
   

Copyright  and  Reuse:  Copyright  and  Moral  Rights  remain  with  the  author(s)  and/or

copyright  holders.  Copies  of  full  items  can  be  used  for  personal  research  or  study,

educational, or not-for-profit purposes without prior permission or charge, unless otherwise

indicated,  provided  that  the  authors,  title  and  full  bibliographic  details  are  credited,  a

hyperlink and/or URL is given for the original metadata page and the content is not changed

in any way. For full details of reuse please refer to City Research Online policy.

City Research Online:            http://openaccess.city.ac.uk/            publications@citystgeorges.ac.uk

Citation:  Jablonska, D. M. (1981). Preparation of catalyst supports using 
chemical vapour deposition. (Unpublished Doctoral thesis, The City University, 
London) 

This is the accepted version of the paper.

This version of the publication may differ from the final published version. To cite 
this item please consult the publisher's version.

Permanent repository link: https://openaccess.city.ac.uk/id/eprint/36743/

 

City Research Online
City St George’s, University of London

https://openaccess.city.ac.uk/policies.html
mailto:publications@citystgeorges.ac.uk
http://openaccess.city.ac.uk/


Preparation of Catalyst Supports

Using Chemical vapour Deposition

by

Dominika Mariea Jablonska

A Thesis Submitted for

The Degree of Doctor of Philosophy

of

The City University, LOgdon

The Department

of

Chemistry June 1981





4.1

4.2

4.3

4.4

CONTENTS

List of Figures

List of Graphs

List of Tables

Acknowledgements

Abstract

List of Symbols

Chapter 1. Introduction

Catalytic Gas Detectors

Chemical Vapour Deposition

Mass Transfer

Surface Kinetics

Chemical Vapour Deposition of Alumina

Chemical Vapour Deposition of Titania

Chapter 2. Experimental

Apparatus Design

General Procedure

Analysis and Theoretical Content of Gas Streams

Calculation of Computor Parameters

Chapter 3. Results

General Experimental Trends

Observations on Deposition Experiments

Deposition Rate and Growth Profile

Computed Results

Chapter 4. Discussion

Thermodynamic Considerations

Studies on Alumina and Titania Growth

Diffusion Kinetics

Surface Kinetics

Energy of Activation

vil

ix

ty

44

59

62

67

by

73

82

eal

95

99

101

103

117

123

131

133

135

145

152

155



Conclusions and Further Work

Appendices

References

Ld

257



List of Figures

Figure No. Page

1 The Pellistor il

2 The Circuit Diagram 13

3 Flow System for Pellistors LS

4 Schematic Diagram of a CVD Process 18

5 Effect of Temperature on Deposition Rate 20

6 Effect of Temperature on Supersaturation

on Morphology of Crystals Formed by

Condensation 28

7-10 CVD Reactors 38,40-42

Td Derivation of Diffusion Coefficient 48

12-15 ; Details of Apparatus and Reactors ag ag a fy dP 5

16 Wheatstone Bridge Circuit Diagram 85

17 Linseis Chart Recorder Measuring Module 89

_ 18-19 Typical voltage Time Traces for A103
Deposition 104,105

20 Scanning Electron Micrographs of A1,0, 107

21 Colour Optical Photographs of Al, 0, 109

22 Colour Optical Photographs of TiO, Lat

23 Typical Voltage Time Trace for TiO,

Deposition 112

24-26,30,32 Scanning Electron Micrographs of TLO, 113-115,.139,142

27 X-Ray Crystallograph of TiO, 116

28 : Optical Photographs Used in Growth

Profile Determination 121

29 Uncoated Platinum Wire Coil 138

31 Evolutionary Selection, Crystal Growth

Orientation 141

ast



List of Graphs

Graph _ No.

1-2 Rotameter Calibration Curves

3-5 Experimentally Determined TiO,

Rate Curves

Growth Profile

Comparison of Experimental and

Computed Rate Curves

8 Comparison of Experimental and

Computed Growth Profiles

9 Comparison of Experimental Rate Curves

10 Experimental, Diffusion and Surface

Controlled Growth Rates

iv

Page ©

79-80

118-120

x22

128

129

1ST

156



List of Tables

Table No. Page

A Summary of Reactions Used in CVD 26

B Comparison of Maximum Tio, Growth Rates 143

ic Free Energy of Nucleation, Nucleation

and Dissociation Rate Constants 163

D Dissociation of Ticl, 163

E Activation Energies and Heats of

Adsorption 164



Acknowledgements

I would like to thank         

for his invaluable assistance.

My most sincere thanks are due to Professor C F Cullis

and Dr R P Townsend for their supervision and continuous

help and advice throughout this project.

Finally I wish to thank my friends and family for their

encouragement,   for the photographs and

 for her patience in the typing of this work.

vi



Abstract

The purpose of this project was to determine the suitability

of employing the technique of chemical vapour deposition

for the production of refractory oxide supports, for use

in catalytic gas detectors. These are usually prepared

by successive thermal decompositions of an appropriate

salt solution. Chemical vapour deposition is an attractive

alternative as the oxide bead is deposited in a single

continuous process, thus minimizing contamination problems,

Attempts were made first to coat platinum coils with alumina

using aluminium isopropoxide as the starting reagent.

Various coil temperatures, flow rates and deposition times

were used, but dense, coherent, thick deposits could not

be produced. Extensive amounts of impurities were

incorporated into the product and dendritic-type growth

was observed when the preparation of thick deposits was

attempted.

Attention was then turned to the production of titania

from titanium tetrachloride. Dense, blue/grey polycrystalline

rutile titania was produced between the temperatures of

480 and 800°C using three oxygen concentrations. A

Fortran IV computor programme was constructed in order to

predict the maximum growth rates obtainable under mass

transport control. Good agreement was obtained between

experimental and theoretical maximum growth rates and a

temperature of ~g00°C, indicating that the boundary layer

model used in the calculations was applicable and that

mass transport was rate controlling at this temperature.

At lower temperatures the experimental growth rates and

calculated percentage conversions showed that rate-control

involved both mass transport and surface kinetics. On

the basis of evidence, the reaction was assumed to be first

order, and the growth rate by surface kinetics alone was

vii



calculated. A value for the "true" energy of activation

was thus obtained. The surface mechanism appears to

conform to Rideal-Eley kinetics with oxygen dissociatively

adsorbed on titania and reacting with gaseous titanium

tetrachloride. The rate-controlling step for reaction in

the gas phase is considered to be dissociation of the

first chlorine from titanium tetrachloride; results obtained

in this work are compared with other data in the literature

in the light of this assumption.

In summary, the technique of chemical vapour deposition

appears to be a highly satisfactory method for the

preparation of gas detectors using titania as support.

For preparation of alumina supports, the method is not

effective.
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1.0 Importance of Catalytic Gas Detectors

Catalytic gas detectors are frequently used in the

detection of flammable gases or vapours in various

industrial environments, such as coal mines and in

liquid storage tanks, where dangerous levels of

methane and other gases can build up and approach

explosive concentrations. Equipment for monitoring

such gases ranges from small portable instruments to

large multi-point-sampling systems which continuously

monitor gas concentrations throughout the plant and

which contain alarms that are automatically activated

at certain pre-set concentrations.

The most important part of these devices is the sensing

element itself. The simplest and oldest form of catalytic

sensing element involves a coil of platinum wire. A

flammable gas, such as methane is oxidised on the surface

of the platinum and the heat produced is measured

directly using the platinum coil as a resistance thermo-

meter. Unfortunately, at the temperature at which the

rate of oxidation is sufficiently high (between 900°

and 1000°c) the metal evaporates at an appreciable rate

from the surface of the wire. This produces changes in

the geometry of the coil, which in turn alters the

instrument output signal. Eventually the coil burns out.

These difficulties can be overcome by using a pellistor

which consists of a refractory bead such as alumina or

titania in which the platinum coil is imbedded. This bead

can be coated with any desired catalyst, thus not restricting

one's choice of catalyst to platinum or its alloys.

Pellistors are usually prepared by successive thermal

decompositions of the appropriate metal salt solution

on the wire. A saturated drop of (say) aluminium nitrate
is applied dropwise to the coil and subsequently thermally
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decomposed at 900° using the coil as a heater. This

process is repeated a number of times until a bead of

alumina of the correct dimensions has been produced.

The catalyst is deposited on the bead in a similar manner.

Although this preparative method has been used quite

successfully for a number of years there are some problems.

The materials must be extremely pure, and contamination

by dirty apparatus or polluted atmospheres must be avoided.

In addition, the physical form of the bead and the catalytic

surface can be affected by the temperatures and times of

heating. As a result, the stability of pellistors produced

in this manner can vary considerably, and accurate

reproducible behaviour may be difficult to obtain.

An alternative process for the production of refractory

oxides involves the use of chemical vapour deposition (C.V.D.).

The refractory oxide bead is deposited in a single process

thus minimising contamination problems, as successive

applications of deposit are not required. In addition,

C.V.D. results in uniform deposits on supports of relatively

complex shapes, and is applicable to a wide range of

materials.

The main object of this work was to investigate the

suitability of chemical vapour deposition as a means of

preparing refractory oxide supports which can be used in

catalytic sensing elements.

Catalytic Detectors for Flammable Gases

Instruments are required to measure firedamp concentrations

in two ranges, 0 to 100% and 0 to 5%, the latter being

the most important. The major flammable component of

firedamp is methane, which has a lower explosion limit of 5%.



Other gases such as ethane and propane may also be present,

but for mining purposes it is easier to measure the amount

of firedamp in terms of just the methane concentration.

Most instruments for the measurement of firedamp concentration

are based on catalytic oxidation. The flammable vapour

oxidizes on the catalytic surface and the temperature

increase is measured as a function of electrical resistance.

In principle a number of reactions of a gas can be used

for its detection; however, an oxidation reaction is most

commonly used as this involves a large heat of reaction.

In addition, there is normally a ready supply of oxygen

in the atmosphere containing the gas to be measured.

Three basic requirements are needed for a transducer to

convert the methane concentration into an electrical signal

effectively by oxidation of the gas and measurement of the

heat produced.+ First a suitable surface on which oxidation
will occur is required. Secondly, this surface must be

able to be heated to a sufficiently high enough temperature

to promote an adequate catalytic oxidation rate. Thirdly,

asensitive means of measuring the heat produced must be

available.

The most common method for the measurement of the temperature

is to use a platinum or platinum-alloy coil as a resistance

thermometer in the transducer. The coil is connected to

one arm of a Wheatstone bridge. A reference coil is connected

to another arm where it acts as a compensating resistance.

Both catalytic and compensating arms are affected equally

by changes in water vapour concentration, atmospheric

pressure and instrument temperature, so the bridge output

is virtually unaffected by changes in these factors. The

conditions under which catalytic gas detectors are used can

vary considerably, so it is extremely important for the

instrument to be insensitive to changes in the environment

other than the methane concentration.



Concerning the mode of construction, there are two basic

types of catalytic flammable gas detectors. One type

conveys the gas to the sensor by an aspirating mechanism

such as a squeeze bulb. The other type allows the gas

to diffuse to the detector through a porous plate.”
In both types of instrument transport by diffusion is

involved. Detectors are usually calibrated for a

particular gas, such as methane, and give a reasonable

response for a range of concentrations. If the instrument

is used for gases other than forit was calibrated, acorrection

factor may need to be introduced not only because of the

different heat of combustion involved, but because gases

of higher molecular weight diffuse more slowly to the

catalyst surface and hence give lower readings at the same

concentration level. Mass transport is the rate controlling

factor, as the catalyst oxidizes any flammable gas

immediately it arrives at the surface. Low readings

obviously lead to a reduction in safety margins.

Gas detectors react to concentrations either at the end

of sampling lines or in the immediate vicinity of the

instrument. In many cases the gas concentration is not

uniform and layering may occur, the instrument response

is then dependent on the position of the sampling point.

In addition, low or zero readings can be obtained with

very high gas concentrations where there is insufficient

oxygen for combustion. Temperature can also be important.

If the instrument and gas is above the calibration

temperature lower readings can result. If the gas is hot

and the instrument at ambient temperature, there is a

risk of condensation occurring, especially with the less

volatile vapours. Another problem occurs in moving air

streams, where cooling effects may develop which also

lead to inaccurate results.

In addition to physical factors, susceptibility of the

catalyst to poisoning is another cause of low readings.



If the catalyst surface is poisoned, the resulting very

low rate of oxidation on the surface becomes rate

controlling and the instrument gives low readings. Catalysts

can be poisoned by numerous materials such as silicone

oils, lead, potassium and phosphates. The poison permare ntly

reduces the rate of oxidation on the catalyst and the

sensitivity of the transducer. However, in a system

involving flow sampling the majority of these poisons cm

be removed from the gas sample using activated charcoal.

Thus gas detectors (especially portable ones) should be

used as a guide to the conditions present, and should not

be regarded as of high accuracy unless adequate research

has been undertaken to assess the errors involved.

Principles of Operation of Various Gas Detectors

Infra-red absorption can be used for continuous analysis

of gas streams.> The source of radiation is a platinum-

rhodium heating element embedded in an alumina bead which is

covered in borosilicate glass. The operating temperature

is in the region of 400 to 500°C.

Optical methanometers make use of the difference in the

refractive index of methane and air.* If light is passed
through a cell containing air and through a test gas, the

optical fringes obtained will be different if the refractive

index is different. By adjusting a prism one can return

the fringes of the test gas to the original position, and

thus infer from the deflection of the prism how much the

refractive index differs from the reference. This can

then be related to the amout of methane present in the

test sample by calibration.

Thermal conductivity is a function of the individual gases

present and of their relative amounts. The overall thermal



conductivity of a mixture can therefore be used as a

measure of composition; for high precision a reference

gas is used for comparison. The instrument consists of a

fine platinum wire stretched along the axis of a metal or

glass cylinder. Two such cylinders are used to form two

arms of a Wheatstone bridge. The equilibrium temperature

of the wire depends on the thermal conductivity of the gas

surrounding it: the higher the conductivity, the lower the

temperature and vice versa. If the gas in the test cylinder

is the same as the reference then the bridge is balanced,

but if the gases are different the equilibrium temperatures

and resistances of the wires are different and the bridge

is unbalanced. A serious drawback to this type of detector

is its non-specificity.

The flame lamp is essentially a naptha lamp with a flame

arrestor to disperse the heat generated by the flame.

A flame has a characteristic colour, height and intensity

when in air, whilst in flammable gases the nature of the

flame changes and the flame burns more vigorously. The

temperature can increase by 16% with a 1% increase in

methane concentration,” and thus this device is in
principle a very sensitive indicator of gas in the

atmosphere.

Platinum Wire Transducers

This transducer has all the required properties for both

the oxidation of gas and the measurement of the heat

provided mentioned in section 1.1. Platinum was initially

chosen as its specific resistance and resistance

temperature coefficient are high. In addition, platinum

has a relatively high mechanical strength, so a platinum

wire coil is reasonably stable at high temperatures.

It is resistant to corrosion and, specifically, oxidation.



Unfortunately, platinum is a poor catalyst for the n

oxidation of methane and temperatures greater than g00°c

are needed to obtain a sufficient oxidation rate. At

these temperatures the metal can evaporate from the wire

and thus reduce the cross-sectional area.® This causes
an increase in resistance which is shown by an increase

in instrument zero reading; eventually the wire burns

out.

The geometry of the coil is extremely important. If,

for example, two turns are close together the temperature

in that region is substantially higher, which reduces

seriously the life of the detector. In practice,

therefore, a platinum coil has a comparatively narrow

working temperature range. Below this range the oxidation

rate is rapidly reduced while above it the zero reading

increases very rapidly with time. Another disadvantage

resulting from the high temperatures needed is that it

is not yet possible to make a reference transducer of

the same geometry which can operate at the same

temperature as the test transducer, therefore instrument

compensation is imperfect. To prevent oxidation on

the surface of the reference transducer it is poisoned

or coated with a non-active metal such as gold or used

at a lower temperature than the catalytic transducer.



The Pellistor

The pellistor was developed initially at the Safety

in Mines Research Establishment. /’®
to alleviate the difficulties inherent in the operation

It was introduced

of high temperature platinum sensing elements (see

above discussion). With the pellistor, one's choice of

catalyst is no longer restricted to platinum and its alloys

as the catalytic surface is separated from the combined

heater and resistance thermometer in the centre of the

bead (see Fig. 1.).

The pellistor consists of a coil of platinum wire embedded

in a hard pellet of a refractory oxide, usually a=alumines’
This enables the geometry of the coil to remain constant

and provides an in-built resistance to shock and vibration.

It operates at a lower temperature than the simple

platinum wire, and results in an almost complete

elimination of zero drift. In addition, a nearly perfect

reference transducer can be made using this system,

differing only from the active pellistor in that no

catalyst is applied to the refractory oxide of the

reference bead. Any residual catalytic activity the

reference bead oxide may have is removed by poisoning

the surface with potassium.

-14

The manufacture of pellistors is a simple procedure.” a
A machine-wound eleven-turn, 0.05mm diameter platinum

wire coil with a pitch of 0.125mm is cleaned in chromic acid

10
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and washed successively in water, alcohol and water. The

coil is then dipped into an aluminium nitrate solution,

and the drop of solution left on the coil is thermally

decomposed to alumina by passing a current through the

wire. The dipping process is repeated until a bead of

alumina of approximately 1mm diameter is formed. Any

excess alumina formed on the wire ends of the coil is

next removed by boiling in acid in the case of catalytic

pellistors, or in potassium hydroxide solution with

reference pellistors. The catalyst is impregnated onto

the bead in a similar manner, by dipping the bead into a

solution of (for example) ammonium chloropalladite and

thorium nitrate and then thermally decomposing the salts.

The process is repeated until sufficient catalyst has been

deposited. The pellistors are then welded to support

wires held in either a plastic plug or a glass-metal seal,

and the catalyst is heated to 900°C in a 12% methane/air

mixture to reduce any palladium oxide to palladium metal.

Palladium/thoria pellistors have been found to be very

suitable for use as flammable gas detectors in the temp-

erature range of 500° to 600°c.+

The Electrical Circuit

The electrical circuit shown in Fig. 2. is based on a

Wheatstone bridge made up of both the detecting and

reference pellistors and two other fixed resistors. The

bridge voltage and the resistances of the pellistors are

chosen so that the current needed to reach the operating

temperature passes through the pellistor. The out-of-balance

signal produced when the bridge is put out of balance by

the presence of methane is then sufficently large to be

displayed on a milli-ammeter. Any difference between the

detecting and reference pellistors can be reduced by the

"trimming" resistor T. The relative values of the fixed

12
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resistors Rl and R2 are selected in order to bring the

zero adjustment range into the region of fine control.

This zero control is marked asZ in Fig. 2.

The Gas-Flow System

As discussed above, the gas mixture can be conveyed to

the pellistors in two basic ways, either by an aspirated

flow, or by pure diffusion flow. In pumped flow (see Fig. 3a.)

the sample is drawn through a tube of activated charcoal

to remove poisons and through a tube lined with stainless

steel gauze which serves as a flame trap. The two

pellistors are mounted at the centre of a cavity, which

is open at one end to the gauzed cylinder. The gas

diffuses through the gauze and convection currents in the

cavities bring it to the centre where it diffuses through

a boundary layer to the surface of the pellistors.

Reaction products diffuse out by the reverse process. If

the length of the cavity is equal to its diameter, the

convection currents are not affected by orientation and

the positioning of the pellistor is not critical.

For continuaus monitoring of flammable gases a diffusion

flow system is used (Fig. 3b.). The sample diffuses into

the cavity through a sintered metal disc, which protects

the detector from damage and dust, and an adsorbent layer

of activated charcoal. A heat shield is placed between

the two pellistors in order to prevent thermal interaction.

Other Catalytic Sensing Elements

There are several other types of pellistor available.

For the detection of high concentrations of methane (up

to 60%) the coil is embedded in a glass bead instead of

alumina in order to provide a non-porous base for the catalyst.+

14
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A non-porous base is needed at high concentrations as the

carbon and hydrogen formed in the partial oxidation reaction

can exert large pressures in a porous base and may break

and destroy the bead altogether. Attempts have been made

to directly coat the platinum coil with catalyst?° to
promote a lower oxidizing temperature. A thermocouple

has been embedded in a glass tube externally wound with

a catalyst-coated heater wire.7® In another device all

three functions of the catalytic transducer are separated.

A machine former of alumina is fitted with an internal

heater and externally wound with resistance thermometer

wire coated with a catalyst.2’ Sieger?® have used a
similar method: a core of silica fibre is wound with

the resistance thermometer and then impregnated with the

catalyst.

A platinum wire coil can be coated with a slurry of

aluminium hydroxide?? or a paste of alumina and aluminium
nitrate2? then dried and heated by passing a current through
the coil to convert the salts to aluminium. Zirconia

stablized with calcium oxide?? can also be used for the

detection of flammable gases.

16



Chemical Vapour Deposition

The basic method is as follows. A volatile compound of

the element or substance to be deposited is vaporized,

and the vapour is thermally decomposed or allowed to

react with other gases or vapours close to the substrate

surface, to give non-volatile products which are deposited

on the substrate as a coating. This process is shown

schematically in Fig. 4.

