6.2 

The silica and carbon black in the correct molar ratios were blended for 

fifteen minutes in a laboratory blender with iso-propanol (reagent-grade). 

The ratio ofsilica:iso-propanol was kept constant at 15g:500 mL so that the 
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Figure 6.1: Electron micrograph ofa CAB-O-SIL fumed silica 
particle (Courtesy Cabot Corp)109 
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Figure 6.2: Schematic ofpowder mixing. 
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sol did not become too viscous. After blending, the sol was dried at 120°C ln a 

drying oyen untd a friable gel remamed. The gel was then ground to a 100 se 

powder. elther USlllg a pestle and mortar or by dry blending for a few seconds. 

The two types of powders were quIte different from each other: The blended 

powder was much finer and free-flowing cornpared to the powder ground by 

hand. The latter . .11 thüugh also heing a loose powder, had soft agglomerated 

1 umps due to the l:ompactIng nature I)f grinding WI th a pestle and mortar 

The loose powders were. 1 n sorne cases. compacted into pellets of 1 cm 

diameter by approxlmately 1 cm in height with a uniaxiai pressure of 56 ~IPa. 

Pellets formed olt lower pressures were too fragIle to pick up. whereas If this 

pressure was ~xceeded, the pellets would shatter upon removal from the die. 

6.2.1 SEEDI0iG 

Seed partides \Vere added along with the carbon and silica. t'ine grained 

u-silicon ni tnde (UBE S~ -E-10) with a particle size of ...... 0.5 pm or whiskers (in­

house preparatwn) were made as seed additions to the silica and carbon 

mixtures. The amount added was deterrnmed according to the welght ratio of 

~eed ~Ilicon nltnde with respect to the starting silica content, which ranged 

from;j wt.'l., tü:30 wt:"'c ofsilicon nitride seed. 

6.3 NITRIDATION 

AIl nitriding experiments were carried out in an inert atmosphere vertical 

tube furnace shown ::>chematically in Figure 6.3. The inner tube diameter was 

63.5 mm. with a hot zone of -100 mm. 

The gas used was high-purity nitrogen which. unless otherwise stated, was 

maintained at a linear flow rate of 31 cmJmin. The nitrogen was a1so purged 

of oxygen by passing the gas through a titanium sponge getter. at a 
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Figure 6.3: Nitriding Furnace. 
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tempe rature of 800"'C, prlOr tu ni triding. Ta prevent back diffusion af air from 

the gas outlet into the furnace, the exhaust gus passed thraugh agas bubbler 

tilled wüh rotary vacuum pump oil. 

In arder ta eliminate oxygen from the system before nitnding, the furnace 

was flushed three times wlth nitrogen usmg a rotary vacuum pump. Once the 

furnaee had been flushed. the cruclble contalnmg the reactant was slowly 

r~ll~ed over a penud oftwenty mInutes lnto the hot zone of the furnace. 

The cruclbles were made of elther hlgh-punty alurlllna or graphite. 

Figures () ·Ha) and (bl are photographs of the alumIna and graphite crucible. 

f<ïgure 6A(e) shows the arrangement of the hales In the base of the graphite 

auclble. which ullowed the gas to flow freely over the reactants. The 

readants were prevented from falling out of the crucible by a thin layer of 

graphite relt (PA='i-denveu) over the base, as can be seen in Figure 6.5. 

Afler nitndatlOn, the powder was heated in air in a muffle furnace at 

HO\)' C for one hour in order to remove the excess carbon (decarburizationL 

Ô ·1 SCBSTRJ\TES 

In 'Irder lo hold substmte:::. above the bed of re.1ctants in the flow of uny 

gases given oIT. a support was made out of graphi te that was capable of 

holdll1g three substrate dises. Figure 6.6 is a photograph of the substrate 

support and three different substrates in position on the cruclble. 

The substrate materials were 20 mm dises or graphite;:, alumina d, baron 

nitnde C, smtered sdicon nitnde, and isopressed a-silicon ni tflde~ The 

sintered silicon nitride contained -10% grain boundary glass. The a and B~ 

'Speer C.tn,ld,l. Gr.lde 3499 

-C,Il'borundum 

-"'Coors, Colorado. C S.\ . :\98 

~C8E Industnes, Japan, a-Sl'iE-10 



Figure 6.4: (a) Alumina Crucible. 
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(b) 

(c) 

Figure 6.4: (b)Top view of the graphite crucible, (c) ba~e ofgraphltc 
crucible 
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Figure 6.5: Loading orthe crucible. 
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Figure 6.6: Crucible with carbon, boron nitride and alumina 
substrates in position. 
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silicon nitride discs were bath uniaxially pressed and the former was then 

isostatically pressed at 350 MPa 

6.5 ANAL YSIS 

6.5.1 X-ray Diffraction (XRD) 

X-ray diffraction was used for the quantitative phase analysis of the 

nitrided powders. An American Instruments X-ray generator was used ta 

provide CuKa radiatIOn, wlth an accelerating voltage of 40 kV (± 0.1 %) and a 

beam eurrent of 20 mA (±0.1 %). A Philips Automatic Pawder Diffractometer 

system was used ta produee XRD patterns over a scan range of 28 fram 15° ta 

45", at a rate of 1 a/min ute. This particular range was used sueh that aIl of the 

strongest diffraction peaks from a11 of the possible phases could be detected. 

Samples were prepared by lightly pressing the pawders inta a sample holder. 

The intensiLy and 28 data were acquired and stored using a PhilIps APD 

1700 computer system (Digital Micro-PDP 11). The raw data could then he 

carrected for sy'3tematlc errar using the silicon nitride JCPDS-XRD pattern 

data as an intl'rnal rcference standard. KCl could a1so have heen used as an 

external standard, but Slfice the powders were only produeed in small 

quantities, contamination had to be avoided. Error correction was not always 

necessary since the strong diffraction peaks of the phases eould be readi1y 

recognized. In instances where phase analysis was difficult, the corrected 

XRD pattern was compared with the JCPDS reference patterns data base 

resident on the computer using the "Search and Match" feature of the 

software. 

Quantitative analysis using XRD patterns relies on the principle that the 

intensity of the diffraction pe:lks of one phase in a mixture of phases depends 

~iJU1i the proportion ofthat phase ln the mixture 158 • The relationship hetween 
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the diffracted peak intensity and the concentration of .1 partll'ular pha~c is not 

necessarily linear, but is dependent upon the absorption coefficient nI' the 

mixture which, itself, varies with the mlxture cornpOSltlOl1. 

The intenslty of the diffrac~,ed beam for a single phase matenal is g-iven by: 

where 

l integrated 
intensity/unit length of 
the diffraction Une 

10 incident beam intensity 

A incident beam cross­
sectional area 

incident beam 
wavelength 

r radius of diffractometer 
circle 

Po 4nxl0- ï mKg C-2 

e charge on an electron 

m 

V 

F 

p 

8 

e-2m 

11 

W.l) 

mass of :1n electron 

volume of llfllt cell 

structure factor 

multlpl iCi ty factor 

Bragg angle 

tempera ture factor 

linear absorption 
l'oeffic i e nt 

This equation can be greatly simplified since aIl the qllantitles lnvolved 

are constant, except for the concentration of the phases under scrutiny and 

the absorption of the mixture, llm, such that Equation 6.1 can be reduced tu: 

KC l , 
1 -= 

(t) 2) 

where C is the concentration of the phase, and i denotes the phase ln 

question. Kl is therefore a constant and is unknown since L) is ;) bo unknown, 

but will cancel out if t is taken as a ratio of sorne known reference hne. Thl~ 

ratio can be used ta determme the concentration of lth pha~e in three ways, 
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namely the external standard method, the direct campanson method, and the 

tnternal standard method. The external method is only sui ted ta binary 

mixtures, wherens the Interna! and dIrect methods can be used to determme 

concentratlOns in multi-component mIxtures. Either of the remammg two 

methods would be ~atlsfactory for the quantitative phase analysls for the 

pre~ent study If It was not for the presence of .lmorphous sillca m many of the 

':>amples. \'I()~t /lf the con:::,tants. su ch clS the Structure factor f F '. etc .. mvolved 

in EquatIOn 6 1 for G and ~ silicon carbide and silicon oxynitnde, can be found 

in the literutllre, but these, of course, do not eXlst for amorpholls materials. 

For thlS reason, the quantitatIve phase analysls was made on the basls of the 

selected tntegruted peak heu~'hts for both crystalline and amorphous phases 

alone, Le. not taking into account the absorption coefficients of the mixture or 

structure factors, etc. The apparent weight percent (w l ) of any phase was 

therefore ea.lculated according to: 

l 
W =_1_ (6.3) 

1 n 

'\'l 
- 1 
1 == 1 

where Il is the integrated peak intensity for a selected diffraction line of the 

jth component. Although not strictly true, this was a reasonable 

approximation since it was never required to know the exact composition of 

the mixture. Rather. this form afsemi-quantitative analysis was used ta see 

trends in the development of a-silicon nltride by varying the process 

conditions. 

The diffraction peaks se lected were a-Si3N ~ (201), ~-Si3N -t no 1), ~-Si C 

(()O~), cristobalite nou, and the Si2N 20 doublet peak (002)(200) which 
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mainly occurs as a smgle broad peak. The area of the amorphous sllira band 

was measured between 15° and 37.5°. 

The integrated peak helghts \Vere measured from the X RD pattern llSll1g a 

Zeiss IBAS Image Analyzer fhe peaks had tü be traœd by hand so that the 

system cüuld measure the peak area; therefore, this proccss bel.'arne one of the 

major source of uncertamty III the J.n.llYSlS (Appendlx lIl. 

The measurement of the clmorphüus silica h,wd \Vas the h.lrde:-.t Ln 

quantify, mainly because the peak was not clearly defined. 

6.5.2 Chemical Analysis 

Oxygen analysis ofthe silicon nitnde powders produced was carried out hy 

Spectrochemieal Laboratories, Ine., Pittsburg, PA., USlllg the inert gas fu::>ion 

method (Leco TC130). 

6.5.3 Specifie Surface Area Measurement 

The surface area measurements of the nitrided powders were carried out 

using a Quantasorb area-meter. The measurement of the area is hased UpOll 

the differential thermal conductivity of a He/N~ mixture befure and artl'l" 

adsorption ofN2 onto the surface of the powders at 77K. 

6.5.4 Particle Size Analysis 

The particle size distribution was measured using a vlicrlJmf..'fl tiC'"> 

Sedigraph 5000D. The operating conditions are listed in Table 6 2. Samplt:~ 

of silicon nitride powder were dispersed in water contalning 0.1 volumf~ 

percent of Darvan C* to act as a dispersant. DisperslOn was 3ided by 

* R.T Vanderbilt Co, Inc CS A 
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immersing the beaker containing the mixture of powder and water in an 

ultrasonic bath for 15 minutes. 

Table 6 2 Operating parameters for the 
Sedigraph 5000U 

Temperature ( OC) 31 

Water Density (Po g/cm3) 0.9954 

Water Viscoslty (Il cp) 0.7840 

Sample Denslty (p g/cm,j) 3.19 

Rate Settmg+ 593 

-;- Calculated from Sedigraph data sheet 

6.5.5 Scanning Electron Microscopy 

Prepared powder samples were examined uSlng a JEOL JSM-T300 

Scanning Electron Microscope. Powder samples of silicon nitride had to be 

sputter coated with a goldlpalladium mixture for eight minutes in order to 

prevent charging. 

Qualitative chemical analysis was accompli shed using a Tracor Northern 

5400 Energy Dispersive Spectrosocopy (EDS) unit. The lowpst atomic number 

that could be detected was sodium. 

Light element analysis was carried out at JEOL U.S.A., Boston, with a 

JEOL JSM-8..tOA. III conjunction wiih a Kevex Delta 4 EDS, with a Quantum 

ultra-thin window detector. In this case, the lowE'st. atomic number resolution 

was ni trogen. 
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CHAPTER7 

RESULTS AND DISCUSSION 

7.1 OPI'IMIZATION OFTHE CAHBON :SILICA RATIO 

7.1.1 Preparation: Dry-mixing vs. so I_gel processing 

The stoichiomelric requirement for ~arbon and silica for the carbothermal 

reduction of silica to silicon nitride is 2:1, according to the reaction: 

3SLO) )+6C +2N,,( =SLJd" +6CO 
~.( s ( s ) ~ If> ... S ) ( gJ 

(7.1) 

However, previous work by Szweda et al,9o and Mori et al.t I)2 has indicated 

that greater molar ratios of 4:1 to 10:1 are required to obtam the maximum 

yield of silicon nitride. \Vhether this is a chemical requirement or due to 

maximizing the dispersion of silica within th ~ mixture has not been made 

c1ear, and was the initial aim ofthis investigatio'l. 

Figure 7.1 shows how the percentage of silicon nitnde present in the final 

powder varies with the molar carbon:silica ratio, using the highe.:3t surface 

area carbon and silica (Monarch 1300 and EH5), and using an alumina 

crucible; the reaction bme was maintained at 5 hours. The figure shows 

results for powders prepared by both of the processing l'OU tes (dry mlxlfig and 

sol-gel) and were either compacted into pellets or leFt as loose powders. 

Considering the dry mixed powders first, the maximum amount of sIlicon 

nitride that could be produced \Vas approxlmately 30-40%, at a ratio of 10: 1, 

irrespective of the powder compaction conditions. Similar results are 

obtained for sol-gel derived mIxtures in the pelletized condition, but a marked 

improvement is seen in the silicon nitride yield, with almost complete 

conversion (within hmits of uncertainty) for the same powder, U1 the loose 

condition at a ratio of 10: 1. This would suggest tha t the re are two 
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considerations that are playing an Important roie: The first, and forcmost, 18 

the intimacy of the mixture, and the second IS the free difl'uslOn of gases 

within the reactants. 

When using the alumina crucible, the nitrogen gas would tend tn l10w past 

the crucible and, therefore, by-pass the reactants. Thcrefore. a similar set of 

experiments llsing the sol-gel derived powders was carried out under the sa me 

conditions, but this time using a graphite crucible with a perforated ba:..~e 

(Section 6.3). Figure 7.2 shows how the estimated weighl percent ur st! ieon 

nitride varies with the carbon:silica ratio for the sol-gel prepared powder. 

using the alumina and graphite crucibles. The ratio required to produce 

complete conversion has been reduced ~rom 10:1 tü 7 1, and has also greatly 

improved the silicon nitride content of ratios as low as 4:1. The flow of gas 

through the reactants would therefore appear ta greatly improve the rcartion 

between the gases and the reactants. Other possibilitles that could be 

affecting the readion conditions are the oxyg~n-gettering effects of the 

graphite crucible, or even the rernoval of excess gaseollS species such as si licon 

monoxide gas by the flow of gas. These topics wil! be discussed in gn.ater 

detaillater. 

The results shown in Figure 7.1 and 7.2 are not ln accordance with those of 

Szweda90 , whose data suggests that dry mixed powders provide more complete 

conversion over a five-hour peri ad than for sol-gel denved matenal Figure 

7.3 shows a comparison of the data obtained in this work with that uf Szweda 

The major discrepancies between these rcsults can perhaps be 3ccounted for 

by the technique used to evaluate the compositiOns oÎ the resultant powder<,. 

No mention is made of how the quantItative phase anâlysis was accompli~hed, 

nor was there any mentlon of the residual amorphous sliica content of the 

powders produced. The present ~tudy took accûunt of a11 phases present, 
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including the amorphous silica content, however all the figures were only 

concerned with the silicon nitride content (for a complete analysis of the 

phases seen In Figures 7.1. and 7.2 see Appendix II). 

The difference in the technique used for analysis between this study and 

Szweda 's!W would not necessarily explain why dry-mixed materials have the 

advantage over sol-gel processed materials. Szweda suggested that an excess 

of carbon was reqUlred ln order to counterad the effect of high moi sture 

content in his material. which raised the oxygen partial pressure sufficiently 

to cause the formation of silicon oxynitride. The major difference between 

this work and that carried out by Szweda was that iso-propanol was used 

instead of water as the dispersing medium. The iso-pIvpanol molecule 

contains much less oxygen (8.3 at.%) than water (30at.%) and, in addition has 

a lower dipole moment (water = l 86, iso-propanol = 1.66)159. The latter me ans 

that propanol forms a weaker hydrogen bond with the silica than does water, 

indicating that iso-propanol would be more easily driven offduring the drying 

process. In the light of these observations, definite bendits could possibly be 

gUIned by using dispersing liquids which contain little or no oxygen, such as 

hexane. These liquids commonly come under the classification of Group III 

liquids for the di~persion of silica {Section 3.2.6.1). A dispersing liquid such as 

hexane would therefor~ eliminate a possible source of oxygen, but there are 

other drawbacks to using Group III liquids. Sinee these liquids are non-polar, 

the tendency is for the silica to hydrogen-bond witn itself rather than with the 

liquid and, therefore farm a networked structure of silica particles The 

overall effect 15 that non-polar liquid/silica systems become V1SCOUS at lower 

solids loading than polar Groups l and Group II liquids. 

To summarize. the results presented in this study show that there are 

definite advantages ta using a sol-gel precursor processing route over 

- 100-



. 
k 

mechanical mixing, particularly when using non-aqueous sol systems such as 

iso-propanol. Therefore, the complete conversion of silica to silicon nitride is 

reliant upon the intimate mixing ofreactants, and on the free flow of nitrogen 

through the reactants. 

7.2 THE CARBON:SILICA RATIO AND ITS EFFECT ON SILICON 

NITRIDE YJELD 

The previous section deait with maximizing the silicon nitride content in 

the final powder over the occurrence of other phases such as residual siliea 

(amorphous and crystalline), silicon oxynitride and silicon carbide. The ideal 

conditions for the occurrence of only silicon ni tride need not necessari ly be the 

same as those that result in the greatest yield. It 1S reasonably weil 

established that the Î1rst stage in l!arbothermal reduction is the evolution of 

silicon oxide gas from the reaction between silica and carbon: 

SZ02( +C )= SzO( + COI 
S) 13 gJ gJ 

(7.2) 

In a system where nitrogen is allowed to pass through the reactanLs, gaseous 

species slich as silicon oxide, are able to escape from the reaction bed and react 

elsewhere, such as on the crucible or furnace walls. Thus, if more carbon were 

to be present, it might be expected that the 1055 of silicon oxide would be 

reduced. 

