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ABSTRACT.

The work reported in this thesis was part of a larger project to evaluate the use thermal plasma

processing to synthesise ultrafine Tiq, Ti\, and TiC-\ powders from locally available TiO2,

natural gas and NHr. The objectives for the work reported in this thesis were to develop and test

the necessary experimental apparatus for a process for synthesis of the ultrafine ceramic powders,

and then to invcstigatc thc synthcsis of ultrafinc TiC^O,. powclcrs from pigrncnt-gradc TiO, and

natural gas using the proccss that had been developed.

The apparatus developcd included a powder feeder capable of feeding ultrafine cohbsive

powdcrs, a RIr plasma torch, and powder collection equipment. Feeding cohesive powder at low

flow rates with little flow rate variability is recognised as an extremely difficult task. Perhaps as

expected, the vibrated elutriated fluidised bed (VEFB) powder feeder that was developed only

partially met its design specification as it fed TiO, agglomerates to the process that were too

large to vaporise and react. The poor process repeatability was attributed to tlie VEFB powder

feeder. It was recontmended that a Wright system powder feeder be developed to overcome these

limitations. The RF power supply required significant modifications before being used for plasma

generation, including the addition of silicon-controlled rectifiers for continuously-variable power

control and a complete redcsign of the grid feedback circuit. The RF plasma torch development

took several iterations, and the clesign used for all experiments performed adequately except for

a low tailpiece reactant gas injection velocity which resulted in poor mixing between reactants

injected through the tailpiece and the hot florv. The tailpiece injection velocity should be

increased to at least 50 nt s-t for future experirnents. The powder collection apparatus used for

most experiments consisted of a 785 mnr long section of 78 mrn ID water-cooled stainless steel

tube with smaller diamcter tubes inscrtcd rvithin the larger tube. The mass collection efficiency

of this device was greater than 757o, and was considcred sufficient to ensure that statistically

representative samplcs were collected.

Tlre experimental programme for the synthesis of ultratine TiqO" was centred on a base case

set of cxpe rimental parametcr valucs, and investigatcd the process repeatability, the plasma torch

power input, the nominal reaction stoichiomctry, thc natural gas injection location, the tailpiece

injection velocity,l.and the effect of H, co-injection. Variation of only one parameter in each



experiment led to the identification of required process modifications and reaction system

parameters for future study.

A complex multiphase mixture of four particle types was produced. Ultrafine spherical single-

crystal particles ranging from 7 to 25 nm in diameter were almost always observed and were

homogeneously nucleated TiO, or Ti suboxide particles that then grew by liquid droplet

coalescence. Ultrafine cuboid or rhomboid single-crystal particles up to 25 nm across parallel

faces were almost always observed and were homogenously nucleated TiqO, particles with x

close to 0.99 and z close to 0 that grew by a gas-solid mechanism. Unvaporised single-crystal TiOt

feed particles and largely amorphous free carbon particles ranging from 8 to 40 nm were always

observed. The crystallinity of the free carbon particles increased while the extractable content

decreased when the natural gas was injected upstream of the plasma. This indicated that the

formation mechanism changed from an acetylenic growth mechanism with upstream injection to

a polycyclic aromatic hydrocarbon mechanism with downstream injection.

The low mass vaporisation efficiency and mixing patterns meant that TiC.O, was formed unless

the process power input was too low. TiO, to TiC*O, conversion was largely unaffected by either

an increase in the reaction stoichiometry or reactant injection location. Little or no conversion

of TiO, to TiC.O" occurred in experiments performed below the minimum power input, which

for this process appeared to be that required to bring all streams entering the process to a bulk

temperature of around 4000 K. The major enthalpy demands for this process were heating the

Ar flow required for torch operation and the natural gas reactant stream. Future experiments

should not use upstream injection ofreactant gases so that all available enthalpy transferred from

the discharge to the cooler central core can be used for particle vaporisation.

The TiC.Oz synthesis experiments were modelled using free energy minimisation techniques. It

was found that it was important to include all inert gases in the system specification and that the

thermodynamic properties ofgraphite should adequately represent the thermodynamic properties

of the free carbon, so the prediction of the onset of free carbon formation should be relatively

accurate. The system Tiq-Ti\-TiO" forms a solid solution with complete miscibility at elevated

temperatures. However, the phase and atom distributions, and the temperatures at which phase

transitions occurred, were relatively unaffected by the inclusion of ideal solution Tiqo,(qr) in the

system specification. It was concluded that slight differences did not warrant the added

complexity caused by including the solution phases in the system specification. Analyses of the

lll



indMdual experiments indicated that free carbon formation would be a serious problem, and that

the high vapour pressure of Ti\r, around the temperatures at which TiC(") formation was

predicted to occur may have led to the formation of Tic*\o"(.) with significant nitrogen levels'

tv



Dedication.

To Elizabeth Ann

Your absence brought me heartache.

Your presence brings me joy.



Acknowledgements.