The volatized material is transported to the substrate

using a pressure and/or a temperature difference, or by

acarrier gas. As the vapour condenses on any cool

surface it meets, the deposition system must be at least

as hot as the vapour source. The reaction zone is generally

controlled at a temperature which is much higher than that

of the vapour source, but yet considerably lower than the

melting point of the deposit.

The advantages of CVD are obvious, in that it is possible

to selectively volatize a material, transport it to a

desired place and deposit it in a controlled manner to

give a pellistor of predictable morphology. Despite the

seeming simplicity of the process, a number of physical

and chemical steps are involved in the preparation of a

desired deposit at reasonable deposition rates.

The Evaporation Process

Thermal evaporation from a liquid or solid surface is the

simplest method for providing a vapour for deposition and

it is quite suitable for chemicals which exhibit high

vapour pressures and which do not decompose .22 When the
vapour pressures are low, a method for increasing the

rate of volatilisation must be found, such as sputtering,

where the evaporating surface is bombarded with high energy

Zz
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ions. These ions lose their kinetic energy by displacing

atoms of the material into the vapour phase.

Another method used is chemical evaporation, which relies

on the free energy change involved in the formation of

a volatile compound. Thermal evaporation and sputtering

rely on the transfer of kinetic energy for evaporation.

In chemical evaporation a reactive gas is adsorbed on the

surface of the material, where it reacts. The volatile

product is then desorbed and transported to other parts

of the system where it can further react to deposit a

modification of the starting material. This method is

very useful as it is not limited by the volatility of the

material and provides an additional means of varying the

composition of the deposits.

Transport Processes

eos to involve:The process of CVD is usually assumed

(i) Transport of reactant(s) to the substrate;

(ii) Adsorption of reactant(s) on the substrate surface;

(iii) Chemical reaction on the surface;

(iv) Desorption of product gas(es) away from the surface;

(v) Transport of gas(es) away from the substrate.

Steps (ii), (iii) and (iv) can be referred to as chemical

rate processes and steps (i) and (v) as mass transport

processes. Both slow mass transport and slow surface

kinetics can lead to resistance to deposition. Usually,

however, one mechanism dominates.

The regions labelled A, B and C on Fig. 5. represent

respectively rate control by a reaction occurring at or

near the surface, rate control by mass transport in the

gas stream and rate control by gas phase Waeiesticns 2
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Deposition Rate.

Taken from reference 23.
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At low temperatures deposition is limited by the rates of

heterogeneous (ie. surface) nucleation and by adsorption

effects. Homogeneous nucleation (ie. gas phase) can

occur when the reactant gases are excessively heated and

super-saturation is high, giving precipitation of the solid

reaction product in the gas stream and so leading to a

reduction in deposition rate on the substrate. At

intermediate temperatures the maximum deposition rate

is obtained. Rate control is via interdiffusion of gaseous

reactants and products. Mass transport control is indicated

by a relative independence of rate on pressure when constant

deposition temperature, gas composition and flow rate are

used. At high flow rates mass transport control is shown

by the deposition rate being dependent on flow rate, all

other parameters held constant. At higher flow rates,

if the deposition rate is independent of flow rate, rate

control is by surface kinetics.

Either a film model or boundary layer model can be used

to obtain an equation describing the deposition growth

rate when mass transport is rate controlling. It is

assumed that the resistance to mass transfer is contained

in a relatively thin layer of gas adjacent to the surface

of the substrate. Gas phase reactions and surface kinetic rate

control are assumed to be absent. In the film model, the

physical properties of the film are assumed to be constant

over its thickness and only the boundary conditions are

needed. In a boundary layer model, the effects of mass

transfer and bulk flow on the thickness of the layer are

considered. The boundary layer model is dealt with in

detail in section 1.3.

Deposition Reactions and Thermal Decomposition

The choice of chemical reaction used in CVD is determined,
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for a given vapour, by the conditions used. If the

substrate is heated sufficiently the reactant gas(es)

can decompose and leave a coating on the substrate.

This technique, known as thermal decomposition or

pyrolysis, can be classified into high or low temperature

decomposition and is considered irreversible. Low

temperature decomposition processes occur from slightly

above room temperature to about 600°. 26 Typical compounds
used include the metal hydrides, borohydrides or carbonyls,

most organometallic compounds, unstable metal halides

and metal carbonyl halides. Above 600°C high temperature

decomposition processes are said to occur, the compounds

used being mainly the metal halides, especially the iodides.

Compounds used for low temperature deposition can also be

used in high temperature processes when the conditions

are such that premature decomposition is suppressed, ie.

at greatly reduced pressures or in an atmosphere rich in

gaseous decomposition products. This technique is sometimes

used in order to obtain a particular crystal structure,

orientation or size, or to obtain a desired composition

or purity of deposit which may be more likely to form at

high deposition temperatures.

Many of the compounds mentioned above are capable of

depositing more than one non-volatile deposit. For example,

carbon from the carbonyls and organometallics may be

present in the desired metal product. The extent to

which other atoms are incorporated into the deposit depends

on the nature of the bond between the two depositing

atoms, the various bonds in the compound in the vapour

phase and by the overall reaction mechanism.

Hydrogen Reduction

One of the most frequently used types of CVD reaction is

26
hydrogen reduction. The reaction is carried out at
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elevated temperatures so that the reduction reaction is

favoured by a suitably rapid reaction rate or by a favourable

thermodynamic equilibrium. The temperature can range from

about 100°C to the temperature at which the coating

compound dissociates. These higher temperatures are

usually in the region of thermal decomposition of the

metal halides, except for the metal iodides.

As well as metal halides, other compounds commonly reduced

by hydrogen in CVD, are oxyhalides and other oxygen

containing compounds; 2° In the latter case the extent of
contamination of the deposit with oxide depends on the

reducibility of the metal oxide with hydrogen. Hydrogen

may also be used when pyrolysing metal carbonyls and

organometallics. In these cases reduction is not the main

objective; the function of the hydrogen is to improve

coating characteristics, probably by preventing the

co-deposition of small amounts of carbides or oxides.

The addition of hydrogen can also be desirable to prevent

premature deposition during pyrolysis of volatile metal

hydrides, and hence permit the use of higher deposition

temperatures.

Hydrogen reduction can be likened to a thermal decomposition

reaction aided by the removal of one or more of the gaseous

decomposition products. Thus the temperature required for

decomposition is lower when hydrogen is present than when

it is absent, ie. hydrogen can be used with unstable

compounds to reduce the CVD temperature.

If the reactant used is not appreciably volatile it has

to be vaporized into a stream of inert carrier gas which

can be mixed with hydrogen at the deposition zone, thus

avoiding reduction in the vaporizer. Addition of a

stablizing gas, such as carbon monoxide or free halogen,

into the carrier gas permits the use of more unstable

coating compoundeyee

23



1.2.6

Metal Vapour Reduction

Reducing agents other than hydrogen can be used in metal

halide decomposition and one can "tailor" the strengths

of the reducing agent to the stability of the metal

halide coating compound. Hydrogen is too weak an agent

to reduce titanium, zirconium or beryllium halides at

appreciable rates, but stronger reducing agents such as

zinc and magnesium vapours can reduce these halides to

yield good metal yielas.2° Hydrogen can be used to deposit

silicon and boron from their halides, but zinc vapour gives

higher yields and faster deposition rates at lower

temperatures. Too strong a reducing agent, such as sodium

vapour, can cause premature gas phase reduction, producing

powdery deposits rather than dense coherent ones.

The reducing potential of the metal vapour can be deduced

from the standard free energy of formation of its metal

halide. However, if this halide is less volatile than

the reductant metal co-deposition may occur. One usually

selects a reducing metal with a standard free energy of

formation for the halide which is comparable to that of

the metal halide to be reduced. The reducing agent itself

can of course contaminate the deposit by producing solid

“solutions. Contamination and co-precipitation can be

avoided by operating at reduced pressure, which also

prevents premature reduction of the coating compound.

Other Deposition Reactions

Disproportionation reactions are generally considered

reversible within a defined temperature range.?7 When ~*
the temperature is altered the equilibrium of the

reaction is désplaced. The reaction involves an element

capable of exhibiting different oxidation states, at

least two of which must be present in the vapour phase.
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Beigel.

Displacement reactions do not necessitate a change in

oxidation state; usually the transported element is present

in its highest oxidation state. The amount deposited

depends on the activity of the reactant and its partial

pressure in the gas phase.

The deposition reactions discussed above are summarized

in Table mee

The substrate itself can enter into the deposition process

iff it can act as a reducing agent for a metal halide vapour,

it in turn being converted to a volatile metal halide.

The substrate can dissolve the coating compound to form an

alloy or solid solution or react exothermically with the

coating compound to form a moderately or highly stable

compound. A subtle catalytic effect can also be exerted

by the substrate. This effect can be very large in some

cases so that a deposition reaction may occur in conditions

when one would not expect it. This effect is probably

present, to a certain degree, in most CVD reactions.

Structure of Deposits

CvD is capable of producing a variety of morphologies,

including epitaxial, polycrystalline, amorphous, platelet,

whisker-like and dendritic growths. Epitaxy is a regularly

orientated growth of a crystalline substance on a crystalline

substrate, ie. a deposit with a unique lattice plane

parallel to the substrate. Orientated overgrowth occurs

when a crystalline substance is deposited on an amorphous

one. There are two forms of epitaxy - if the deposit is

grown on the same substance the process is defined as

homoepitaxy while growth on a different substrate is

described as heteroepitaxy. Epitaxy is most commonly

used to grow single crystals and also for the production

of thin films used in electronics. Imperfections
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Table A.

Type of Reaction

Thermal Decomposition

or Pyrolysis

Mx, (g) —> M(s) + > 3X5 (g)

M,[C0.-+Ly (g) —» Mo, (s)

+ [Cyr /0,--.|

1,500°C
eg. ZrI4(g) ——»

M(CO) ,(g) ——» M(s) + nCO(g).

eg. Ni(CO,) —» Ni + 4co.

2 MX(g) == M(s) + MX, (g)

eg. 2GeI == Get + Gal
4

Reduction or Oxidation Reactions

Hydrogen reduction

m
BX(9) + > Hy (9)

eg. CrF, + = 2HF + Cr

BX,,(g) + YIC.N,0... | (g)

iy
MJCrNe0--- | (s) + [X-¥,C.N...|

eg. Ticl, LS

Displacement Reactions

BX, (9) + A(g) = AX, (a) + B(s)

sicleg. 4

26

Zr(s) + 215 (gq).

=== mHX(g) + B(s)

(Based on S Audisio L'actualite Chimique. 1978, (7),25)

Characteristics

Decomposition at high

temperatures of halogen

or oxygen containing compounds.

Decomposition at lower

temperatures than above of

carbonyls, hydrides or

organometallics.

Disproportionation.

Reduction of metal halides

by hydrogen to produce the

metal.

Reaction of a metal halide

with a gas containing

carbon, No, By, Ot, or. Oo.

+ 2H. C—O + + 4HC1

+ CH, == sic(s) + 4HC1(g)



such as stacking faults, growth pyramids and dislocations

have an adverse affect on epitaxial deposits. The occurrence

of these imperfections is largely controlled by the substrate

surface. Correct surface preparation techniques therefore

help to minimize them.

High temperatures, good lattice match between the substrate

and deposit and correct concentration ranges favour

epitaxial growth. If these conditions are not met

polycrystalline or amorphous structures may be produced.

Lower temperatures and higher gas phase concentrations of

the depositing material favour the production of polycrystalline

deposits, where the structure of the substrate has little

or no effect. With these conditions there is a high rate

of feed of reactant to the surface, but the surface

mobility of the adsorbed atoms is low. Many differently

orientated nuclei are therefore formed, which upon

coalescence produce a polycrystalline deposit.

At even lower temperatures and higher gas phase concentrations

more condensation nuclei are formed initially which lead

to finer grained deposits, and eventually non-crystalline

30 Fig. 6. summarizes the above

generalisations. It is apparent that increasing concentration

(super-saturation) leads to an increased nucleation rate

amorphous deposits result.

and increased density of nuclei on the surface. Increasing

temperature has the opposite effect.

Polycrystalline deposits often comprise a columnar

microstructure.” This consists of a network of low
density material surrounding an array of parallel rod-like

high density regions which have a marked degree of preferred

orientation. A randomly orientated layer is first formed

on the substrate, but deposition proceeds by the more

rapid growth of preferentially orientated grains, which

in turn inhibit the less favourably orientated eso
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factors)

Effects of Temperature and

Supersaturation on morphology of crystals

formed by condensation .

Taken from reference 34.
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In extreme cases a single crystal deposit can be formed

in the last stages of growth.

Porous deposits may be obtained when the growth rate is

controlled by a mass transport process. The tips of the

growing crystallites normally extend furthest into the

gas phase boundary layer, in which there is a reactant

concentration gradient. Thus the reactant concentration

and the growth rate is greater at the tips than at the

intercrystalline boundaries, resulting in a built-in

boundary porosity. In contrast, high density deposits

are obtained when the reactant concentration is uniform

over the deposit, which occurs when surface kinetics

is the rate controlling mechanism. 2?

Amorphous deposits, useful in electronic devices, are

produced at low temperatures due to limited mobility of

the adsorbed atoms. The adatoms are not able to move to

more energetically favourable sites where nucleation

could occur.

Dendrites, botryoids, platelets and whisker growth also

eccur. in CVD. Both dendritic and botryoidal structures

are very porous and irregular in surface coverage.

Dendrites usually comprise of a loose agglomeration of

crystals, whereas the botryoidal structure resembles a

bunch of grapes.

Platelets and whiskers can be considered as two and one

dimensional crystals respectively.°° Each crystal face
collects its own material, but if one face has a higher

acceptance level preferential growth occurs. In platelets

one face grows more slowly and one degree of freedom is

lost, while with whiskers one plane grows very much

faster than the other two and so in effect two degrees

of freedom are lost. Molecules are adsorbed onto the

sides of the whisker and diffuse to the tip.
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All the above structures are formed by heterogeneous

nucleation but at sufficiently high levels of super-

saturation in the gas phase and a high temperature (not

substrate) "homogeneous" nucleation can occur to produce

fine powders. This powder formation cannot seriously be

considered as homogeneous as nucleation probably occurs

on ions, dust particles and impurities in the system. 22

Powder formation is undesirable when one requires a

continuous solid deposit as it lowers the deposition rate

and causes equipment maintenance problems. However, gas

phase nucleation is extremely desirable in the production

of pigments such as the carbon blacks and the titanium

whites.

Adhesion, Coverage, Supply Rate, Purity and Efficiency

As stated above, gas phase reactions can occur with the

more unstable coating compounds at some distance from

the heated substrate at higher temperatures. This

produces non-adherent powder deposits or non-volatile

partial decomposition products which may be carried out

of the deposition zone before deposition can occur. This

difficulty can be eliminated usually by lowering the

vaporization temperature, or by reducing the pressure,

thus increasing the mean free path of the gas molecules.

Deposit adhesion is also influenced by the extent of

inter-diffusion of the deposit and substrate. Inter-

daiffusion usually improves adhesion, unless an extremely

brittle compound is formed at the interface of the deposit

and substrate. Chemical attack on the substrate by a

gaseous decomposition product can also produce brittle

compounds at the interface.>? Adhesion may be improved

if an intermetallic compound is formed which increases

the deposit nucleation density. A deposit can be more

mobile on the intermediate layer than on the substrate.
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The increase in mobility increases the nucleation density

and so increases adherence. Deposits with low nucleation

density, producing large grain sizes and possible porosity,

tend to be non-adherent. With a very large substrate

area both adherent and non-adherent deposits can be formed

together due to reactant depletion from the gas phase.

This can produce stresses between the neighbouring

sections which may be large enough to form cracks in the

deposit. In addition, after adherence of the deposit to

the substrate, it must be able to cope with all the internal

stresses and stresses that result when cooling from the

deposition temperature takes place, especially if there

is a marked difference in magnitude between the thermal

expansion coefficients of the deposit and substrate.

A uniform rate of supply of fresh reactant is harder to

obtain than uniform substrate temperature. With non-

turbulent flow at near atmospheric pressures, the deposit

tends to build up in streamlines on the wind-ward side of

objects. This is caused by the depletion of reactant

gases as they move across the substrate. Non-uniform

deposits also occur if the substrate temperature is not

constant over the surface, heavier deposits occurring on

the hotter portions. Non-uniform temperatures can however

be desirable when using certain substrate shapes or reactor

chambers in order to give uniform coverage by counter-

acting the reactant depletion as it flows over the

substrate.

Various methods have been used to counteract the stream-

lining problem, such as rotating the substrate, suspending

it in a relatively large chamber so convection currents

and turbulent conditions can be set up, or by tilting it

in order to increase projection into the boundary layer.

Another means of obtaining uniform coverage, which also

gives high deposition efficiency, is to heat only a small

part of the substrate whilst keeping the remainder just
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sufficiently hot to prevent condensation of the reactant

gases. The heated section is then slowly shifted along

the entire length of the wire, rod or ribbon (these are

the only substrate shapes to which this approach may be

applied).

The purity of the deposits naturally depends on the purity

of the reagents used. Brittle, rough, discoloured metal

deposits can be formed when oxygen, nitrogen, water

vapour, oxyhalides and hydrocarbons are present. 7° The

effects of all these factors can be modified by altering

the carrier gas, or by using small amounts of additives.

Deposition rates are a function of the material deposited

and of the method used, so the thickness of the deposit

can be satisfactorily varied over a wide range. Deposition

efficiency (ie. the ratio of material deposited to volatile

reactant supplied) varies enormously with the conditions

used.

Experimental Requirements

Regardless of the process used in CVD the basic equipment

required only consists of the vaporizer and the deposition

chamber.

Vaporizer

Transport can occur unaided when the reactant has a high

vapour pressure. If a high reactant vapour pressure is

not available, transport can be aided by a carrier gas

which can either be inert or reducing. Solid or liquid

reactants may be vaporized directly into the carrier gas

from a bulb or bottle vaporizer. A more elegant design

needs to be incorporated, however, if better control over
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vaporization rates is desired. Close control of this rate

is necessary when deposits of controlled thickness are

required, or when alloys or compounds of a particular

composition are to be deposited by simultaneous vaporization

of reactants from two or more separate vapour sources.

Vaporization from a liquid can be more closely controlled

than that from a solid, owing to poor heat transfer

effects and the variable area of subliming system in the

latter case. Vaporization of liquids from a bubbler

virtually saturates the carrier gas with the reactant

vapour, especially if the gas-inlet tube ends in a porous

glass sinter. The gas stream is not saturated if the

residence time in the vaporizer is too short because of

a high gas stream flow and/or a low reactant surface area,

or if the reactant is picked up din the form of droplets.

Use of a porous sinter in a bubbler may ganerate spray

droplets which can then collect onwarmer downstream

surfaces. Here they can evaporate at a higher temperature

than the vaporizer temperature and produce a variable and

too concentrated vapour. The droplets may also be carried

to the substrate surface itself where they, on decomposition

or reduction, tend to nucleate growth defects.

If the liquid is quite volatile at the temperature of

vaporization, substantial cooling of the liquid may occur

owing to the extraction of the heat of vaporization from

the liquid rather than the surroundings. Thus an appreciable

temperature gradient may exist between the bulk of the

liquid and the interior of the bubbles, making the

determination of the actual temperature of vaporization

extremely difficult. This temperature difference increases

with increasing gas flow rate, causing the degree of

vaporization of the liquid to be a non-linear function of

the gas flow rate.

By passing the carrier gas over the surface of the liquid
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or solid without bubbling, the above difficulties of

spray formation and liquid cooling can be avoided.

Unfortunately the carrier gas is usually far from being

Saturated. The rate of vaporization is now diffusion

controlled and as the liquid has a known and constant

surface area exposed to the carrier gas, a constant

gas-film thickness at the interface and a reasonably

constant surface temperature, the rate of vaporization

will tend to be constant and independent of the gas flow

rate.

Thus a constant concentration of reactant tends to be

obtained in the bubbling vaporizer while a constant flux

is found with the non-bubbling diffusion type. This

generalisation applies when medium to low gas flow rates

are used and laminar flow conditions are present in the

latter case. High carrier gas flow rates are undesirable,

producing irregular vaporization rates in both cases.

With solids saturated vapour conditions are sometimes

obtained by operating the vaporizer at a temperature close

to the melting point of the solid. If vaporization from

the liquid phase produces an atmosphere too rich in coating

reactant, the carrier gas flow may be split in order to

by-pass a proportion of the carrier gas around the vaporizer.

Rather than vaporizing the solid or liquid, the reactant

can be generated in situ. This is desirable when the

reactant is hygroscopic and/or toxic. However, in this

method, the reactant gas stream contains a number of gases

rather than the single gas required. For alloy and doped

mixed oxide deposition, where mixtures of specified composition

are required, simultaneous vaporization from two or more

vaporizers may be required.

No matter what means of vaporization and transport is used,

the transfer lines must be kept at least as hot as the
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source to prevent condensation of the reactant, but not

hot enough to cause premature reduction or dissociation.