By measuring the weight losses that occurred in the senes of experiments 

used in Figure 7.2, it was possible to estimate the amounts of silica lo~s as 

silicon monoxide gas (Appendix III). These results have heen plotted ln 

Figure 7.4 for reactions carried out in the alumina and graphite crucible::;. 

The figure shows that, for the alumina crucible, the loss of silica as SiO 

steadily increases ta a maximum of -20% at ratios between 4:1 and 7:1, 
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decreasing again ta 10rte at a ratlO of 10:1. \Vhen using the graphite l'l'Ul'lbll', 

the weight 10ss reaches a maXImum of3~1(, at :2:1, and then steadily dl'l'l'L':lSl'S 

dose to 10% for ratIOs of 7: l to 10: l. 

At low ratIos of 1.1, m both cases, the evolutlOn nf SiO gas tS low. 1'l1l~ is 

thought tu be due ta the slntenng ofsdica partll:les, whll:h causes ,\ redul't101l 

in the surface area of the sdica, enveloplng the carbon ,md prl'ventll1t..i the 

escape of SiO gas. With the ~raphIte cruclblp, ~rl':lter well!,ht 1()~~I'~ ,ln' ',('t'Il 

at low ratlOs because the gas fluwmg through the reactants carnes awav SIO 

gas, whereas wlth the alumina cruClble, thlS IS le5S Itkely tn llccur :\t lllg1wr 

carbon:silica ratios, lt would be expected that the wl'lght lü~ses III lhl' 1':lrnoll 

crucible would almost always be greater than those for the :dunun'\ n \ICII>II', 

due to the loss of SiO gas. Surprislllgly, qUlte the reverse occurs It would 

appear that allowing nitrogen gas to flow through the reaLlant~ enh.ln('(·~ LIli' 

reaction, allowing SiO gas to react with nltrogen/carbo[1 or nitrogpn/(':Irhllil 

monoxide, for enhanced conversion to sIlicon nltnde In addition, t1H~ :lmllllnL 

of carbon aIso plays an important role since it is nat untIl hlg-her curhol1 . ...,ilil'a 

ratios of 10:1 are used thnt near complete conversion occurs ln the ,dumlll:t 

crucible 

An excess of carbon appears to have a two-fold effeet. Firstly, as a meant.., 

of minimizing the amount of sdica-siltca contact by dIlutIOn. thus pff~ventin~~ 

slntering of the sIlica and slowing the readion; and t..,econdly, U~ an importanL 

participant in the reaction ta form silicon nitride. Exactly how the ln tt(~r 1') 

affected by the quantity and characteristlc~ I)f the carbon l~ not dear, but hy 

havlng a larger proportIOn of carbon, a larger surface area is avaIlable th:lt 

could improve nucleation. 

Other studies of carbothermal reduction report a wide range of 

carbon:silica ratios from 4 to 6:1'JO 10') ta betwéen 15 ta 20:1,1f):!,104; difference::, 
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1 
which the present study shows could be due to the conditions under which 

experiments are conducted, although these have not been stated in the pasto 

7.2.1 Silicon Carbide Formation 

When using the alumlna crucible, traces of ~-silicon carbide were often 

round, irrespective of whether the reactants were in the form of pellets or 

loose powders In contrast, when using the graphIte crucible, no silicon 

carbide was ever detected. Thus, it. was supposed that the formation of silicon 

carbide was prevent r ~ by the action of nitrogen gas sweeping through the 

powder bed. Reaction 7.3 is one possible reaction that can lead to the 

formation of silicon carbide: 

35(0 + CO ::: 2SLO') + Ste 
Ig! Ig! _Is! 1 s! (7.3) 

The action of the nitrogen sweepir;; through the powder bed would flush the 

gaseous species, like carbon monoxide and silicon monoxide, away from the 

reaction zone By Le Chatelier's Principle, the equilibrium would be moved 

toward~ the reactants' Sldf' of Reaction 7.3, thus preventing the formation of 

silicon curbide. Theref,)re, the occurrence of silicon carbide in the reaction 

products formed in the alumina crucible can be seen as being due to a 

localized build-up of Si 0 and CO gases in the reaction bed; a situation 

unlikely to accur in the gr3.ph;te crucible because of the flow of nitrogen 

through the reactants. The ~ikelihood of this reaction taking place will be 

discussed bter in the sectiu'l on thermochemistry. 

7.2.2 Silicon Oxynitride 

The limlting oxygen partial pressure below which the formation of silicon 

oxynitride is prevented dunng carbothermal reduction has been determined 
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to be in the regioll of 10-20 atm. at an ambient pressure of l atm.lh ln unier tn 

avoid the formation of silicon oXyllltride, ail the possIble sources of llxygen 

must be eliminated from the system. Szweda~)() found that sili~on ()xyl1ltnde 

only formed in sol-gel derived matenaL .lnd presumed that thls was due ln tht' 

high water content of the startmg matenals thaL provlded the sourec (lf 

oxygen. 

In the present work, it was suspected that th!:' sourre of nxygen W:l::-. due tn 

the alumina crucibles that were used initially. With referenct> to the 

predominance diagram for the AI-Q-N system shown ln Figure 7 5 caleulated 

by the F* A *C*T system, it can be seen that for a ni trogen partu:tl pressu re of 

1 atm., as long as alumina is present, the partial pressure of oxygen ovpr the 

alumina must be greater than 10·17 atm., Le. alumina can form gaseous sub­

oxide species plus oxygen by the following reaction: 

(7.4) 

This partial pressure of oxygen is at least four orders of magnitude greater 

than the minimum oxygen partial pressure required to form sIlicon 

oxynitride. Making use of a graphite crucible eliminates this source of oxygen 

and possibly aets as a getter .nr any extra nxygen ln the system nrislng ffl/m 

the alumina work tube and nitrogen fep.d gas. However, it was found that the 

use ofa graphite crucible alone was not suffi(,lent to prevent the formation of 

silicon oxynitride when using mtrogen feed W1S that had not bep-n ::,crubbed of 

oxygen. Tltamurn sponge at 8000 e was used J.S a getter to remove tra<.:cs uf 

oxygen and water. By using this as a gus pre-t1'patment stage, the amOlll1 t 

silicon oxymtnde formed became Tlegligible ThIs means that nelth,_,/ /dgl1 

silica to carbon ratios nor graphite erucible~ are satü,fadory ln triP'! I)wn 

right as getters for this system. 
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By using flowing, oxygen-free gus, it was possible to dilutL the OXygl'l1 

evolved from the alumina furnace tube. ln addition, if the gas c::m flow freely 

through the reactants, the excess oxygen can be swept away as It evolves. 

7.3 SILICON ~ITRIDE FOR~IATION AS A FUNCTION OF 

TE:YIPERATURE 

The temperature at which SilIcon nitride forms has been reported tu Ol'l'ur 

at 1350°C, 14000C, 1450°C and 1500°C as discussed ln SectlOn :t2.3, clnd that 

exceeding these temperatt!res brings about the formatlOn of silicon cnrbide. 

The reason for the wide variation eould well be due to expenmental ,et up , 

such as furnaee design, the means oftemperature measurernent, and tlH' type 

of crucible used. Sinee there is such a large discrepancy 111 the literntur(' 

about the reaction ternperature, a series of experiments wpre carried out tü 

deterrnine the optimum temperature range for the apparatus used ln thi:::. 

work. 

The experiments were aIl earried out using high surface area carbon black 

(Monarch 1300) and h:gh surface area silica (EH-5), with a carbon:silica 

molar ratio of 10:l. The reaction time was taken as 5 hours, since other 

work90,lOl.102 has shawn that the nitrogen concentration of product powders 

reaches a maximum after this resldence time. 

Figure 7.6 is a plot of the weight percent of the phases pre~ent, such as 

silicon nitride and silicon carbide, with temperature, the remainder bein~ 

amorphous silica and eristobalite, not shown in this figure. At low 

temperatures, betwen 1300°C and 1450°C, very llttle silicon nltride is 

observed; the predominant phase being amorphous silica. By lI1creaswg thf.! 

tempe rature ta 1500°C, the only detectable phase is a-silicon nitride, whJch 
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persisted through to a temperature of 1550ù C. At hlgher temperatures. ~­

silicon carbide is formed in preference ta silicon nitride. 

This shows that there is a very limlted temperature range over whil'h 

silicon nitride will form, and is in good agreement with Szweda's!Hl work. This 

is not surprising since the expenmental set-up in the present investlg-:ltlOn is 

very similar. 

7.4 THE EFFECT OF SURFACE AREA OF THE STARTING 

MATE RIALS 

High-purity carbon blacks and silicas cou Id aIl be obtained with varying 

surface areas (Section 5.1), and it was therefore possible to lfive::,tigate 

whether the surface areas (implying particle size) of ei ther the carbon or si liea 

had any effect on the production of silicon mtride. 

Figures 7.7 and 7.8 show how the proportion of silicon nitride in the 

powders produced vanes with the surface areas of the carbon and sllica. 

There are two sets of data presented in each figure: one for ':lol-derived 

powders in the loose state, the other for the same set of powders in pellet form. 

From Figure 7.7, it IS clear that the surface area of the carbon black i~ of key 

importance in the formation of silicon nitride, whpther in the loose or 

pelletized state. The highest yields are always obta~ncr:l with the highest 

surface area carbon CM1300). In contrast, Fi gure 7.8 shows that there is no 

noticeable effect of the silica surface area alding the reaction. 

In wh8.t way the surface area improves the reactlOn cannat be shown here, 

since either the evolution of silicon monoxlde g3.S by the reactlon ofsilica and 

carbon (Reactio!1 7.5) or the nucleatlOn of sIlicon nitride on the carbon via the 

gas/solid reaction ('7.6) are the two possible rate limiting steps: 
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(7.5 ) 

3SLO + 3e ~ 2N) = SL 1N" TCO 
'.1 l , 1 _( q) ... , ) 1 g) 

(7.6) 

:'-Ieither ofthese can easily be separated at this point. but will be discussed at 

greater length later (Section 7.8Al. 

Zhang and Caf'non lOI eonducted a slmilar study to this one. although they 

used earllons. III the form of lump black and pyrolyzed starch. mlxed with 

organlcally preclpitated sdicas (from TEOS). They came to much the same 

conc!u:::'lOn that a high carbon surface ilrea was the most important factor. 

illthough the sdica surface area was also seen to have a similar effect, but to a 

lesser exten t. 

ln earlier work, Lee & Cutler>l':l showed that the silica partlcle size does 

have a very significant effect, but this WilS conductt>d on powder with much 

lower surface areas. ranging from 0 01 m2/g to 2m 2/g, implying particle 

diameters of 200 pm down to 1 .s~m. The powders used in the present study 

:lll had extremely high surface areas, between 130rnz g to 380m2 /g. 

Therefore, the reactlOn appears to be more affected by a comparatively larger 

partide Slze than by ultra-fine silicas. 

The raet that no slgnificant benefit during nitridation is being derived 

l'rom the high surface area silicas wou Id suggest that perhaps the silica 

powder partldes were sintenng and consolidating before reaching the 

optimum nitriding temperature. However. despite the faet that a high 

surface area plays no major funetion in the outcome of the reaction, a high 

surface area silica is still required in order to be~ome adequately dispersed as 
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a sol. Advantages are ta be gained from using the highest surface :lrea sdil':l 

available. since the highest solids loading nf silica sols can be achieved. 

7.5 PARTICLE SIZE AND MORPHOLOGY 

In the Section 2.1.2.1, the importance of partide Slze and morplllllnl5Y nf 

ce ramie powders was discussed, partlcularly the effect that the partiel!..' 

morphology has on the green denslty, and the partlde size ,l~ t1w ..,(Jun'!..' lIt' tilt' 

driving forc~ for sintering. Ideally, the partlde~ ~hllllld be t'qul:lxl'd 

polyhedra (not purely sphericall and submlcron ln ~ize The!'( Ml' :l 11 um!wr III' 

parameters whlch could posslbly have an effect on the final powner pdl'l1de 

charactenstics, such as temperature, carbon to sdica r:ltw, preLl1r~l)r powder 

treatment. and the surface ared.3 of the precursor matertals. 

The following experiments were carned out, using optImum powdcr 

preparation conditions uniess otherwise stated, Le. sol-derived powdcrs in the 

loose sta te. 

7.5.1 Temperature 

The effect oftemperature in terms of the yield of~ilicon nitnde ha~ aln·,tdy 

been shawn ta be most satisfactory in the temperature ran~e (jf 1i)I)O 'e to 

1550°C. At temperatures lower than this, amorpholls stllca wa~ the 

predominant species present. and above 1550'"C, silicon carbide. :\-licrograph:-, 

of samples treated at vanous tempe ratures ShOlild therefore renec't the 

changing nature of the powder. 

Figures 7.9(aHd) is a senes of micrographs ShowlOg how a very fine, 

reticulated silica structure at low temperature progresses through to a mlxed 

morphological stage of sIlicon mtride particles and amorphous ~ilica. 
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Figure 7.9: Powder Microstructure at (a) 1350°C, and 
(b) 1500°C. 
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Figure 7.9: Powder Microstructure at (c) 1550°C, and 
(d) 1600"C . 
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Uniform partIcles of silicon nltride develop between 1500°C and 1525°C, and 

finally at 160WC ~l. very fine structure ofsilicon carbide is seen. 

Th us, the !TIorphology of the powder prad uced aver this range of 

temperatures is characteristic of the phases that are present, rather than 

bemg solely dependent on the temperature. Between 1500°C and 1525°C, 

silicon nl lride lS the only phase prl:'sent, and there is no significant variation 

in the particle size that resulb. which remains consistant around 3-4pm. This 

is too large a particle size to be consldel"ed as a gaod sinterable material and 

must somehow be reduced to within the 1 !lm range. 

7.5.2 C arbon:Silica Hatio 

The preliminary experiments on optimization of the carbon:silica ratio and 

the ideal carbon surface are a have shown how the formation of silicon nitride 

is dependent upon the amount and nature of the carbon used. Therefore, it 

might be expected that the particle Gize and morphology of the powder 

produced would also be affeded by th·> same variables or characteristics. 

Only the use of highest surface area carbon black (M1300) resulted in 

complete conversion tu silicon nitride. Thus, the r:haracteristics of the silicon 

nitride powder produced could only be observed over a range of carbon to silîca 

ratios using this form of carbon. 

Figures 7.10(a)-(d) lS a '3eries of micrographs of powders produced from 

difTerent molar ratios of carbon tl) silica (2:1, 4:1, 7:1, 10:1), at a temperature 

of 1500ù C. At a carbon to silica ratio 012:1, the particles arr:: ofvery lrregular 

Sizes, <lnd have a large proportlOn of whiskers. XRD patterns show that there 

is a substantial qu,1ntity of amqrphous silica present, but it is not clear from 

thlS micrograph wh:it fcrm it takes. Increasing the ratlO to 4:1 improves 

partide morphologies a little, but still shows the presence ofwhiskers. Only 
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Figure 7.10: Powder Microstructure at carbon:~ilica ratios of (8) 
2:1, and (b) 4:1. 
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Figure 7.10 : Powder Microstructure at carbon:silica ratios of: (c) 
7:1, and (d) 10:1. 
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1 

at 7:1 did the final powder conslst almost entirely of silicon llltride parti des. 

Increasing the ratio further to 10-1 did nùt ehange noticeably the size or 

morphology of the resultmg powder. 

Therefore, the optlmum carbon to sihc:l ratÎo thJ.t determines thl" best 

particle morphology lS 7:1. It is possible to go tü hi!:{her ratios. but there IS 

little advantage to dOlng this sinee there is no slgmfîcant effed (ln the g-rall1 

size or morphology. The effect that the SiHc'l:carbon ratIO has on the partiel\' 

chal'aeteristies has never been Jiscussed in murh detad ln the hterature. 

presumably beeause there is, in faet, littie or no significant interdependence. 

7.6 PRECURSORPOWDER TREATMENT 

7.6.1 Mixing 

The two previous section~ have both used sol-derived powders in the 10081.' 

condition; however. dry-mixed powders will be briefly discussed here ll1 order 

ta show the advantages of using the sol-gel route. 

Figures 7.11(a) and (b) show the powders resulting- from dry-mlxed and 

sol-gel mixed precursors after heat treatrnçnt. Tbt:' dry-mlxed r()uU~ produces 

convoluted tapes or ribbons of sIlicon nItride which are :lppruxJn1éltdy 1 l-lm 

wide and also very larg~ parucles, possibly sllica. In cumpari::,on, tht~ same 

carbon ta sIlica ratio (10:1) mlxed through the sui-gel route produced powders 

that conslsted of equiaxed partlcle!:> of a-sdi(:oG nitride. 

Prevlcus workllJ:2 in thi!:- field have mostly ~hown the occurrence of 

convoluted tapes of silicon Illtnde, even from !:>ùl-gel route~ 'JO,.! 1 , and lt h3~ 

been suggested that these powders could be further ground In ()rder to ohtall1 

a small, relatlvely equiaxed particle size. HowE-ver, there have been nn 

reports as to the sintenng eharacteri!:>tics of such a powder or how dfective 
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Figure 7.11: Silicon nitride powders derived from: (a) Dry-mixed 
matel'ials and tb) Sol-gel processed materials 
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this commmution procedure 1S ln producing a powder with the required 

characteristics. 

Powders produced by the method used in this work by the sol-gel mute 

described would have the advantage of not requirin5 a grinding ~tagl'. Whll'h 

often results in the pick-up of lInpurities from the gnnding media. Eveil 

though the part1cle size ln this ~ase is q uite large (-4pm), ways ufredul'1 ng tlllS 

still further will be discus~ed luter 

Exactly why partjcles should farm in preference to ribbons is nat dear, but 

at this stage it was thought ta be related ta the degree of inter-mixIng, since 

dry-mixing is rnuch less efficIent than dispersion in a sol. However, this 

cannot be tbe only factor involved since 8zweda et al. YO and Siddlq1 et a1.·11 

both used the sol preparation route (although water-based) and still reported 

the formation of tapes and ribbons. 