I first began work in the Thermal Plasma Laboratory in 1988. Over much of the time I worked

in the Lab, I was fortunate to work with (the now) Dr Murray Wu, as a collaborator on this

project, and Dr Louise Brinkmeyer (then McFeaters). Both taught me a great deal about life as

a graduate student. I also had the privilege of working alongside Mr Aubrey Mathias as he

crafted the apparatus from my not-so-easy-to-interpret construction drawings. I also appreciated

Aubrey's fatherly advice and friendship when things almost got unbearable'

I wish to thank my supervisors; Professor Barry Welch, Dr John McFeaters and Professor John

Moore who each brought a different, invaluable perspective to the project'

I acknowledge the support of DSIR Chemistry (now part of Industrial Research Limited)' the

former University Grants Committee and the Auckland University Research Committee for

project funding. I also acknowledge the support of the former University Grants Committee for

personal funding byway of a three-year Postgraduate Scholarship. Unfortunately the scholarship

term was insufficient for this, and most, engineering Doctor of Philosophy projects' I am

therefore extremely grateful to Professor Barry Welch and Professor Geoff Dufff, who as Heads

of the Department of Chemical and Materials Engineering, provided me with invaluable

employment as a temporary lecturer. Although teaching delayed the project, the project would

not have been completed without this funding and gave me valuable teaching experience.

I gratefully acknowledge the generous assistance and support I received from many School of

Engineering supporr staff, Dr Ian Brown (of IRL) for sample analyses and guidance, and many

of the postgraduate students for their friendship and moral support.

I would like to publicly thank my Mum for sticking by me over the years and for providing an

environment within which I could achieve my goals.I also thank Rick for his support in the latter

years of my journey to this point. Both are substantial contributors to this project!

Finally, thanks to Liz and my family for putting up with me through the ups and downs of the

seemingly never-ending write-up, andLiz for proof-reading this thesis.

vl



Table of Contents.

Abstract
Dedication
Acknowledgments
List of Figures

nvllList of Tables

chaprer one: INTRODUCTION AND BACKGROUND DISCUSSION . . ' ' ' I

Introduction....

Background Discussion

Chapter TVo: A REVIEW OF THE LITERATURE . .

2.1, Ceramic Powder Production Routes - The Competition
2.1,.1, Sol-Gel Processing
2.1..2 Aqueous/llydrothermal Precipitation Synthesis

2.L.3 Metal Powder Carburizingll'{itriding
2.1.4 Carbothermal Reduction /and Nitriding .

2.7.5 Plasma Synthesis
2.7.6 Spray Synthesis Techniques
2.1.7 Furnace Reactor SYnthesis

2.1..8 Combustion Flame Synthesis

2.1.9 Laser Synthesis

ll
v

vi
xii

1.1

1.2

10

11

12

15

2.LJ,0 Organometallic Synthesis ' .

2.L.11, Synthesis by Rapid Expansion of Supercritical Solutions

2.1,.12 lieactive Electrode Submerged Arc (RESA) Synthesis

15
l7
18
L9
20
2L
22
22
23

25
25
30
32
50

57.

56
69
71,

7L
72
73
74

2.2 Plasma and Plasma Generation Methods
2.2.1, A Discussion of the Plasma State .

2.2.2 Thermal Plasma Generation
2.2.2.L Arc Plasma Torches
2.2.2.2 Microwave Plasrna Jet Torches . .

2.2.3 Inductively-Coupled Radio-Frequency (RF) Plasma Generation and

Torch Design
2.2.3.1, The Power Supply
2.2.3.2 The Coil
2.2.3.3 The Plasma Torch

Torch Design and Construction
The Torch Head
The Torch Tailpiece
TheTorchBody.....

vll



The Containment Tube .

Plasma Containment Tube Cooling
Plasma Stabilisation and Gas Streams Used in RF
Plasma Torches
Plasma Torch Initiation
Design Parameters and Their Effects on RF
Plasma Torches
Safety Issues
Advantages of RF Plasma Torches
Applications of RF Plasma Torches

2.2.3.4 The RF Plasma Torch as a Chemical Reactor
Injection Probes for RF Plasma Torches
Tubular Reactor Design and Characteristics
Unconventional RF Plasma Torch Reactor
Designs

78
80

92
100

103
1,16

118

119
122
r24
129

138

2.3 Powder Feeders for Fine (d. < 80 pm) Powders . . . 142

2.3.1 Why are Fine Powbdrs so Difficult to Feed? 1'42

2.3.7.1 Van der Waals Forces 142

2.3.1.2 Geometric Factors ' 143

2.3.1.3 Capillary Forces 144

2.3.1.4 Electrosiatic Forces 1'45

2.3.L.5 Absorbed Gases 146

2.3.2 Published Feeder Designs for Fine Powders 147

2.3.2.1 Vibratory Feeders L47

2.3.2.2 Rotary Valves and Entrainment Feeders 149

2.3.2.3 Fluidised Beds 158

Geldart's Classification of Fluidisation
Behaviour 158

FluidisedBedFeeders... 159

Dense Phase Feeding 160

Entrainment Feeding 162

The Use of Self-Agglomeration 164

The Addition of Larger Particles 165

The Use of Vibration 167

2.3.2.4 Liquid or Slurry Feeders 169

2.3.2.5 ttrl wrigtrt System 169

2.3.2.6 Stream Sptitting as an Option . . . . L72

High Temperature Flow Quenching Methods L73

Powder Collection Methods for Ultrafine Particles 181

2.5.L Wet Scrubbers 185

2.5.2 Electrostatic Precipitators 185

2.5.3 Filter Systems . L87

2.5.4 Methods Used in Aerosol Formation Processes 188

The Production of Ultrafine Ceramic Particles in Thermal Plasmas 191

2.4

2.5

2.6

vlll



Chapter Three: EQUIPMENT DESIGN AND DEVELOPMENT T93

194
194
198

3.1 Powder Feeding SYstems

3.1.1 Previoui Work Completed on Powder Feeders for Previous Projects ' '

3.2

3.1.2 Powder Feeder Development . . .

3.1.3 Powder Feeder Injection Probe Redevelopment 213

Development of a Radio-Frequency (RF) Thermal Plasma Torch

3.2.1, Power Supply Modifications . . .