Numerous kinds of flow-meters can be used to monitor

and regulate the reactant flow, such as a rotameter or

an electronic type (where the cooling effect of the mass

flow of gas on a hot wire is measured). Both systems

are convenient to use, but it is important to calibrate

the meter separately for each gas used.

Methods of Heating

The primary determinant of the design of the deposition

chamber is the method used to heat the substrate. In

addition, the design of the chamber is influenced by the

geometry, shape and composition of the substrate, by the

nature of the coating required and (in the industrial

context) by economic factors. Heating of the substrate

may be produced by induction, an external furnace, internal

resistance, radiation or conduction from an electrically

heated hot plate, electron beam bombardment or by a plasma

flame.

In common with some of the other methods, induction heating

has the advantage of heating the substrate without heating

the walls of the reactor. This is desirable as deposition

on the wall is then kept to a minimum, thus reducing the

frequency of cleaning. In addition, the chance of gas

phase nucleation is reduced, since the reactant gas flow

temperature is usually much lower than that of the substrate.

Induction heating is not really suitable for non-conductive

or poorly conducting substances, wires, long tubes or thin

sheets. For these cases, other methods are more applicable

and give better deposits. When depositing a metal by

induction the substrate supports should be so sited so as not

to allow the metal to form a closed circuit. With close-
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coupled induction coils the walls of the reactor may

become hot enough to allow deposition which can cause

short-circuiting to occur. Water cooling and looser

coil coupling usually prevents this.>*

Resistance heating involves passing an electrical current

through a conducting substrate of small cross-sectional

area, such as a fine metal wire. Temperature control is

sometimes difficult as deformations or kinks in the wire

can cause hot spots, which increase deposition rate and

alter the microstructure of the deposit. Heating by

infra-red radiation does not give high temperatures, and

for temperatures up to 1,000° or 1,200°C a heat lamp or

photographic lamp is more effective. Solar or electric

arc radiation concentrated by the use of mirrors can

produce temperatures up to 4,000°. Heating by radiation

results in rapid heating and cooling of the substrate,

and it can be used with both electrically conductive and

non-conductive materials. It is not a suitable method

for substrates of high reflectivity, or transparent materials.

Hot-wall-reactors are mainly heated by resistance elements

surrounding the unit. Sharp temperature profiles are

obtained and temperature control is relatively simple.

However, deposition can occur on the walls and, in extreme

cases, gas phase nucleation may occur which can prove

uneconomical.

Reaction Chambers

As mentioned above the design of the reactor chamber depends

on the geometry and shape of the substrate. If the size

of the reactor is large compared to the substrate dimensions

most of the reactant passes through without reattion. If

the reactor is too small, a low velocity gas stream will

be prematurely depleted of reactant, which causes uneven
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deposits. Ideally the shape of the chamber should

correspond to the shape of the substrate. This provides

a reasonable gas flow pattern over all the substrate

and so promotes a uniform thickness and microstructure.

Low temperature reactors (substrate maintained at a

temperature of less than 500°C) are used primarily to

produce semiconductors. Heating is usually effected by

the resistance method and the pressure is atmospheric.

The reactors used canbe classified into four basic types??

¥, Horizontal tube displacement flow,

2. Rotary vertical batch,

3. Continuous extended slotted disperser,

4. Continuous laminar flow nozzle.

Horizontal tube displacement reactors (see Fig. 7a)

continually supply fresh quantities of carrier and reactant

gases, which are usually mixed at the point of entry.

The mixed stream passes over the substrates placed on a

tilted carrier. This arrangement protrudes the downstream

substrates further into the boundary layer and thus

minimizes depletion.

Rotary vertical batch reactors (see Fig. 7b) have the

substrate wafers rotating above a resistance heater.

The chamber can be cylindrical, conical or hemispherical.

The incoming gases mix gradually with the partially reacted

gas before passing over the substrates. Changes in gas

composition can be effected gradually therefore, in contrast

to the case of the horizontal reactor, which is desirable

if two layers with a graded interface is needea.?© The
rotary movement of the substrates ensures maximum uniformity

of deposition.

Continuous reactor systems are useful in the large scale

production of oxide and glass films. A commercial reactor’
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Fig7. Reactors.

(a) Horizontal tube displacement flow,

(b) Rotary vertical batch.

Taken from reference 35.
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moves the substrate wafers on a conveyor through the reaction

zone at constant speed. The reactant gases are pre-mixed,

passed through a slotted disperser plate, from which they

flow in laminar fashion over the wafers (Fig. 8a). The

cross flow dispersion and short wafer to dispenser spacing

(lem) minimizes gas phase nucleation.

In laminar flow nozzle reactors the hydrides and carrier

gases are directed through separate laminar flow slots,

mixed and reacted in the space between the nozzle and the

wafers (2.5mm), forming oxide or glass films (Fig. 8b).

High temperature reactors can be divided into the hot-wall

and cold-wall systems mentioned earlier. Hot-wall reactors

are used to produce Group III-v and II-VI semiconductors.

Cold wall reactors are extensively used for epitaxial

deposition of silicon. Fig. 9. shows some reactor types

used for these processes. The substrate is the only area,

which is directly heated, but the walls of the reactor

can be above 500°C when only air cooled, which is nevertheless

insufficient to initiate silicon deposition. The walls

are water-cooled if silane is used as reactant, but only

air cooled when silicon tetrachloride is employed.

In the horizontal and "barrel" reactors r-f heating is most

commonly used, though some commercial reactors use high

intensity radiation lamps. The incoming gases constantly

replace the product gases and so downsteam depletion is

a problem. By slightly tilting the susceptor the reactor

cross-section is decreased and the linear velocity

increased. This leads to a thinner boundary layer and

hence a faster rate of transport of reactant, which tends

to compensate for the downstream depletion. Large amounts

of power are required for the above reactors and some 60%

30,38 » new reactor has been

introduced recently therefore, ?2% to help improve the
efficiency of silicon deposition. Fig. 10. shows a

of the reactant is wasted.
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(a) Extend area slotted disperser,
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Taken from reference 35.
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Fig9. Reactors.

(a) Single substrate pedestal,

(b) Horizontal,

(c) Barrel,

(d) Pancake type.

Taken from reference 38.

41



susceptor disc with two wafers

=~ exit

(Hil I f rotating shaft
exit -=

‘ |
ec eee oe Pe

ets eek oll inlet
rf coil distributor
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Taken from reference 38.
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schematic diagram of the RCA rotary disc reactor which

combines the capabilities of the atmospheric reactor with

the wafer-stack packing of low pressure reactors.

Low pressure CVD reactors are extremely economical in use

and give high uniformity of deposition. 10741 The substrates
are uniformly heated by resistance and can be vertically

close packed. Deposits formed on the hot wall are very

adherent provided the thickness of the deposit does not

exceed 20um. Any particles flaking off do not fall onto

the wafer surface due to their vertical arrangement.
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Mass Transfer

The chemical vapour deposition process, as stated earlier

in section 1.2.2, consists of a series of steps. The

reactants are transported to the substrate, where they

adsorb and react on the surface and any gaseous products

are then transported back to the bulk gas stream. If

the maximum deposition rate is desired, conditions giving

rate control by mass transpert should be used. (Refer

to Fig. 5. section 1.2.2).

When a system contains varying concentrations of two or

more constituents there is a tendency for mass to be

transferred. The transfer of one component from a region

of high concentration to one of lower concentration is

called mass transfer.*?

Fick's First Law

The amount of a component, either in mass (or molar) units,

which crosses a unit cross-sectional area in unit time is

termed the mass (or molar) flux. The basic empirical

relation defining the molar flux relative to the molar

average velocity under steady state conditions is often

referred to as Fick's first law. Using the nomenclature

of R B Bird et a1:43

where Tae is the molar flux per unit cross-sectional area

in the z direction.

Dag is the binary diffusion coefficient for compound A

diffusing through compound B (sometimes termed the
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dc

interdiffusivity) and — is the concentration gradient

of A in the z direction.

Equation 1. defines the bulk diffusion of A in the z

direction in an isothermal, isobaric system. A more

general relation, not restricted by isothermal, isobaric

constraints is given by:

where c is the molar density of mixture (= oc

and xy is the mole fraction of A.

‘a + Cp)

c
A

=>)

In isothermal, isobaric systems, the total concentration

c¢ is constant and so equation 2. reduces to equation 1.

An equivalent relation for the mass flux in the z direction

iss

Dae Pee eae ae

where p is total mass density of the mixture,

dw

— is the mass fraction concentration gradient of A,

and Wa is the mass fraction of A.

(=).

The molar flux in the z direction can be expressed in

terms of the molar average velocity:

a v_) 4.pa = On ng Ve,

where Yao is the mass average velocity of A in the z direction,
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Ne is molar average velocity for a multicomponent mixture

in the z direction.

Equating 2. and 4. one obtains:

= re A
Ope = Cx Wee V2) = 2C-Digs Go os

Rearranging

on
CaeVae -c-Da3- Ere + eV, 6.

But

vo = dev: # cv.)
Zz Cc’ A Az B Bz

oR
and using ey Paar equation 6. becomes:

ax,

CaVan = ~-C-Dage Gz X, (Cq-Va, + Cy+Vp,) he

AS Va, and Vp, are the velocities of A and B in the

z direction, CaVas and CpVp, are the fluxes of A and B in

the z direction.

The flux which is relative to a fixed set of stationary

axes can therefore be defined as:

Na = Ca-Vy and Ng = Cp-V¥p

Substituting this into 7. gives:

ax

N = -c.D aeAz ap dz * *a‘Naz + Npz) =

Generalising and writing in vector notation:

Ny = -¢-Dan vx, + %,(Nq + N,) 9.
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1.3.2

Therefore Nye the total molar flux of A, relative to a

stationary set of axes is the result of two vector

quantities, the concentration gradient contribution

(-c.Dy3-Vx,) and the bulk motion contribution [x,(N,+N,)=c,V].

For species A diffusing in a multi-component mixture, the

expression equivalent to 9. is:

n

Ny = -¢ Day V XQ + Xy > 5 Ny

where Dam is the diffusion coefficient of A in the mixture.

It is emphasised that the binary diffusion coefficient,

Dape is identical in all equations and either Ty

can be used to describe mass transfer operations.

or Na

The Diffusion Coefficient’

The diffusion coefficient or mass diffusivity is basically

a proportionating factor in Fick's first law but may be

related to the properties of a gas using kinetic theory.

Taking a system containing two near identical types of

molecules such as isotopes A and A', consider the rate

at which A passes left to right through a unit area in

unit time. The unit area is a plane set at right-angles

to the z direction, and the concentration of A decreases

in the direction of positive z (Fig. 11).

Let the concentration at point 2 be c Then the‘At

concentration at 1 is:

dc
‘et 2K

eo

and the concentration at 3 is:
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The molecules arriving at the plane have, on average,

had their last collision at a distance of 2 4, where \
is the mean free path of A in the gas phase. The number

of impacts on the plane from left to right is on average

cy 0/4 (Appendix 1), per unit time and unit area.

Therefore the flux from left to right is

T(L—R) = c,. 10%

where c, is the molecular concentration of A and u is

the mean Maxwellian molecular velocity.

If points 1, 2 and 3 all have concentration Ca, no net

flux would occur, but with the concentrations shown in

Fig. 11. one can state that at point 2

and

- dc

o(R +L) - [-, + ad 29]

Therefore the net flow from left to right is:

- dc dcau A 2 xa 2]3, -¥[e,- a Sih) shee are ae)
de

ae tk Sue ee
st ie akc tals C2

ee. Sy Son
gee wwe (07

Comparing this with Fick's first law gives for the bulk

diffusion coefficient

D feAA? Naewre

49



1.3.3

Substituting in the values for U and the mean free path A:

tea

Dasa 9B oea Di.

ll.u wre Qa ‘0 4 2

where go = nae, the collision cross-section and p is the
absolute pressure in atmospheres.

This equationis really only applicable to a system

containing non-polar, monatomic molecules of equal size

and mass and having equal average velocities, ie. isotopes.

Daat is thus a self-diffusivity.

More accurate results can be derived for the interaction

between non-polar, non-reacting molecules:42
eT L <

_0.0o01eser 72 (/Mat 7Mp y?
Bs 2

P- Sa %,aB

AB 12.

where QD ape the collision integral, is a dimensionless

function of temperature and of the intermolecular potential

field for one molecule of A and one of B (2 = fs).
’

There are numerous empirical correlations for the estimation

of the diffusion coefficient which are discussed in depth

elsewhere,“ but the Hirschfelder, Bird and Spotz equation

(equation 12) is recommended for use wherever experimental

values are unavailable.

Forced Convective Mass Transfer to a Surface

Each chemical system in CVD has its own kinetic parameters

but mass-transport characteristics depend mainly on the

geometry of the system and are known for most systems
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1.3.3a

either directly or by analogy with heat transfer processes.*>

Numerous papers are available in the literature which

deal with mass transfer in CVD to flat plates, 17 aor
cylindrical surfaces? 0? 91/52 and in a barrel reactor.>>
The theories can easily be applied to spherical surfaces->’>-
as will be shown.

Theoretical Analysis

mixture can be stated as:

- Vxy 13.

or

dx
a ] a

(BE) ape = (NX, - X,NQ) (/Dy 9) + (Nyx, ~ N3%q) 7D] 5) + +--+

where 6 is the effective film thickness.

For n components there are (n-1) independent variables,

as one of the components is dependent upon the others

by

be 1- Mpa peo ee eo 14

The Stefan-Maxwell equations (above) are a set of

simultaneous first-order differential equations. A

number of solutions are available to these and ternary

solutions have been derived by Benedict and Boas>” and
Chichelli, Weatherford and Bowman”° among others.

Unfortunately as the number of components increases,

analytical solutions become progressively more difficult

to derive, as well as to use, and various approximations
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and semi-empirical relations have therefore been used

by Wilke, >7 Carlton and oxley, >! Besmann and Spear, °°
Spear? and Carlsson. °°

A requirement of the Stefan-Maxwell equations is that a

value for the film thickness 6 is needed in order to

integrate equation 13 between appropriate boundary conditims.

The effective film thickness can be obtained by using the

Chilton-Colburn "j-factor" analogy®!
mass transfer,

between heat and

Jy = Jp = f (Re)

where Re is the Reynolds number.

The heat transfer correlation for forced convection

around a cylinder of diameter d is given by®4

3 prsNu = 0.35 + 0.47 Re*.Pr 15:

and for a sphere

a 35
Nu = 2.0 + 0.60 Re*.Pr? 16

where Nu and Pr are the Nusselt and Prandtl numbers.

respectively.

te = 28

and h = heat transfer coefficient

V = free stream velocity

> W density
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xu = viscosity

ee = heat capacity at constant pressure

k = thermal conductivity.

The corresponding mass transfer correlation is, for a

cylinaer®*

4

Nuyg = 0.35 + 0.47 Re*sc aur

and for a sphere

F505Nu 2.0 + 0.60 Re*Sc 18
‘AB

where Nua and Sc are the Nusselt number for mass transfer

(Sherwood number) and the Schmidt number respectively.

Kw

S¢c_= spaed",

kd

Nua, = qui
A

and Dd", = effective average diffusion coefficient of A,

K = mass transfer coefficient.

The effective film coefficient can be definea®? as

da

8 = Na

where d = characteristic dimension.

The average mass transfer coefficient, ky can be defined

in terms of the effective film thickness, according to

Wilke, >” by

D"P

Ky = RTs (pF), 19
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where Dp",

2

(pE) y

effective average diffusion coefficient of A.

total pressure.

“partial film factor" for diffusion of A.

The flux of A to a surface is then defined by:

Ny = (Ky) yoPe Oxy - Xqg) 20

where Xp =Mole fraction of A in the main stream, and

Xas =Mole fraction of A at the surface, assumed to

be zero.

The growth rate G is finally defined by:

m,.N
an tx

e- 4 21

aA ea

where my = molecular weight of the deposit,

My = molecular weight of A, and

eg density of deposit."

Initially the flux (and therefore the growth rate) is

calculated between r =6 and r = r(surface), however,

deposition is taking place, thus the characteristic dimension

and the effective film thickness are changing with time.

[o= £(d2)] . A time t is defined, at which the deposit
surface has reached the initial effective film thickness

value ie. [r(surface) becomes (r(surface) + 6)J. one can

then use this value to calculate a new film thickness and

repeat the above calculations.°4

The geometry used in this present study is a coil and

not unexpectedly no direct correlation has been found in

the literature to suit this case. Experimental observations

indicate that the coil is best treated as an infinite

cylinder initially, with the surface area of the wire used

in the coil equal to the surface area of the cylinder.
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1.3.3b

When the deposit has grown sufficiently so as to obliterate

the individual turnings, the best approximation is no

longer a cylinder but a sphere of diameter d equal to

the pellistor size at any given time.

Definitions and Estimations

Carlton and oxley>+ do not use the factor (DE) in their

calculations, but substitute in mean weighted molecular

weights of the bulk stream and the film. However, (pE) ,

is considered to be a better refinement as it takes into

account not only the opposing effect of components

diffusing against A but also the "carrying" effect of

compounds diffusing in the same direction.

The film pressure factor is defined asi?’

(pf), = 2 )o, (Pre> A) am eA

where ($, - Xa) am is the log mean average over the

boundary conditions of the film,

($,-Xa5) - (%,-xXa1)
A A2 A “Al

ie. ($, = Xa) am a 23

4 (2 )
ae xX
a-*a1

N
A

and = —
Ne

N.

+z direction.

i = Sum of the transfer rates of each component in the

For a chemical reaction at a surface with diffusion of

components to and from the interface, the ratio of the

mass transfer rates for the reaction
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aA + bB —»> dD + eE

becomes

2 a ee
Ox ~ atb = d-e af

For equimolar steady state counter-diffusion, assuming

a constant diffusion coefficient:

Lim(pf) , =P.

(6,700)

The integrated average effective diffusion coefficient,

DD", given in equation 19 over the diffusion path length,

6, may be determined from?!

1a as we 
25

4
i4a Pai

where xy is the effective mole fraction of the Ase
component, A being excluded from the summation as shown.

Then, for example,

cae (PE) ap ¢

oe eeeB (BEY apt (PE) ant (PE) ant

or, in general,

(pf)
a a

S (PE) as

ifA

The partial film pressure factors, (PE) ap etc., for

diffusion of A into the other gases are given by:

(DE) ng = Go (xt txt g) (Oyg-m' ag) 28esate ATH 4) Ong >TM ag
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where x' ys mee are the arithmetic mean average mole

fractions of the components across the film thickness

x
A

x3 So 29

aL xt + x!

N
A

>. => 30
Ai Na+ Ny

Dai can be evaluated using the Hirschfelder, Bird and

Spotz equation discussed earlier in section 1.3.2 (equation 12).

Another problem lies in the estimation of the gas mixture

viscosity, which is required for the Reynolds number.

Wilke?! suggests:

w.

ateeo -

where ices: Meg

[> A?gh ‘}
i

My 4

Som!
j

and M,, M, are the molecular weights of components i and j.
id

Finally, the density of the gas mixture can be found £rom*?

&m = mx ci

57



[e336 Effect of Temperature Gradient

For CVD processes in cold wall reactors, especially

where the substrate is small compared to the size of

the reactor, a steep temperature gradient can exist close

to the substrate itse1t.°°

The diffusion boundary layer thickness is affected by

the temperature gradient at the reaction surface, and the

diffusion coefficient itself is strongly temperature

dependent. Thus the mass flux to a heated surface is

altered with respect to an unheated one. Nevertheless

the effect is not too severe - generally reasonable

agreement occurs between experiment and theory even if

the effect of the temperature gradient is neglected, for

the following reasons. Tf es is negative (ie. the temp-

erature increases as r decreases) then there is a decrease

in the flux of reactant to the surface compared to the

isothermal situation and hence a decrease in surface

growth rate. This effect is opposed somewhat by the

increase in the magnitude of the diffusion coefficient

with temperature. For most gases the boundary layer

properties are similar and the above two opposing effects

often effectively cancel each other out.
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1.4 Surface Kinetics

The above growth rate calculation assume an absence of

surface resistance to deposition. If the actual experimental

deposition rate is very much lower than the calculated

rate, then surface kinetic control of the rate may be

oceurring.

Many surface reactions involve interaction between two

different species of adsorbed molecules on neighbouring

surface sites. The kinetics in such cases is said to

conform to the Langmuir-Hinshelwood mechanism. °° The
extent of surface coverage for each component is usually

expressed in terms of fractional coverage ®.

Thus

bsp
Oras 2 31
Pe aN aPy

i

whe re by is the Langmuir constant for the rey species
adsorbed on the surface. From the statistical mechanical

treatment}

3 ea
by = h ; ote @ (Q4/RT)

(2em;) st (x2) jj, int

where h is the Planck constant, k the Boltzmann constant,

m, the mass of the it? adsorbed molecule and rae Prat

the partition function for the internal degrees of freedom

(ie. rotational, vibrational) for the adsorbed (surface)

and gaseous forms of molecule i respectively. Qs is the

heat of chemisorption of i on the surface and by convention

Qs == AH, Py is the partial pressure of i above the

surface.
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The rate of reaction is proportional to the fractional

coverage and for two adsorbed species can be expressed

by

< i= k.0,.0,

or

2 k-b, «by +Pa+Py

2(1+b,p,+bpP,)

where k is the chemical reaction rate constant.