7.6.2 The EffectofPelletizing 

80 far, the results seen in this chapter have shown that there is a defilllte 

advantage ta using loase powdE'rs rather than powders that have been 

compacted into pellets: The yield of silicon nitride was greaUy improved when 

using loose pawders as opposed to pellets. This wu!': explained a~ being due to 

the inability of gaseous species such as N2, CO, COz i1nd SiO gas ta frcely 

permeate within the reactants. However, the use of pellets was found to be 

qui te beneficid when trying to ascertain how silicon nitride forms in the 

reaction zone. 

It was noticed that the silicon ni tride tended to form on particuln r ~u rface~ 

within the pellet, as shown by the schematîc and photograph ln Figure 7.12,. 

These surfaces were, in fact, capping defeets brought about by the pellet 

pressing operation. It was presumed that nitrogen could eu~dy penetrate into 
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Capping defects 

Figure 7.12: Cross section through a pellet. 
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the pellet via these channels. but not sa readily into the bulk of the pellet, 

which would explain the high residue of silica and the low yield of silicon 

nitride. 

By studying these surfaces after nitridation, it is possible to see the way ln 

which silicon nitride is formed, and relate this to the formation lU loosc 

powders. 

Figure 7.13 is a micrograph of one of these surfaces for 111gh surfare arca 

carbon and silica (M1300 & EH-5), showlng clumps of si licon ni tnde 

approximately 50 !-lm in diameter which, when magnified further (Figure 

7.14), can be seen ta be agglomerates of discrete partlcles. The fad that 

clumps form would suggest that the first stcp ln the proce~lS lS the n ucleatlOll 

of primary silicon nitride within the pellet and then further heterageneous 

nl1cleation on the primary silicon nitride ta form clumps. This relates well 

with Section 7.4, which showed thJ.t a high carbon surface area wus required 

in order ta obtain the highest yield of sIlicon nitnde, and adds credence to the 

suggestions that the carb(ln is the active nucleation site. Therefore, 1 t would 

appear that the first silicon nitride tn [orm ïs nucleated on the carbon 

By using a carbon with a lower surface area (M880), and a hq~h surface 

area silica (M-5), clumps still form in the capping defects of the pellet, but 

their size and morphology are quite different. Figure 7.15 shows that the 

clumps are now fewer in number and much larger, approximately 300 Ilm ln 

diameter, and the make-up of each clump consists of convoluted ribbons of 

material (Figure '7.16). The greater size of the clumps and thelr dimLnl~hed 

numbers indicate that the number of nucleation sites for reartion dunng­

nitridation has decreased, which, for a lower surface area carbon, mlght be 

expected. It cannat necessarily be said that the morphology of the silicon 

nitride is directly related tü the surface area of the carbon, but a '::>imilar sort 

. 123 . 



1 

/ 

10011m 

Figure 7.13: a-silicon nitride clumps on the pellet defect 
surface. 

10 pm 

Figure 7.14: Close-up ora clurnpofsilicon nitride. 
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50 pm 

Figure 7.15: Clumps of particles on the defecl surface of u low 
surface area carbon pellet. 

50 pm 

Figure 7.16: Enlargement ofa clump ~een in FIgure 7.15 
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of particle morphology is seen for produets resulting from loose powder 

precursors. Figure 7.17 is a micrograph of the product of a sol-derived loose 

powder of M-800 carbon and EH-5 silica, showing a mixed morphology of 

large particles and fine ribbons of "ilcon ni tride. 

Szweda~o and Siddiqi31 be!ieved that the growth of convoluted ribbons, as 

opposed ta whlskers, i5 due to the silicon nitride reaction being "physically 

constrained by the environment", the tortuosity of each ribbon being a route 

or ch:mnel through the carbon/silica aggregate. However, by taking a reacted 

pellet initially consisting of high surface area siliea (EH-5) and carbon (M-

1300), and sectlOnmg it longitudinally (Figure 7.18), clumps of particles can 

be seen within the cappmg defects. The faet that the defed is wider than the 

clurnps (sorne clumps bridge the defect) shows that the individual particles 

are hardly constramed by the surrounding material. 

Mon et al.l 02 proposed that the different morphologIes were related to the 

nitrogen content of the final powder. High nitrogen contents were typical of 

particulate powders, whereas low nitrogE::n contents were typical of ribbon 

morphologies. However, since this was based on bulk nitrogen analysis, it is 

Hot certain whether the low nitrogen cont( nt was due to large amounts of 

unreacted silica, or silica that is closely associated wito. the a-silicon nitride. 

The oxygen content, in relation to the particle ffiorpholc gy, was studied in 

this work using powders derived from low and high surface carbon mixtures. 

Figures 7 .19~a) and (b), and 7.20(a) and (b) show the micrographs and light 

element E DS analyses for the particulate powder (high surface area carbon) 

and ribbon morphology (low area carbon) powder. The analyses qualitatively 

show that partlculate powders contain very little oxygen and, ipso-facto, must 

contain very Ettle silica. On the other hand, the EDS spectra for the ribbon 

morphology powder has a much stronger oxygen peak, with nitrogen being 
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10 }lm 

Figure 7.17: Product ofloose powdered precursors made up of high 
surface area silica (EH-5), and low surface area carbon (M-
800). 

100 !lm 

Figure 7.18: Electron micrograph of a longitudinal section t.hruugh 
a pellet showing clumps of particles bridging the 
capping defed . 
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EDS spectra. 

~ 128-

1 
~, 

" 



1 

18-Jan-1989 14:31:35 

SUt aee 
V~rt. 2eee count. DlsP" 1 

o SI 

lOllm 

lee secs 
1ee secs 

1 4-
L 

•.••• ..n... 1 •. 2'. >.v 4.95. ~ 
InHgral 8 : 1736 

(a) 

(h) 
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apparent only as a very slight overlap with the oxygen peak. The aluminum 

peak and part of the oxygen pf'ak seen in both spectra come from the 

alurmJium SE~A stub that t.he powdt>r was mounted on. Whether or oat the 

hlgh oXYl5en content tS manife<,ted as sdica, as ::,uggested by Peuckert and 

Gred,70 or even as a non-stulchlOmetnc silicon oxynitric1e as Wild el al. J have 

indleated cannot he shown herc However powrler mùrphologies hke this ~an 

be largely regarded as bemg hlghly êontalTlmated with oxygen. 

Szwedo.YO and Siddiqi:JJ beheved that ribbon morphologIes like this were 

silicon nitnde, and that a grll1ding process wouJà produce a satisÎactory 

powder. In the light of the above results, this assumptioIJ would be incorrect. 

7.6.3 Effect l\fGrindin~els on the Silicon Nitride Particle §ize 

It was stated in Chapier 6.2, on experimental procedures, that the gels 

denved from sols of l'urbon and silka were either grounà by hand ln a pestle 

and mortar, or cru shed in a high-speed stainltss steel blender for a few 

seconds. Powders prùduced by the latter method were very rnuch lighter and 

more free-flowmg than those produced bj hand. The difference bet\/een the 

two meihod" became very obvlüus when examining the powder produ~ed after 

ntlriding ln the luose condition (usmg high surface area carbon and silica), 

Figure 7 21(a) and (b) show a slgnifie:lnt difference in the grain size between 

the tWtJ powders produced: the blended carbon/silica powder produced 

parlldes nf around 2 pm , whereas the powder ground by hand in a pest1e and 

mortar pnHiuè!.:'d particles between --t-5 pm. 

The dcrrease 111 partlele size suggests that more nucleation is taking place 

In the blendl'c1 powder th<ll1 III the çowder ground by hand. Therefore, by 

blendin~ tllt' c,lrblHl/silira gel, a greater surface area is made available for 
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Figure 7.21 (a): Silicon nitride powder fonned from geb crushed in 
a pestle and mortar. 

Figure 7.21 (b): Silicon nitride powder formed from gels broken clown 
in a blender. 
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Crushing the carbon/sillca gel by hand breaks up the large particles, but 

the fine particles 50 formed become comparted on ::1 small seale. Therefore, the 

structure of a hand-ground gel is less open th::1n D blended gel. This mamfests 

itself as a difference ln the tap denslty- for the same welght of matenal, the 

blended powder has 3. tap denslty of almost tWlce that of the hand-ground 

powder. 

7.7 SUBSTRATE EXPERlMENTS 

The purpose of conductIng the followwg set of experiments was ta 

deterrnine which matenals arE' entreal to the formation ofsilicon nitride. The 

substrates used were disks of alumina (AlzO;i), boron nitride (BN), graphite, 

smtered s~licon nitride and Iso:-:tatlfalJy pressed Q-')ilicon nitride powder, 

Alumina and haron nittide were chosen as substrates since they were 

expf:'cted to be Inert ln the depositlOn reactlOfl likely tn o\:cur. 

The sunstr:!Les \Vere plac!:'d above 3. beci of reactants in ccl. crucible in groups 

of thret', as shown in Fq!,l.l!"~ 6.4 (Chapt~r Gl i~Jl of the substrate experiments 

were carrred Oùt at l SOOcC for S lwuïs in f10Wlt!b nitrogen under cc.nditions 

that would muxÎmizt.' the ev\)lutlOn of Sir) g:ls. Thls was prevlOusly 

dett'ruuned t'rom t.he f)iot of siiit:a iost (a::: SlÜ gasl as a functlOn of 

carbon sillea r:nio (FlgUf(~ 7.4), where the maximum SïO gas evolution was 

observeo at :.l molar f3tio of :2:1. In each expenrnent. t.hree different 

substrate~ were used, .:;;u('h thht direct welght gain/ 1o::is \:ompdilsons could he 

madè betWt'en each m.1terial The results are SUffiffianzed ln TaLle 'i".l. To 

obtam the net wcight gain..;; uf cach snbstr:ile, .111ow::tI:ces have heen made for 

natur~t weight It13:5es occurrmg in the substraLes with no reactants present in 

the cru~lhle. 
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Table 7.1. ~et welght gains;[osses for the 
substratp maü·nals (mg) 

Sllbstrlte :'< et wt. go:" ( t-,,) ~:" \ ) ~ 
C t":'.9tüJ.l 

-- - --
BN ·S2.1 tü ·:3ô.O 

---
A1203 5.6 tü ·<lA 

--
Sîntered Si ~N t +-0.3 tu + O.~J 
U-Si3N .t + 31 6 to + :~3.1 

Considering the first three matenals ln the table. l.e. C. B~. and Al~~01. 

the data show that carbon substrates have a sl[;ndicant weight g:1in. whereu3 

alumina and. more Iloticeably. boron nitnde. have moderate Ln ..,ub::.t:lntwl 

wei ght lasses. Visu al inspectlOn, ::l tune, was ~uffirlent to see that the surface 

of the carbon substrate faclng wwards thè 'eactwn bed wa~ ('overed in a line 

white deposit, as shown ln Figure 7 22. Figures 7 23(a) and (b) ~how typical 

surfaces of the alllffilIla and boron mtride. respedively, whieh IOdlcates no 

sign of any deposit 011 thelr surfaces. The only nuticeahle ehange was 1 n the 

alumina substrate, whlch had dlscoloured from a bnlliant white to a pale 

brown èolour. Assessment of the cause of the welght los::, of the alumina 

substrates is thought to be a result of sub-nxlde (Al:20~) forma tlOn at the grain 

boundaries. This is a well-known phenomenoll. partlèularly u~eful ln the 

thermal etching of ccramic3 ta rcveal detuds of the mH'fO~tructure Figurf! 

7.24: shows the alumma grains of cne of the heu t trea ted al umi na 'Juh~tra te~, 

clearly st~mding ln relief OtherWISf:>, there IS no apparen t depo':,l tuf any klnd 

The welght 10ss \1f the boron nitnde substrates IS h,lfder to explam, but I~ 

possibly due to reactiüns between B20~, CaO (remnan b from lh~ boron 

nltride fabnc3.tlcn proce::,~; and SIO gas. Exactly what proce~:, I~ cau~ln~ thl'> 

net weit5ht lQSS ln the pre0ence of SiG gas IS unkrH.wn, but It doe:, ..,huw that 
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Figure 7.22: Carbon substrates (clockwise from the left) (a) As­
received, lb) No reactants, (c) With reactants 
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Figure 7.23: (a) Boron nitride bcfore Oeft) and !Jeter reactiun 

Figure 7.23: (b) Alumina sub:.,trate:s before (left) and after 
reaction. 
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Figure 7.24: Aiumina surface after heat t.reatment. 
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boron nitride, under these circumstances. lS not inert. Microsf'oplcally, 

(Figures Î.25). there is little change ln the conditlOn of the sur-faee. except fOl' 

a few large partides. These cantain calcium and sIlicon. posslbly being:l fmom 

ofcalcium silicate. that suggests a reactlOn between CaO ,1nd SlO gas 

The deposlt on the carbon substrates was found by X RD tn be pt1t!rt'ly 11-

silicon nitndt~, 3nd ail ln the fonn of wnlskers. ,1S shown 111 the mlc'n)f~ra ph 1 n 

Figure 7. '26, The slll(.'on ni tnde whiskers are armnged ln LI unlps. F~gllrl' 7 ~~7 

shows a small dump where many whiskers are nudeated frotm 'HH' ~pot on Hw 

carbon sudat.'e. E'Œctly how the~e whiskers grow or why th~·y grnw in 

preference to partJcles IS unccrtain. Whlsker growth from th!:' va puur phase 

has been obs2rved in many cerJ.mic systems, and b 1 nvan:lbly ~cen as :1 

vapùur-solid-liq uiJ CVSL) rcuctioll whereb y the g row J n 14 'oN rusk l' ris 

precipitated from ::tliquid gjobule ôt the tIp The lIquid is often cau::-.ed by the 

presence of an ~mpurJty which lS thought to aet as Cl eatLl iyst. For example. 

hafnium carbid.e and nitndf;liJO whiskers form from :1 liqtlld ph,l~e rH:h in 

nickel, sinlllarly for lantb anum hexubonde 11d . Silicon Carbld!~ WhlSkl'r.:; are 

a1so reportedS1 :1$ havmg a sinlllar deposltlOn reaetlOn, \'v herè the whi~,ker·.., 

are preciplt:1ted from an irnü 'Sdicide iiquid phase pre:::,ent un U1f! t!f)~. 

Whiskers can also be r'Jrmed in metals, an example being t1l1 1h2 , althuugh the 

whiskers in this ln:,tance are thought tu grow from the root thr()ugh a 

me~hanism involvlng dlffusion and stram effects 

The gTowth of whlskers in general is wldely belteved tü take pL:lce Vll1 the 

addition ofatoms or molecules ta a ~crew dlslocatlOn emerglng at thé tlp (or al 

the root, as is the case Wl th tin); the presence of the liqUld Îs a mf~ans I)f 

material transport from the vapour to the nudeation :,ite~lIJ,j 

In the present study, no globules are seen on the tlpS (jf the whi~ker<; 

(Figure 7.28),50 it would appear ta be a direct depo:,1L10n from the gns phasf~. 
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Figure 7.26: A micrograph ofa-silicon nitride whil:ikers formed on 
a graphite substrat~. 

FIgure '7.27: M ultiple whi~ker~ growwg from a single point un 
the graphite substrate. 

- 139· 



~'igur~7 .28: The tip of a silicon nitride whisker grown on a 
graphite substrate. 
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The growth could be occurring from the rout nt' the whlsker, but therl' IS lhl 

evidence for I)r ,lg3in~t this. The whiskers themselves al! ~rnw wi th tlll' 

whisker aXlS p~1r:.lllel to the c axis l)[ the siltcon nitride unit l'ell ll>! If tht' 

gTowth theory 15 correct. this would mean that the Burgers vertor of ,). ~l'l"ew 

dislocation would also have to eXl~t ln this direction along- thl"' whlskt'r ,1Xl~ 

Sintered :silicon mtnde \81alon) sub~trates llso formed .\ whltl' layer nI' 

whlskers. as shown ln Figure 1 :29( a) fhe ,UTIn\l1l t (JI' whl~k,'r~ th:! t t'ornH'd 

was dependent upon the number ofslntered ~dicon nltnde ::,ubstrates pre:'l'nt 

on top of the cruclble. doubllng the number ()fsl1bstratl'~ 1~()l1ld :\Imll~t dllubll' 

the amount of whlskers. ~Iicroscopy revealed (Figure '7 :29(b)) th:!t thl' 

whiskers themselves were not stralght. J.~ wlth the carb()n ~ub~tr:!t..e. but 

appeared tangled and Intermlxed, wlth occaslOnal partlcll's. :.J'ot ('nough 

whiskers \Vere ever collected III urder to obtaln a s:1tlsfactory Xl{D paLtern tll 

identify the pha:,es present, nor did EDS reveal any element~ uther Lhan 

silicon and posslbly alumlnum. 

It was thought that the whiskers. ln this case. were growl1 from th(~ 

intergranulac glassy phase whlch. at 1500'oC, is il liquici. and that tl1l' 

whiskers would themselve::. be a Sialon phase, p()~slbly W·'){Jlid :,IJluLtIJn 

The largest net weight gallls were seen on the iso-pre:,:,ed (H,ilicon Cll tnde 

substrate. but visual and mlcroscoplC examinati(>n "h()wed no Whl~kl~r 

growth. and there appeared to be no apprec.:lable differenc.:e between the :1:,­

recelved and reacted substrates (Figures Î.30(a) flnd (n)). Since the ')un"Lr:!tl? 

is made from a ~dkon nI tnde powder that ha::. a parude "Ize ln the .,un·mlcron 

range (-0.5 pm), new particles growlllg on the surface of the ~un')tra te p:Jfudl'" 

or growth ofthese original particles by accretion Ofslbcon nltnde fmm the gn':> 

phase, would be difficult to distingUl:,h from the original matenal A mean" 
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Figure 7.29 (a): Sintered silicon nitride As-sintered (left), and 
after reaction. 