3.2.1.1 Power Control
3.2.1.2 Grid Feedback Control . .

3.2.1,.3 Minor Modifications . . .

Ancillary Equipment
Earlv Uncooled Torches . . .

The Mark III Water-Cooled Torch
The Mark IV Air-Cooled Torch . .

The Mark lYYzTorch

3.3 Powder Collection SYStems

3.3.1, Electrostatic Precipitator and Power Supply

3.3.2 Water-Cooled Sections and Tube Bundle Inserts

3.3.3 Water-Cooled Block Valve

2'ts
21,6

217
2r9
)))
222
227
234
237
241

243
244
246
248

249

251
254
261,

265

283

4.1

3.2.2
3.2.3
3.2.4
3.2.5
3.2.6

Chapter Four:

SYNTHESIS

Scoping Studies
4.1.L The Effects of Inert Gas Dilution on System Equilibria
4.1.2 Predictions of Soot Formation
4.1,.3 Solid Solutions Versus Discrete Phases

4.2 Analysis of Individual Experiments

chapter Five: uLTRAFINE CERAMIC poWDER SYNTHESIS EXPERIMENTS ... -. 295

EQUILIBRIUM
ANALYSIS OF

THERMO.CHEMI STRY
TITANIUM CARBIDE

5.1 The Development
5.1.1 The Final

of the Experimental Programme . .

Experimental Programme

297
307

5.2 Powder Characterisation Techniques for Ultrafine Powders ' 312

5.2.1, Physical Characterisation Techniques 312

S.i.t.t Transmission (TEM) and Scanning (SEM) Electron Microscopy 318

5.2.1,.2 Optical MacroscoPY ' 319

5.2.1.3 Surface Area Measurements using Gas Adsorption - 319

5.2.L4 Other Methods for Particle Size or Particle Size Distribution
Measurements 32L

5.2.2 Chemical Characterisation Techniques 322

5.2.2.1, Powder X-Ray Diffraction ()(R'D) 323

S.Z.2.2ElectronDiffiaction(ED) ....' 324

D(



5.2.2.3 Bulk Chemical Analyses . ..
5.2.2.4 Energy Dispersive Spectroscopy (EDS)
5.2.2.5 Surface Analysis Using X-Ray Photoelectron Spectroscopy OGS)

and Auger Electron Spectroscopy (AFS)
5.2.2.6 Other Methods for Chemical Characterisation

5.2.3 Powder Separation Techniques
5.2.4 Powder Sintering Studies

Results and Discussion of the Ultrafine Ceramic Powder Synthesis
Experiments . .. .. . .. 33L
5.3.1 MgOModificationExperiments... ....331
5.3.2 TiO, Collection Efficiency Experiments . 346
5.3.3 TiCp" Synthesis Experiments . . . 357

5.3.3.1 RepeatabilityExperiments .....366
5.3.3.2 The Effect of Power Input to the Plasma . . . . 378
5.3.3.3 The Effect of Stoichiometry . . . . 387

5.3.3.4 The Effect of Downstream Reactant Injection Velocity . . . 3n
5.3.3.5 The Effect of ft Downstream Injection . . . . . 404
5.33.6 The Effect of Natural Gas Injection Location . . . . . . 410
5.33.7 SummaryDiscussion .....418

Chapter Sin CONCLUSIONS AND RECOMMENDATIONS FOR FLJRTHER
WORK

6.1 Conclusions...
6.1.1 TheDevelopment ofanExperimental Apparatus forRFPlasma Synthesis

of Ultrafine Ceramic Powders
6.1.2 Equilibrium Thermo-Chemistry Analysis of Titanium Carbide Synthesis
6.1..3 The Plasma Synthesis of Ultrafine Ceramic Powders

6.2 Recommendations for Further Work
6.2.1 The Development of an Experimental Apparatus for RFPlasma Synthesis

of Ultrafine Ceramic Powders
6.2.2 Equilibrium Thermo-Chemistry Analysis of Titanium Carbide

Synthesis
6.2.3 The Plasma Synthesis of Ultrafine Ceramic Powders

Chapter Seven: REFERENCES . ... U2

Chapter Eighfi APPENDICES . . .. .. . .. . .... o ,. .. .

8.1 Appendix for Chapter One
8.1.1 A Brief Description of the Fletcher Titanium Process

8.2 Appendix for Chapter TWo
8.2.1 The Effects of Electromagnetic Radiation (ElvR) on Humans

Summarised From the Information Presented at the ESR Meeting

326
3n

3n
328
328
329

5.3

425

425

426
430
432

439

439

440
44L

483

484
484

486

486



8.3 Appendices for ChaPter Three . . . : .

g3:1 The Operating Procedure for the Vibrated Elutriated Fluidised Bed

(VEFB)
8.3.2 The Laboratory-Standard Flange

of Solution Phases

8.4.6 A Typical Low Temperature Input File for the Analyses of Individual

Experiments . . .

8.4.7 A Typical High Temperature Input File for the Analyses of Individual

Experiments . . .