If reactant A is only weakly adsorbed baPa is small, and

then

k.b, -b, +P, P,
Lim (v) = ee 33

bapy>0 (1+b, -P,)

Here the rate is proportional to the partial pressure

of A, but as the partial pressure of B increases the rate

increases to a maximum and then decreases.

If reactant B is very strongly adsorbed baPs >1 and

Lim (v) Para 34m v = -

DaPp—> 0 BPB

The rate is now inversely proportional to the partial

pressure of B so that, in the catalytic context, B is

acting as a poison.

When a reaction occurs between adsorbed A and gaseous B

(the Rideal-Eley mechanism) then

k.by-Pa-Pg
be 2 Sera 35

‘APA
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If B can also be adsorbed, but not participate directly

but only fills sites A could have occupied

k-DaPaPp
1+b,P,tb BPR

36

For the latter two equations no maximum occurs in the

rate on increasing the partial pressure of either

constituent. By careful examination of the experimental

data, the appropriate mechanism can be found although

ambiguity regarding the details of the mechanismis hard

to eliminate. Various papers are available in the

literature concerning the surface kinetic mechanism for

CvD with uranium carbide, ©’ germanium, ©& boron on a metal
Eitanentecs zirconium oxide, yttrium cote te and cudgevens
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Chemical Vapour Deposition of Alumina

The oldest method for the production of alumina by

chemical vapour deposition involved hydrolysing aluminium

trichloride by the water-gas reaction /? in a temperature
range between 800° to 1,255°C. The alumina produced between

800° to 1,000°c was grey, microcrystalline and microporous

and flaked off the substrate when heated to between 100°

and 200°C above the deposition temperature. Gas phase

reaction products increased substantially when the deposition

temperature was above 900°c. Films produced at 900°C

were polycrystalline and became more amorphous as the

deposition temperature was lowered. /?

Single crystals have been obtained between 1,550° and

1,800°C under low-pressure conditions. /* Messier and wang/2"76
grew crystals below 1,500°C at 0.5 torr pressure, using
water vapour as the reactant gas instead of hydrogen and

carbon monoxide. Polycrystalline deposits were formed

at 1,400°c, and clear, transparent single crystals at

1,500°%C.

Organoaluminium compounds can be used to obtain deposits

at lower temperatures. Pyrolysis of tri-isobutyl

aluminium in an oxygen atmosphere has been performea’7"78
and very porous, non-homogeneous thin films were obtained

between 250° and 600°C. 7? Trimethyl etunintome has
also been pyrolysed at 450°C and a growth rate of

. was observed.approximately 10nm minTM

Amorphous powders with particle sizes in the sub-micron

range have been produced under vacuum at temperatures

between 500° and 1,000°C using aluminium isopropoxide as

the starting reagent .&° Aluminium isopropoxide was also

used to produce amorphous alumina films on horizontal

quartz substrates, with nitrogen as carrier gas and a

deposition temperature of 420°c.8 The alkoxide was
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maintained at 125°C and again a deposition rate of 10nm min7?

was obtained using a 10am*min7+

had to be increased to 30am?
flow-rate. The flow-rate

1 gor deposition at 600°C
in order to prevent premature decomposition at this high

temperature. Overall, the deposition rate was found to

be a function of both gas flow and oxygen concentrations.

As expected, oxygen aided the decomposition of the molecule.

Unfortunately linear velocities are not quoted in the

literature so direct comparison is not possible. Oxides

min”

deposited at 420°C were optically opaque and very porous,

clear, hard transparent films were obtained when the conditions

were altered to produce a deposition rate of 6.7nm min?,
The deposition rate was found to be linear with respect

to time, and unaffected by the amount of deposit already

present on the substrate. The maximum thickness obtained

without cracking was lum. Thin platelets of 100nm in

diameter were observed on the surface of 50nm and 200nm

non-porous thick films, possibly due to the deposition

of very fine particles formed by premature decomposition.

Duffy and Reveszie using the same conditions as Aboat,°+
obtained films up to 800nm thick. A deposition rate of

1 was also obtained at 420°C. In some cases

rates were reduced to as low as 1.7nm minTM+, but no details
were given regarding the conditions that produced this

change. Uniform films deposited at temperatures up to

700°C were non-crystalline. In contrast, at 925°C the

10nm minTM

film was polycrystalline.

Deposition between 400°c and 450°C has been carried out

with the aluminium isopropoxide source at 120°c.83 A

nitrogen flow-rate of 3am°min7 2 was used through the

alkoxide with a nitrogen by-pass of 15am?
rates obtained ranged from 1 to 4nm min7? on silicon

and silica substrates, and film thicknesses obtained were

between 150 and 500nm. Small amounts of undecomposed

min7?, Deposition

organic radicals and/or water molecules may have been
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included in the films, but the authors advised further

studies to confirm this. Koga et alee increased the
deposition rate from approximately 4nm min to 45nm min-*

by increasing the alkoxide evaporator temperature from

105° to 140°. Unfortunately no other details of interest

are presented in this work.

In a study which conforms more closely to the requirements

of this current project McCandless and Withers®> coated

fine wire substrates with alumina using a CVD technique

but they concluded that thick, dense coherent deposits

could not be formed from aluminium alkoxides and that only

very thin films were practicable.. Little further

information was given.

A deposition temperature of 500° with the aluminium

isopropoxide maintained at a temperature between 125° and

130°C has been used to coat r-f-heated silicon substrates.°°
Usually, a deposition rate of about 10nm min7} was

obtained and uniform amorphous films up to lum thick were

produced. "Crazing" and "peeling" were found to occur

in the thickness range of 0.8 to lym. Films deposited

in the presence and absence of oxygen were contaminated

with carbon to a level of approximately 0.3%w/w in both

cases.

Hough®? used high purity aluminium isopropoxide (abbreviated

hereafter as a1(o'pr,) to coat tungsten wires. Deposition
rates of nearly 25pm min-2 were produced at substrate

temperatures of 700 to 800° using a pressure around 1kPa.

The coating of amorphous alumina so produced was hard

and transparent, but unfortunately very brittle. This

lack of mechanical strength apparently resulted from

stresses developed while cooling down from the deposition

temperature. When depositing alumina under similar

conditions upon tantalum wire the deposits did not
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develop cracks, and were adherent and tough when handled.

Thus the surface morphology reflected the condition of

the underlying substrate surface. Hough®? was extremely
critical of Aboaf's warkes suggesting that his compound
was not pure enough and perhaps partially decomposed and/or

anhydrous conditions were not used, thus explaining the

low deposition rates obtained.

Using a vaporizer temperature of 170° ana deposition

temperature of 420°C, a growth rate of 20nm min7+ has
been obtained, this increased when the oxygen concentration

was increased. °° Moller and Fabian’? 2° used a vaporizer
temperature of 135°C, and a deposition temperature between

300° ana 500°% to produce deposits between 100 and 400nm

thick. A reactant flow of 50dm*min~was used to get a

maximum growth rate of 19nm min7? at 400°C. The growth
rate was found to decrease as the substrate temperature

was further increased, (10nm min7> at 600°C). The deposit
was found to form "clusters" on the surface.

al (opr) has also been used to coat ceramic and glass
podies?? under partial vacuum between temperatures of ;
371°C and 538°c (vaporizer temperature 232°C). Ammonia

vapour was used and found to improve the coating characteristics.

Barybin?! showed that the pyrolysis of Al(o'Pr), isa
step-wise process involving dissociation of the O-C and

Al-O bonds, and the properties of the films so produced

depended significantly on the conditions. The best

quality films were obtained in a temperature range as

narrow as 410° to 430°C.

Amorphous aluminium and phosphorus mixed oxide films have

been obtained at 500°C by mixing aluminium isopropoxide

and phosphoryl chloride (Poc1,) vapours. ?2 In sonnee
study, trimethyl-siloxy-aluminium diisopropoxide has

been used to produce a mixed oxide film, and an aluminium
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foil has been impregnated with molten aL(o'pr) 4 and then
hydrolysed with steam to form alumina. ’7

Aluminium, titanium and zirconium isopropoxides have been

hydrolysea?* using a deposition temperature of 85°C to

produce powdery, amorphous films. Fractures were observed

in unannealed films which had been allowed to grow to

thicknesses between 300 to 600nm.

A study of the texture of alumina catalysts prepared from

different starting materials has been performed.”
al(otPr), was hydrolysed to a gelatinous alumina mass at
room temperature and its gas adsorption properties at

500°C were determined.
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Chemical Vapour Deposition of Titania

The most frequent use of titania is in pigmentation.

Titania can be obtained from high temperature oxidation

or hydrolysis of titanium tetrachloride vapour to produce

very fine powders , 96-100 Deposition temperatures are
typically around 1100°c with total flow rates between

107 and 215¢em? x pormin”, to produce fine powders;

Coherent, dense, hard and non-porous thin films have been

produced for use in semiconductors by the hydrolysis of

titanium tetrachloride or titanium isopropoxide. 2° A
reactant flow of 0.2am?min=+, and water vapour flow of
1.4am?min7+ were mixed 1.5cm away from the germanium,
silicon or platinum substrate which was kept at a temp-

erature of 150°%.

Platinum coated quartz has also been used as the substrate

at temperatures as high as 900° to 950°c, 193 Titanium
isopropoxide was vaporised at 100°C and a growth rate of

10nm min7? was obtained. Deposition rate depended mainly

on reactant concentration and in contrast to alumina

deposition, was relatively independent of substrate

temperature. Thin amorphous films have been obtained by

hydrolysis of ri(olpr) , at 150°c104-105 »iims oe above
In

addition, deep blue or golden coloured deposits have been

grown on amorphous silica between 200° and 800°. 107 At
200°c amorphous deposits were formed. At 275°C some

anatase appeared whilst at 300°C the amorphous material

was the minor component. Finally at 400°C only anatase

550°C show a polycrystalline anatase structure.

was formed. Titanium isopropoxide has also been pyrolysed

in oxygen. 108

Hayashi and Hirai??? have produced 0.1 to 0.3mm thick films
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on single crystal silicon substrates between 100°C and

900°c, by the hydrolysis of titanium tetrachloride

vaporized at 20°c. The argon/titanium tetrachloride and

argon/water vapour were maintained at 300 and 200em? min”

respectively. Deposits formed between 100° and 200°C were

amorphous, while at 300° amorphous, anatase and rutile

a

structures were observed and finally at temperatures

between 400° and 900° the structure was just rutile.

When deposited between 400° and 500° a preferred orientatia

of (301) occurred, and (100) at deposition temperatures

of 600° to 900°C. The surface structure consisted of

small grains, each grain a well defined crystal whose

dimension increased with increase in temperature. At 900°C,

small grains were observed to form on the already present

large grains. The colour of the deposits depended strongly

on the deposition temperature. Between 400° and 900°C

deposits were blue and became progressively deeper in

colour with decreasing temperature, probably due to oxygen

deficiency in the structure. Low temperature deposits

(100° to 300°c) were pale brown. Formation of TiO and

T1203 was not observed.

Ghoshtagore? +0? +11 oxidized titanium tetrachloride to
produce thin-film rutile titania on silicon wafers over

a temperature range of 400° to 1047°C in a horizontal

reactor. The reactant was vaporized at 25°C. Deposition

3min7}rates were not obtained for flow rates less than 5dm

due to non-uniformity of deposits on their substrates.

Deposition rates depended on the flow rate, partial

pressure of Ticl, and oxygen concentration. At all

temperatures and partial pressures of Ticl,, the growth

rate attained a constant value, surface kinetic rate

control. For constant Ticl, partial pressure, increasing

the temperature of the substrate and flow rate prolonged

mass transport control. At lower temperatures (less than

827°C) surface kinetics became rate controlling at lower

flow rates.
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If the partial pressure of Ticl, was altered under surface

kinetic rate control, the surface reaction was found to

be of first order with respect to Ticl, at or under 827%.

At temperatures greater than 827°C, the apparent reaction

order was greater than 1 and became a function of

temperature.

For low oxygen partial pressures the order with respect *

to oxygen was found to be a half, becoming zero order at

an even lower partial pressure. The partial pressure at

which zero order kinetics was observed increased with

increasing Ticl, partial pressure.

Thus

a
vo (PL )2(P, )

Op Ticl,

at low values of Poo for all values of Pricl,’ and

“a P.
Ticl,

at high values of Po, and all values of Ypicly:

These data indicate that the appropriate mechanism was

Rideal-Eley.

Atomic oxygen was adsorbed on the surface and molecular

titanium tetrachloride collided with the oxygen adatoms

from the gas phase. In the Lanomuir-Hinshalwood mechanism

both species will be adsorbed, and the rate should pass

through a maximum, but since the rate reached a limiting

value here the data were more consistent with the Rideal-Eley

mechanism. Single silicon crystals were used as the

substrate and the rutile deposit had a preferred orientation

of (110) when deposited between 357° to 457°, (101) at

457° to 717°C, (301) between 717° and 852°C and (100) between

852° and 1047°%C.

69



The reasons for the differences in the data produced by
the above authors is not clear. The temperature at which

rutile TiO, was reported to be produced differed in every

paper. These differences must be primarily due to the

differences in reaction systems, linear velocities and

operating techniques.
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2.0

2-161

Apparatus Design

The apparatus was constructed primarily from 3mm I.D. aclass

tubing, although 15mm I.D. tubing was used for the gas

stream splitter. All taps were constructed from PTFE in

order to minimize contamination from grease. GEC-Elliott

rotameters were connected via qlass-to-metal joints into

the apparatus, which were then heated by lagged heating

tapes controlled by two "Variacs". Mixing column M3

(Fig. 12) was not heated as this would have affected the

calibration of the by-pass rotameter, which enabled a set

amount of carrier gas to by-pass the bubbler system and

enter the reaction zone. In practice however this by-pass

system was little used, as excessive oscillations occurred

when it was employed, which prevented the accurate

determination of the amount by-passed.

Mixing column Ml was filled with zeolite 5A in order to

dry the gas stream before it entered the bubblers. The

bubblers themselves were constructed from modified

Dreschel tubes with porous P3 sinters.

Details of Reactors

Initial aluminium isopropoxide experiments used a single

reactor, the design of which is shown in Fig. 13. The

three arms of the gas splitter were joined directly

opposite tobaffles which were intended to assist the

maintenance of an even gas stream composition inside the

reactor. Between the baffles six B14 sockets were

distributed, into which the PTFE bungs holding the coils

could be placed. The coils did not protrude into the

main body of the reactor thus giving rise to a static

layer of gas round each coil and hence ensuring diffusion

control. A large centralised exit tube vented into a

fume cupboard. This design ultimately proved unsatisfactory
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however as the geometry was such that at high oxygen

concentrations the reactant (which tended to build

up inside the reactor under all conditions) was explosively

ignited by the hot coils, causing the reactor and most of

the apparatus line to shatter.

A more conventional design was then used. The original

single reactor was replaced by three horizontal reactors,

each containing two Bl4 sockets so that two PIFE bungs

could be situated diametrically opposite each other and

at right angles to the gas stream (Fig. 14). The bung

design was also modified in order to place the coils

directly into the gas stream (Fig. 15). The new reactors

were constructed from 2cm I.D. tubing, some with and some

without baffles, When baffles were incorporated, they

were placed before the coils in the gas stream.

Position of Thermocouples

Seven iron-constantan thermocouples were sited at various

points on the apparatus. Thermocouples 1, 2 and 3 were

situated in "pockets" in mixing column 1 (Fig. 12). :) the

others were placed between the glass tubing and the lagged

heating tapes. Thermocouple 7 (T7) was situated

immediately before tap B, while T6 was placed after the

bubblers. 15 was situated on one arm of the gas splitter

and T4 immediately after mixing column 2. The heating

tapes surrounding Tl, 2, 3 and 7 were controlled by

variac 1 and the others (T4, 5 and 6) by Variac 2.

Calibration of Rotameters

Rotameter 1 (N,) and rotameter 2 (0) were calibrated for

nitrogen and oxygen respectively using a gas burette

bubble-meter. The calibration curves can be seen in Graphs

1 and 2. (Table 1 Appendix 2).
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2.1.4 Safety Aspects

All sections of the apparatus beyond the rotameters

were shielded on the side away from the operator with a

fine wire mesh, and on the side closest to the operator

by a 12mm thick clear perspex sheet.
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202 General Procedure

The following procedure was used for both alumina and

titania deposition experiments. Platinum coils were

spot-welded onto nickel posts set in PTFE bungs, their

cold resistance was calculated before being placed into

position in the purged reactor(s). By appropriate

adjustment of the taps incorporated into the apparatus (Fig. 12),

the gas stream was then passed through the bubblers and

the reactant was thus transported to the resistance heated

coils.

Six platinum coils (0.025mm wire diameter, 0.15mm pitch*TM

and 0.45mm mandre1*) were spot-welded onto six sets of
nickel posts using a Slee SM906 resistance spot welder.

The cold resistance of each platinum coil was measured and

their resistance at any temperature °c could then be

calculated using

Re = R, (1+e?) o7

Where Ry is the cold resistance and a the temperature

coefficient.

The coils were then placed into position in the reactors

and electrically connected to a constant resistance

(Wheatstone bridge) unit. As mentioned before, all

sections beyond the three rotameters were heated by lagged

heating tapes, controlled by two "Variacs". A temperature

of approximately 130° for al(o'Pr), runs was employed,
but 90-100°C for the Ticl, runs was adequate. Before a

run, the apparatus was purged for one hour with dry

nitrogen gas.

*pitch can be defined as the distance between two turnings

of a coil, and mandrel as the diameter of a turning.
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The required amount of reactant, (approximately 15g

AL(0*Pr) 5 or 30-35em> TiCl,) was placed in each of two
adjacent bubblers. The third bubbler was kept empty in

order to trap any droplets that were carried over in the

gas flow system from the two previous bubblers. The

bubblers were then connected to the main apparatus via

ball and socket joints and placed in a Techne SBS2

fluidized bed which was thermostatically controlled by

a Skil series 9 temperature controller (model 2T) at

either 125°C (for al(0'Pr),) or 30°C (for TiCl,).

When the reactant had reached the required temperature,

the GEC-Elliott rotameters were separately adjusted so

as to give a combined flow of nitrogen and oxygen of a

pre-determined composition, and the coils were resistance-

heated to the desired temperature. By means of tap D

(Fig. 12), the gas stream was passed through the bubblers

thus transporting the reactant vapour to the reactors.

Before entering the reaction zone the vapour stream was

split into three, as shown (Fig. 12).

For the first four alumina runs the voltage across each

coil was monitored at ten-minute intervals using a Solatron

7040 multimeter. For later work a Linseis six-channel

flat-bed chart recorder was used to continuously monitor

each coil.

During deposition the back pressure was monitored using

a mercury manometer. The rotameters required occasional

adjustment in order to maintain a constant gas flow.

Iron-constantan thermocouple outputs were monitored using

a Solatron 7040 multimeter and the readings converted to

centigrade using calibration tables.

When a sufficient deposit had been produced, the temperature

of the coils was decreased by suitable adjustment of the

Wheatstone bridge circuit. Tap D was then turned to divert
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2.2.1

the gas stream from the bubblers back to the main

apparatus line, which was then purged with an air mixture

to remove any residual reactant.

The bubblers were removed and cleaned between each run.

Hydrochloric acid was used for al(otpr), reactant, but
water was quite adequate when Ticl, was employed.

The coils were then disconnected and examined by optical

microscopy and/or a Jeol JEM 100B electron microscope.

Calibration of Wheatstone Bridge (Constant Resistance)

system oe

The constant resistance system consists of six identical

circuits (Fig 16) designed to hold the resistance of a

platinum coil constant when conditions of heat loss from

the coil varies. The balance position is given when the

bridge on the left of the circuit is balanced. If the

ratio of the coil resistance to lais higher than the

ratio of the 1K variable "set resistance" to the parallel

56a and 500a resistors, then the potential at point A

will be higher than at point B and the input will fall.

This reduces the voltage applied to the bridge and the power

supplied to the coil. The coil resistance then decreases

and balance is restored. If the ratio of the coil to 1a

is lower then the ratio of the other bridge arm, the

potential at A is lower than at B and the power to the

bridge will be increased, thus causing the load resistance

to increase until a balance is obtained.

The Wheatstone bridge circuits were calibrated by connecting

a resistor to the load terminals and observing the voltage

and current through the resistance using a Solatron 7040

multimeter. The true resistance of the load was calculated

from the standard relation R = V/I. This was then compared
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to the dial setting (or 1K, ten turn "set resistance"),

and it was found that

2 x dial setting = load resistance.

The results appear in Appendix 2 Table 2.

Determination of Cold Resistance

The cold resistance of coils used for runs Al to DT3

(see Section 3.0 Chapter 3 Appendix 3) was determined

by passing a constant current of 10mA through the coils

and recording the resulting voltage using a Solatron 7040

multimeter. From an average of ten readings for each

coil at room temperature the cold resistance was calculated

using the equation

Rn
R= 38
° lteT,,

where Ro is the cold resistance, R, the room temperature

resistance, Th the room temperature (Pc) and @ the

temperature coefficient (0.003927/°).