Figure 7.29 Cb): The morphology of whiskers grown on the 
silltered silicon nitride. 
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Figure 7.30 (a): Iso-pressed a-silicon nitride before reaction. 

Figure 7.30 lb): Iso-pressed a-silicf)n nitride after reacllOO. 
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of observlng the growth of silicon Dl tI-ide from the gas phase will be detalled in 

the next section on seedlng of carbotherrnctl reduction 

In summary, these expcnments have shown that there are two critical 

steps ln tht~ furmatlOtl I)f:,Ilicon nltride in carbothermal reduction ofsilica' (1) 

nucleatiun wll! only take place (1) ,1 carbon surface, mdicatmg the gas/~olJd 

reactlOn (Et{ 7 .)); and (2) once nucleJ tiun has t aken pin ct:· , partlde 01' whlsker 

growth take~ place by the deposltion of sllicon nJtnde VIa the g8.S phase 

reaction (Eq 7 6). Tht~ gllS phase reaetion wIll not take placE' on relatlvely 

inert substrates such as alumm<l and boron nItnde, but only appears ta 

proeeed on a pre-existing a-silicon nitride surface. 

7.8 SEEDI~J~: 

Past observations of seedil1g of carbOlVsilica mixtures with fine 'Silicon 

nitrioé' seed particles have shawn tba t the particle size of the a-o;;ilicon nitride 

produced IS much smaller than for powders produced [rom unseeded 

matenals. {noue et ai 129 l'3.rried out a sen~~ of expenment::. with a v8nety of 

difTerent ~di<.'()n nitnde seed conLenl:3, r::mgmg from zero ta 30 wt ~à of seed to 

sdlca. Th~ pre:,ent Investigation used a 3lmtiar :"unge of :,eed contt:nl;~ to do a 

cOl11parali,,~ study and observe how the parude size devehps with seed 

content.. The only difTerence between this work an1 that of Inoue et al. was 

that the readIOn temperature was kept :lt lSOO"C lllstead of 13.50"C used in 

tht'u' study 

Ali nf the experiments with different seed ratIOs gave hlgh yields of Q_ 

silicon nltride (from XRD analYSlS), but Lt was also notlced that the propr)rtion 

of ~~-sdil'on nltnne became more prevalent than ln unseed~d materials as the 

::-eed L'tJtltèn t Increased Tnè as-received l'BE powder (S.N -E-IO) that was used 

as tlw ~et'd maten~d nad.\ ::'lg'llltïcant quantIty (-5-8('(,) of P-sIlicon nitride"'~. 
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Thus, it is supposed that the ~-silicon nitride seen after carbothennal 

reduction was a residue of the seed material. 

7.8.1 Particle. Size 

The results of median particle Slze (d50), the powder surface area, and the 

cumulative particle size di:3tributlOD in Table 7.2 and Figure Î 31 show huw 

the addition of seed materlal reduees the parücle Slze The unseeded matenal 

Table 7 2. 
Silicon mtride particle Slzes and ::iUrflce art>us 

of seeded :lnd unseed~d precursors. 

Seed cuntent d:')(j Surf3c~ al e:t 
(%) ()lm) lm ~/g) 

unseeded .t ') :2 L') 

.5 2 5 4P. 
---

50 2.5 47 

has a very broad dl<;tribution wlth Cl mean p3rtîde S17!::: of ..J..,) !-lm, which lS 

relatively brge compared wlth the 'iub-!TIlrron rang!:' required for (j ce/'Umic 

powder with g00J ~itltf:rlng ch3racten~tlcs. The :Jdl.utlOn of (m~y 5% sdicfJll 

nitride seed greatly fpdlice!::> the nlèdwn partide ~lze ta 2 5 !-lm, narrows the 

size distributlOn con~iderably. [md more th3.n double~ the pf)wder 'Jurface 

area. In cüntra~t, r::usmg the seed content tü ;'jW,~ d(Je~ nothJng tu reclure the 

mean particle :,lZé ûr ch8nge the ':>urface un:a, but br()'lden~ the partlclf~ ':Jlze 

distribution sigrllficantly Thl~ Jndicates th;lt the additIon 'If large r amount::, 

oÎ seed particles serves only tü crr:ute large ugglf)meratt.~'J AI'Jo "hIJwn ln 

Figure 7.31 lS the particle size distnbutlUn for the CBb S:"I-E-IO ;)(;f'd 

material. This clearly dlu!:5trates how much finer the seed powder is than the 

powders prüduced by '.:arbothermal reductÎon. 
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Figures 7.32(a) to (rI are a serIeS of microgr.1ph~ of thl' powder~ di:;;cllssed 

above. The uns-;;,eded reaLtant8 produced :l gO{ld equiax~d morphnl\)~y, but 

with a gralIl size of betwe~n :2 tu ·1 !-lm, whlch is in g(wd a~n'Nlli:'nt wlth tht' 

Sedlgraph results ThE mlL'rograph aLo ~hllWS .\ numbl'r ,l( l.lrgl r 

agglomerates, as weil .13 partH:les, which w0uld :lCl'ount for tht' ,vicie st 1. t' 

ùistr,butlon seen. By seed1ng wlth )C'[, ~eed, the Indlvlciuat p.u·tlde::. hel':lml' 

much srnal1er, 0.5 ta l pm. WhlCh lS smaller t.han the sediv,raph ~l's111b 

indicate. which lS dUt> ta ag61,1llH.rntion. The agglorTlt'ratiun problem l~, mùre 

noticeable whel1 thl~ sepd cornent IS increased t,) 5.)0(,: Fi~5urC' -: 33 '~hows an 

agglomer~te communly C!l.LOuntefPd ln thl::, pnwder. The inàlvldu.ll partlc!E'!i 

maldng up the agglümeratc are suntlar in ::.tze tü th. Ise setn 10 the powder 

originally seedcd vllth 5','0 sIi~t on nt tridt,. 

The ag-glomerat2s procillced from the :),"1" ::;eed m,lter131 can be brokt'n down 

quite ea~dy by gnnding the powder ln ~ pC5tle and mortar Fi!!,ll re 7 ~14 

shows huw, aftc'r a shl)rt penori Il[ gnudmg. the medwn parl1df' ~Ize Wè}:, 

redured from 2 ;) J:.lm d .. wn t() l 9 !lm. 

The prevwlls work by inoue et :.l1.12~ ~howeù that. at the lowcr tempenlture 

of 1350°C, the reaction klneti(~s were enhdnced, le3dwg Lü 3 great,!r yldd 1)[ 

sIlIcon nitrtd€ by the addItion of seed mate! ial Huwevcr, gond part!de 

morpholQgy did nol bf!Cüme apparent llntd large :Jn}f)llnt~ uf ')~ed Ollttl!rial 

were used (Si1.:\" !:Sl02 ::-.=)Oq,), 81Jch:l largf' fJPrcentah'.! Ilf '')Ct~r.1 m:ltl'nal 1,> 

irnpractlcnl Slnce, :l~~sllInlflg the completE: conver'Sll)n l)f .,dîca tl) ·,t!ll'On 

njtnde, t.he propo:-tjol1 u[ :::,ced sIlicon nltflde n-'malnlng ln tht' final product 

would be at least 64f'7c by welgh t. 

ThiS statement 15 mad,· as~urn1ng that the oflgln~t1 ')~f::'d matel"l3t d()f~'~ nt)t 

take pa rt in th\:' react lOrl, no refefF.!nce ha~ ever nel:n m,Hle a~ to whether th,~ 

seed rnatenal takes part in the reactlon ordtJt':, in fad remain :-,irnply a~~ a 
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Figure 7.32 (a): silicon nitride powder. 
Original seed (;onteut = 0% 

1 pm 

Figur~ 7 32 th): silicon nitride powder. 
Original seed content = 5% 
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1 \lm 

Figure 7.32 (c): silicon nitride powder. 
Original seed conlent = 50'"'/0 

10 11 fi 

Figure 7.33: An example of an agglomeralt.: ffJund Irl puwder::. 
seen in Figure 7 32 (C). 
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source of nucleatlOn. smee there IS ,1Iso a posslbility that thl' bal'k n':\dlll(1 

(Reaction ï.5) can OCl!ur: 

(7."l1 

This could act as a preliminary :5tep to the renucleation of ~ilicnn nitride 11[1 

the carbon Vla Reaetion Î 6 . 

jS/() - .le -.v 1 -= '-;/ ,.V 1. - ,~('() 
-1' .... 1 _1., \ 1 ~~) f 

17 11) 

This has proved difficult to venfy since it is Imp()~,",lhlt' tu dl~tlnI4tll....,h 

unequlvoeally between the 5eed matenai and the real:tliln pn1d\ll'b. Ir LIH' 

back reaLtlOn (ReactlOn '/ .. =J 1 were to oceur, then. :,II1t.:C larger qU:lntl U .. ...., of SlO 

gas wOllld be produced (6 moles of SiO !Sas tu 1 mole I)f Si IN 1), the ovpr:d\ 

weight loss dunng carbothermal redul'tlOn shlluld abo Incr('a~e tltrllugh ll)....,~ 

of the gas l'rom the reaetllm bpd Table ï ;3 1:' the calcula ted l():,~ of :,llica a~ 

SiO g:=ts (See Appendlx III for culculatlOn::,l for Incre:I':>lng l'ontt·rlt...., of ",t·t·d 

T.1ble ï .3. SiO~ [os:, as SiO wlth lf1<Tea~lng "l'pd 
content 

Seed Conten t Wel~ht' 1 

(Cr) SiO~ I()~)t ,!,:> 

Sl() 

---
() 9?-l 

') l~ !) 

2:) <} :2<1 

.33 ! f5 l 'j 
--

-)1) J n .jK 

the seed ratio lOcreases, but t!le sCcltter Iif re'luit::, fender'") thl'> wcrJnl'!\I"I':f' 

In trying to shed light on this possible readlo!1 step, sll!ca (EH5) and ..,dl('()n 

- l;:j 1 -
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ReactIOn 7 5 Un the absence of carbon), and heated to 1500°C in nitrogen, with 

the n .. .:.ult that only 13% weight 10ss occurred. It was expeeted that a great 

deul more weight loss would have oceurred, and that the reactants would 

almo~t disappear XRD analysis revealed that the major eomponents in the 

resldue were G-'lIlICOn nitrtde, cnstobalite, Llnd the amorphous band 

characterI~tlc r)f ':ltllca. Therefore, at hlgh seed contents, the presence of 

carbon appenrs tü :.lld the evolution uf SiO gas for reasons which remain 

somewhat undear. 

782 Observation of:'-JuclpatIon 

The complexIties of the formation of silicon nitride by carbothermal 

reduction make the task of determining reaetion stages and nucleation 

mechanlstI1!:> extremely diffieult. The faet that the ceactlOn lS c.1rned out at 

hlgh temperatures makes directobservntion Impossible. In orcier to follow the 

nudeatlOn ;md growth processes in such a case as seeding, the nucleating 

partideshgents must be clearly distlngU13hable ln the final product from the 

matenal fonned during the reaC'twn From the mierographs shown in Figures 

7 .3~(b) and (e), thlS cannot be done However, If the morpholagy of thE' seed 

material were ta be signiflcantly different to that of the produet, then 

idl'ntifïcation would be made Simpler. 

1'0 investlgate the nudeation processes, fine a-silicon nitride whiskers 

were used a::. the seed mntenal, instead of sIlicon nitride partlcles, with a 

weight fraetwn of 5(,(,. Figures 7 35(a) and (b) shaw the whiskers prlOr ta 

mixlng and thelr conditIOn :1fter reactlOn, respectively 

If the ha\.'k re.lction 7 5 were ta occur, then the Slze of the whiskers might 

be expeded tn dimlnlsh Instead. qtute the reverse hnppens: the whiskers 

grow and are nu longer sffil)l)th, but encrusted wlth particles. The product is 
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Figure 7.35 (a): A ffiicrograph of the silicon nitnde whiskers. 

10 llm 

Figure 7.35 (b): A mic~ograph of the product of whbker ~eeded 
matenal. 
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entirely u-silicon mtride, wlth no trace of any other phase, either crystalline 

or amorphous. 

Since the whisker~ grow lnstead of shrink sorne other process is involved. 

Two methods of fonnIng silicon nittide have been previously detailed in 

Chapter 3 l, where SiG gas can react with carbon as: 

'lSt() +3C t2N., -.St]N" +3CO 
(Ffi 1,1 _Igi • ...SI (g) 

(7 7) 

or by the gas phase reaction: 

3."'/0 + .3CO + 2N.)( -. St N.. + 3CO')( 
igl II:I _g) J'-s} _g) (7.8) 

and it is the latter reaction that will be considered here. 

Section 7.92.1 on lhermochermstry will show that both of these two 

reactions are possible uncler the conditions for carbothermal reduction. 

However, for the gas phase reaction ta pr1Jceecl ordinarily to form si licon 

nitride, elther hOlTIlJgeneous nucleation must take place in the gas phase, or 

nudeatlOn must take place on a suitable surface (Section 3.2.8.2). 

Freund Jnd Bnuer lt ,') found that homogeneow; nlldeatlOn of iron from 

Fe(CO)G ln the gas phase was prevented by the lack of suffiClent transfer of 

the heat of conden~ation by the gas away frorn the nuclei, thus mamtaining 

ItS lnstabllIty Thls meant that very large nuclel had to form, WlllCh requires 

a large aetlvatlOn enE'rgy ThiS was accompltsheJ by subjecting the gas 

phase to shock waves ta promote nudeation. The anly other way that the 

actIvatIOn energy for thi,::> prol."ess can be lowered is la provide a "wettable" 

surface in which the bttlce planes wlth high cl spacings h3ve less than 15% 

rlisregl~try \VI th the phase that ferms (Section 3.2.8.2). 
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Even if the nucleatlng surface were to have perfect l'eglstry wlth thl> 

nucleating phase. growth î~ not likely to occur on:1 perfect defed-free surf~\ce. 

Hull 165 states that the supersaturatlOn (Prpe) reqUlred for growth tu on'ur 

would have ta be 111 the region of50% whereas m re::l.lity, the supersaturatinn 

is closer ta F';(.. The required supersaturatlUn IS greatly lowl'n'd by 

irregularitles or defects in the surface where atoms or mlliecule:::. l'an hel"lIme 

readily attached. The activation energy for the addition (lI' atO!T1::' or 

molecules to a perfectly Dat surface 15 high, and IS lowered greatly by the 

presence of defects, such as screw dislocations that termmate ,ü the aystal 

surface 1t:i7. These characteristicaJ1y produce a step whlch wind::-, ltself mtn a 

spiral around the pomt at WhlCh the dlslocatlOn ffit'et::. the surface The ~tep so 

formed is a site where atoms or molecules become added tn the cry~tal, and 15 

the widely accepted rnel'hânIsm uf LTystal growth. ln additIOn to thls, ,\t()m~ 

or molecules can aisu be adcJed slI1g1y ta a rough, Irregubr ::,urface 10 the ::-,ame 

way168. This do(>~ not meHn that the activatiOn energy for thl~ addl lion of 

atoms to a surface at a dis( I~ntmuity Îs zero, hut l"i surne finite value. Thi~ 

would also mean that the l'ont;,ct ang-le 8, between the nucleu'3 and nudea tion 

site for self-deposltif)U (homoepltaxial growth) i::. greater than œflJ11,'J. 'l'hi::. 

has been borne out by self-depositIon studies ofsilieon uo ::,1 Ileon 170 IIowevcr. 

despite this activation energy barrier tu growth, lt IS likely to be much les!:) 

than the actlvatlOn energy reqUlred for nucleation (e~tlmated by :VIon et 

aL102 for sï!icon mtnde a~ 682 kJ/rnol) on a heterogencous nudcatlOn ::.ite. 

Bric::e l67 dbcU5SCS this ln term:, of an energy barrler, ~Gl (Figure 7.:36) that i~ 

greater than the difference ln free energy hetwecn thf~ :\t()m~ ln th(~ grrJwth 

phase and crystal. The~e generalized concept~ are va!Jd regardle~~ I)f the 

system, whcthcr it be growth from a molten phase of frfJm the vapIJur pha~e 
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Crystal Gas Phase 

Atom Positions 

Figure 7.36: Activltion energy barriers to the movement of atoms 
close to the crystal/gas interface. 
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Thus, growth of silicon nitride particles during c:ubothermal reductinn 

can be considered as a CVD process, involving the self-depusltinn of silicnn 

nitride on silicon nitride particles. Kijima et al 1 ~l have also llsed 

carbothermal reduction of carbon and silica mixtures as a CVD technique tu 

coat silicon w~fers with a layer of silicon nitnde. This forrn of g-rnwth 13 alsu 

seen as beillg the process by which the whiskers ln the whiskl'r seeded 

rnaterial ~Tew (section 7.8.2). OriginaUy, the whlskers were smooth bul, atler 

heat treatment, becarne very rough and irregular. It IS suggested that duri nK 

the powder rnixing and processing stage, tht> whiskers beCOffit.' scratched and 

damaged, thus creating more àiscontinuitiE's ta ad as sites for nucleatlOn on 

the whisker surface, In relating this ta seeding with fine partidc::., il is nut 

clear whether the powder particles that fonn during nitridation art> du~ tü the 

growth of t.he seed particles alone, or nucleation and growth of more partide~ 

on the seeds. 