8.5 Appendices for Chapter Five : . . . . .. . .

8.5.1 A Translation of Reference 555 . .

8.5.2 A Summary of the Proposed Separation Techniques

8.5.2,1, Cunninghame's Technique. . . .

8.5.2.2 Brown's Technique
Data Sheet for TiONA AG TiO2
THERMODATA Input Files for Enthalpy Demand Calculations in Section

5.3.3.2
8.5.4.1 Natural Gas Heating . . . .

8.5.4.2 TiO, Vaporisation and Heating
8.5.4.3 Heat of Reaction

487

487

489

4908.4 Appendices for ChaPter Four
g.4.1. A Typical ro-w Temperature Input File for the Analyses of the Effects of

Inert Gas Dilution
8.4.2 A Typical High Temperature Input File for the Analyses of the Effects

of Inert Gas Dilution . . .

8.4.3 A Listing of the QuickBasic Program CHEMGRF2.BAS Used for Post-

Processing THERMODATA Output Files '
g.4.4 A Typicailow Temperature Inpui File for the Analyses of the Effects of

Solution Phases

8.4.5 A Typical High Temperature Input File for the Analyses of the Effects

4n

491

493

504

507

509

s06

511
511
518
518
518
519

8.5.3
8.5.4

520
s20
52L
szl

xi



List of Figures.

Figure 2.1:

Figune 2.2:

Figure 23:

Figure 2.4:

Figure 2.5:

Figure 2.6:

Figure 2.7:

Figure 2.8:

Figure 2.9:

Figure 2.10:

Figure 2.11:

Figure 2.12:

Figure 2.13:

Figurc 2.14:

Figure 2.15:

Figure 2.16:

Figure 2.17:

Figure 2.18:

Bayer process flow diagram2s.

Flow diagrams for the production of TiO, pigments via the Sulfate

and Chloride processes2T.

A schematic view of the spray calciner used by Vollatht. The

product particle sizes ranged from 0.1 to 3 pm'

The formation mechanism of Boc particles in the reactor of
Weimer et al.R.

A schematic representation of the total consumption burner used

by Merkle et al.El.

The laser powder synthesis reactor used by Haggerty and co-

workers3T.

A schematic diagram of a typical RESS Apparatuss'

A schematic of the RESA apparatus for fine powder synthesis as

used by Kumar and RoYEs.

A schematic classification of plasmas based on ne and T"' The

discontinuous lines indicate the boundary conditions for thermal

(hot) plasmas (TP) and cold plasmas (CP)".

Plasma torch operating regions as a function of current density

and the ratio oi pr"ssur" to electric field strengthEe.

Low-pressureversus high-pressure arcs and approximate defi nition

of LTEr@.

The cyclic process for electrically sustaining a plasma'

Types of thermal plasma torches and their inter-relationships.

Approximate VI characteristics of an electrical discharge without
tips or edgesl@.

Typical potential distribution along an arc columnllo'

Modes of DC arc operation8E.

Flow fields induced at the anode by electrode jetst2E.

A schematic of Gage and Schoenherr torches.

t3

1,4

18

L9

21,

22

23

24

25

26

27

29

30

32

33

36

38

40

xll



Figure 2.19: A schematic of the pumping action induced by an arc

constrictionuo. 44

45

46

47

Figure 2.20:

Figune 2.21:

Figare 2.222

Figure 2.23:

Figure 2.24:

Figure 2.25:

Figur€ 2.26:

Figurc 2.272

Figure 2.28:

Figure 2.29:

Figure 2.30:

Figure 2.31:

Figure 232:

Figure 2.33:

Figure 234:

Figure 235:

Figure 2.36:

Figure 237:

Figure 2.38:

A schematic of the double shroud FCC12e.

A sectioned schematic view of the TAFMONARC reactor.

A schematic of the Triple Torch Plasma Reactor (TTPR) depicted

with a ring anode for powder processing (only two of three

cathodes are shown)150.

Three plasmatron reactor charnber (a) and a schematic of the

plasma jet interaction (b)105.

A Schematic of the Arcos 200 kW AC plasma torch system with

superimposed DC supPliesl26.

A schematic of the expanded DC arc torch of WhymanlsE'

A schematic of the microwave plasma torch of Jin et al'r07'

A schematic of the microwave plasma jet torch used by Yoshida

and co-workers for diamond film depositionrffi.

A schematic of the hybrid MW-RF plasma torch proposed by

Parosa and Reszkel62.

Configurations, frequencies and power requirements of RF

plasma torches investigated by Babat'o'.

A schematic showing the E- and H-discharge modesl67'

Cyclic processes for sustaining a H-discharge RF plasma'

Temperature maps for Ar (12 kW) and O, (8. kW)- plasmas

generated in the- same torch' Qo = 30 I min'l' and f = 10

MHzl66.

Common industrial RF power supply characteristics (f versus

kw)too.

Simplified electrical tank circuit for a RF power supplyts'

Block diagram for a novel, highly efficient RF power supplylto'

Block diagram of a RF power supplyrTa.

Simplified circuit of a vacuum-tube RF power supplyl@.

High and low impedance RF power supplies.