The resistance at temperature T was then calculated from

equation 37, section 2.2.

Unfortunately the ten readings obtained for each coil

frequently had a large variance, therefore the average

value taken could be substantially different from the

"true" value. Also the constant 10mA current had to be

Checked repeatedly as it tended to drift. The above

procedure was therefore unsatisfactory for accurate

temperature control and another method was devised for the

remaining experiments.
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To find the resistance of the coil at room temperature

for runs DT4 to DT52 (Section 3.0 Chapter 3 Appendix 3)

the coil was connected to the Wheatstone bridge circuit

and the flat-bed recorder. The dial setting on the

constant resistance unit (Section 2.2.1) was increased

until a sudden increase in voltage was observed (ie.

the room temperature balance point had been exceeded).

The dial setting was then reduced, in order to imbalance

the bridge, and the voltage across the coil was monitored.

The dial setting was then slightly increased and a cool

air stream passed over the coil. This was repeated until

a response in voltage occurred. As the dial setting

(and therefore the variable resistance) was set with the

coil at room temperature, then when a cool air stream

passes over the coil its' temperature is lowred. If

the bridge was originally balanced the voltage would

increase to compensate for the cooling effect, whereas

if the bridge was imbalanced no response would occur.

Once the balance point had been determined the dial

setting and room temperature were recorded. From the

calibration graphs of the Wheatstone bridge units

2 x dial setting = resistance of coil

at room temperature

The cold resistance was then calculated using equation

38 and 37 (Section 2.2).

Calibration of Recorder

To ensure a good response when measuring the resistance

of the platinum coils it was necessary to calibrate the

Linseis 6-channel flat-bed recorder. Initially the

recorder was allowed to "warm-up" for fiftean minutes.

The input was shorted out by moving the function switch

to 0, the. measuring range set to 500mvV and the zero line
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2.2.5

shifted to a central position (Fig. 17). The measuring

range was then adjusted to 10mV and potentiometer U

adjusted until no movement of the chart pen occurred

when switched through the 10 to 500mV ranges. The

procedure was repeated with the 0.5 to 5mV range using

potentiometer V. Finally, the function switch was then

put in the "cal" position and the inputs connected. The

required measuring range and chart speed could then be

selected.

Operation of Slee SM906 Resistance Spot Welder

The following settings were found to give good results

when top welding 0.025mm diameter platinum wire onto the

nickel posts.

Amplitude current control: 12

Voltage control: Medium

Time control: 5

Phase shift: S

Variable: Half cycle

The resistance spot welder was then operated by means

of a foot lever to bring the electrodes in contact with

the welding surface.

Operation of Jeol JEM _100B Electron Microscope

The coil was mounted onto a carbon disc using silver

paint before being placed inside the microscope. A dark

field image was produced so that a white image was seen

against a black background. An accelerating voltage

of 40kV was used with a spot size 3 and a zero angle of

tilt. Heavy deposits of alumina had to be coated with

gold to help prevent charging problems. Fortunately
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titania deposits did not require this treatment.

Micrographs at a magnification of 500x and 2000x were

obtained, and examples can be seen in Sections 3.1 and

3.1.1. At magnifications of 500x and 2000x one centimetre

on the micrograph is equivalent to 20mm and 5pm respectively.

Optical Photographs

All optical photographs were taken using a "Nikon Nikkormat"

set-focus camera with a two second exposure time.

Magnification and focus were controlled by the "Olympus"

optical microscope.

Photographs were obtained at various temperatures and

gas mixtures and the build-up of deposit as a function

of time could then be measured on the photographs using

callipers. The results obtained are in Section 3.2.
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Analysis of Aluminium

a) General Method and Observations

Approximately 15g of 8.D.H. grade aluminium isopropoxide

were placed in each of two adjacent bubblers. The

bubblers were then placed in the fluidized bed (see

Section 2.1). A measured amount of hydrochloric acid

(pH<1) was placed in each of the two analysis traps

situated at the end of the CVD apparatus. By adjusting

taps D and E (Fig. 12), the gas flow was passed through

the bubblers and transported to the analysis traps. After

two hours, the solutions in the traps were analysed for

aluminium as follows.

Each trap was emptied and washed out with distilled water,

both solutions and washings being retained. The resulting

solution was made up to 250cm? in a volumetric flask. A

20cm? aliquot was then taken and analysed titrimetrically
for aluminium.

A Glear colourless liquid layer was observed on top of

the hydrochloric acid in the analysis traps. This layer,

which contained a negligible amount of aluminium, was

removed for analysis before the aqueous layer plus washings

were made up to 250cm> in the volumetric flask. Analysis

on the volatile liquid layer by NMR and mass spectrometry

indicated that it contained a mixture of at least two

long-chain hydrocarbons. Detailed identification of the

hydrocarbons was not undertaken.

b) Analysis of Aluminium

The method used followed that of Burke and pavis!!4 and
involved adding an excess amount of 0.05 mol am-> CDTA
disodium salt (CDTA=trans-1,2-diaminocyclohexane-N,N,N',N'=

tetra acetic acid monohydrate) to an acid solution containing

aluminium. The solution was then buffered with hexamine

to a pH between 5.5 and 6 and then the excess CDTA was

back-titrated with 0.05 mol dmTM? standard zine solution,
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3.1

using xylenol orange as indicator.

The order of addition was important. The excess CDTA

must be added first, then buffer, then indicator. If

buffer is added before CDTA, partial precipitation of

aluminium occurs.

Standard Zinc

6.5437g of zinc were dissolved in dilute nitric acid and

diluted to 2000em? with distilled water.
Concentration of zinc = 0.050044 mol dmTM?.

Disodium Salt of CDTA

8.5q of sodium hydroxide were dissolved in 500m? of water.
36.4g CDTA were added and the solution diluted to 2000em?.
Aliquots of the solution were titrated against the standard

zinc solution.

Concentration of CDTA = 0.0499 mol am@>,

Test Analysis

15m? of CDTA were added to 10cm? of standard aluminium
nitrate solution. The solution was buffered, and then

titrated with standard zinc solution.

Theoretical Al content: 0.0100g.

Determined Al content: 0.0101lg.

Theoretical Aluminium Isopropoxide Content

The above procedure was used to find the percentage

aluminium present in the B.D.H. aluminium isopropoxide.

The results obtained are shown in Table 3. Appendix 2,

and it was concluded that the batch used contained ~

15% w/w aluminium.
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The theoretical amount of aluminium which should be

present in the saturated gas stream can be calculated

from Raoult's Law

[» (760-p)] Vy,

SDE ue ; a4
2

for Ny stream only, and

[x7 (760-p)] (Vig +VQ )M

x = Ey MY
No/0,

for a N,/0, gas stream.

X is the quantity (gq) of a1(0*Pr) 4 present, p the vapour
pressure, Yn,’ Vo the volumes of nitrogen and oxygen

respectively; T i8 the temperature of the gas stream and

M the molecular weight of ai(otPr),.

A comparison of theoretical and experimentally determined

weight can be seen in Appendix 2 (Table 4(a) and 4(b)).

Since the thermocouples were situated between the heating

tapes and the glass tubing, uncertainty arose as to the

actual temperature of the gas stream. The calculations

were therefore performed over a range of temperatures.

Generally the quantity of aluminium found experimentally

was substantially less than that calculated.

Vaporization of liquids from a series of bubble-type

vaporizers, each involving a porous glass sinter should

virtually saturate the carrier gas with reactant vapour.

However, as the alkoxide is quite volatile at the

temperature of vaporization, substantial cooling of the

liquid must have occurred due to the extraction of the

heat of vaporization from the liquid. Therefore an”

appreciable temperature gradient must have existed

between the bulk of the liquid and the interior of the

bubblers, making determination of the actual temperature
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of vaporization extremely difficult. It is probable

therefore that the vapour pressure values used in the

above calculations were too high, and this is the major

cause of discrepancy between theory and experiment.

Another problem was that condensation of the aluminium

isoproproxide occurred in the apparatus lines, thus

depleting the reactant concentration in the gas stream.

It was not possible to increase the heating of the lines

further without premature decomposition of the reactant

taking place.

It was apparent from the above studies that estimations

using Raoult's Law were inadequate, and frequent chemical

analysis of the aluminium content in the flow were

essential.

Theoretical Titanium Tetrachloride Concentration

Theoretical amounts of titanium tetrachloride present in

the gas stream were also calculated from Raoult's Law

(equations 39 and 40). Vapour pressure data was obtained

from Perry and Chilton!15, Table 5. Appendix 2. shows
the results obtained using the maximum and minimum gas

stream temperatures.

Unfortunately no experimental analyses could be performed

as Ticl, could not be efficiently extracted from the gas

flow.
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In order to calculate the theoretical mass transport

controlled growth rate of titania it was necessary to

perform some initial calculations.

Calculation of Density and Viscosity

The density of each individual gas was calculated from

kinetic theory®®

3e= = 41
C

where @ is the gas density, p the pressure and c the

root mean square velocity.

es ay 42
m

Substituting 42 into 41 one obtains for gas A under one

atmosphere pressure

The results obtained are present in Table 6. Appendix 2.

Viscosity values were also calculated from kinetic theory®®

when no experimental data were available.

p= eck 43

where » is the mean free path and

kt
N=

V2.8 07D
44

Substituting the above equations into equations 43 one

obtains
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_ erm)?
f Ve .7 07

where ¢ is the molecular diameter.

Where viscosity data were available, the viscosity at

temperature T was obtained from the Sutherland equation

viz

44
,

_ ee?
tb oSer

A plot of vy against T gives a straight line with a
gradient of 1/b and intercept of S/b. Viscosity data for

oxygen, chlorine and nitrogen was obtained from reference 116.

S and b values are presented in Table 7. Appendix 2.

The gas viscosities obtained can be seen in Table 8.

Appendix 2.

Calculation of Binary Diffusion Coefficients

Binary diffusivities were calculated using the

Hirschfelder, Bird and Spotz equation. (Equation 12.

Section 1.3.2. Chapter 1).

Fong era0.0001858 T (M,+M,)/M,Mg

AB” 2Pp o73B 2.

where T is the temperature (x), My B the molecular weights
’

of components A and B, P the pressure (atm), Trp a

Lennard-Jones force constant (nm) and 2, a dimensionless

D 12

collision integral for diffusion. 2, is a function of

KT/E ape k being the Boltzmann constant. In order to

use equation 12 it is necessary to have values of EoaB

and "3 for the gas pair. These are estimated from the

force constants of the pure gases by use of the combining

rules
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ole
EOAB -(Poa 2 “8
eae Ae K

= $(o,+¢,)
TAB A’ 9B

The collision integral was then found from Table 11-1

in Reid and sSherwood** . In cases where the force
constants were unavailable they were estimated by

Bo
k

1.21 T (®)

and

q I= 1.18V,%5 (nm)

where Ty is the boiling Pepe rar and Yb the volume

at normal boiling point (cm mole ~). Vy, for titanium

tetrachloride was estimated from structural contributions

where each element is assigned a numerical value and the

volume calculated by addition of these values. Force

constants for 04, Ny and Cl, were obtained from reference 44

Appendix G and are listed in Table 9 Appendix 2.

115

Sample Calculation

3 a
_ 0.001858 772 [(28.01344189.712)/ (28.0134x189.712)]?

D, 4

Ticl4/N, 14+4(0.3798+0.5931)7 9

Soricl,/N5 a
ee (71.4x495.6)

= = 0.005316 T
E
oficl,/N,

The binary diffusion coefficients so obtained are listed

in Table 10. Appendix 2.
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Mole Fractions

In order to find the density and viscosity of the gas

mixture it is necessary to evaluate the mole fractions

of the compounds in the gas stream. The theoretical

amount of titanium tetrachloride at a sandbath temperature

of 29°C and maximum gas flowtemperature was used for all
calculations. (Table 5. Appendix 2). All titanium

tetrachloride present was assumed to cross the boundary

layer which was of a thickness 8, The 0,/N5 ratio in

the boundary layer was assumed to be equal to that in

the gas stream. The arithmetic mean mole fractions

obtained are listed in Table 11(c). Appendix 4.

Tables 11(a) and 11(b) list mole fractions assumed to be

present at the limits of the boundary layer.

Fortran IV Computor Program

A computor program was devised to calculate the density

and viscosity of the gas stream mixture, the effective

diffusion coefficients of the components in the mixture

and the deposit growth rate. The program can be seen in

Appendix 4. Further details in Chapter’3.
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3.0

The results presented in this chapter are detailed under

three basic headings: observations on chemical vapour

deposition experiments, some experimental data on

deposition rates, and theoretical mass-transport controlled

rates.

General Experimental Trends

A list of the experiments undertaken is presented in

Appendix 3, together with the detailed conditions used in

each run. The experiments can be divided into four

sections; initial runs for alumina deposition using the

original reactor (Section 2.1.1. Fig. 13), (Runs Al-A4),

alumina deposition using modified reactors (Runs NA1-NA13),

feasibility tests on titania deposition (Runs T1-T6) and

growth rate determinations (Runs DT1-DT52).

Initial alumina depositions were performed at various

temperatures and times with a constant flow rate of

657om*min-+ and ~ 19% 0, concentration.

Similar conditions were used when the modified reactor

design was introduced: it was not possible to use higher

oxygen concentrations because of the danger of explosion

(see Section 3.1). Therefore experiments with long

deposition times at a ~19% O, level were undertaken

in order to build up a thick alumina deposit. This was

unsuccessful and attention was then turned to titania

deposition.

Feasibility experiments on titania deposition were

performed at various oxygen concentrations (18 to 60%)

3min7 Only one experiment (T6)

used an 80% 0, concentration. This was not repeated

because of the possibility of explosions occurring when

the cas stream came into contact with the glowing

at a flow rate of ~ 900cm

platinum coils. For the rate determination runs, the
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flow rate was kept constant (linear flow = Vs6cnes )
and only the oxygen concentration and temperature were

varied.

In both alumina and titania experiments the voltage

traces indicated the "state" of the coil(s). If the

coil was too hot, the voltage decreased and vice versa.

If the voltage was extremely erratic this indicated that

the coil had broken. With titania beads, however, it

was found by experience that if the voltage/time trace

was initially smooth and then became erratic an extremely

heavy coating had been produced.
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Observations on Alumina Deposition Experiments,

Appearance of Aluminium Isopropoxide

Approximately 15g of white ai(otpr), were placed in bubblers
1 and 2 at the start of a run. On heating to 124°c two

phases were seen to separate, one a viscous yellow liquid

and the other a white solid consisting of hydrolysis

products. Viscous liquid was also present in bubbler 3

and in the base of the reactor (original model; see Section

2.1.1. Fig. 13). During the experiments the alkoxide had

a frothy appearance.

Runs Al-A4

Six platinum coils welded to nickel posts set in unmodified

(see Section 2.1.1. Fig. 15) PTFE bungs were placed in

the reactor and resistance-heated to the desired temperature.

All the coils glowed yellow initially. Only sparse coatings

were deposited on the platinum, but substantial amounts

of white powder were found to deposit on the nickel

support posts. As the rate of deposition is a function

of the gas flow rate through the alkoxide, it was decided

Ko increase the gas flow from 657 to 925cm>min =~: (Run-A3)
maintaining all other parameters constant. Unfortunately,

at approximately 15 minutes into the run, the reactor

exploded, probably due to a build-up of isopropyl alcohol

in the vicinity of the heated coils. The rasulting free

radical chain reaction extended back into the main body

of the reactor, and chain branching reactions involving

oxygen and aluminium isopropoxide caused an explosion

which destroyed the main body of the apparatus.

Runs NA1-NA13

The general approach was identical to runs Al-A4, but

modified reactors and continuous voltage measurement were

used. Typical voltage/time traces can be seen in Figs. 18

and 19.
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The low deposition temperatures used in NAl and NA2

were selected in order to gain experience in using the

modified apparatus.

The nature of the deposit obtained varied in character

according to the position at which deposition took place.

Thus on the platinum posts (the section between the nickel

posts and the coil itself) a silvery-white coating at

the base became a heavier brown coating further up and

then finally developed into a heavier brown-black coating

close to the coils. The coils themselves showed a silvery-

white deposit in the middle which became darker towards

each end. In addition, irregular black residues were

present on the outside edges of the coils. Typical

electron micrographs can be seen in Fig. 20. It was

thought that the black deposits were due to "coking" of

the coils, which arose from there being insufficient

oxygen present in the gas stream when higher flow rates

(~ 1300cm*min~+) were used. The oxygen content was
therefore increased from ~19% to ~25%, all other

parameters being kept constant.

Run NA5 progressed normally for the first five minutes.

However, on diverting the gas stream through the bubblers

the coils started to glow an intense colour almost

immediately. This was followed by ignition of the vapour

in the gas stream in the form of a series of minor

explosions. Obviously the oxygen content in the gas

stream was now too high, thus facilitating complete

combustion of the alkoxide vapour as it came into contact

with the hot platinum coils. Subsequent runs using

oxygen concentrations between 20 and 30% also led to

ignition and minor explosions, and it appeared that

using high oxygen levels as a means of improving the

nature of the alumina deposit was inadmissable.
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3.1.1

Attempts were then made to build up complete beads using

long deposition times (>24 hours) and different

temperatures but with lower flow rates (~ 900em*min~_)
NAS, 10, 12). Extensive white powdery deposits were

formed on the nickel posts, pale brown deposits on the

platinum posts and sparse, uneven coatings were obtained

on the coil itself. Typical optical photographs are shown

sn Pigs ol

In summary, it appears that only thin deposits of alumina

can be produced by CVD using aluminium isopropoxide, and

that thick, dense, coherent deposits could not be obtained.

This is the conclusion of many other workers 79781-83,85
who have also studied aluminium alkoxides under different

conditions and using substrates of different physical

forms. Attention was then therefore turned to producing

titania from titanium tetrachloride.

Observations on Titania Deposition Experiments,

Appearance of Titanium Tetrachloride

For an experiment, approximately 30-35cm? of clear liquid
Ticl, were placed in bubblers 1 and 2. During the

experiments the liquid thermostatted between 28 and S176;

bubbled vigorously, and small quantities built up in

bubbler 3, the lower parts of the reactors (modified

model see Section 2.1.1 Fig. 14. Chapter 2) and in the

exit lines.

Runs T1-T6

Initial runs were undertaken to establish the feasibility

of the procedure. Excessive back-pressure tended to

build up during a run and extreme care had to be taken

to ensure that all lines and bubblers were dry.
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All coils initially glowed red to orange, gradually

darkening as the deposit built up. The coils obtained

were evenly coated with a blue-grey crystalline deposit

which did not extend significantly down the platinum

posts. A typical optical photograph of a titania bead

is shown in Fig. 22. A representative voltage/time

trace is shown in Fig. 23.

Runs _ DT1-52

Having established that good beads were obtainable, a

range of experiments were performed at a constant flow

rate. Deposition temperature and oxygen concentration

were the only variables.

Generally, the heavier the deposit the darker the colour.

Crystallite size increased with increasing deposit

thickness, and showed a definite pyramidal shape.

Representative scanning selection micrographs are shown

in Figures 24, 25 and 26, for thin, medium and heavy

deposits respectively. The micrographs presented in these

figures are at a magnification of x500 and are therefore

directly comparable. X-ray powder crystallographic

studies showed that rutile titania was formed almost

exclusively under all conditions. (Fig. 27 and Table 15

Appendix 4).
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Fig 22. Optical Photograph of Titania.
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Fig 23. Voltage Time trace for Coil3 RunDT9.
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Fig 24. Electron Micrographs of Titania.

Thin Deposit.
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Fig 25. Electron Micrographs of Titania.

Medium Deposit.
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Fig 26. Electron Micrographs of Titania.

Thick Deposit.
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Deposition Rate and Growth Profile

Deposition rates were obtained as described in Section 2.2.6

Chapter 2. Arrhenius curves of deposition rate versus

temperature for each oxygen concentration are shown in

Graphs 3-5 and Appendix 4 Tables 16-18. Deposition rate

is defined as linear deposit thickness divided by duration

of deposition. Estimation of errors involved in the

measurements are indicated by error bars, the main error

being the deposition time. This was measured from the

chart recordings and was estimated to an accuracy of

around + 14 mins. Deposit thicknesses were obtained from

optical photographs (examples in Fig. 28) and measurement

error was estimated to be + 0.0003cm.

For each point, the average of the six coils was taken in

order to minimize any individual temperature variations.

Deposits were not allowed to form complete beads because

of difficulty in measurement.

A growth profile was obtained with the coils being removed

from the reactors at ten minute intervals, photographed

and replaced. The profile obtained is shown in Graph 6

and Table 19 Appendix 4.
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Fig 28. Optical Photographs of Titania.
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3.3 Computed Results

A Fortran IV program was constructed (Appendix 4) and

results were computed on the City University Honeywell

series 60 computor. From the input data the program

initially calculated the density and viscosity of the

gas stream mixture from

Dix, &en

and

= (Section 1.3.3b)

as,
Rad

‘i Wil HP

To obtain the effective diffusion coefficients for each

component initial guesses had to be made for the flux

a
4. =— 30
Ai NAtN;

"Weighted" arithmetic mean mole fractions of the components

was determined by

'

x! as es 29
Ai Arey

where x} = inputed mean molefraction of i across boundary

layer.