Taking the latter point first, in the case where high sced contents were 

used (50% seed) and, assuming that two or more particles can be nucle:Jted by 

a seed, it wl>uld he expected that the partide size àistribution that evolves 

wnuld be bimodal. Instead, the distribution th3t IS seen lS not bimodal, hut 

wide, consisting of agglomerates and particles. AIl of the par tic:l~,s that are 

seen are much larger than the original ':leed material, suggesti ng that the 

seed particles must also grùw. 

lf the seed particles themselves grow, then, rather than nucleating other 

particle<:>, the number of partlcles that fOnT! should be slmilar to the numn(:r of 

particles introduced ilS seeds. An approximatIOn of th15 can be mude frum the 

cxperimental data 

Appendix IV details the calculation of the approximé te number of 

particles of silicon nitride formed per gram in unseeded and 5% seeded 
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1 
carbon/sdica mIxture::> (molar ration 7'1), as weil as in the seed powder (Table 

7.4). As would be expected, the number of partldes produred in the seeded 

materialls almost tW() orders ofmagnItude greater than the number produced 

from un~ceded matendl If the seed parttdes were to grow ra ther than 

nudeate nther partidc!:> (a:-,:::,ummg sIlicon ni tride form~.l prderentwlly on the 

:::,eed rather than carbon), then the numberofseed partldes 'ldded ~hould be of 

"Imtlar mag-nllude to th,lt of the numoer of pa.rticles formed ln the seeded 

material, whicti appt>ars to b~ the Cilse l'hus, if Lhè particle Size uf the seed 

powder were to be decreased. the .1umber of p:utides per gram of material 

added would be Increased. Slllce there would be more growmg particles, "Le 

ultImate silicon nitnde particle Slze produced shcuJd decreàse. 

Tabie 7 4 The number of 
partlc!es/gram of Silicon 

nitr/de 

# Part!cles 
PE'! gram 

Uncf:eded 6 4 l( 1 09 

SE'p.ded i 73 Xl0 11 

Seed Powder 40xl0' 

Ta test thlS hypothe~is, :ln expenment was dt'vised usmg Starck LC12 

silicOll mlride a!:> the seed powder Thl~ powder has a high surface area of 

-2.tm~,g (CHE S~ -P.-H), ~·9m2/g), which is due ta a la!'p:e proportion of fine 

partides .• \ direct reslllt of the gnndmg that is dont": d'.lring prOLesSlng. 

FIg"ures 7 3'i' and 7 :38 :1f1~ the particle Slze distrihutions ,md rnicrogmphs, 

respectively. of sdlclJn nltnde pù\vders that were derived from CBE and 

St,ll'l:k seeded nutt'rial It i::> quite clear from these fig~.l[es that the particle 

Size produl't>d has been reduced by using the Starck seed powder, Therefore, it 
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Figure 7.37: Cumulative particle Size distnbution of silicon nitride produced from mixtures seeded with 
5% Ube SN-E-IO or Starck LC-12. 
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Figure 7.38 (d): silicon nitride prùduced from 5% Ube ::>eed 
material. 

Figule 7.38 (b); ~iiicon nitnde prlJduced l'rom 5% Starck seed 
material. 
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15 postulated that the devel\)pment OLl tint' partIl le Sl!t' ln t!w tin.i1 ptl\\'lh'r 1..., 

dependent upon the number l,f st'l'd partlde~ that ,1ft.' ,Iv,ul.lhlt' l'tIr ~r(lwth .. 1'. 

opposed to nude,ltlt)n IJf mure partldt>:-. nt1 the 3E'l'OS ,lI1d tht'\ r :-'\lh',PqUt'lll 

growth. However. Il 15 likely that both pmcesses are takll1g phH·t'. "'11H'l' tilt' 

whlskèrs SèeIl Ln Figure 7.;];; cleiinttly show that partIcll'" dll tlUcll':ILp 1)1\ 

them. From these observatwns II rn~ly be l:r/ncluded that tlw ~1'I)wth ,JI pr\' 

eXlstln g pnrtll~ les predurnJ na tes [)'I,'(' r the n Ut: le,1 tlOn I)f tWW pd rI Il' 1 t'''' 

7.8.3 Whlsker growth 

Section ï 7 showed the growth nf sdlL'lJn nltnde whi~kt'r~ Iln t hl' ~lIrt',I\'\' 1)1 

a carbon substrate by deposltlOn from the gas pha~e Ex.ld!y wh.lt dq)l}:-'ltwn 

meehamsm was responslble for the whlsker growth l'ould not bl' dl'tpflnl tlt'd 

'jince thf~rE' was no sign nf a globule at th\.' tqJ of the wlll .... kcr'o th.lt wIJldd 

indirale ,1 Vst reaction Frum the I)bl)ervatl()n~ ·)f ~,l'edin~~, howt'vPI'. Il 

appe~-1rs that pal'tlcle growth t::lkes place by ~cjf-depwIlll)n. and 1\ l', :1~,..,Il!JlI'c1 

that whisker growth occurs in the :,;:lm\: \Vay TEM ,>Wdl,,·)I!.! 1)1' 1.111",(· 

whi~kers shown that the l' 3.XI~; of the sdico!1 Illtndp Ilnlt cl,jj i') p:lr.t1jpj 1,11 tllI' 

whlsker aXIs. T'herefore. lt I1lJl:Sht bt.' exp,!(·l<·d tb.ll g/'lJv.th le., 1)1'('\lnltl~4 hv 

additlOn tü a screw di::..locatlUn whu;:,p Burg!~rc, veetor Ile,> par :1111'1 tq tllt' 

wh1sker aXIs. As for the prer>.:!rént~al fonnatlon I)f Whl',kl'r., ll1',u',ld 1)1 

powders. 11; appe:lfs likely that thls IS due to LI dlffpl'P[I('f; ln .,llp!'!c,:II,IJl':IUfJll 

condltums 

The number u1' favourable nudeatiotl ~lt(~::., III the form (·t )tl'!J', 1)/1 !jll 

surface ofa growlng crystal, 1::> depend~nt upun the :-,uper!::>aturatwn Id t}w f.;:l, 

or liquid phase from which it is grnwmg 1 ,'!. Increaslng' the 'lUpf~r'~;jtljt·al.lI)n 

increases the number of avadable nucl~~atlOn ..,Itec, At Vt~ry ll)y 

supersaturations, ':>crew dü·,lucations that ,=mergf~ at the ::.urface (;1' :J (~ry·..,tal 
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Mdiii Jn. • 

are !ikely to be the only sources of nucleatlOIl and, therefore, growth of the 

cry~tal occurs preferentially in the dire('tion of the Burger's vector of the 

dislocatHJn 

7.8.4 Seedingoflow surface area carbon precursors 

lt was shown in SectlOr'l 7 A that the surfare area of the carbon has a 

signifi.~ant efTect on the y1eld of ~Ilicon rutrlde: Low surface area rarbons 

resulted In a large p~rLent.age of re~idual amorpholLs si!ica, wherf'as hlgh 

surface :lre3 çarbons produced onl~, a slIlL m nltride Seeding 2xperiments 

uSlng a low surfal:E' 3f('a cnrb<.lo (MBOO). high surface ruea silica (EH5) and a 

seed content of5 wt r;() ~lhcon nltnde (by welghtoîsiEca, C'BE S0r·E-IO), were 

wnduded ID order to dlscover mûre nbout the importance of carbon in 

unseedt'o carbothermal reductlOn. 

Figuré 7 391a) and tb) shows the eOmp..lflSOn between the XRD patterns 

obtained from tht' powders resulting fmm the seeded mixture and from the 

same un~:;ep.ded mixture. Figure'ï 39(c) shows the particle Slze and 

rnorpho]ogy produced. The immediate differrnre between the two is the 

presence of the amorphous sdir3 peak ln the unseeried powde r , Whl..::h 1S non-

existent ln the seeded powder' the seeded powder lS entlrely Q ::lllicon nitride. 

This suggests that there is enoùgh SIO gas evolved by Reactions 7.9 dnd 7 10: 
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Figure 7.39: XRD of silicon nitride produced from: (a) un::,eeded ar.d 
(b) seeded 10w surface area carbon. 
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Fit.;ure 7 :39 (c) Sd!(:o!l nltnde powdt'r prudllced from a mixture ofa low 
~llrfa('e an~a earbnn (M-800) and a high sufare area 
sdlca (EII-5) wlth 5% seed (UBE SN -E-IO) 
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(79) 

SlO ~ + CO -:: SiC) + CO" 
"',,' lI~' Ig) .t..:) (7.10) 

which, in the seeded rnaterial, reacts to form silicon nîtride un the ~l't,rl 

particles by the gas phase r-eactJOn. On the other hand, for the ilflst:'erlerl 

material, the rate-controlling step is the nudeation of siiieon nitridt:.' lm t.he 

carbon. 

Anot.her observation that, can be made From this 15 thut the residual 

amorphous silic:l that was seen ln many of the- experiments wlth low surface 

area carbons ('ould weli have been a result of the reprecipitation of ::'llicfl [rom 

the SiO gas. 

7.8.5 Seeding oflow carbQ!} 'silica ratios 

Since the nucle3.tjon of silicon mtrirle ùn carbon by the gn::,/::,oltd reactlOn 

has been identlfiecl. a~ belng the rate determming step, and not the evolutlOn 

1)[ SiO gas, it was thought that seeding could be used to help red uce the 

carbon'sllica ratio. 

In order to demonstrate thlS, hlgh ::,urface :lrea carbon and stllca (M 1 '300, 

EH·5) werf:. mixed via the sol-gel proœssing route in a molar ratIO of 3'1, WI t.h 

,5wt.% UBE ~eed powder. The powder that was produced wa~ entIrely u ;,dtt on 

nitride but, as Figure 740 Sh0WS, the powder prf)ducf'd wa.., (.:xtn~mdy 

aggl()rnerated. This means that an excess ofcarbun 1::' stIll requlred ln urder tl) 

adequately dIsperse the silica and seed material su ch that the Inlpln~(!mf~nt(jf 

growing particles on one another is kept to a mlnlmum. For these typf""> (Jf 

- 165 -



F'igureÎ -W' An ng'glomerate of sdicon nitride formed from a low 
c:lrbon.sdica ra tio of 3.1. 
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silicas and carbons. high ratios. much greater than the stoichiometrll' 

requirement. will always be needed. 

7.9 THERMODYNAMIC MODELLING OF CARBOTHERMAL 

REDUCTION 

7.9.1 Estimation ofthermodvnamlc dntu 

In order ta moclel or perform any systematlc study of the carbothennal 

reduction of sllica uSlng the F* A "CtT :::.ysteJl1. the t.hermochermcal data for LI 

and ~ silicon nitridp had tn be estlmated from the existing clat,}. The reVlCW nf 

the thermochemistry ofsdicon rdtridl-' J.n Section LI ~howed that m()~t of the 

data of ~G as a function i)f terupemture l,btalned fI (Jm l' qwnmenta tiOn were 

based upon measurements takèl1 frrJm ~ '"dicon nitride TI1<~ m()~t recent data 

are the evaluation of the hcat cap8clty and the entl'i}pv at :298K by 

Koshchenko and Grinberg1-l1 14:!. the latter of which lS clo~e to \ hl; values that 

can be derived from Colquhoun et aL. The re-evaluatLOn (JI' this data by 

HendrylJl meant that the entropy value for p is negatlve, sugg't'!:>tmg loo great 

a dependency on the temperature, Tne entropy at 298K for 1l1lS work wu:::; 

therefore taken as bell1g 64.2 kJ/mol, after Koshchenko and Gnnberg. The 

entropy at 298K for Q was then evaluated by making three assumpti()n~: 

1) that the transition temperaturE: of Q ta p is approxlmately 15GO°C, since no 

direct formation of ~ is ~een below this temperalure during carbothermal 

reduction. 

2) the heat capacity (Cp) data for Q is that found by Satoh l 14, and for 1~ is after 

Koshchenko and Grinberg. The heat capal..'ity data for the two pha..,(~.., are 

very similar, but this is a1so true of bath the Cl and {~ pha!:>e~ of ~dlC()n 

carbide. 
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3) the enthalpy of transformatIOn 15 probably close ta 1.2 ta 1.3 kJ/mol. These 

value~ are estimated from the heat of transformation of a to 13 quartz, a to P 

tridimite, and a ta l3 cnstohali te. The transformation of low temperature P 

silicon carbide ta hlgh temperature a is alsa undetermined. Stull and 

ProphetJ.J7 adopted the V1ew thut the ~ phase was the mo::;t stable at aIl 

temperatures, and therefare, the heat of tranformatlOn of {) ta Q SiC over a 

temperaturC' range of 1400 J C ta 2100°C IS be;;ween -1.62 ta -1.89 kJ/mol 

(calcutated by F* A *C*T) Hùwever, since p SiC is observed transfarming 

to a SiC dunng slntenngl~3, the previous statement 1S thaught ta be 

untrue, and therefore estlmates of the heat of transformation are 

unreliahl~ 

Havll1g estImated the entropy data, it was then possible ta estimate the 

enthalpy of formatIon at 298K(j,Hof29S) for a sllicon nitride, by using the 

Equdib program. This was done by specifyll1g the reactants' side of the 

equatlOn as: 

SL0
2 

+ 7C + 200N 2 
(7.11) 

ta simulate the conditions during carbothermal reduction where silicon 

nitride is formed. An excess quantity of nitrogen was used to simulate 

flowing gas. The value of j,Hof29R fur a silicon mtride could then be entered 

and vaned on the F* A *C*T system ln order to produce the same phase 

assemblage at a temperature of 1500°C, as was observed in the experimental 

work. 'l'hl' complete data set found in this manner is shown in Table 7.5. 

These values l'an be verified using the Read program to calculute the 

temperature nt whl\:h sili('on llltride decomposes to silicon and nltrogen at 1 

almosphere total pressure. This was calculated as being 1920"C for the data 
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1 
..:lH'1 cU',> 1 ~-).2~\~, ... J" \ 

~H "'.:")8 
L pl, !\. 

Phase (kJ moil (kJ) I(J Kml)ll 

1 
.\ B C U 

-
a-SiclN.+ -870.U 1.23 1 61 .5 7 .. LJ 11:2 "/!59 -Ii ()4 ti :2~ til,:2 

p-Si 3N4 -,s6313 _====1~~3 103.90:2 \1;) .4:29 -2(1.() ~!) Il .-)71 

temperature of 1900 ù C'i,) 

These data wert' then used ta evaluatc: 

1) the fr,~e energy of rea~tion for the gas/solld and gas ph .. lse rL'actH)Il~. 

processe::" WhlCh expenmentation suggests are dlrectly related tn 

nucleation and grow:h. 

:2) the effeLts ofvarying the amount ofnitrogen feed gas and it::, errL'rt::. nn the 

deviation away t'rom equdibrium. 

7 9.2 Beadions in thf' Si-O-~.:C SysLem 

7.9,2.1 The formatiOn of;,ilicon nitride 

Earlier sectIons concernlng the depOSllton of "tlicon nltnde on 'Juh...,lJ:tll') 

(Section 7.7) and the effects ofseeding (8ectlun '7 ~) have Indic,tled that UWfI' 

are two possIble reaction~ for the formation I)f 'SIlicon ni tridI' Thl~ fir.,t l , tht, 

gas/solià reactlOn: 

3810 - ~C -LV = )I.V, -('() 
}lI " l, ~ , tI I! J 

(7 12) 

and the second is the gas phase n~adl()n 17.12), whj(~h tnvl)lve~ the depo'-.,ltL f H1 

of silicon mtride on pre-exlsting sdîcon mtride ~urfac(~:.,. 
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The React program on the F* A *C*T system was used to calculate the 

equilibrlUID reaction temperature and the free E'nergy C~GT) at 1500°C, in 

order tü determlne whether either one was valid under t.he conditIOns stated. 

The partial prèssures of each of the gases (CO, CO~, ='13 and SiO) were those 

determll1ed by the Equilib program at ~OO moles of N 2 for ReactlOn 7.1 L 

The calculatlOn (Appendlx Il shows that the equdbflum (.~GT=O) 

tempera~ure for both the gas/sohd and gas llhase reactions IS 1500°C for the 

conditions stated above, Sd that bath rpadi.ons may theoretlcally proreed. In 

reality, the redctlOo rnute that :t; taken 'vduld de pend on the activation 

energy harriers to ~2ach th~lt must be overrome From the series of substrate 

experiment.s. the ,:arbon ,>urface 15 the preferred nucleatlOn SIte for SIlicon 

nitride uver :-Hl !l'Wei material like alumina; therefore the activation energy 

must be IDwer for thF ;;as/suhd re3ction. This is not surprising since, in the 

absenl:e of a sUltable !::>urfaee for nucieatwn, the gas phase reactlOn would 

require hornogeneous nucleation to take plCtc€'; 3. process requinng a greater 

actlvatIOn energy than heterogeneoè.s nucleation (Section 3.2.8.1), 

7.9.2.2 The back reactiün between silica and silicon nitnde ___________ w_ 

The baek reactlOn between silica and silicon '1itride was invest.; gated in 

Section 7.8.2 as a posslble mean~ of reaction between the silicon mtride seed 

parttcles ~lIld the sIlle.1. It was not known if the Origlll[lJ seed p8rtides were 

eonSllmed dUr! ng carbothermal reduct.ion as per Reaction 7.5, or whether they 

did not parth'lpatc in the proces!:>. acting instead as a ~urf3ce for nucleation. 

Increasi ng- t lk seed con ten t of a C :SI O~ mixture appeared tü increase the 

amnllnt of sIl iC;1 lost as SIO gas. but result~ '.Vere inconclusive. Similarly, the 

rC'.ll'tLOn betwcen il mIxture of .3d 1ca :.md silicon nitride in a 3:1 mobr ratio at 

lS\}l) 'C dld not show very much l'l'action. 
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By entering the same reactants (SiO:!. and 5i3N t) plus an exl'eSS of 

nitrogen ~to simulate the nitrogen atmosphere used) Intû the Equiitb 

program, it was round t.hat the resultlng prnduct~ U\ppendix l) wllulrl be 

residual silica and sIlicon oxynitnde. Sdl<:nn nxymtndt' 1"> Ilot apparent ln tilt' 

reaction products in the ventIlated crul'Ihle, however lt I~ weil knuwn that in 

reality the formation ofsilicon oxynltl"lde IS SIUggl~hl 't and l'an only be 1l1.Hll' 

ta proceed via the presence of a liq uld phd::,e Thert:'furt', Slnre .lny rl':H"twn IS 

prevented by kinetic considerations, il would appear that thls back rl':H·tlOn 

would not take place under the ClrCUffi!:.tances encounterpd dUrlng 

carbothermal reductlOn. 