47

48

49

50

51

52

53

53

54

55

56

57

58

59

60

61

)oll



Figure 239:

Figure 2.40:

Figure 2.41:

Figure 2.422

Figure 2.43:

Figure 2.44:

Figure 2.45:

Figure 2.46:

Figrc 2.472

Figure 2.48:

Figure 2.49:

Figure 2.50:

Figure 2.51:

Figure 2.52:

Figure 2.53:

Figure 2.54:

Figure 2.55:

RF power supply oscillator circuits. (a) Basic principle of a-self-

exciied oscillator. (b) coupled-grid reverse-feedback (tickler)
circuit. (c) Hartley ciicuit. (d) Colpitts circuitr?4.

Load characteristics for a 35 kW, 4 MHz torch at 50 I min-l with
ID,or"r = 53 mm and ID*o,*-,t = 76 mmtt'.

Load characteristics for a 200 kW, 2 MHz torch at 300 to 500 I

min-t with ID,o,"h= 80 mm and ID*o,k -, = 720 mmrE3.

Load characteristics for initiation of a 35 kW torch with current
control and subsequent changeover to operation of a pure Ot
dischargerE3.

Impedance matching data for trvo different work coilsroo.

Impedance matching data for torch operation on Ar and Ar-SVo

Nrtno'

A schematic of trvo RF plasma torch designed by Yoshida and co-

workers with external coils223.

A schematic of the Model 66 TAFA RF plasma torch (35 - 100

kw)tto.

A schematic of the TEKNA RF plasma torchle2.

A schematic of the TAFA 1.2 MW RF plasma torch for pure Ot
operationre3.

Transformations and associated volume changes of SiO2

phases23o.

Radiative heat transfer from a ceramic containment tube as a
function of tube surface temperaturezs.

Surface temperature profile of a containment tube at a plate
power input of 900 w230.

Power input versus containment tube diameter data presented by

ThorpelTr.

Effects of different gases on a RF or DC plasma discharge at
constant power, pressure and apparatus size2ro.

The metal RF plasma torch developed by Mironer and co-

workerstE .

Photograph of the metal-walled flow separator used in the 1.2

MW RF plutrnu torch shown schematically in Figure 2.48ret.

62

64

65

66

77

71,

74

76

77

77

79

81

81

84

85

89

xlv

90



Figure 2.56:

Figure 2.57:

Figure 2.58:

Figure 2.59:

Figure 2.60:

Figure 2.61:

Figure 2.62:

Figure 2.63:

Figure 2.64:

Figure 2.65:

Figure 2.66:

Figure 2.67:

Figure 2.68:

Figure 2.69:

Figure 2.70:

Figure 2.71:

Figurc 2.722

Gas flow arrangement inside a TAFAsheath-stabilised RF plasma

torch226.

A schematic of a bluff-body induced recirculation eddy256.

Electrical coupling data for RF plasma torches stabilised by one

of three different mechanismsa2.

A schematic of reactor blockages experienced in Tioxide TiO,
reactorsl2o.

Minimum sustaining power (MSP) for RF plasma torches as a

function of gas type and frequenryreE.

The "quasi-voltage versus current" representation of arc and

power supply characteristicsrs.

Electrical conductivity of various gases as a function of
temperature2?5.

The effect of frequency and electrical conductivity on the skin

depth of an inductively-coupled RF plasmare.

Calculated dissipation rate of magnetic power to heat as a
function of the ratio of the plasma radius divided by skin depth as

calculated by Eckert2Ta.

A graphical summary of the effect of the ratio R/r" and coupling
paiameter on the ratio of power input to the plasma to the
reactive powerte.

The measured and predicted effect of the load diameter in a fixed

coil diameter on the enerry distribution of a typical RF plasma

torch and associated power supplyzro.

Viscosity of various gases as a function of temperature2Ts.

Reactant injection configurations used for RF plasma torch-based
reactors23r.

The four injection probe tip locations investigated by Thursfield
and Davies2l3.

The effect of conversion of rhodonite to MnO as a function of
feed rate and probe tip locationzt3.

The novel powder injection system developed by Yoshida et

al.les.

Nitrogen content of ultrafine Sir\ powders as a function of the

NH/SiCl4 ratio and different reactive quenching conditionsz3.

95

97

98

99

105

106

110

110

LLl

L12

115

L22

L23

724

r25

r28

130

)w



Figure 2.73: A schematic view of a ring-slit system for gas injection combined

with a hybrid DC/RF plasma torch366.

Figure 2.74: A schematic of the experimental apparatus used by Soucy et

al.to1 .

Figure 2.7S: A schematic of the tubular reactor used by Wu for ultrafine TiOt
powder synthesis36e.

Figurc 2.76: A schematic view of the tubular reactor used by Lianxi et al. for
ultrafine Ti\ powder synthesis217.

Figare 2.772 The three injection configurations investigated by Lianxi et

al.2t7 .

134

135

1,36

136

138

130

131

ts2

153

t54

Figure 2.78:

Figure 2.79:

Figure 2.E0:

Figure 2.81:

Figure 2.82:

Figurc 2.E3:

Figure 2.E4:

Figure 2.85:

Figure 2.86:

Figure 2.87:

Figure 2.88:

Figure 2.89:

The fifth reactor configuration investigated by Szdpvolgyi and

T6th for ultrafine SirNn powder synthesis307.

A schematic of the DCiRF hybrid plasma torch developed by

Yoshida and co-workers'r*.

Stream-line patterns and temperature distributions of RF and

hybrid plasmasz33.

The tandem RF plasma torch developed by Uesugi et al.a3.

The influence of surface roughness and geometric factors on

particle interaction forces382.