The partial film pressure factors and effective mole

fractions could then be determined from equations 27 and

28 respectively.

(PE) 3 = Ba (xp+xp) 0, 5-XA4) 28
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(DE) ay

4 Pets
ifA

x 27

The effective diffusion coefficient could then be calculated

from the effective mole fractions and inputed binary

diffusion coefficients

ee ae 25:

where Day is the binary diffusion coefficient evaluated

from the Hirschfelder, Bird and Spotz equation (Section 1.3.2

equation 12).

In order to obtain the boundary layer thickness, 6, where

om a/Nuy, and Nugp = f (Re? se), the Reynolds and Schmidt
numbers were calculated from

Re = GVA
#

and

BB

woes Gore

where d is the characteristic dimension.

aj 64
For the cylinder model

Nu = 0.35 + 0.47 Re? so gi
BBS Sse 5

and for the sphere

‘-

Nuyy = 2-0 + 0.60 Re? se’ 18
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The flux through the boundary layer, or effective film

thickness, to a surface is defined by

N, = (kg), P (x,-Xq5) 20

where (kg) y average mass transfer coefficient.

Dae

* REG(pE) 19

Substituting equation 19 in equation 20 gives

2oe Py

Get eiAe (,-Xas) oe
t= RTO(DE) y

where xa mole fraction of A in the main stream (inputed)

Xag = mole fraction of A at the surface (inputed)

(pf) = "partial film factor" for diffusion of A.

For equi-molar steady-state counter diffusion (Section 1.3435)

Lim (pE) =P

(50)

and equation 45 under atmospheric pressure reduces to

Di, (x,-x )
AS

RTS Aaes

Equation 46 was then used to calculate the flux through

the boundary layer. This calculated flux was then

compared to the initial guess, and if substantially

different the values were exchanged and the whole process

iteratively repeated for each component in the gas stream.

The growth rate was finally obtained from

Pas K

Ca
G= 21

where m, = molecular weight of the deposit

flux of A in moles em ?s7tZz a

and eq density of deposit

125



The time required to grow through half the boundary

layer thickness was taken to be

wae
time = 3q seconds

where thickness of deposit = cm.ler

Therefore the rate can be defined by

thickness

time
Rate =

The characteristic dimension was then incremented by the

boundary layer thickness and the process repeated until

it exceeded lmm. The program was then repeated for each

subsequent temperature.

To summarise, the program procedure calculated data as

follows:

(i) The density and viscosity of the gas mixture in

the boundary layer,

(ii) Reynolds and Schmidt numbers,

(iii)The boundary layer thickness,

(iv) Growth rate,

(v) Deposit thickness,

(vi) Deposition time,

(vii)Deposition rate,

WiidEffective diffusion coefficients, and

(ix) Flux of Ticl,, 0, and Cl, at fourteen mean temperatures

using Wilke's?! approximation methods.

Various conversion values were inserted into the program.

A value of 100% conversion assumed in effect that all the

TiCl, present at the boundary layer/bulk stream interface

reacted at the surface (ie. surface mole fraction equalled

zero). Thus 100% conversion corresponded to a maximal

concentration gradient across the boundary layer. 50, 10
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-and 1% conversions were also computed for 18.92% oxygen

concentration only, as there is a negligible difference

in Ticl, mole fractions and hence the overall deposition

rate between the three gas stream oxygen concentrations

used in the experiments (Table 11 Appendix 4). A

comparison of experimental and computed rate curves is

shown in Graph 7 Table 22 Appendix 4. Similarly, a

growth profile for 10% conversion compared to an experimental

growth profile are shown in Graph 8 Table 23.

Equi-molar counter-diffusion was assumed when computing

the flux (Table 24 and 25 Appendix 4) through the

boundary layer, with nitrogen and the excess oxygen being

present as diluents. The net flux of nitrogen was assumed

to be zero and the nitrogen/oxygen ratio in the boundary

layer was taken to be sensibly the same as in the bulk

stream.

Initially the characteristic dimension, d, was incremented

by the boundary layer thickness from the cylinder model

(Section 1.3.3a, equation 17 Table 27 Appendix 4).

When d was greater than 0.0l5cm (ie. the distance between

each turning of the coil), the boundary layer thickness

was calculated from the spherical model (Section 1.3.3a,

equation 18).

In computing Schmidt numbers, (Table 29. Appendix 4) the

value of diffusion coefficient of the mixture recommended

puree was not used, but rather theby Carlton and Oxley

individual effective diffusion coefficients (D's) for each

separate gas. Thus three boundary layer thicknesses were

obtained which only differed by a maximum of 5%. In all

cases the titanium tetrachloride boundary layer thickness

alone was used in incrementing the characteristic dimension.
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and computed Growth Profiles.
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The density of titania in the growth rate equation

(Section 1.3.3a, equation 21) was assumed to be constant

in the temperature range used. Although somewhat

unsatisfactory, this assumption was necessary due to a

lack of literature information.
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1.0 Thermodynamic Considerations

Equilibrium thermodynamics enables the prediction of the

feasibility of a reaction (ie. whether the equilibrium

position of a defined reaction favours products). Use

of thermodynamic data (viz. AH, 4S, AG and AV ) thus

establishes the conditions (temperature, pressure, amounts

of reactants) under which formation of the desired product

will be maximised. The extensive properties Ac®, AH, As®
and av? do not however give any information. per se on the

rate of reaction. Thus some reactions which are found to

be thermodynamically feasible may proceed at such slow

rates as to make a process impractical .>°

Using published thermodynamic datat?? the reaction between
Ticl, and O, is found to be exothermic:

Temperature/K ac®-/xamo1" aH? ,/kgmo1* a

100 -174.50209 -179.552176 1.4104x107!
1000 -118.95112 -179.09612 1.6341x10°

Under reversible conditions therefore, the degree of product

formation at equilibrium should be seen to decrease as the

temperature is increased, following van't Ho£e O°

Experimentally, however, it was observed that efficiency

of product formation increased as temperature was increased.

This is undoubtedly due to the fact that the rate of the

process (whether this be determined under particular

conditions by a chemical reaction, mass transport, or

combined mass transport and a chemical process) is the

predominant factor that must be considered in CvD.

However, transition state theory may be formulated in terms

of thermodynamics in order to provide information on rates

of reactions. The thermodynamic parameters of activation

ac, Na and ast may be estimated from reaction data where
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it is certain that the free energy of activation for the

reverse reaction is negligible. This would apply, for

example, in the case of the dissociation of the first

halogen from titanium tetrachloride.
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4.1 Studies on Alumina Growth

Although various sets of conditions were used to deposit

aluminium (Section 3.1 Chapter 3), thick, dense, hard

coatings, necessary for bead formation on platinum wire,

were not obtained. Only thin films could be deposited.

Thicker coatings tended to "craze" and then peel away

(Fig. 20 Section 3.1) indicating that a major problem

was poor adhesion of aluminium on the platinum substrate.

Thus some parts of the deposit projected further than other

parts into the surrounding gas phase boundary layer, to

where the reactant concentration was relatively higher, and

this resulted in preferential growth behaviour, resulting

finally in a dendritic-type structure (Fig. 21 Section cegh bs

The alumina so produced was, in addition, extremely brittle

and non-uniform in coverage.

The pyrolytic decomposition of al(o'Pr), is thought to
proceed via a free radical chain mechanism, °-viz:
yal-0-R ——— ~al-0"+ R° INITIATION

4

8
R = -CH

\

CH,

R° ————> CH, + CH, = CH

R? ———* CH, + CH, = CH

R° + CH, ———» CH, + RH

R“+ 05 —— RO,
2

RO, + CHy——— ROH + R? PROPAGATION

R048 ————— 20° + oH

R° + CH, ————> R-CH, : TERMINATION
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Initially alkyl radicals are formed which can react with

the oxygen present in the gas stream producing highly

flammable products, such as methane, ethane, acetylene,

propane, isopropanol, etc. These built up in the original

reactor, (Section 2.1.1 Fig. 13) and were explosively

ignited by the hot platinum coils.

Reactant depletion due to premature decomposition was a

major problem. Decomposition products probably formed

small particulates which could be transported to the coil.

Thus the deposits formed in this work were most probably

made up of a mixture of prematurely decomposed reactant

and products formed by reactions in or around the boundary

layer. After initial film formation, the organic free

radical products (above) will build up in the boundary

layer and then react with fresh al (opr), in the gas phase
producing impure deposits. This probably explains why

the tips of the growths on the coil were darker in colour

than at the base nearest to the platinum. (See Fig. 21

Section 3.1 Chapter 3).

RL Hough?” produced hard, transparent, 0.0033cm thick

alumina coatings on 0.0025cm diameter tungsten wires.

However, in his system pressure was below 10.0 torr, which

increased the mean free path of reactant molecules, and so

virtually eliminated gas phase reactions. A higher growth

rate (25,000nm.min7+) than that obtained by Aboaf®+

(3,300nm.min7+) was produced, mainly due to the high
purity of al(otpr),. In this work extreme high purity
of starting reagent and low pressure conditions were not

used as this would increase the manufacturing cost of

pellistors substantially, thus making them uncompetitive

in the open market.

From the studies described in this thesis one is forced

85
therefore to agree with the findings of McCandless and Withers,

that thick, dense, coherent alumina deposits cannot be
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4.1.1

obtained in a single CVD process under atmospheric pressure

from the pyrolysis of al(otpr),.

Aluminium trichloride, although successfully used for the

production of single crystal alumina/?~7° was not considered
as a starting reagent due to the high deposition temperatures

required (21000°c) . A platinum coil substrate at this
temperature would not survive but quickly deform and "burn

out". Much lower deposition temperatures are obtained

using an organometallic compound, and a1(o'Pr) was chosen
in particular as it has an appreciable volatity at low

temperatures.

Studies on Titania Growth

Various morphologies can be obtained when depositing a

substance by chemical vapour deposition (Section 1.2.7.

Fig. 6. Chapter 1). The rutile titania beads formed in

this work were obviously polycrystalline (Section 3.1.1.

Figs. 24,25,26). This observation is consistent with the

known experimental conditions, for polycrystalline growth

occurs when there is a high feed-rate of reactant to

the surface, yet the mobility of the adsorbed atoms is low.

Many differently orientated nuclei are therefore initially

23

obtained which upon coalescence produce a polycrystalline

deposit.

It is also known that surface imperfections may exert

an influence on the energetics of nuclei formation.°2/ 47°
Nucleation is more likely to occur on a step or ledge

rather than on a smooth surface. An electron micrograph

of a typical bare platinum coil is shown in Fig. 29, and

grooves are plainly visible on its surface. Fig. 30

illustrates a fractured deposit, showing the internal

structure of the titania. It is obvious that the titania

deposit is very dense. Initial growth most likely takes
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Fig 29. Electron Micrograph of a bare Pt coil.
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Fig30. Electron Micrographs of a_ fractured

Titania Deposit.
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place in the grooves on the platinum surface, finally

producing crystallites in definite ridges (see for example

Fig. 24. Section 3.1.1).

In addition, it is apparent that.the average crystallite

size increases and crystallite density decreases with

increasing deposit thickness, in accordance with the

evolutionary selection concept of Avander prift.?+ This
is illustrated in Fig. 31. With evolutionary selection

only a few orientations survive, namely those with the

fastest growth rates. As two crystallites of different

orientations meet, the one with the faster growth rate

will "win". In the case of three-dimensional crystals

(two and one dimensional crystals being platelet and

whisker growth respectively) this results in the formation

of dense deposits.

The surface morphology obtained in this work agrees with

that obtained by Hirashi and Hirai.1°°
erystallites formed in the central region of the coil are

larger than those found on the outer turnings (Fig. 32).

This phenomenon must arise from the temperature being

Thus, generally,

lower at each end of the coil, thus favouring an increased

nucleation density, which in turn leads to a finer-grained

deposit. Numerous papers supporting this hypothesis are

found in the literature dealing with nucleation, growth

and structure of deposits 121-126

The TIO, Growth-Rate

A comparison of various TiO, growth-rates obtained in the

literature is shown in Table B. Growth-rate depends on

the gas velocity and also on the concentration of reactant

present. Unfortunately the majority of workers omit any

information which would enable the linear gas velocity to

be estimated.
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Taken from reference 31.
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Fig 32. Electron Micrograph of a Titania

coated Pt coil.
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Table |B

Comparison of Maximum TIO, Growth-Rates

Temperature Substrate Reaction Linear Growth Reference
ES /£iln velocity rate/,

/om.s nm.s

150 Quartz Ti (O'Pr), - 1200 104
covered +H,0
by Pt or

si

150 Ti * - 29 105

150 Ge, Si, Pt, TIiCL y+ - 2.0 102
steel H,0

118 Pt wire Ticl,+0, 1.577 411.4 This work

827 si " ~15* Loe ce 110

900 Quartz, ACL y+ ~2* 24600 109
Si crystal H0

900-950 si Ti (O'Pr) 4 = 600 103

*ostimated from paper
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L.1.3

The extremely high rate obtained by Hirashi and Hirail0? is
probably due to the very high reactant concentration

(~60% Ticl,). Conversely, Ghoshtagore!?°
0.03% Ticl, reactant concentration and obtained a growth-

109

used an estimated

rate of only inm.s7? Generally it has been concluded
that the growth-rate does not change significantly when

deposition takes place on different substances.

The TiO, Growth-Profile

A comparison of experimentally determined and theoretically

calculated growth-profiles is shown in Graph 8 (Section 3.3,

Chapter 3). The theoretical 10% conversion profile is

depicted, as it is closest to the experimental conditions.

As expected, the theoretical curve predicts a faster growth-

rate than that obtained, as surface kinetic effects were

not incorporated into the calculations (Section 3.3). The

transition point between the use of a cylindrical or

spherical geometry for the model is not visible in this

curve, but it becomes progressively more apparent at higher

conversion percentages. However, from preliminary computations,

there is little difference between the final estimated

growth-rates when the combined cylindrical/spherical model

is used as compared to utilising a cylindrical geometry

model alone.
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4.2

4.2.1

Diffusion Kinetics

Knowledge of transport rates are fundamental to obtaining

a quantitative picture of a chemical vapour deposition

process. Mass and molecular transport in the vapour phase

only is common to all systems, and it is important as it

puts an upper limit on the deposition rate and also

determines the flux and concentration of reactants and

products in the system.

The rate of a heterogeneous chemical reaction is determined

not only by the rate of reaction at the surface itself,

but also by the rate of reactant supply to that surface.

If transport to the surface occurs by diffusion, then at

low temperature, when the heterogeneous reaction rate is

small with respect to the diffusion rate, the overall rate

will be determined by the surface kinetics and therefore

is likely to increase exponentially with temperature and

be independent of the gas flow velocity. At higher

temperatures diffusion is rate-controlling and under

laminar flow conditions the overall rate is indirectly

dependent on flow velocity (since the flow rate affects

the boundary layer thickness close to the surface). In

addition, under diffusion control, the rate increases slowly

with temperature (proportional to 3/2), Thus a curved
Arrhenius plot is obtained as shown in Section 1.2.2. Fig. 5.

Chapter 1.

Uniformly Accessible Surface: Isothermal, Isobaric System

As a basic principle, it may be assumed that the rate of

the heterogeneous reaction depends on the concentration

of reactant at the surface. Thus under steady-state

conditions with boundary layer diffusion control, the

reaction rate should equal the amount of reactant supplied

by diffusion:
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R= Ny

(kg) ae (x a7*Ao) 20ul

where R is the rate of reaction, Na the flux of A to the

surface, (kg) y the mass transfer coefficient, and x,, Xao

the mole fractions of A in the bulk stream and on the

surface respectively.

For the simplest case, where the surface reaction is of

first order®”

1

B(x,-x,,) ak x, 47

where B= (kg) ,P, k' = kP and k is the reaction rate constant.

Rearranging

BX,

*no = KB ee

47,58
The overall reaction rate is therefore .

a)
R= Eg xy 49

There are two limiting cases. If k'<< g (surface control)

then

Lim(grg) =k 50

k',0 ;

and Xag® Xyr ie. the concentration at the surface is

approximately the same as in the bulk stream and the overall

rate is then determined by chemical kinetics on the surface.

If k's>8

Lim ee =. 51
B—0
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4.2.2

716 REA

and now Xag << Xar ie. the concentration at the surface

is very much smaller than in the bulk stream and the

overall process is determined by the diffusion rate. In

this case the observed rate of reaction has nothing in

common with the kinetics of the surface reaction.

In between the two limiting ranges is an intermediate one,

where the process can be described, for a first order

reaction, by

oe ele
R = Xizg Xy 49

Multi-Component Diffusion® e

Considering the reaction across the boundary layer

aA + DB + 2... =e Products,

initially all the reactants should diffuse to the surface

in stoichiometric amounts.

Leie. a=

However, the concentrations of all the reactants at the

surface cannot decrease to the same degree in a given

time, as they diffuse at different rates. Therefore

for the above equation to be satisfied a non-stoichiometric

mixture results, regardless of the rate of reaction at the

surface.

Assuming that the concentration of reactant I is small

at the surface compared to that in the bulk, then

R, = Bx, and the above equation can be fulfilled only in

one special case, at such a composition of the mixture that
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SA heee Bee 8%
Spe ee Sa

Now a. = (xg) -P

Nu.P2D",
= GRIT (pe). : 53

4but Nu = £(Re*sc°)

The Reynolds number can be considered as constant as it

is a characteristic property of the system, but the

Schmidt number depends on the diffusion coefficient

(Sc#1/D) and is therefore different for different

substances. Hence Nu « vos and equation 52 reduces to

D : D. A, D3

Therefore only where all diffusion coefficients of all

reactants are equal can one have a stoichiometric mixture

in the boundary layer. If the diffusion coefficients

are not proportional to their stoichiometric coefficients

then the rate of reaction is determined by the reactant

for which Ds x,/i is a minimum. If one reactant arrives

at the surface in a greater amount than that required by

stoichiometry it would accumulate, x. would increase

and the concentration at the dectend aii not be small
with respect to the concentration in the gas stream.

The whole process must therefore be governed by the reactant

with the minimum Da x,/i and does not depend on the

concentrations of the other reactants, nor on their

respective diffusion coefficients.
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4.2.3 First order Reactions

The rate of reaction in the diffusional range can be

expressed in terms of concentration by

R (kg), Cy

Nu Dy cy

=—j

where Cy is the concentration of A in the bulk stream.

By definition, all reactions in the diffusional range are

of first order with respect to reactant concentration

under constant total pressure.

In a gas stream the Nusselt number is a function of the

Reynolds number, where Re = VaP/p. Also, in an ideal

gas, viscosity is independent of pressure, so if the total

pressure is varied at constant mass velocity (Vp), the

Reynolds number remains constant and therefore so does Nu

and the observed rate of reaction. Therefore all reactions

in the diffusional range are of first order with respect

to concentration under constant total pressure.

The rate of reaction does not depend on the specific

chemical mechanism and rates of various reactions will only

differ as the reactant diffusion coefficients differ. For

reversible reactions the rate also depends on the equilibrium

position. Under no circumstances can the observed rate

be greater than that calculated from the rate of diffusion.

Experimental and Theoretical Rate Curves

From the comparison of the experimental and computed rate

curves, (Graph 7, Section 3.3) observation shows that the

conversion percentage (amount of TiCl, reacted) increases
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as temperature increases. At low temperatures, the conversion

is ~1% (ie. only 1% difference in x, and Xa) ° This

increases to ~100% at higher temperatures. The difference

in the upper two experimental points and the 100% calculated

conversion is only 4.7%, which is within experimental

and computational error. Therefore at high temperatures

the process is diffusion controlled, but at lower

temperatures the experimental results can be explained by

considering both transport and surface kinetic effects.

In Section 4.2.2 it was stated that the rate limiting

reactant is the one with the minimum value for D7 x,/i-

From Tables 1ll(a) and 26 (Appendix 4), it is seen that at

all temperatures

D"nici, “nici, < °
|

Therefore Ticl, may be regarded as the rate-limiting reactant

and under diffusion control the reaction should be independent

of oxygen concentration. This agrees with experiment, as

it can be seen from Graph 9 that there is a negligible

difference in the 20% and 60% 05 concentration growth-rate

curves at high temperatures.

In contrast, at lower temperatures a difference occurs

between the two growth-rates, and this must therefore be

due to surface kinetic effects.
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Graph 9. Comparison of experimental

Rate curves.

(o~20% .0~60% 05 )
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A 3 Surface Kinetics

There are two basic mechanisms which describe the kinetics

of a surface reaction.©© One is the Langmuir-Hinshelwood

mechanism, where reaction occurs between two different

types of adsorbed molecules on adjacent sites on the

surface. The other is the Rideal-Eley mechanism, where

the reaction is again bimolecular, but only one reactant

is adsorbed while the other remains in the gaseous phase

(Section 1.4. Chapter 1).