7.9.a Modelling of carbothermal reduction of silica 

In Reaction 7.14 the stoichiometnc ratIO of nitrogen:silica IS 1:l.5; 

however, using the Equilib progrum, it Was possible to ~how how the reactlOn 

products are affected by altenng the amount of nltrogpn feed gas. 

(7.14) 

Figure 7.41 15 the purtial pressures of oxygen, Lurbon monoxide and silicon 

monoxide obtai ned from the progrum for a 7: 1 carbon si 1 ieu ratio a t 

equilibrium against the nitrogen eontent ln the 3y!:.tem al 150WC. Abu 

shown on the figure IS the amount of llltrogen that marks the boundury 

between the stabtlity uf ~ilicun oxynltnde :JDd :-t1icun nltnde Thi~ pOint 

corresponds to a partial pressure of rJxygen of '7 2x 1 n :":0 atm, whlch h the 

sarne order of magmt1Jde as the value caleulaled fr'Hn expenment;J[ wIJrk by 

BleganJh for the formation of silicon nîtride. From an expcnrn(:ntal pOln t of 

view, this data can represent two sItuatiOn!:. either (J;, a vr.tflatl!Jn ln thf~ 

amount of feed gas introduced intu the system, or the 3mount I)f ga':. reaehlOg 
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the reactants, as in the use of the closed-end alumina crucibles. The 

experiments conducted in these crucibles at various carbon:silica ratios 

frequently resulted in the formation of small quantitles of silicon oxynitride 

(Appendix II) but thls was never the only phase present for exactly the same 

reasons given in the previous section. 

The effed uf nItrogen is to dilute the amount of oxygen and carbon 

monoxlde to levels that allow the formation of silicon nitride. This situation 

can be represented with the aid ofa predominance diagram, with the abscissa 

and ordinate axes being the partial pressures of carbon monoxide and oxygen, 

respectively. Figure 7.42 is the predominance diagram calculated by the 

Predom program for the Sl-O-N-C system at a constant nitrogen partial 

pressure of 0.98 atm (calculated tj Equilib for Reaction 7 11). These 

boundaries do not change significantly between nitrogen partial pressures of 

0.75 to 1 atm., which in Figure 7.42 corresponds to a range of 5 to 1200 moles 

of nitrogen feed gas, respectively. Line A-B on the diagram represents the 

equilibrium partial pressures of oxygen and carbon monoxide for increasing 

amounts of nitrogen feed gas seen in Figure 7.41. This line defines the 

equilibrium condItiOns for the carbothermal reduction reaction. At low 

partial pressures of nitrogen (A), the equilibrium conditions are well within 

the silicon oxymtride phase stahility region. At higher partial pressures of 

nitrogen (B), the equilibrium conditions are weIl into the silicon nitride phase 

region. lying parallel and very close to the Si3N-tlSiC boundary Since this 

line ideally represents equilibrium conditions. slight increases ln the carbon 

monoxide partial pressure (l.e. non-equilibnum conditions) could alter ,~" 

position of the equilibnum 50 as to stabilize silicon carbide. Therefore.· t, ... is 

thought to be the reason why silicon carbide is seen in trace amold1t" in 

readions carrÏt..d out in the closed-end alumina crucible; carbon mOnG:~H!~ is 
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not flushed out, wlth localized build-up promoting silicon carbide formation. 

When using the ventilated graphite crucible, the action of the gas passing 

through the reartants greatly reduces the carbon monoxide partial pressure, 

such that the reaction conditions are weIl within the silicon nitride stability 

reglOn. 

An alternative means ofviewing the systenl is shown in the predominance 

diagram seen in Figure 7.43, where the ordinate axis is now the activity of 

carbon. Once again, the Une AB represents the equilibrium conditions for the 

carbon monoxide partial pressure and the amount of nitrogen feed gas seen in 

Figure 7.41. ThIS line IS consistent with what was shown in Figure 7.42: at 

low partial pressures, the equilibrium conditions are weIl within the silicon 

oxynitride phase stabllity region, but as the amount of nitrogen feed gas 

increases, so the equilibrium enters the silicon nÎtride phase stability region. 

The equilibnum still runs parallel and close to the silicon nitride/silicon 

carbide boundary (a carbon activlty of 1.409), which is slightly greater than 

the carbon activity of unit y obtained by Equilib. This substantiates the 

suggestion made by Hendry and Jackioo that silicon carhide formation from 

rice hulls was promoted by carbon with activities greater than unit y 

produced by the pyrolysis of organic hydrocarhons. This modelling of the 

equilibrium conditions of carbothermal reduction ShoWS that there is a very 

delicate balance which, if upset, leads to the formation of undesirable phases 

such :JS silicon carblde and silicon oxynitride. In reality, the reaction must be 

carned out under favourable conditions that are weIl away From the 

equilibrium state. This was achieved by using a vcntIlated graphite crucible. 

The flow of nitrogen gas through the reactants (as opposed to being in excess 

in the system. as in the F* A *C*T modeling) would tend to lower the partial 

pressure of ail the gaseous species in the reactants much more than the excess 
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ofnitrogen used for the calculatlOns which assumes a large volume of gas. On 

the PO/Pl (J predominance dtagram, this would probably move the reaction 

equilibrium position to weIl wlthm the silicon nitride phase stability region. 

The idea of non-equilibri um candi tions brings the estimation of the ~Ho t'298 

for Cl-silicon nitride Int.) doubt. since this was based upon tl"e optimum 

reaction temperature of 1500°C, determined from experimentation However, 

two things would indicate that the assumption of a 100ver value would be 

incorrect: The first is that If the ~Hof298 for a silicon nitride were /\!duced ta 

the value obtained by Colquhoun et a1. 138 (820 kJ/rnol), the eqt.'1libriurn 

decomposition temperature 1S reduced to 1800c C; and second'y, the 

measurements of ~I-rof'29>3 for {l (Table 4.1) are much higher than the Iralues 

estimated here. Thus, the estimation of the thermodynamic proper' ,es of 

silicon nitride are valid and in accordance wi th the existing data for L.,ther 

species like si lieon carbide, sIlicon oxynitride and for experimen tal 

observations. 

7.10 SUMMARY OF RESULTS 

The process for the carbothermal reduction of carbon and silica mixtures ta 

form a silicon nitride powders has been shown ta be optimized by the following 

candi tio n s: 

1. Sol-gel processmg particularly for intimate mixing. 

2. Carbon silica ratlO of7:1. 

3. Temperature of 1500°C ta 1550°C. 

4. High surface area carbon, and high surface area silica. 

5. Nitndation of loose powders rather than compacted pellets. 

6. Nitrogen feecl gas scruhbed of 02. 
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7. Ventilated graphite crucible ta allow the feed gas to pa:is thrnugh the 

reactants. 

Despite these conditions, the a-silicon mtride partlcle size dertved under 

these conditions, being approximately 3-4 llm, is still too large tu be 

considered as a high-quality sinterable powder. The large partiele slze was 

seen as relating to the amount of nucleatlOn occurring during nltridalllln. So 

seed material, in the form of ultra-fine silicon nltnde, was used c\S a 

nucleating agent, which resulted in a greatly reduced particle size From the 

observation of the nucleation behaviour, it is proposed that the seed mater'ial 

did not act as sites for the nucleation of more parücles but, lnstead, grew 

larger bu self-deposltlon. The particles obtained in this manner are mUt'h 

smaller than those seen in the unseeded material because it lS suggested that 

therp are more seed particles than there were original nucleatlOn ::,lle::, in the 

unseeded material. Therefore, ln the seeded matenal, growth takes place 

preferentially on the seed particles, rather than nucleation ,m the carbon 

surface. 

In Section 7.6.2 on unseeded nucleation and growth rncchanisrns, il was 

observed that clumps of silicon nitride particles developp.d on the free surfaces 

within pellets of carbon and silica. The fact that the)' were in the farm of 

clumps suggested that they perhaps origmated from a single partlcle ofsilicon 

nitride that happened te form. Subsequent particles were then nudeated 1)[1 

this one and they, in turu, would have nucleated more in an ever-increa~lng­

cluster. However, it would be expected that there would he li range (Jf partide 

sizes seen in the clurnps from the recently nucleated up tn tho~e that had bel~n 

growing, WhlCh is generally not the case. Instead, it is ~ugg-e~ted that the 

development of the clumps occurs along the lines of the schematlc ~een in 

Figure 7.44, based upon the observations on nucleatlOn and growth made in 
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section 7.8.3. 

Initially, a cluster of nuclei form in a very localized area of the pellet sub­

surface the carbon/silica compact (a). The individual particles then grow (b & 

c) and in so doing, the clump expands outwards from the surface unUl the 

growth ceases (d). The nucleation in loose powder is presumed lo take place ln 

much the same way. 

7.10.1 Bulk Powder Production 

The amount of powder produced from any of the experiments discussed in 

this study has been no more than a few grams. The greatest hurdle ta 

overcome IS the scaJe-up of the process to make larger quantltles, espel'ially of 

a high-quality and reproducible nature A larger graphite cruclble was made 

(15 cm diameter by 23 cm hlgh) with a senes of equally spaced tray~, each 

with hol€'s in (See Figure 7 ·15). Holes were placed around the base of the 

crucible so that gas could flow Ln through the base and out through a hole in 

the top. The gas, flowing at at 1.9 Llmin, was introdueed into the furnace 

heating chamber, the only way out to the atm\Jsphere being through the base 

of the cru cible, through the levels of trays, and out through the top. The 

highest area carbon and silica (M1300 and EH-5) were ffilxed, using the sol­

gel preparation technique, in a molar ratio of 7 1, wlth 5 wt % (by weight of 

silica) of CBE seed sdicon nitride. The gel was not cru~hed up mto a loose 

powder in thlS instance, since the high flow-rate used tended to bJow the fine 

particles out of the cruclble. Instead, the gel was u<;ed in the <;tate that it was 

formed, wlth sorne of the larger lumps being brnken clown 

A carbon element reSlstance furnace wa~ used tü heat the cruclble Pnor 

to heating, the furnace was evacuated and then flushed wlth nitrogen. After 
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flushing, the gas flow was started. The crucible was then heated up tn a 

temperature of 1500"C, which was maintained for a period offive hours. 

Once the crucible was cool, the powders from each tray were removcd and 

kept separate, the carbon was then removed by heating the powriers at 700"C' 

for two hours. No immediate difference between the trays could be sc('n wllh 

the naked eye, except for the top tray which had many dusters of whlskers 

The space between the top of the cru.-:ible and the top tray was much larger 

than for any of the other levels. The Jccurrence ofwhiskers was thought tu be 

due to the turbulent nature of the gas flow ln tht;> upper level. 

The lower trays aIl produced fine particles slmilar to those seen ln Figure 

7.46 which were in the regio1"l of 1 !lm in diameter, wlth nu slgn of uny 

whiskers. The cumulative size distribution of the powder is seen in Figure 

7.47 with a median partical size of approximately 2.411m, which is larger th:tn 

the micrograph might suggest. Also seen in the figure is the distnbution for 

a commercially produced silicon nitide powder (Toshiba A-200), which has a 

median particle Slze of almost half that produced in this work 

The major disappointment with this powder was the relatIvely hlgh silica 

content detected as cristobalite by XRD, and confirmed by a hlgh oxygen 

content of2.77 wt%. 

From the modelling of the process with the F· A ·C·T system, The 

occurrence of silica was associated with reduced partial pre,>sure of nitrogen, 

and higher partial pressures of oxygen. This was probably as::,oclated Wl th the 

design of the crucible; since, under the present condition, the partIal pre~sure~ 

of the gaseous speCles would be greater at the top than at the ba::,e of the 

crucible, i.e. as the gas f1uws up through the crucible, ~o the gases like SiO 

and CO will be picked up and passed on from tray to tray, hecommg mure 

concentrated with lllcreasmg tray level. One way ta remedy thi~ would he to 
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have the gas flow -'in parallel" through the trays, rather than "in series", as 

was used before. Figure 7.48 is a suggested design where gas enters the 

crucible through ho les in the circumference of each tray, and passes out of the 

cruclble through a graphite pipe up the center, thereby eliminating severe 

concentration build up ofwaste gases. 
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8.1 

CHAP'fER8 

CONCLUSIONS AND FUTURE WORK 

CONCLUSIONS 

The research work into the formation of silicon nitride by the 

carbotherrnal reduction of silica has been carried out in order to determine the 

optimum conditions under which high-quality powders will form. In so doing, 

the manner in which silicon nitride forms during carbothermal reduction has 

also been clearly determined. 

A) The Influence of Carbon Black and Silica 

The carbon black has a two-fold effect on the conversion of silica ta silicon 

nitride: 

(1) The amount of carbon black used must be in excess of the 

stoichiometric requirement in arder to satisfactorily disperse the silica 

and prevent sintering. In this work, the minimum carbon:silica molar 

ratio that gave complete con,,~rsion was 7:l. 

(2) The specifie surface area of the carbon black must be as high as possible 

(in this instance 560 m2/g) in arder te provide sufficient nucleation 

sites for the formation of silicon nitride. 

(3) The particle size of the silica has no direct bearing on the degree of 

conversion to silicon nitride for ultra-fine powders with surface areas 

between 130m::!/g and 380 m2/g. 
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B) Mixing 

The advantages to using sol-gel processing of silica and carbon mixtures 

with iso-propanol as the dispersing liquid were: 

(1) lmproved dispersion of silica and carbon than for dry mixing of 

powders. 

(2) Full conversion of silica ta silicon nitride ('ould be achieved, whert;'a~ 

dry mixing could never approach complete conversIOn even when 

using large excesses of carbon. 

(3) The particle morphology of silicon nitride obtained from sol-gel 

processed mixtures, when using high surface area carbons. was 

always more uniform and equiaxed than powders derived from dry­

mixed powders; the latter were invariahly tape or rihbon 

morphologies. 

C) Particle Characteristics of Silicon Nitride 

(1) Silicon nitride powders with uniform equiaxed morphologies had 

qualitatively much higher nitrogen and significantly lower oxygen 

contents than those with tape or ribbon morphologles. The exi~tence of 

a high oxygen content is indiçative of either residual si lica or 

oxynitride. 

(2) The minimum particle Slze that could he produced in unseeded 

mixtures was between 2-3 llm with a broad particle size distributIOn 

due ta agglomeration. 

(3) The particle size of unseeded mixtures is affected by the condi tion of the 

powder mixture used. This particle size 1S achieved when using sol-gel 

mixtures that were broken into very ligh t powder!:> (blended a~ oppo~ed 

to crushed) providtng more free surface for nucleatlOn 
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D) Ideal Reaction Conditions and Thermoynamic "Modelling 

(1) The tempe rature range over which the maximum conversion takes 

place after a five-hour perlOd 1S between 1500°C and 1550°C. Below 

1500°C, the reaction is incomplete wlth large amounts of residual 

silica remalning, whereas exceeding 1550°C results in the 

formatIOn of silicon carbide. 

(2) Nitrogen gas f10wing through the reactants by means of a 

ventilated cruclble leads to the production of silicon nitride with no 

additional phases present. Thermodynamic modelling showed that 

an excess of nitrogen of at least 100 moles per mole of silica was 

required to prevent the stabilization of silicon oxynitride, and 

furthermore showed that sHicon carbide was a non-equilibrium 

phase. The action of the nitrogen gas flowing through the :eactants 

reduces the partial pressures of oxygen and carbon monoxide gas 

and therefore stabilizes a-silicon nitride. 

(3) Flowing nitrogen gas alone was not sufficient to prevent the 

formation ofsilicon oxynitride, but had to be gettered with titanium 

sponge to eliminate oxygen 

(4) Thermodynamic modelling provided a means by which a working 

set of data for both a and ~ silicon nitride cou Id be estimated based 

upon data existing in the literature. 

E) ~eaction Stages 

(1) Substrate deposition experiments demonstrated two ways in which 

sdicon nitride can form: The first is by deposition on a carbon 

surface, and secondly by growth or accretion on pre-existing silicon 

mtnde by the gas phase reaction. 
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1 
(2) It was shown that SiO formation ofcurred qmte readily, but th(' 

nucleation of silicon nitride on carbon by the g"as-solid reaetion is 

the rate-limitmg step Once sllicon nitride has nudeatcd, growth 

takes place by the gas phase reaction. 

F) The Effect of Seeding 

(1) By using 5 wt.% ofvery fine particle seed material. the particle size 

ofsilicon nitride after carbothermal reduction could be reduced by a 

factor of two. The ultimate particle size achieved was dependent 

upon the particle size of the seed material. The finer the seed 

particle size, the finer the silicon mtride powder that was formed. 

(2) A large excess ofseed powder in the reactants resulted in a heavily 

agglomerated powder. 

(3) From the seedïng experiments it was found that the set'd partH:les 

grow by self-deposition rather than act as nucleation sites for more 

particles. Sinee this was the case, nucleatlOn of particles ln 

unseeded reactants was envisaged as taking place on thr carhon hy 

the gas-solid reaction WhlCh, once formed, continued tn grow via the 

gas phase reaction. 

G) Bulk Powder Production 

Larger quantities (-80g) ofsilicon nitride were produced in conditIOns that 

took advantage of the conditions optimized in the preceding conclu:,i{)n~. A 

reasonably fine powder was ~roduced, but the mean partlc!e size did not come 

close to that achieved in a commerCial powder The oxygen content (2 7 wt.%) 

of the powdAr was high, suggestlllg that the reaction wa~ incfJmplete, and it 

was assumed that this could be overcome by a better reactor de~lgn. 
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8.2 SUGGESTED FüTURE WORK 

A) This work has shown that production of fine particle (l}lm) silicon 

nitride by carbothermal reduction starting with the precursors that 

were used is not possIble wlthout seeding. ThereforE' It IS suggested 

that other carbon sources, such as those den ved from organic 

compaund~, be lllvestIgated to try to determine the factors involved in 

nucleation on carbon. 