A schematic showing the states of liquid bonding in bulk
materials. (a) pendular state, (b) funicular state, and (c) capillary
state3e.

A schematic of the vibratory powder feeder developed by Knapp
et al.3e1.

A schematic of the simple vibratory powder feeder developed by

MonroelTs.

A schematic of the simple screw feeder developed by Davies et
al,aa.
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Figure 2.1072 Grade-efficiency curves for various types of dust collection

equipmentase.

A schematic of a venturi scrubber6s.

A schematic of the basic types of precipitator. (a) Single-stage

tubular, (b) single-stage plit-e, and (c) two stageaTa'

A schematic of the modified vibratory feeder tray as used by

Wuloa.
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compact m anufacturea3r.

The vibrated elutriating fluidised bed (VEFB) set up for a

synthesis experiment.

A schematic of the hopper, rotary valve and fluidised bed

system.

Powder feed rate through rotary valves no. 1 and 2 as a function
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Powder efflux rate as a function
initial bed depth measured
experiments.

Figurc 3.7: Powder efflux rate as a function of time for the first set of long-

term elutriation experiments with a 1.8 g TiO, bed,2'41 min-r Ar
fluidising gas and 1.5 RPM rotary valve speed.

Powder efflux rate as a function of time with a 5.7 g glass bead
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speed.

Powder efflux rate as a function of time with a 1.8 g TiOr bed,2'4
I min-r Ar fluidising gas, 1.5 RPM rotary valve speed, and a 10'9

mm OD drop tube.

A schematic of Wu's brass water-cooled probe for powder
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Photograph of the inside RF shielded box showing the 1% turn
tickler coil and top of the triode (left midground), the PTFE
straps, the tops of the grid resistors (right foreground) and the

tank capacitors (right background).

The control panel for the RF plasma torch. The rotameters,
control valves and powder control knob can be clearly seen'

The experimental apparatus ready for an experiment. The control
panel, powder feeder and support frame, and protective enclosure

and support frame can all be clearly seen.

A schematic of the Mark II plasma torch head designed by Wu
and Sinclairloa.

The three work coils used with the Mark II RF plasma torch. The
left and middle work coils were referred to as coils No. 1 and No.
2 respectively. The ruler at the bottom of the photograph is 30 cm

long.

A schematic of the trvo discharge shapes that could be formed
with the 2 + | work coil.

A schematic of the effect of an elongated 2 + 1 coil on the
plasma discharge shape.

The disassembled Mark III RF plasma torch designed by

McPherson.

A schematic cross-section view of the Mark MF plasma torch
with the Mark IV% modified plasma torch tailpieces shown at the
right of the schematic.

A schematic cross-section of the Mark IV% RF plasma torch
showing the flow separator.

The circuit diagram for the ESP voltage tripler power supply.
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Figure 4.5:

Figure 4.6:

Figune 4.7:

condensed-phase stability plot for Tic synthesis in an Ar-free

atmosphere at a system pressure of 0.1 atm.

Condensed-phase stability plot for TiC synthesis in an Ar-free
atmosphere at a system pressure of 0.0L atm.

condensed-phase stability plot for Tic synthesis in an Ar-free

atmosphere at a system pressure of 0.001 atm.
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Figure 4.9: Gibbs free energies of formation (aGo1o)-of pure carbon clusters

as calculated by Yoshihara and Ikegami"*'

Figure 4.10: Condensed-phase stability plot for TiC synthesis for molar ratios

of C:TiO, : 1 and Ar:TiO, = 0 at a system pressure of 1 atm'

Figure 4.ll: Condensed-phase stability plot for TiC synthesis for molar ratios

of C:TiO, : 1 and Ar:TiO, = 50 at a system pressure of 1 atm'

Figure 4.12: Condensed-phase stability plot for TiC synthesis for molar ratios

of C:TiO, = 1 and Ar:Tib, = 100 at a system pressure of 1

atm.

Figure 4.13: Condensed-phase stability plot for TiC synthesis for molar ratios

of C:TiO, = 1 and Ar:Tib, = 250 at a system pressure of I'

atm.

Figure 4.14: Condensed-phase stability ptot for TiC synthesis for molar ratios

of C:TiO, = 1 and Ar:'iio, = 500 at a system pressure of 1

atm.

Figure 4.15: Condensed-phase stability plot for TiC synthesis for molar ratios

of C:TiO, = 1 and Ar:TiO, = 1000 at a system pressure of L

atm.

Figure 4.16: Condensed-phase stability plot for TiC synthesis for molar ratios

of C:TiO, = 2 and Ar:TiO, : 0 at a system pressure of 1 atm'

Figure 4.17: Condensed-phase stability plot for TiC synthesis for molar ratios

of C:TiO, = 2 and Ar:TiOr = 50 at a system pressure of 1 atm'

Figure 4.lE: Condensed-phase stability plot for TiC synthesis for molar ratios

of C:TiO, = 2 and Ar:TiO, = 100 at a system pressure of 1

atm.

Figurc 4.19: Condensed-phase stability plot for TiC synthesis for molar ratios

of C:TiO, = 2 and Ar:TiO, = 250 at a system pressure of 1

atm.
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Figure 4.20: Condensed-phase stability plot for TiC synthesis for molar ratios

of C:TiO, = 2 and Ar:TiO, = 500 at a system pressure of 1

atm.