If the reaction between Ticl, and 04 occurs by the

Langmuir-Hinshelwood mechanism then

where vis the rate of reaction, k the chemical reaction

rate constant and @, » 0 are the fractional coverages
Zi ted & Q5

of Ticl, and 0, respectively?

Prici, Prici
Then 8 = s = 4iS eee ee

MCh gt F'Pricl, Prici. * 26, Po
4 4 Bao

31h Po)
2

i "an ( 2 +b< 2 LA hb <so + P
05°0, mci Paleig

where b, are the respective Langmuir constants and
Ticl,,0,

Pi cht os the partial pressures of Ticl, and O56 (The

oxygen term is raised to the root power as 05 is assumed

to dissociate on adsorption).

If Ticl, is weakly adsorbed then

k. b P, (b,
TTCr Ticl 0.

Lim(v) = 4 ae
—)O 4.

ici: Pricl, (1 + (bg Py )*)?

2

a

Deis
OF

54
b,

n52



Thus the rate is proportional to the partial pressure

of TiCl,, and as the partial pressure of 05 increases the

rate increases to a maximum and then decreases.

When 05 is very strongly adsorbed

Merriei ric,
Lim(v) 5 55

3 (rep. )*(29,Po,) —> co 05° 05

and the order in oxygen approaches -0.5; the oxygen is

acting as a poison.

In the Rideal-Eley mechanism reaction occurs between a

gaseous species and an adsorbed one. Assuming oxygen

is the adsorbed species, -

2ke Pero, o,%6,?

v= 
56

Deo (bea)
235

4

With a high O5 partial pressure (bp Po )* >1 and the rate is

directly proportional to the partiat pfessure OL- TCL at

ee ake Prici, 57

(by P, ae
oe

For low O5 partial pressures

1

Es zLim(v) suk. Prici, o,Po,) 58
(by Po 70

Cee

For the Rideal-Eley mechanism, no maximum occurs when

increasing the partial pressure of either constituent.

It is apparent on examining the experimental rate curves

(Graph 9. Section 4.2.4) that the growth rate increases as

QO, concentration increases. There is no evidence??0, 111,128,129
to suggest that any intermediate species such as TiCl,, TiCl,
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and Tiocl, are formed to any significant extent and it is

considered unlikely that Ticl, is adsorbed. Therefore it

is most likely that the mechanism is Rideal-Eley, with

adsorbed monatomic oxygen reacting with gaseous TiCl a°
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4.4 Energy of Activation

The observed growth rate (Rops) is a function of deposition

rate, which in turn may be controlled by diffusion (R,)

and/or surface kinetics (R,).

58
For a first order reaction Besmann and Spear have shown that

R = Rs Bp 59
‘OBS Rg + Ry

Rearranging gives

- He a:
— = dH 60

Bons ca Sn ED

Therefore the deposition rate controlled by surface kinetics

can be found using the experimental and computed diffusion

controlled deposition rates. (See Table 30. Appendix 4).

From the linear portion on Graph 10 the "true" activation

energies were determined, and found to be 278..6:,333:.2

and 204.4 kg.mo17} for the 20, 40 and 60% 0, concentrations

respectively.

As the differential heat of adsorption is likely to

decrease with increasing surface coverage, +2 the energy

of activation should increase as 0, concentration increases,

since

eS # Bey AH; ads 61

BS is the observed activation energy, Ey the activation

energy for formation of TiO, homogeneously, in the gas

phase, and AH; sas is the heat of adsorption of the ith

species on the surface. For the 60% Oo concentration a

very low corrolation coefficient was obtained (see Table 31

Appendix 4) due to high scatter in the limited- data points

used for the determination of Es: thus producing in this

case an unsatisfactory value for the energy of activation.
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iis... eee -2>>} diffusion

Se erg ee oa experimental

46.1. tees 4o ee oe AO

Graph 10. Experimental, Diffusion and

Surface controlled Growth Rates.

(~20% 0, )
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It was emphasised previously (Section 4.1.2) that there

seems to be little difference between growth-rates when

these were obtained on different substrates. This is

supported by the close agreement in activation energies

when TiO, is deposited on a substrate (74.80 Roel eee
or in powder form (76.80 kg emo17) es 71.128 kJ.mo1~+ tke

This implies that the energetics of the reaction are therefore

governed by the adsorption of Op on the (already formed)

Tio, surface. Although Ghoshtagere +1012 endeavoured

to obtain his results when flow-rate was not rate-controlling

his value for BL is too low for it to be purely rate-

control by a surface process alone. (Typical values for

surface processes are in the range of 100-400 «J smol7?) 2°

In support of this criticism, and in agreement with this

work, Suyama and Kator show a plot of TAcl, conversion

versus reciprocal temperature which clearly shows that

both surface and mass transport effects were present in

their system, and that the value of 71.128 kJ.mol7+ so
obtained is an apparent and not the "true" activation

energy.

Once the "true" activation energy has been found, this

may be compared with the energy of activation for reaction

without a substrate, ie. Ey for powder formation.

Powders may form in the gas phase by two processes, viz,

homogeneous nucleation and heterogeneous growth.

Homogeneous nucleation involves the accummulation of

gaseous molecules into clusters of critical size. 1? Once
a cluster has attained the critical size, it can then grow

by repeated reactions on its surface (heterogeneous growth) .

From comparison with other metal halides it has been

coneluded~* that the rate-limiting step for TiO, powder

formation from the tetrachloride is the dissociation of

the first halogen from the halide. The gas phase mechanism

may be considered as
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&

Ticl, (9) —t Ticl, (9) + cl (9)

TIC1, (g) + 0, (g) Z 40, (g) +31, (g)3 9 2 CSE ees ape gee noe

k

ntio, (g) ———e (Ti0,), (s)

where Kye Ky are rate constants, ky is the nucleation

rate constant, and it is expected that k, << Kyi kg

Therefore the Ey value which should be compared with the

surface activation energy is that for the dissociation of

TECl,y to Ticl,.

The homogeneous activation energy of +120 kJ.mo17 quoted

by Ghoshtagore!!! is much too low when one considers the
temperatures required. for a reasonable rate to occur in the

gas phase (typically 2900°C). It is not clear from the

paper 11 how this value was obtained, nor exactly what it
represents; indeed activation thermodynamic parameters

seem to have been equated with data for.the overall reaction

under conditions where such a procedure is quite mnie eters

(see Section 4.0).

From the theory of homogeneous nucleation of droplets

from saturated vapours, the free energy of formation of a

critical sized cluster "which is apparently the free energy

ESm
of activation of this process" can be determined from

ac* = NC p= gg) + 4ar’y 62

where AGTM is the free energy of formation of a cluster

of radius r, N the number of molecules in a cluster, # at
'

Hg the chemical potentials of a molecule in the solid

and gas phase respectively and Y the surface free energy.

The first term in equation 62 represents the free energy

change for the transfer of N molecules from the vapour to

the condensed state, while the second term represents the
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free energy necessary to form the surface of the spherical

cluster. 13?

2

Thus N= ta
Ti0,

pes oS ApertUg” He eR

and, after condensation, the vapour pressure must be

the equilibrium pressure for that temperature, ie

Q'

E ey =

us ~ Uaglequil) ~ Mo Eng e

where L is the Avogadro constant, Vaio

of Tio, and PP, the vapour pressure in the gas phase and

solid phase respectively.

the molar volume

Substituting the values for N, U Ee and Wis into equation 62

gives

ae a 4meLAG = ne kT In (p/p,) + anr-y 63
2

where P/P, “is the supersaturation ratio.

The first term in equation 62 can be positive or negative

depending on the state of the vapour. If it is superheated,

py 7y tis and the term is positive. If the vapour is
supersaturated, Uo< Ug and the term is negative.

Consequently Ac* shows a maximum at a critical cluster

size. Clusters smaller than this critical size are unstable

and tend to evaporate whilst clusters larger than the

critical size tend to grow. It follows that AGTM will be

a maximum at the critical radius rosy.

*

les (A) = 0
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Now

2
-4er Lk?

ghee os cris
eee Ss v In(p/p,) + erie?

TIO,

and rearranging,

27 TOs

Yorit ~ Ik? In(p/7p,) Se

Substituting equation 64 into 62 and simplifying, it follows

that when r = Lorit

lemPv2
r TIO,

sG” =

3(LkT 1n(p/p,))*

_-lér?

3 4G,*

where AG, = oo in(p/p,), the change in free energy per
TiO,

unit volume of TiO, formed in the vapour phase.

The free energy of formation of a critical sized cluster

(as*) can be estimated using data from Suyama et a LOO et Od
(see Table C). The nucleation rate constant may then be

estimated using transition state theory (Section 4.0) by

using reference 66

ae " ese nee 86
A comparison of the nucleation rate constant with the

dissociation rate constant can then indicate which is likely

to be the rate-limiting step in the gas phase. Again

using transition state theory, the free energy of formation

of the activated complex roughly approximates to the

free energy of formation of TiCl3.
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a1, = (cl, Ti... ..C1)* == Ticl, + cl
activated complex

ie. for this case (since Ac for the association reaction
is likely to tend to zero)

so,
(forward)

Therefore the rate constant for Giese seers of TICl, can

be estimated by substituting the value of A 3° ¢ (Table D)
into equation 66.

Comparison of the rate constants for nucleation and dissociation

(Table C) obtained in the above manner, shows that the

rate-limiting step in the homogeneous reaction of TiCl,

and 05 is indeed predicted to be the dissociation of the

first halogen from Ticl, for Ticl, conversions up to TM~ 40%.

At higher conversion percentages, nucleation becomes

rate-limiting.

It is emphasised that it is the gas stream temperatures

that must be 900°C for homogeneous powder formation,

and not the temperature of the substrate. As TiCl,

conversion in the gas phase decreases as gas temperature

decreases, the homogeneous activation energy to be compared

with the "true" surface energy of activation determined

in this work must be that of the dissociation of TiCl,

to TICl,.

Using equation 61 the heat of adsorption of 05 on titania

can then be estimated using the experimentally determined

"true" surface energy of activation.

E. = Ey ae AH, ads 61

Ey can also be estimated using activated complex theory,
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which shows €hael*

a = An + RP meg RT

For the TiCl, dissociation,

Aré el

and therefore

2, » ae

a he 4 rhs

x ac ° + TAs?

since wr for the association reaction is likely to be
close to zero.

A value of Ey at 1000K is given in Table E together with

estimates for the heats of adsorption of oxygen on titania

calculated using EB values determined in this work. As

stated before, the 60% 0, concentration values are

unsatisfactory due to the low correlation coefficient

obtained when calculating Ea:
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Table ¢c

Free energy of nucleation, nucleation and dissociation rate

constants

: (a) te eG Epes Y 1000 ,_-1
% TiCl, in p/p, 023 173/ 3” /s ky 7s

conversion kJ.molTM

1 20.03 93.031 1.7592x107
5 16.81 132.140 3.1899x107

10 15.19 161.65 1.5477x10°
~40 12.06 265.58 91.722 91.722)
50 11.28 293.28 2.1289

90 8.06 574.82 6.1821x107 23

Yio, = 18.74em’molTM*

(8) a0-*5 ome”

(a) data obtained from reference 100

(b) obtained using transition state theory.

Table D

Dissociation of ticl,

Ticl, (g) ————> _Ticl, (g) + °C1 (g)

T/K a3” ./ks mol * aH? ./ko-mol* AS°,/k3.mo1* 1nkp

100 332.43554 345.5733 0.131776 -399.83058

1000 217.41319 34563606 0.1282287 =-26.148962

Calculated from reference 127.
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Table E

Activation energies and heats of adsorption

=]: a ws
E,,/ko.mol E_/kd.mol % 0, content dhe’ oawl aero

Homogeneous Heterogeneous

345.6 278.6 20 -134.0

333.2 40 - 24.8

204.4 60 -282.4
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Chemical vapour deposition was studied as an alternative

to successive thermal decompositions for the production

of the refractory oxide supports which are used in

catalytic gas detectors. Experiments were first undertaken

to coat platinum wire coils with alumina using aluminium

isopropoxide as the starting reagent. Various oxygen

concentrations, flow rates and deposition times were used,

but thick, dense uniform deposits could not be formed.

The alumina obtained showed a dendritic type structure

and was heavily contaminated with reaction products.

Reaction initially occurred on the substrate surface, and

thin deposits could be formed. However, these deposits

then cracked and further reaction probably occurred in the

gas phase, depositing particulates on the protruding surfaces.

Literature indicates that deposit cracking can be avoided

if the thin coating (< 0.8pm) is annealled at g00°c®687

to produce polycrystalline y-alumina. Successive depositions

and annealling treatments could therefore be undertaken

in order to build up thicker deposits. Performing the

reaction slowly under reduced pressure and at high

temperatures would therefore aid the process as premature

decomposition would then be reduced. This, however, would

increase manufacturing costs and time, and makes the

process commercially unattractive.

Satisfactory deposits, suitable for pellistor use, were

obtained when titania was produced from titanium

tetrachloride by CVD. The blue/grey polycrystalline rutile

deposit evenly coated the platinum coil substrate and did

not extend significantly down the platinum posts, thus

permitting welding to pellistor holders. Rutile beads

so produced may then be coated with various catalysts

and their activity towards hydrocarbon oxidation studied.

Comparisons should next be undertaken between conventional

thermally decomposed "dipped" pellistors; CVD support/dipped

catalysts, and CVD support/CvD thermally decomposed
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catalysts in order to determine the most reliable overall

manufacturing process.

Deposit growth rates for titania were determined at three

oxygen concentrations over a range of temperatures between

480 and 800°C. at 800° the rate-controlling process

was diffusion and reasonable agreement between experimental

and computed growth rates was obtained. The computed

results showed that titanium tetrachloride was the rate-

limiting reactant and that oxygen built up on the surface.

The majority of the experimentally determined rates, however,

fell into an intermediate region where rate control is

described by combined mass transport and surface kinetic

effects. By use of a first order equation, the contribution

to growth by surface kinetics alone was calculated and

the "true" activation energy determined. The values obtained

were considerably higher than those obtained elsewhere.

It is considered that even though the literature results

were performed under such conditions that the rate was

independent of flow rate, the activation energies quoted

eee and should
therefore also be interpreted in terms of a combined mass

are too low for a surface process only,

transfer/surface kinetic rate process.

Further work is desirable at lower temperatures (<480°C) ,

to determine the "true" energy of activation with greater

accuracy. Also, sets of experiments could be performed

under various oxygen concentrations and flow rates to

further clarify the mechanisms involved.

This study has, however, proved that high quality titania

pellistors may be prepared by CVD with speed and high

reproducibility on the platinum coils which are

conventionally used for catalytic gas detection. This is

in contrast to the case of alumina, where CVD is not a

practical alternative to the current method of manufacture.
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Derivation of Collision Frequency (taken from Ref. 66)

Consider a wall of area A perpendicular to the x-axis.

If a molecule has a velocity a lying between 0 and +

it will strike the wall in time At if it lies at a

distance of v, dt (if its velocity is between 0 and -«o

the molecule is moving away from the wall). Therefore

any molecule in the volume A wo at will strike the wall

in At. The total number of collisions is therefore

+00

Ze case fv, £(w) au (1)
°

where Z is the number of collisions, ¢ the concentration

and £(P,) the velocity distribution.

To solve the above equation one must know the explicit

form of the velocity distribution.

Consider the mean velocity of a particle

<v> = Ju, th) ay,

The function £(¥,) gives the probability of the x-component

of velocity lying in the range of we to ace dw. The

probability that a molecule has a velocity component

Ve in the above range; a velocity component ee in the

range vy to VW + de and a component Ww. in the range a

tov, + du, is £(w) £(H) £() ay, i du, since these

velocities are independent of each other.

je. BAe) ay, dy du, = £(4) £ (ry) £04) ay, dy, dv, (2)

Assuming that the velocity distribution is independent

of orientation, but dependent only on speed Y, where

ie ee +P? + ee equation (2) becomes

(Ware atoe egtyans)thy +7) = £0) OH) ECHL) (3)
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It is found that £(W,) = Kexp(-¢ i) (4)
satisfies equation (3), where K and ¢ are constants. Therefore

£2) £(¥) EV) oe Kexp(-¢ (ww? + ¥,? + v,?)) (5)

The probability that the velocity lies between -9o and +0

must be unity.

+00

} £() dy sl (6)

-o

Substituting (4) into (6)

“ee ie :
f £() aw, ef exp(- 127) ap,
“oO —<o

= K(/t)?

Therefore

x= (t/n)?

To evaluate £

eo

< e2> -f vu? £(8) dw.
~o

oo

= Gmife 2 exp(-f 2)aw (7)
~~ x x x

The integral on the right-hand side is a standard one,

and has the value ton/t>)?,

Therefore

4 a
2 2<2) = (t/a)? $6/5°)? = 45 )

The mean speed u is

a= <b? > =k? mo wwe
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and therefore

a=3¢ @)

Also, from kinetic theory,

whepV = = Nmu (10)

where N is the actual number of molecules present and

m is the mass of one molecule. In addition

pV = NkT (11)

Equating (10) and (11) and substituting in the value for

U one obtains

4nn/¢ = NkTu

Therefore

~ u 4n/kr

Hence the velocity distribution is

it

£(W) = (m/2xkT)? exptm2.7/2kr) (12)

One can now evaluate the integral in equation (1).

+

Z = cAAt fe. EY ae (1)
°

Therefore

o a co -nb?
f £(,) du = vane? fi, exp (+) ay,
° °

The integral on the right-hand side is again a standard one,

Wiz :
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whence

nikt

fv £05) a3, = (en)
oO

Therefore the number of collisions per unit time per unit

area is

= kr 2
2 Com =

but

= _ (8kt)+
a= Caaaie

Therefore

2Z= a Cc.
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Mable 1

Rotameter Calibrations

Setting Rotameter No Rotameter 05

em?min7+ Time to pass Amount Time to pass Amount

110cm?/s veo 50cem?/s vase’
cm min cmTM min

100 56.2 117.44 65.8 100.3

150 38.4 171.88 43.4 152.07

200 29.4 224.49 33.2 198.8

250 23.0 280.96 26.8 246.27

300 19.4 340.21 22.2 297.3

350 16.8 392.86 19.0 347.37

400 TSE 434.21 16.8 392.86

450 13.6 485.29 14.8 445.95

500 12.4 532.26 13.6 485.29

550 11.0 600.00 12.4 532.26

600 10.2 647.06 11.2 589.29

650 9.4 702.13 10.2 647.06

700 8.8 750.00 9.6 687.5

750 8.0 825.00 8.8 750.00

800 7.6 868.42 8.4 785.72

850 Te2 916.67 7.8 846.15

900 6.8 970.59 7.4 891.89

950 6.4 1031.25 7.0 942.86

1000 6.2 1064.52 6.8 970.59

1050 5.8 1137.93 6.4 1034.25

1100 5.6 1178.57 6.0 1100.00

1150 5.2 1269.23 5.8 ILS 0.93

1200 5.0 1320.00 5.6 1178.57
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Table 2

Calibration of Wheatstone Bridge (Constant Resistance) Units

Channel Load Dial T/A V/V R/Q R/Setting

(2) Setting

1.0 0.62 1.20 1.386 1.155 1.863

2.2 1.19 1.10 2.553 2.321 1.950

x 457° 2.33 0.40 1.828 4.570 1.961

6.8 3,415 0.28 1.910 6.821 1,998

10.0 5.075 0.20 2.006 10.030 1.976

1.0 0.62 1.16 1.343 12458 1.867

2.2. 12205 1.08 2.511 2e325 1.9295

2 4.7 2.36 0.52 2.436 4.685 1.985

6.8 3.46 0.32 2.193 6.853 1.981

LOGO 25125 0.20 2.022 10.110 1.981

1.0 0.585 1.46 1.690 1.158 1.979

Jeeta «145 0.86 1.967 2.287 1.998

3 4.7 2.29 0.42 1.936 4.6095 2.013

6.8 3.375 0.30 24052). 6y840.. -2).027

10.0 5.01 0.18 ‘1.841 10.228 2.042

1.0 0.59 1.45 1.680 1.159 1.964

Oyo REL Ses 1.20 2.780 2.317 1.989

4 Acme 2.a15 0.42 1.940 4.619 1.995

658382 0.28 1.915 6.839 1.948

10.0 5.055 0.18 1.829 10.161 2.010

1.0 0.60 1.36 1.575 1.158 1.930

262 -elebI5 1.16 2.698 2.326 1.9795

a 4.720315 0.40 1.840 4.600 1.987

6.8 3.445 0.33 2.268 6.873 1.995

10.0 5.065 0.19 1.902 10.015 1.976

1.00.61 1.41 1.631 1.157 1.896

222. LAS 1.18 2.744 2.325 1.954

6 4.7 2.325 0.79 3.693 4.595 1.976

6.8 3.425 0.25 1.703 6.812 1.989

10.0 5.06 0.24 2.437 10.154 2.007
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Table 3

Aluminium Isopropoxide Batch Analysis

Sol. No. al(otpr) 4 pH Theoretical Determined
wt/g Al/g Al/a

a 061772 0.10 0.0234 0.0267

es 0.1773 0.24 0.0234 0.0271

3 0.1772 0.48 0.0234 0.0272

4 2355535 0.50 0.3375 063772
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Table 4(a)

Comparison of Theoretical and Determined Al Pick-up

T bath°c Total a. Ze Theoretical Theoretical Determined

Flow 2 Al (o'r) 3/9 Al/g15%w/w Al/g

473.15 1.4494 0.2174 0.046

124 39.96 0.031

403.15 1.7011 0.2552 0.033
p=5.2mmHg

397.15 1.7266 0.2589

0.033

473.15 2.7763 0.4165 0.034

76.56 0.0562

403.15 3.2585 0.4888 0.0569
397.15 3.3081 0.4962

141 473.15 7.6185 1.1428

76.56 0.19

p=14.1 403.15 8.9410 1.3412 0.20

oS 397.15 9.0759 1.3614

473.15 11.4825 1.7224 0.3175

142 109.08 0.3196

403.15 13.4761 2.0214 0.32

p=14.9mmHg

397.15 13.6796 2.0519

144 38,28, 9/473 61S 4.5271 0.6791

0.158

p=16. 7mmHg 403.15 5.3273 0.7991 0.157
397.15 5.3937 0.8091

Table 4(b)

Poet 8 Oke es SO Rey 2 Someta’ Shang
‘m 7am 1K A

A1(0 Pr), Al/g Al/g

/9 15%

141 58.8 15.0 473.15 3.5264 0.5289 0.137
0.149

p=14.1mmug 403.15 4.1388 0.6208 0.146

144

86.4 21.0 473.15 6.0931 0.9139 0.395

p=16. 7mmHg 0.394

403.15 7.1511 1.0727
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Table 5

Theoretical Ticl, Content

eee. o) fom Ny ed oO, Ty /2 6 aaa ae Ticl,

m /am JK

28 T.5 Lets: 338.15 1.1876

VP=14.OmmHg 393'.15: 1.0205

29 3398.15 1.2395

VP=14.6mmHg 393:515 1.0661

30

VP=15.5mmHg 338.15 Leb

39315 141332

28 5.75 3.75 338.15 1.2197,

393.15 1.0491

29 338.15 1.2730

$93 515 1.0949

30 338.15) T5559.