B) If seeding proves ta be the only way to achieve sub-micron powders, 

further work should be conducted to ascertain the influence that the 

Initial seed powder has on the product particle size. It would be of 

interest to try seeding with ultra-fine silicon nitride powders, such as 

those produced by the plasma technique, since these are the finest 

available. However, problems may arise if the seed powder is 

amorphous and may have to undergo a crystallization heat treatment. 

C) The bulk powders produced in this study had a relatively high oxygen 

content, the cause being attnbuted to the unsatisfactory design of the 

reactor. It was not known whether this was a result of insufficient 

nitrogen gas, or poor tempe rature distribution in the reactor. Further 

work should be carned out to: 

(a) model the flow of gas through the reactnr and reactants and 

change the de::3lgn of the reactor such that gas flow conditions are 

as ulllform as possIble. 

(b) study and optlmize the furnace tempe rature and the 

temperature distribution within the reactor. 

D) Flllally. the sintering behavlOur of the powders should be studied and 

compared with commercial powders. However, rather than using 

addit. v'e composl tions that have proved successful for other powders, 
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1 
new compositions must be tried that make allowance for, or take 

advantage ofthe silica and carbon content of the powder. 
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CHAPTER9 

STATEMENT OF ORIGINALITY 

This Ph.D. thesis is the fîrst complete study of the cri tical process 

parameters and reactlOn mechanisms involved in the carbothermal reduction 

ofsilica to farro silicun nitride powder. 

ThIS work has been the first to demonstrate the following: 

(1) The viability ofa sol-gel processing stage, using iso-propanol as the 

dispersing liquid, ln order to intimately mix ultrafine carbon and 

silica powders. Nitridation of carbon and silica mixtures prepared 

by the sol-gel method was shown to be more effective than with 

mixtures prepared by dry mixing. 

(2) The optimum carbon to silica ratio was found to be 7:1. An excess of 

carbon was necessary in order to: (a) adequately disperse the silica 

and prevent lt from sintering, and (b) to provide a large surface area 

for nucleation ofsilicon nîtride. 

(3) The reqUlrement for nitrogen gas to flow through the reactants in 

order to prevent the formation of silicon oxynitride and silicon 

carbide. 

(4) AlI possible sources of oxygen must he kept to a minimum in order 

to prevent the formation of silicon oxynitride. This meant using a 

graphite cruclble and the removal of the oxygen From the nitrogen 

feed gas. 

(5) That silIcon nitride, formed by unseeded carbothennal reduction, 

WhlCh had a nhbon morphology, was high in oxygea L1S opposed to 

equiaxed particles. which had a low oxygen content. 

A working set of thermodynamic data for a and p silicon nitride 

were established. 
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1 
(7) Thennodynamic modelling to show the efTect of gaseous and solid 

species on the outcome of carbothermal reduction. The partla 1 

pressures of oxygen and carbon monoxide. the actlvlty of l'arbon. 

and the volume of nitrogen feecl gas were found ta be lhl' t'ntical 

parameters controlling the formation of silicon nltflde With the 

aid of predominance diagrams. these parameters were effel'tlvely 

able ta show the complete SI-O-.:'-l' -C system. 

(8) The reaction mechanism for the nucleatlOn and growth of SI lIcon 

nitride: first by the nudeatlOn of SIlicon nitride by the gas-solid 

reaction (SiO, N2 gas and C) and then growth of the nucleated 

partic1es via the gas phase re3.ctlOn (SiO, N2 and COl. 

(9) The small addition of sub-micron sized silicon nltnde particl{'s as 

seed material, was suffiClent to reduce the final particle size to 

below one micron. The final particle size was dependen t. upon the 

initial particle size of the seed material· the smallcr th", seed 

particles, the smaller the silicon ni tride produced. 

(10) Th~ seed material does not provide addi tiona 1 si tes for the 

nucleation of new particles but, rather, grew by the gas phase 

reaction. 
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EQUILlB PROGRAM 

1 SiO 
2 Si~~ 
3 Si0I 
..j, Si·)C 
':i sië) 
6 SiC-
7 Si 3 
8 Si·) 
9 Sir + 1 
10 Si 
Il C:-';O 
12 :'-T ~o!) 
13 N204 
14 N~01 
15 ~O'3 
16 ~O'J[-l 
17 ~O:2 
18 N~Ol +] 
19 N~O 
20 ~or +] 
~l ~o 
22 C 10:2 
23 CO:2[-] 
24 CO'2 
25 CO 
~G Ol 
'27 0·,[-] 
:28 0:2 
29 Of +1 
:30 or-] 
31 0 
:32 CtN:2 
:33 C·,Nol 
34 CN:2 ~ 
35 C~N 
;315 C='ir + 1 
37 C='i[-] 
:38 C='i 
:39 NJ 
40 N:2 
41 ~[+ 1 
42 ~ 
43 Cs 
44 C-t. 
45 CJ 

APPE~DIX l 

GI gas 
GI gas 
GI gas 
Gt gas 
GI gas 
GI gas 
GI gas 
GI gas 
GI gas 
GI gas 
GI gas 
GI gas 
GI gas 
GI gas 
GI gas 
GI gas 
GI gas 
GI gas 
GI gas 
GI gas 
GI gas 
GI gas 
GI gas 
GI gas 
GI gas 
GI gas 
GI gas 
GI gas 
QI gas 
GI gas 
QI gas 
QI gas 
GI gas 
GI gas 
GI gas 
GI gas 
GI gas 
GI gas 
GI gas 
GI gas 
G, gas 
GI gas 
GI gas 
GI gas 
Gt gas 
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298.0 K - 2000.0 K 
298.0 K - 6000 0 K 
298.0 K - 6000.0 K 
298.0 K - 6000.0 K 
298.0 K - 6000.0 K 
1400.0K - 6000.0 K 
298.0 K - 3000.0 K 
298.0 K - 6000.0 K 
298 0 K - 6000.!) K 
298.0 K - 3000.0 K 
298.0 K - 6000.0 K 
298.0 K - 2000.0 K 
298.0 K - 6000.0 K 
298.0 K - 6000.0 K 
298.0 K - 6000.0 K 
298.0 K - 6000.0 K 
298.0 K - 3000.0 K 
298 0 K - 6000.0 K 
298.0 K - 6000.0 K 
298.0 K - 6000.0 K 
298.0 K - 3000.0 K 
298.0 K· 6000.0 K 
298.0 K - 6000.0 K 
298.0 K - 2500 0 K 
298.0 K - 2.'500 0 K 
298.0 K - :2000 0 K 
298 0 K - GOOO.!) K 
298 0 K - JUOO 0 K 
298.1 K - 6000 0 K 
298.0 K - 6000 0 K 
298.0 K - .3000.0 K 
298.0 K - 6000.0 K 
2980 K - 2000.0 K 
298.0 K - 6000.0 K 
298.0 K - 6000 0 K 
298.0 K - 6000.0 K 
298.0 K - bOOO.O K 
298.0 K - :2000 0 K 
298.0 K - 6000.0 K 
298.0 K - :2500 0 K 
:88.0 K - 6000.0 K 
298.0 K· 2500 0 K 
298.0 K - 6000.0 K 
298.0 K - 6000.0 K 
298.0 K - 6000.0 K 



-- ------------------------

1 
..\:6 C2[-] GI gag :298.0 K - (ionn Il K 
..\:7 C2 GI gag :298.0 K - ·tOon.1l K 
..\:8 C Gt gag :298.0 K - ..\:500 1) K 

..\:9 SiOq <--- LI liquid :2f18 () K 1700 () K 
50 SiO~ LI liquid 1 99Ô.O K - ,HlOO 1) K 
51 Si02 L2 Liq-trid 295.0 K- :100.0 K 
52 Si LI liquid 1685.0 K - :~.t9:2 0 K 
53 ~20~ Lt liquid :29ô.() K - :300 () K 

54 Si'3N~ <--- SI alpha :298 0 K - :2()()O () K 
55 Si 3~--+ < --- S2 beta :298 () K - :2()()() () K 
56 Si02 < --- SI quartzlAl :298.n K K.tl1 li K 
57 8i02 <--- S:! q uartz( B) 8.t8.0 K - :2()(}{) () K 
S8 Si02 < --- S'3 trid(A) :298 () K - JDO 0 K 
j9 SiO,) < --- S--+ trid(B) :390.0 K :2000 0 K 
60 SiO; < --- S5 cnst(Al :298 () K i.tJ () K 
61 Si02 <--- SI) crist( B) ,143 () K - :30()().O K 
62 Si2~:;0 <--- SI solid :298 () K - 210ll 0 K 
63,Si02 SI quartz(L) :298.0 K - ~..\:7 0 K 
64 Si02 S:! quartz( H) 8..\:70 K- Uj9fJ.O K 
65 Si02 S'3 crist(L) 298.0 K- :-J4:3.() K 
66 Si02 Sl aist( H) "i..\:3.0 K - t99fl.O K 
67 Si02 SI) trid 29ô.() K - :300.D K 
68 Si3~~ SI solid 298 0 K - 21.) 1.0 K 
69 SiC SI alpha 298.0 K - :3200.n K 
70 SiC S2 beta 298.0 K - :3200.0 K 
71 SI SI solid 298.0 K- 1 G8!) () K 
72 N205 SI solid 295.0 K - :100 () K 
73 C SI graphite 298 0 K - ..\:07:3 0 K 
7..\: C S2 diamond 298.0 K - 12000 K 

Code numbers of seleted species: 

/1-48/54556162697073 

8i02 + 7 C + 200 ~ 2 
(1773,1,86) (17 73,1,SU (1773,1,G) 

201.34 1 0.99007 :"l") 
+ O.98983e 1)2 CÔ 
+ 0.35178e- lI --+ SiO 
+ 0.14242e- i)() CZN2 
+ 0.29184e- iJ7 Si 
+ 0.14 797e-07 Si~ 
+ 0.850.52e- iJ8 C02 
+ 0.38278e- iJ8 C:"{ 
+ 0.38494e-09 SiC2 
+ 0.36161e-09 Si2N 
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,1 

of 

1 

+ f) 24455e IJ') c.):\ 
+ O.19691e-1Jg Sl-2C 
+ o 22045e Il) 'i 
+ o ;)fj244e 1 1 C~:-.I 2 
1- O.25i',')Îe Il Si :2 
+ 1) 1362Ue Il \"0 
+ O.1l931e- 12 C 
+ O.96436e-1.3 C~O 
+ O.9025Îe- 1 ) C) 
+ O.71701e- IJ SiC 
+ O.12628e-1 3 () 

+ O.1l227e- lJ C lO:2 
+ o B6696e 1 + Sq 
+ O.:3'6450e 1 t C2 
+ O.6295ge I:'j ~3 
+ 1).48163e- 1 ;) C~:2 
+ O.78703e Il) ~20 
+ 1) 2782.5e- 1-: Cf) 
+ o 16431e- 1-: C~ 
+ O.18158e 19 0') 
+ O.10085e-~ 3 ~b:2 
+ O.42620e- 37 03 
+ O.31884e-'39 ~O1 
+ O.1.543ge-41 ~~O1) 

( 1773.0, l 00 ,c) 

+ 5.0070 C 
( 1773.0, l.00 ,SI. 1.0000 

+ 0.33097 Si:1N4 
( 1773.0, 1.00 ,SI. 1.0000 

+ o.oooonE + UO Si 3~-l < ---
( 1773 0, l.OU ,S~, 0.99756 ) 

+ n.onOOOE + ()I) SiC 
( 1773.0, l.01) ,S2. 0 .ô9231 ) 

+ n.OOOOOE + 00 SiC 
( 1773.0, l.OO ,Sl,0.60436 

+ O.OOOOOE + 00 Si2N:20 < ---
( 1773.0, l.00 ,SI. 0.44750 

+ () OOOOOE + 00 SiO·) < ---
( 1773.0, 1.00 ,SI). O. 96092E-04 ) 

Gaseous Ionie species are su ppressed below 3000 K 

The cutoff concentration has been specified to O.100e-48 

Data on 4 product species identified with '<---' have been drawn From your 
private data collectIOn 
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~H 
( J) 

~G 
(,] ) 

..\S 
( J ) 

.. HI ..\ A 
IJ K) 1 J ) ( .J ) 

257498.6 -.59101.5 O.1.t5e ~ lU 178.567 :2.+:27GOA . 7:1t-t~9 ~ Il :2~) It~ , \1.\ 

Thermodynamic calculatlOn with EQCILIB relatllll; to the reaction betwppn 
silica and silicon mtnde. 

1 SiO 
2 Si2~ 
3 SiN 
4 Si) 
5 Si2 
6 Si[ + 1 
7 Si 
8 ~205 
9 ~20-+ 
10 N203 
11 N03 
12 NOz[ o.] 
13 i'r0? 
14 N20[ +] 
15 N20 
16 NO[ +] 
17 NO 
18 03 
19 02["] 
20 O:l 
21 O[ + ] 
22 0[-] 
23 0 
24 :--; '3 
25 N2 
26 N[ + 1 
27 )l" 

28 SiOz 
29 Si02 
30 SiO? 
31 Si -
32 NzO-1-

< ---

<--­
< --­
< ---
< ---
<---

G1 Gas 
Gl Gas 
Gl Gas 
Gl Gas 
G1 G.lS 

Gl Ga$ 
G1 Gas 
Gl Gas 
Gl Gas 
Gl Gas 
Gl Gas 
Gl Gas 
Gl Gas 
Gl Gas 
G1 Gas 
Gl Gas 
Gl Gas 
Gl Gas 
Gl Gas 
Gl Gas 
Gl Gas 
Gl Gas 
Gl Gas 
Gl Gas 
Gl Gas 
Gl Gas 
Gl Gas 

Ll Liquid 
LI Liquid 
L2 Liq-Tridy. 
LI Liquid 
LI LiqUld 

SI alpha 
S2 beta 
SI quartz(a) 
S2 quartz( b) 
S:3 tfld( a) 
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:2D8.0 K .. :2nnll n K 1 
~9H () K . t-j()O() 1) K :2 
298 0 K .. f3000.0 K :2 
:29R.O K .. :300() () K 1 
:298 () K .. 1)()()1) 0 K :2 
29~ 1) K . l-j()()() () K :2 
298.0 K . :Wtl() () K l 
298.0 K .. :20()() () K 1 
298.0 K .. ()O()!) 1) K :2 
298.0 K .. llOOU.O K :2 
298.0 K .. booo.n K 2 
298 0 K.. Goon 0 K :2 
298.0 K .. :30()() 0 K :2 
298 0 K .. flOOO.O K 2 
298.0 K .. f)OOO 0 K 2 
298 0 K .. !-iOOO.O K :2 
298.0 K .. JOOO () K 1 
298 () K .. :2UOO () K 1 
298.0 K.. nOOO. () K :2 
298 0 K .. :3nOO Il K 1 
298 1 K . f-j()()() (J K :2 
298 () K .. '-iO() () () K :2 
298 0 K .. :l!J()(J \) K :2 
:2~)H Il K .j()()(j () K :2 
29H.O K - :25(JO.O K 1 
298 () K .. f)IJOO.11 K:2 
298 0 K .. :2:){)1) () K :2 

298.0 K .. 170().O K:2 
1996.0 K .. :10(1) () K 1 
2~J5 0 K.. :300.() K 1 
lôH5.0 K - ~'+Q2 () K 1 
295.0 K.. :WIJ.O K 1 

298.0 K .. 2000.0 K 1 
298.0 K .. 2000 0 K 1 
298.0 K.. ~4R () K 1 
848.0 K - 20()().O K 1 
298.0 K - 390.0 K 1 



3b SiO·) 
:39 SiO~ 
-1-0 SiO'2 
41 Si~N~O 
.12 SlO~ 
""*;3 SiO~ 
""*4 SiO~ 
45 SiOz 
.16 SiO:2 
47 Sh)[ ~ 
4R Si 
49 ~~O'i 

<: ---
< --­
< ---
< ---

S4 trid(b) 
SI) cnst( a) 
Sf) cnst(b) 
SI solid 
SI quartz( 1) 
S~ q uartz( h) 
S ~ Cfl'3t.( 1) 
S4 cflsUh) 
5'5 tndymi te 
51 solid 
51 solid 
SI solid 

Cqde nurnoers uf selected ,=,peCl€s: 

11- 27 /2R,33-41,48 

3 SiO~ + Si lN.+ + 1:2()() ~~ 

1201.6 ( 0.99900 ~') 

+ n.100 11E-02 sio 
+ O.22711E-08 Si 
+ O.11567E-08 SiN 
+ O.50031E-09 NO 
+ O.22144E-lO ~ 

+ O.46180E-ll 0 
+ O.21998E-ll Si2N 
+ 0.29040E-13 ~20 
+ O.15599E-13 Si2) 

( 177;3 0, 1.00 ,G) 

+ 1 5990 Si02 
( 1773 (J, 1 00 .Sf-j, 1.0000 

+ 1.:sg91) Si2N:!O 
( 177:3 o. 1 O() .SI, 1.0000 

+ O.OOOOOE + 00 SiO~ 
( 1773.0, 1 on ,S,3, 8 .. 5138 

+ n.OOOOOE + 00 SiO·) 
( 1773 0, 1.00 .SI, 1.2'517 

+ n.OOOOOE + 00 Si02 
1 1773 n. 1.00 .S!), 1.0958 

Gaseous ionic specles are suppressed below 3000 K 

390.0 K - 2000.0 K 1 
298 0 K - .543.0 K 1 
543 0 K - 3000.0 K 2 
298 0 K - 2100.0 K 1 
298.0 K- 847.0 K 1 
847 a K - 1696.0 K 1 
~98.0 K - .543.0 K 1 
543.0 K - 1996.0 K 1 
295.0 K - 300.0 K 1 
298.0 K - 2151.0 K 1 
298 0 K - 168.5.0 K 1 
295.0 K - 300.0 K 1 

< ---

< ---

<--- X 

< --- X 

< --- X 

Data on 10 product species identified with '< ---' have been drawn from 
priv:J.te data collection 
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1 

REACT PROGRA~I 

The dat.l for the partml pressures used in the REACT program were obtalnl'd 
from the output ofEQlJ1LIB :1bove 

The gas solid reaction: 

3 SiO + 3 C + 2 ~2 = Si3N 4: + 3 CO 
(T,.3517E-4.G) (T.l,S 1) (T,.99007 .G) (T.1.S 1) (T. 9898E-:2,G) 

Calculations are based on the indicated number nf gram moles 

(T) 
(K) 

~H 
(J) 

~G 
(J) 

.lS 
(J IK) 

~A 
( J ) 

1773.0 -868717.4 12.3 -O.124e ~ 08 -489.976 -839235.6 29493.8 

The gas phase reactlOn 

3SiO + 3 CIO + 2 ~2 = Si3N4 + 3 102 
(T,.3517E-4,G) (T,.9898E-2,G) (T .. 99007.C) (T,l,S 1) rr .. 8505E-8.G) 

Calculations are based on the indicated number of gram moles 

~H 
( J ) 

1773.0 -1355302.0 8.4 

~s 
(,J K) 

~c 
( .J ) 

~A 
( ,1) 

O.513e-rll -764418 -12~H602.() 737137 
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SiO:! 