Figure 4.21: Condensed-phase stability plot for TiC synthesis for molar ratios

of C:TiO, = 2 and Ar:TiO, = 1000 at a system pressure of 1

atm.

Figure 4.222 Condensed-phase stability plot for TiC synthesis for molar ratios

of C:TiO, : 3 and Ar:TiO, = 0 at a system pressure of I' atm'

Figure 4.23: Condensed-phase stability plot for TiC synthesis for molar ratios

of C:TiOr : 3 and Ar:TiO, = 50 at a system pressure of 1 atm'

Figur.e 4.24: Condensed-phase stability plot for TiC synthesis for molar ratios

of C:TiO, = 3 and Ar:TiO, = 100 at a system pressure of I
atm.

Figure 4.25: Condensed-phase stability plot for TiC synthesis for molar ratios

of C:TiO, = 3 and Ar:TiO, = 250 at a system pressure of L

atm.

Figure 4.26: Condensed-phase stability plot for TiC synthesis for molar ratios

of C:TiO, = 3 and Ar:TiO, = 500 at a system pressure of 1

atm.

Figure 4.27: Condensed-phase stability plot for TiC synthesis for molar ratios

of C:TiO, = 3 and Ar:TiO, = 1000 at a system pressure of 1

atm.

Figure 4.2E: Condensed-phase stability plot for TiC synthesis for molar ratios

of C:TiO, : 4 and Ar:TiO, : 0 at a system pressure of 1 atm'

Figure 4.29: Condensed-phase stability plot for TiC synthesis for molar ratios

of C:TiO, = 4 and Ar:TiO, = 50 at a system pressure of 1 atm'

Figure 430: Condensed-phase stability plot for TiC synthesis for molar ratios

of C:TiO, = 4 and Ar:TiO, = 100 at a system pressure of L

atm.

Figure 4.31: Condensed-phase stability plot for TiC synthesis for molar ratios

of C:TiO, = 4 and Ar:TiO, = 250 at a system pressure of L

atm.

Figune 4.32: Condensed-phase stability plot for TiC synthesis for molar ratios
of C:TiO, = 4 and Ar:TiO, = 500 at a system pressure of 1

atm.

Figure 433: Condensed-phase stability plot for TiC synthesis for molar ratios

of C:TiO, = 4 and Ar:TiOr = 1000 at a system pressure of 1

atm.
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Figure 434: Predicted number of moles of species versus temperature for
experiment 4 (nominal reaction stoichiometry of 0'5)'

Figure 4.35: Predicted number of moles of species versus temperature for
experiment 2 (nominal reaction stoichiometry of 1)'

Figure 4.36: Predicted number of moles of species versus temperature for

experiment I (nominal reaction stoichiometry ot2'5\'

Figure 4.37: Predicted number of moles of species versus temperature for
experiment 12 (nominal reaction stoichiometry of 2'5)'

Figure 438: Predicted number of moles of species versus temperature for
experiment 20 (nominal reaction stoichiometry of 2'5)'

Figure 4.39: Predicted number of moles of species versus temperature for
experiment 3 (nominal reaction stoichiometry of 5)'

Figure 4.40: Predicted number of moles of species versus temperature for
experiment 5 (norninal reaction stoichiometry of 10)'

Figure 4.41: Predicted number of moles of species versus temperature fo_r

experiment 16 (nominal reaction stoichiometry of 2.5 but with

extra H2 added to the sYstem).
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Figure 5.6:

Tolerance of the plasma torch to upstream natural gas injection
as a function of plasma torch input power level.

A schematic illustration of the principle of equivalence in defining
particle size, where an irregular particle is described by three

different equivalent sPheres576.

A schematic of the plasma synthesis reactor and aerosol sam^pling,

dilution, and measurement system used by Girshick et al.$2.

The effect of aging on the surface area of a plasma-prepared SiO,

that was rapidly quenched using N, and then stored under

different conditionss.

A schematic of the sampling locations used in the MgO
modification experiments.

A SEM photomicrograph of the ANAI.AR MgO feed powder

showing three different particle morphologies (left bottom, centre,

and centre top of the photomicrograph).

A SEM photomicrograph of the fourth type of primary particle
observed in the ANAI AR MgO feed powder.
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Figure 5.8:

Figure 5.9:

Figure 5.10:

Figure 5.ll:

Figure 5.12:

Figure 5.13:

Figure 5.14:

Figure 5.15:

Figure 5.16:

Figure 5.17:

Figure S.LE:

Figure 5.19:

Figure 5.20:

Figure 5.21:

Figure 5.22:

A SEM photomicrograph of a large MgO agglomerate from

sampling location L.

A higher magnificarion sEM photomicrograph of the centre of
the agglomerate shown in Figure 5.9.

A SEM photomicrograph of a typical agglomerate from sampling

location 1.

A low magnification SEM photomicrograph of the fractured film
from sampling location 2.

A higher magnification sEM photomicrograph of the fractured
film from sampling location 2.

A SEM photomicrograph of a typical agglomerate from sampling

locations 3 and 4 showing the more open structure than that seen

in Figure 5.10.

A low magnification SEM photomicrograph of a large

agglomerate recovered off the ESP stainless steel electrode

support.

A medium magnification SEM photomicrograph of the

agglomerate shown in Figure 5.14 showing the streakiness of the

deposited film.

Ahigher magnification SEM photomicrograph of the agglomerate

shown in Figure 5.14 showing the dense structure of ultrafine
MgO particles.