FOR~ILLA: Si02 

:.rA~IE. Silica CSIRO DATA 

FOR~ICLA WEIGHT: 60085 

PHASE ~A~IE 

(llwrtz( A) 
quartz( B) 
tridi A) 
tnd(B) 
cflst(A) 
Cfl~t(B ) 
cfl~t(B) 

liqUld 
llq uld 

CpRA~GE (K) 

298.0 - 848.0 
848.0 - 2000 0 
298 0 - 390.0 
:390,0 - ~O()() 1) 

298.0 - .')43.0 
~"\'3 0 - 2000 0 

2000.0 - 3000 () 
298.0 - 1500.0 

1."500.U - 1700 0 

~H TRANS ( 848.00 K) = 1.213 (K.] ) 

~H TRA~S ( 390.00 Ki = 0.167 (K J ) 

~H TRA:.IS ( 5~3 .00 K) = 1.343 (K J ) 

Cp = A + LOE-:3"'B"T(K) + 1.0E5*CT(K)**-2 + 1.0E-6*D*T(K)x*2 

r** ••••• ~ •• *~ •• M •• ~ •• ~~y~~F.**~?***x*******~x*****************x.**~**** 

PHASE ~H(29R) S(298) DE:.ISITY A B C D 
(K.] ) ( J,'K) (g/cm-.3) -------------------- ( J /K) --------------------

•• *.tf+Frf~ff*f*ff~f~~~~*~*~xf*****.****~**.~ •• *.**~***.~~*~*.~**~.x*** 
S, -910.8S7 41 463 46.944 34.309 -11.297 0.0 
S2 -911.186 :37 776 60.291 8.117 00 0.0 
S'J -907.489 ·13.932 13.682 103.763 0.0 0.0 
S-l -Q08.377 ..\,1 225 .57.070 11.046 0.0 0.0 
S5 -908.3"\'6 ..\,3396 43.126 ..\,1.927 -8.901 -7.427 
Sfi -90G.493 ;')().049 72.762 1.304 -41 378 -0.053 
St) -907 183 "\'6.376 72.012 16d1 -33.09;'5 -0.057 
LI -902.656 47.928 "\'9.950 32.152 -13.053 -10.416 
Lt -872.185 96.880 -9.339 55.898 0.0 0.0 

:.I A~IE. Si licon ni trIde 

FOR~ICLA WEIGHT' 140.285 

PHASE :.IA~IE Cp RA.:-.iGE (K) 

SI alpha 298.0 - 2000.0 ~ H TRANS (1823.00 K) = 1.230 (K J) 
S~ beta 298.0 - 2000.0 

Cp = A + 1.0E-3*B1:T(K) + 1.0E5*CT(K)**-2 + 1.0E-6*D"'T(K)**2 
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PHASE ~H(298) S( 298) DE~SITY 
(KJ) (J K) (g/cm-')) 

-870.000 61.500 
-865.800 64..1,29 

FOR:yrL"LA: Si2N ~O 

ABC [) 
.-----------------.- (.1 !() ------ --------.---

74.500 112.767 -6.046 -28.660 
103.901 65..1,29 -~6.0:37 -11.373 

~AME: Silicon oxynitnde tFEGLEY DATA) 

Formula welght: 100.185 

PHASE ~ A:VIE Cp RANGE (K) 

S1 SOLID 298.0 - 2100.0 

CP = A + 1.0E-3*B"'T(K) + 1.0E5 !<CT(K)H-2 + l.OE-6 fcD*T(K) 1" "2 

PHASE ~H(298) S(298) DENSITY 
(K J) (J /K) (g/cm-3) 

ABC D 
-------------------- ( J /K) --------------------

-947.700 45.350 113.900 9.668 --±-±.61 () O.6fJO 

FOR:yrCLA: SiC 

~AME: Silicon carbide 

Formula weight: 40.097 

PHASE ~ A:VIE Cp RA~GE (K) 

SI alpha 
SI J.lpha 
S,) beta 
S2 beta 
Ql gas 

298.0 - 6620 
662.0 - '3200.0 
298.0 - 678 0 
678.0 - 3200.0 

1400.0 - 6000.0 
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PHASE .lIH298) 5(298) DE~SITY ABC D 
(K.J) (.1 K) (g,'cm 3) -------------------- ( ,J 'K) --------------------

-71 54() 1 () -tFl.) 
70 OSï ~t) :)2U 
73 220 16.610 

-71 58:3 21.044 
719.648 21297 

REFERE~CE 

~ ] 1 ï 
.3:217 
:L217 
'3.217 
ideaJ 

'36,489 
49.597 
35.648 
30.576 
89.392 

".JANAF TIIER:vfnCHK\IICAL TABLES", 
D.R. STt'LL A~D H. PROPIIET, 

14.652 -13 037 
2.636 -35.b06 

15.954 -12.523 
1.992 -37 639 
o 393 7 058 

CS DEPAl{T:'vlE.:-.iT OF CO.\I.\IERCE. WASHINGTON. 1977. 

Formul,l' A.l:2U 1 

:'-lame: aJuffiwum oXlde 

Formula wel!;ht: 101.961 

PHASE ~ A,\IE CpRA~GE(K) 

298.0 - 800.0 

() 0 
() .0 
0.0 
0.0 
0.0 

SI corundum 
SI corundum 
LI liquicl 

800.0 - 2327.0 .lH TRANS (2327.00 K) = 118.407 (KJ) 
2327.0 - 3500.0 

PHASE .. Hli29,Q) S(:298) DE~SITY ABC D 
i K J ) (J ,K) 1 g/cm-,3) -------------------- ( J ,'K) --------------------

SI -1675274 50936 
SI -1674.876 52 392 
L1 -1,')9.) .=i2D 4.') 144 

REFEIŒ),CE 

8.970 10;~ 8,31 26.267 -29.091 
3.970 120516 9.192 -48.367 
:1 9in 1-14.863 0.0 0.0 

00 
0.0 

0.0 

"THER:\IOCIIE:\IIC AL PROPERTIES OF I~ORGA~IC SCBSTA='ICES", 
I. BARI~. U K:'-J AC KE. ,\XD O. KCBASCHE\VSKI. 
SPRI:'-JGEH.- VERLAC. BERLI~. 1977. 
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.\PPE~DIX II 

SE:\II-QCA~TITATIYE XRD \IEASeRE:\IE~T 

Tables 11.1 and II.2 show the L'10 llltegrated peak heights (Le. <'0 peak :.lI'ea~) 

of a-silicon nitnde. silicon carbide, amorphous sllica, ~dic()n oxynltnd,\ and 

cristohalite for Figures 7.1, 7.2, 7.7 and 7.8. ~-sillcon lutnde wa::, !lev!'!" 

observed in any carbothermally produced powders. and was ,1::'SUIIll'd lI! lw 

below the limit ofdetection (-5%) by XRD. 

Table 11.1: Data for Figures 7.1& 7.2 

Carbon: Q-
SiOz Si2N~O Crist SiC Silica ShN4 L'10 l'In el, ) ( 1,~) 

Ratio ('1
0 

Alumina 
crucible 

Loose 1:1 7.9 48.5 - :37 R ;)R 

2:1 16.5 76.1 7.4 -

4:1 15.1 68.7 16.2 -

7:1 349 - 18 :2 -:39A 7 Il 

10'1 100 - -

Graphite - -

Crucible 

Loose 1:1 :3.0 95.7 - - -

2:1 16.0 87.1 0~ - -_0.0 

-1:: 1 88 .. j - 1 () () 

7:1 10U - - -

10:1 100 - - -
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Table I1.2: Data for Figures 7.7 & 7.8 

t Q-
Si02 Si:2X ~O Si lica C:ubon Sl)~..j. I~ ,-r 

, ' ': C 
c 

Loose 

ER5 :\-1-800 .'3.5.6 87.2 -

:.\I -88 ') :38.2 80.7 -

\1-1000 -15.6 80.9 -

\1-13(1) LOf) - -

:\[-.=) :\-1-800 36.8 86.8 -

:\-1-880 :37.6 84.0 -

:\1-1300 100 - -

LM-130 :\-1-800 22.4 94.0 -
.\1-880 :34.7 86.5 -

:\1-1300 100 - -

Pellet 

EH5 :.\1-800 22.9 94.6 -

:.\1 -880 12.8 97.6 -

:\1-1000 22.0 95.2 -

\1-1 :300 9:3 b - 99 

YI-;) .\1-800 12.1 97.7 -
.\1-880 12 91'"' ') 1.- -

:\1-1300 94.4 - 97 

L\[-1:30 \[-SOO 19.2 96 :2 -

:\1-880 22.4 93.8 -

.\1-130n 94: 3 0 9.6 
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Errors 

The prmcipal errors or uncert::llnty were: 

l. The measurement of the peak are a usmg the Zeiss IBAS image analyzer. 

2. T~le mimmum peak detectable above the background noise. 

3. The bandwldth of the background noise. 

l. Measurement of Peak Area 

The peaks a11 had to be traced by hand using a stylu:s. Each peak was 

measured three times, and the variance deternllned for ail the measurements 

representing one spp.cÎes (e.g. ShN.j,) using the lumped variance technique. 

Integrated peak intenslty (ShN-t- ) = YIl, Y12, YI:3 

~ i = (Yll - Yl)2 + (Y12 - Yl)2 + (Y12 - yIl2 

Since a11 groups have three replicates, the number of degrees of freedom I~ 2. 

Lumped variance (82) = ~ 1 + ~2 + ... + ~n 

:2Xn 

The uncertainty of measuring the peak areas is given in Table 11.3 . 
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Table II 3 

f70 uncertalnly 
ln peak are a 

U -Si j:\'" + l 

Si02 (amor.) 16 

Si2N20 .'3 

SiC ) 

crystobah te :5.2 

2. :Vlinimum Detectable Peak 

The minimum amount of uny spedes detectable above the background noise 

was conservatlvely estlmated J.t 2% and was otherwise neglected since there 

were much larger errors encountered with area measurement and the 

background noi'Sc Signal 

:1. Band wldlh of Backgroud )l" oise 

The background noise was taken into account by measuring the area of the 

background under E':Jch pe:1k These values were then added to the orIginal 

pt1,lk hCIgh band the '~, i ntegrated peak helgh t for sdicon ni tnde was 

recakulated in order to obtain the percentage uncertamty for silicon nitride. 

The total unœrtulllty m each meusurement due ta area measurement and 

background nuise are glven ln Tables IIA and 11.5. the total error or 

unccrt.linty bemg: 

(Total Error)2 = (Background Error)2 + (Area error Si 3='i -l)2 + .. 

+ (Area error SiC)2 
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Table lIA 

Si Bckd 
:\n~a (1'; ) l'lllai 

SiO:2 : ,>;, ) l 11 l'l' r 
ra tlO SI ~='l" t 810'2 81',2:\ 20 Cl'l~t ~lC l:unlv 

Alumina Crucible 1:1 9.8 1 16 :) :2 .) :20 1 
Fig. 7.1 and 7.2 2:1 10 .t 1 lb ~ ~() -; 

.t: 1 13 .t l If) ~ ~:2 ;~ 
7: 1 1G.ô I 3 ,") :2 - 19 ~ ) 

10:1 G.5 1 1) Il 

Graphite Cruclble 1'1 ;3 1 lH 0 ") :2 17 1 
Fig. 7.2 :2:1 lb 1 Hl 8 1) .2.~ () 

.t: 6.3 1 l) 0 - .) 
,) ~ ~ .~ 

7'1 ..t.ll 1 0 0 .t 2 
10:1 703 l () ) '7 1 

Table II 5 

Carbon Bkg 
Area (I~,) Tntal 

Type t cr) U nl'l'r 

Sl'l ='l" t SiO:2 Si'.2~ 2() Crt~t. SiC la ln Ly 

Loose Powder ~I-800 37 I 16 - - 41 :l 
Fig. 7.7 :V1-880 19 l 16 - - - ~·l ~) 

~I-I000 39 1 16 - - - ·l~ ~ 
\1-1300 4.1 1 - - - - 7 1 

Pellets :VI-800 10.9 1 16 . . . l~) 4 
:V1-880 IG 1 1 16 . . - ~2 1) 

\I-lOOq 198 l 16 .)r: -
- ~,) .) 

\I-130n 9,7 1 - - - !) H 
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APPE~DIX III 

CALCULATIO:\'" OF THE A.\IOC~T OF SiO·) LOST AS 

SIG GAS FOR SEEDED A~D U:\'"SEEDED REACTA~TS 

Startlllg .YIaterial 

DecarbunzatlOn of startlllg powder 

wt.' 'ri SiO~ ln C'SiO:2 mixture = Residue - (Residue X wt. rrC' Si 3~'r+ seed) 
Total wt. ofC.Si02 before de;:arburization 

~ote: wt."fc, seed SI ~)I4 = wt.ofSi )N4- X 100 

wt. ofSi02 

Total weight of seed in C:Si02 mixture = wt%.ofShN4 seed X Residue 
Total wt. ofC:Si02 

EXPERIME0IT 

Befon.' Reaction 

InitIal wt. ofseed = initial wt. ofC:Si02 mixture X wt%.ofSh~:.!Seed 
100 

Aftel" Reactwn 

Wt."{' Si'3N:.! seed in final residue = Initial wL ofseed SÎ3~4-X 100 
Total wt. of resldue 

DEC ARBURIZATION 

\Vt. ()fSll:'-i t seed = InItial wt. before decarb. X wt. of S13);.1 seed ln residue 
100 

Wt. ofresidue without Si3N4 seed =wt. afterdecarb. - wt. ofShN4 seed 

Amnunt ofSiO~ remaining=(wt. residue w/a seed) X noo- wt% .ShN4estim"') 
100 

"1< estimJ.ted from XRD measurements. 
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1 

Amount ofSiO:! converted to Si 3~ ~ = 

lS0g/mol 140g/mol 

(wt.residut' W ù seed - amollnL SIO·} 
rema111ll1g\ x 1.:297 -

Therefore, 1 gram Si3N4, reqUlres 1.29 g SiO'2. 

Si02 lost as SiO = [Si02]mlt - [Si02]Sl,1:--:-l - [SiO~]rpmdmdc!' 

[SiO'2J!ntt 

ERRORS 

The three principal sources of uncertainty were: 

1. weight measurement. 

2. estimatlOn of the wt.'-O ofsilicon mtride in the final product l'rom XRD 

3. Errors in conducting the experimentation (reproducibtlityl. 

• vVelght measurement wa~ carned out to four declmal places wlth ,Hl 

estimated uncertamty of ± O.002g. 

• The uncertainty in estlmating the amount of ~ilic()n mtnde ln the final 

product was taken from Appendix II. 

• By repeating expenments five tlmes at carbon to siliea ratIOs uf 2: 1 and 7 l, 

the standard devIations were ± 1.958 and ± O.8R97, re~pertl vely. 

The total uncertamty for the weight measurement and ShN..j estimalllln by 

substituting 111 the maximum values of the unrertamty m the calculatiqn 

above, and are shown in Table IlLl for the data seen in FIgure 7.4. 
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Table IILL SiO~ Lost as SiO 

1 C.Si02 
GraphIte Alumma 
crucible cruclble 

1 1 9.18±O.13 1)±O39 

2:1 ~9.28±O.50 12.65±O.66 

4:1 :33.23 ± 0.4 7 12.65 ± 0.66 
..., . 

15.59 ± 1.53 19.03 :±O.56 1 l 

10·1 8.73 ±O.92 941 ±O.92 

- 222-



, 
J 

L 

APPE:\DIX IY 

CALCULATIO~ OF THE :\C:\II~ER OF SILICON ~ITRlnE 

PARTICLES/GRAI='iS PROOt-CED FRü:\I C~SEEDED A~n 

SEEDEDPRECCRSOR~UXrCRES 

U sing Carbon:Silica RatIOs of Î'1: 

from ExperimentatIOn: 

(a) unseeded: -t 0214 g ofC + Si02 provides 1.1530 g SÏ'jN 4 

Therefore 1 g of C + Si02 provldes 0.2867 g Si ~N 4 

(b) seeded (5 t
'7c ): -t.O 183 g of C + Si02 provides 1.161 () g Si ~~ t 

Therefore 1 g of C + Si02 provldes 0.2889 ~ Si 301 l 

lJnseeded Seeded Seed Partlcll' 

Particle Size 3 1 1) ,'"j 

(pm) 

Volume of partlcle 1.41XI0 Il ;) 2-t X 10 1 1 fi ,j;j / 11) 1 1 
(4/3nr 3, cm.3) 

~l 'lSS of particle 4.51>< 10- 11 If)7/..101~ ~ [)();I 1 Il 1 : 

(gJ 

Particles/g reactants 6.36 X lOy 173x10" 1 2:L< 1 () 1 1 

Density Si 3)T 4- = 3.19 g cm 3 
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