A TEM photomicrograph of TiO, powder from the second TiOt
vaporisation, condensation and collection experiment (18073 x or
18.1 mm=1pm).

A TEM photomicrograph of TiO, powder from the third TiOt
vaporisation, condensation andcollection experiment (51150 x or
12.8 mm = 250 nm).

A higher magnification TEM photomicrograph of TiO, powder

from the second TiO, vaporisation, condensation and mllection
experiment (126170 x or 12.6 mm = 100 nm).

Calibration curve for the qualitative XRD analyses for Section

5.3.2.

XRD spectra for the sample from the second experiment with
stick figures for rutile and anatase below.

Comparative XRD spectra of the sample from the second

experiment and the ffi massVo anatase standard.
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Figure 5.23: A schematic of the five sampling locations for the 23 experiments

reported in Section 5.3.3.

Figure 5.24: A low magnification TEM photomicrograp! of typical particles

from sample #13 (22615 x or 11.1 mm = 500 nm)'

Figure 5.25: A low magnification TEM photomicrograp! of typical particles

from sample #14 (22615 x or 11.1 mm = 500 nm)'

Figur€ 5.26: The XRD diffraction spectra for sample #17, which was typical

of the spectra generated by samples from this set of
experiments.

Figure 5.27: A medium magnification TEM photomicrograph 9-f typical

particles from sample #44 (61380 x or l2'3 mm = 200 nm)'

Figure 5.28: A medium magnification TEM photomicrograph 9_f typical

particles from sample #50 (61380 x or 72.3 mm = 200 nm)'

Figure 5.29: A low magnification TEM photomicrograp! of typical particles

from sample #51 (35805 x or 10.5 mm = 300 nm)'

Figure 5.30: A low magnification TEM photomicrograp! of typical particles

from sample #64 (46035 x or 13.8 mm = 300 nm)'

Figure 5.31: A medium magnification TEM photomicrograph of typical

particles from sample #65 (61380 x or L2.3 mm : 200 nm)'

Figure 5.32: A schematic summary of the enthalpy demands of each of the
three reaction system dependent steps and the total reaction

system enthalPY demand.

Figurr 5.33: The enthalpy demand of the combined Ar stream required for
torch operation and powder feeding as a function of the bulk
stream temperature. The total Ar flow was about
I gmol Ar min-l.

Figure 5.34: A low magnification TEM photomicrograph of typical particles

from sample #40 (46035 x or 13.8 mm = 300 nm).

Figure 535: A medium magnification TEM photomicrograph of typical

particles from sample #47 (61380 x or 12.3 mm = 200 nm)'

Figure 5.36: A medium magnification TEM photomicrograph of typical
particles from sample #37 (61380 x ot L2.3 mm = 200 nm).

Figure 537: A medium magnification TEM photomicrograph of typical
particles from sample #60 (75020 x or 15.0 mm = 200 nm).

Figurr 538: A high magnification TEM photomicrograph of typical particles
from sample #71 (126170 x or 12-6 mm = 100 nm).
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Figure 5.39: A second high magnification TEM photomicrograph of typical
particles from sample #71 (126170 x or 12.6 mm = 100 nm)'

Figure 5.40: A high magnification TEM photomicrograph of typical particles

from sample #76 (100595 x or 15.1 mm = 150 nm)'

Figure 5.41: A high magnification TEM photomicrograph of typical particles

from sample #80 (100595 x or 15.1 mm = 150 nm)'

Figurc 5.42: A medium magnification TEM photomicrograph of typical
particles from sample #84 (61380 x or 12.3 mm = 200 nm)'

Figure 5.43: A medium magnification TEM photomicrograph of typical

particles from sample #89 (46035 x or 13.8 mm = 300 nm)'

Figure 5.44: A medium magnification TEM photomicrograph of typical
particles from sample #84 (61380 x or 72.3 mm = 200 nm)'

Figure 5.45: A medium magnification TEM photomicrograph of typical
particles from sample #97 (61380 x or '1.,2-3 mm = 200 nm).

Figure 5.46: A medium magnification TEM photomicrograph of typical
particles from sample #98 (61380 x or 12.3 mm = 200 nm).

Figure 5.47: A medium magnification TEM photomicrograph of typical
particles from sample #1'07 (61380 x or '1,2.3 mm = 200 nm).

Figure 5.48: Asecond medium magnification TEMphotomicrograph of typical
particles from sample #L01, (61380 x ot 12.3 mm = 200 nm).

Figure 5.49: A medium magnification TEM photomicrograph of typical
particles from sample #94 (61380 x or 12.3 mm = 200 nm).

Figure 5.50: A high magnification TEM photomicrograph of typical particles

from sample #94 (126170 x or 12.6 mm = 100 nm).
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Figure E.4:

The laboratory-standard flange (not to scale).

Lattice parameters in the TiN-TiC system. Closed circles: Our
data. Open circles: Duwez and Odell3.

Lattice parameters in the TiO-TiC system. Closed circles: Our
data. Open circles: Krainer and Konopicky2.

Lattice parameters in the TiO-TiN system. Closed circles: Our
data. Open circles: Schmitz-Dumont and Steinbergl. Crosses:

Klimashin et a1.3.

Ternary diagram indicating the composition of the samples for the

system TiC-TiN-TiO.
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Figure E.6: Ternary phase diagram of lattice parameters for the system TiC-
TiN-TiO. 516
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