393.15 1.1638

28 3.60 5.32 338.15 1.1452

393415 0.9850

29 3398015 1.1993

393.15 1.0281

30 338.15 1.2705

393.15 1.0928
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Table 6

Gas Densities

e eT/K rich, 2 80, el, N,

(Th+Ts)/2 /g cm

S73.15 0.00403374 0.00068037 0.00150764 0.00059563

583.15 0.00396457 0.00066871 0.00148178 0.00058542

595 515 0.00388137 0.00065467 0.00145069 0.00057313

608.15 0.00380159 0.00064122 0.00142087 0.00056135

620.65 0.00372503 0.00062830 0.00139225 0.00055005

633.45) 0.00365149 0.00061590 0.00136477 0.00053919

645.65 0.00358079 0.00060397 0.00133834 0.00052875

658.15 0.00351279 0.00059250 0.00131292 0.00051871

670.65 0.00344731 0.00058146 0.00128845 0.00050904

683.15 0.00338423 0.00057082 0.00126488 0.00049973

695.65 0.00332342 0.00056056 0.00124215 0.00049075

708.15 0.00326476 0.00055067 0.00122022 0.00048208

720.65 0.00320813 0.00054112 0.00119906 0.00047372

T33:6L5 0.00315343 0.00053189 0.00117861 0.00046564

Table 7

Sutherland Equation Constants

tere yt
Compound S/K b/g K *em 1, 1

0, 124.89325 16.877460

Cl, 300.16949 15.59322

Ny 107.07428 13.816036
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Table 8

Gas Viscosities

°,
T("K) oe ? Fo, Fel, fx,

(Tb+Ts)/2 gem s~

573.15 170.199 331.76 244.999 278.70

583.15 172.38 335.67 248.59 281.88

595.65 175.66 340.51 253.05 286.63

608.15 179.60 345.30 257.46 289.71

620.65 182.83 350.03 261.84 293.55

633.15 186.63 354.71 266.17 297.36

645.65 189.81 359.34 270.47 301.12

658.15 193.58 363.92 274.73 304.85

670.65 196.85 368.46 278.96 308.53

683.15 200.55 372.95 283.15 312.28

695.65 203.72 377.39 287.30 315.79

708.15 207.38 381.79 291.42 819.37

720.65 210.46 386.15 295.51 322.91

hase tS 214.05 390.47 299.57 326.42

Table 9

Lennard-Jones Parameters *4’ 115

o /nm EoW/k

Ticl, 0.5931 495.6

Ny 0.3798 71.4

05 0.3467 106.7

cl, 0.4217 316.0
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T8t

Table 10

Binary Diffusion Coefficients

T/K Pricl,/0, Yric,/Cl., "picl,/N, *0,/c1, %on/%5 Pcl, /N,
(Th+Ts) /2 /om*s”

S135 LS 0.22048064 0.11344552 0.23081011 0.39172132 0.62538341 0.39665782

583.15 0.22761785 0.11710209 0.23793467 0.40399682 0.6438351 0.4085478

595.65 0.23637729 0.12220247 0.24707052 0.4190741 0.66732653 0.42399329

608.15 0.24549522 0.127133138 0.25612106 0.43467197 0.69140440 0.43939513

620.65 0.25450182 0.13207603 0.26548444 0.45052891 0.71527408 0.45497358

633.15 0.26355077 0.13713561 0.27500086 0.46659148 0.73943213 0.47109619

645.65 0.27305116 0.14219245 0.28445145 0.48285092 0.76416295 0.48718035

658.15 0.28242201 0.14748596 6.29422852 0.49902281 0.78898337 0.5033651

670.65 0.29217749 0.15303833 0.30408418 0.51569473 0.81428239 0.51999501

683.15 0.30174147 0.15830891 0.3139048 0.53259823 0.84018109 0.53671678

695.65 0.31173164 0.16194833 0.32406526 0.54966814 0.86614273 0.55357736

708.15 0.3215985 0.16752312 0.33428788 0.56695754 0.89225157 0.57089998

720.65 0.33155852 0.17476038 0.34444666 0.58452812 0.91884585 0.58815293

Saree 0.34193514 0.18046300 0.35495842 0.60190537 0.94544415 0.60558984





List of Experiments Using al(otpr) 5

Run Number Temperature Percentage O Duration

of Coil/°c 2 /min

Ala 300 19.03 100

Alb 300 19.03 230

A2 350 19.03 180

A3 350 18.92 15

a4 420 19.03 90

NAL ~185 19.03 180

NA2 ~185 19.03 180

NA3 350 19.03 210

NA4 350 18.76 140

NAS 350 29.30 10

NA6 350 24.27 10

NAT 350 18.92 180

NAS 375 18.92 1920

NA 400 18.92 300

NALO 420 18.92 1920

NA11 Repeat of NA4 350 18.76 : 180

NA12 Repeat of NA7 350 18.92 1620

NA13 Repeat of NA9 400 18.92 330
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List of Experiments Using Ticl,

Run Number Temperature Percentage Oo, Duration

of Colls/-¢ /min

Tl 400 18.92 180

T2 500 18.92 360

23 500 39.47 180

T4 480 39.47 360

TS 480 59.64 360

T6 480 78.35 360

DTL 500 18.92 360

DT2 500 39.47 360

DT3 480 39.47 360

DT4 480 59.64 240

DT5 500 18.92 240

DT6 500 39.47 240

DT7 500 59.64 240

pT8 525 18.92 240

DT9 525 39.47 240

DT10 525 59.64 240

DT11 550 18.92 240

DTL2 550 39.47 240

DT13 550 59.64 240

DT14 575 18.92 240

DT15 575 39547 180

DT16 57S 59.64 180

DT17 600 18.92 180

pT1s8 600 39.47 90

pT19 600 59.64 “90

DT20 625 18.92 aS

DT21 625 39.47 60

DT22 625 ; 59.64 30

DT23 650 18.92 60

DT24 650 39.47 48

DT25 650 59.64 25.59:

DT26 675 18.92 40

DT27 675 39.47 a5
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Run Number Temperature Percentage O, Duration

of Coils/~c /min

DT28 675 59.64 10

DT29 700 18.92 15

DT30 700 39.47 15

DT31 700 59.64 15

DT32 725 18.92 15

DT33 125, 39.47 10

DT34 aeS: 59.64 10

DT35 750 18.92 6

DT36 750 39.47 6

DT37 750 59.64 6

DT38 dS 18.92 5

DT39 775 39.47 6

DT40 ATS: 59.64 5

DT41 ° 800 18.92 4.5

DT42 800 39.47 6

DT43 800 59.64 4.5

DT44 Repeat ofpT4 480 59.64 240

DT45 a ED2z5 «500 18.92 240

DT46 be! Mptl2 S50 39.47 240

DT47 * "“pT18 600 39.47 90

DT48 ” "pT24 650 39.47 39

DT49 he "DT29 700 18.92 20

DT50 " "DT30 700 39.47 16.5

DT51 Ld “Drs5, "750 18.92

DT52 . "“DT42 800 39.47
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Run Al.a.

Temperature of coils, 300°C 19.03% 05

Coil No. R/a R./a Dial Setting

; 2.663 8.657 4.33
2 3.736 12.145 6.07
3 3.736 12.145 6.07
4 3.822 12.424 6.21
5 3.018 9.811 4.905
6 3.473 11.289 5.645

Bubbler 1: 15.2963g Al (o!Pr)
Bubbler 2: 16.4904g al(o!Pr)

532cm*minTM +No setting: 0.500 : Be

05 setting: 0.125 125¢em min

Back pressures: 39mm Hg

Sandbath: 134°C

Thermocouple Readings

Ny my <e
1 6.38 138

2 5.56 124 Ambient temperature: 20°C

3 6.29 138 Variac 1 setting: 180

5 5.43 123 Variac 2 setting: 80

6 4.40 103

iL 4.20 98

Voltage Across the Coils

Mins after Coil No.

Start a: 2 3. 4 S 6

10 0.957 1.604 2.032 2.558 1.244 1.689

20 1.498 2.267 1.957 2.120 1.803 2.085

30 1.606 2.370 1.923 2.250 1.861 2.204

40 1.602 2.402 1.922 2.294 1.889 2.236

50 1.612 2.423 1.904 2.320 1.907 28256

60 1.620 2.436 1.903 2.342 1,917 2.267

70 1.628 2.453 1.900 2.364 e927 22277,

80 1.634 2.475 1.916 2.391 1.936 2.290

90 1.636 2.485 1.943 2.409 1.933 2.300

100 1.636 2.496 1.947 2.420 1.940 2.302
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Run Al.b.

Temperature of coils, 300°C 19.03% QO

Same coils used as in Run A2.a.

Bubbler 1: 16 .6539q al(olpr)
Bubbler 2: 16.2289g al (o*Pr)

N, setting: 0.500 53 pour”!
Oy setting: Ocl25 % 1g5em’min >

Back pressure: 44mm Hg

Sangbath: 124°

Thermocouple Readings

°,

Noe mv -<

1 6.28 138

2 5.45 123 Ambient temperature: 2156

3 6.13 136 Variac 1 setting: 180

5 6.22 139 Variac 2 setting: 90

6 5.16 118

% as1t 98

Voltage Across the Coils

Mins after Coil No.

Start 1 2 3 4 5 6

10 1.724 2.634 Coil 3.447 2.074 2.367
20 1.700 2.566 broke 3.468 2.038 2.329
30 1.697 2.363) an 3.486 25017, 2.225
40 1.695 2.457 Run Ala 3.515 1.978 25235
50 1.693 2.544 3.530 1.970 2.248
60 1.690 2.554 3.416 1.977 2.258
70 1.687 2.566 3.374 1.988 2.268
80 1.683 2.584 3.365 2.005 2.282
90 1.684 2.594 3.372 2.012 2.290

100 1.684 2.599 3.420 2.015 2.295
110 1.685 2.600 3.403 2.017 2.297
120 1.685 2.604 3.396 2.020 2.298
130 1.686 2.606 32375: 2.023 2.298
140 1.686 2.608 3.345 2.026 2.299
150 1.693 2.614 3.319 L977 2.306
160 1.693 2.597 3.389 1.974 2.296
170 1.692 2.592 3.409 1.969 2.294
180 1.691 2.592 3.415 1.966 2.295
190 1.691 2.593 3.410 1.966 2.296
200 1.691 2.595 3.389 1.966 2.297
210 1.692 2.596 3.350 1.966 2.299
220 1.692 2.597 3.092 1.966 3.000
230 1.692 2.599 3.196 1.968 3.001

Total Run Time = 5$ hours (Al.a. and Al.b.)
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Run_A2

Temperature of coils, 350°C. 19.03% 0

Coil No. R/Q R/Q Dial Setting

1 3.532 12.175 6.09

2 3.698 12.747 6.37

3 3.901 13.447 6.92

4 3.809 13.130 6.57
5 3.528 12.161 6.08

6 BLT 12.813 6.40
Bubbler 1: 15.3309g al(o‘Pr),
Bubbler 2: 14.7820g al(otpr),

Ny setting: 0.500 532em°min =
0, setting: 0.125. 125em°min7+

Back pressure: 44mm Hg

Sandbath: 124°

Thermocouple Readings

No. mv Pc

i. 6.26 136

2 5.38 Tea Ambient temperature: 20°C

3 6.01 133 Variac 1 settings 180

5 6.73 7 Variac 2 setting: 90

6 5.58 125

T; 4.10 97;

Voltage Across the Coils

Mins after Coil No.

Start s 2 * 4 5 6

10 2.762 2c2ou 26152 35537 3.224 D5 718s
20 2.808 2.255 2.159 3.560 3.206 2.880

30 2.522 2.306 2.188 3.587 3.273: 2.435
40 2.676 2.307 2.179 3.583 3.267 2.638

50 2.699 2.305 Zelg> 36573 3.263 2.657

60 2.714 26325 2.183 3.591 3.276 21S
70 2.712 2.293 2.159 3.552 3.237 2.678

80 2.749 22277 2.139 3.519 3.210 2.724

90 2.764 2-265 2-130 3.510 34203 2.734
100 2-763 » 22245 82s119°. 13.485 35180. 2.732

110 2.766 2.224 2.095 3.456 Seo 2.736

120 2.761 2.238 2.104 3.475 3171 26132

130 2-722 2.230 2.100 3.461 36150 2.785
140 2-727 2.240 2.103 3.469 3.6173 20195
150 Doioe 2) 3.521 le. 19s 3 Siem 8.26405 22789

160 2.721 2.343 2.190 3.594 3.280 2.286
170 2.718 2.352 2.206 3.618 3.306 2.781

180 5.713 2.360, » Ol200meels 621, 'S2301n “2.772
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Run_A3

Temperature of coils, 350°C. 18.92% 0,

Coil No. RS2 Ro Dial Setting

io 3.336 11.499 5-75

2 3.214 11.079 5.54

3 3.564 12.286 6.14

4 3.398 11.713 5.85

5 3.670 L2ie65L 6.325

6 3.758 12.952 6.48

Bubbler 1: 13.4788g al(otpr),
Bubbler 2: 13,9554g al(o'pr) 5
Ny setting: 0.700 750cm min”
0, setting: 0.175 175cm°minTM

Back pressure: 46mm Hg.

Sandbath: 124°

Voltage Across the Coils

Mins after Coil No.

Start 2 3 4 5 6

10 1.881 L137 2.059 3.447 3.234 2.049

20 Reactor exploded at t = 15 mins.
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Run A4

Temperature of coils, 420°C 19.03% 0

Coil No. RY RM Dial Setting

1 4.123 15335 7.67

2 Been0 12.02 Se 97

3 2.999 LIAL 5.99)

4 3.498 13.02 6.51

5 3.609 13.43 Gs 72

6 3.122 11.62 5.81

Bubbler 1: 15.0001g al(otpr),
Bubbler 2: 14.9983g al(otpr),

N, setting: 0.500 532cem>min~
0, setting: 0.125 125cm*min=?

Back pressure. reading: 20mm Hg

Sandbath: 128°C

Thermocouple Readings

No. ny Se
ee 6.01 ASZ

2 5.28 119 Ambient temperature: 20°C

3 6.10 134 variac 1 setting: 180

5 4.92 103 Variac 2 setting: 80

6 6.12 136

oF 3.95 98

Voltage Across the Coils

Mins after Coil No.

Start uf 2 3 4 S 6

10 bs 2.41 2.15 3.78 3.59 2.79

20 2.795 2-485 2.21 3.89 3.63 2.875

30 2.75 2.45 2.178 3.82 3.58 2.825

40 2675 25445 | 2.160) 3.635 =3.585 2.830

50 Zea 2.52 2.245 3.935 3.68 2.92

60 2.88 2.575 2.29 4.000 S275 2.98

70 2.92 2.61 2.32 4.04 Slt 2/682

80 2.97 2.665 2.365 4.115 3.850 3.050

90 2.95 2.65 2.345 4.090 3.830 3.045
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Run_NAl

Temperature of coil ~185°C 19.03% 0, 2cm ID

unbaffled reactors Dial

Coil No. Rm RS2 R,/ 2 Setting

1 3.360 1.553 egos 2-68

iz 3.492 1.614 5.565 2278

3 3.688 1.705 5.878 2.94

4 3.296 1.524 5.253 2.625

5 3.632 1.679 5.788 2.895

6 3.424 1.583 5.467 2.735

Bubbler 1: 16.2147g al (opr),
Bubbler 2: 15.5936g Al(01Pr),

N, setting: 0.500 532cm\min
0, setting: 0.125 125cm> min

Back pressure: 50mm Ho.

Sandbath: 124°

Run time: 3 hours.

Thermocouple Readings

No. nv ag
E 9.92 207

. 7.94 173 Ambient temperature: 25°C
3 8.85 189 Variac 1 setting: 160

4 2.74 80 Variac 2 setting: 140

5 4.57 112

6 2.5, 73

HE 6.82 152

Voltage Across Coils

Coil No. Initial Increases Decreases Final value
Value To To

1 1.69 - 0.30 0.30

2 0.55 0.600 - 0.600

3 0.06 0.644 0.63 0.63

4 0.75 0.766 - 0.766

5 0.67 0.72 - 0.72

6 0.103 - 0.095 0.095

All coils exhibited usual erratic behaviour at the start

of the experiment.
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Run NA2

Temperature of coils ~185°C 19.03% 02 2cem ID

unbaffled reactors Dial

Coil No. Ri Q RS Q R,/ 2 Setting

1 3.330 1.538 5.302 2.65

2 3.788 1.75 6.032 3.015

3 3.978 1,838 6.334 3.165

4 3.862 1.784 6.15 3.075

5 3.319 1.533 5.285 2.64

6 2.918 1.348 4.646 9.30)

Bubbler 1: 15.2708g al (0'Pr),
Bubbler 2: 15.4882g al(o'Pr),

N, setting: 0.500 S32ca min =
0, setting: 0.125 125em*min72
Back pressures 40mm Hg

Sandbath: 125°¢

Run times: 3 hours

Thermocouple Readings

No. mv” Se
is 10.05 209

2 8.01 173 Ambient temperature: 24°C

3 8.88 189 Variac 1 setting: 160

4 3.23 8s Variac 2 setting: 150

5 5.17 12

6 On77, 17

% 6.99 154

Voltage Across Coils

Coil No. Initial Increases Decreases Final Value
Value To To

1 0.580 0.640 - 0.640

2 0.694 0.720 - 0.720

2 0.700 0.730 - 0.730

4 0.690 0.715 - 06715

5 0.565 0.585 - 0.585

6 0.500 0.505 - 0.505

All coils exhibited usual erratic behaviour at the start

of the experiment (see Fig. 18 & 19).
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Run_NA5

Temperature of coils 350°C 29.3% 0 2mm ID

unbaffled reactors

Dial

Coil No. R,/2 RSQ R,/ a Setting

z 2.635 2.412 5.728 2.865

2 2.613 2.392 5.680 2.840

3 4.158 3.807 9.039 4.520

4 2.646 2-423 5.752 2.875

5 2.892 2.648 6.287 3.145

6 2.844 2.604 6.182 3.090

Bubbler 1:

Bubbler 2:

Ny settings 0.825

Oy setting: 0.375 375¢em?minTM
Back pressure: Not obtained

Sandbath: 124°C

Run time: ~10 minutes

Thermocouple Readings

Not obtained. Experiment terminated prematurely due to

near explosion.

Voltage Across the Coils

15.1685¢ al (opr),
15.1606g Al(o'Pr),

905em°min-_

Behaviour highly erratic immediately prior to shut down.
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Run_NA8&

Temperature of coils 375° 18.92% 0, 2mm ID

unbaffled reactors

Dial

Coil No. Ri 9 RY Q R,/ Q Setting

4.681 4.356 10.771 5.385

2 3.715 3.457 8.548 4.275

3 3.407 3.170: 7.839 3.920

4 3.0417 3.179 7.862 3.930

5 4.186 3.895 9.632 4.815

6 3.747 3.487 8.622 4.310

Bubbler 1: 16.0089g, 14.8154g, 17.2775g, 14.7033q, 16.6429q,

15.7370g, 17.1726g, 16.7507g al(otpr) ,
Bubbler 2: 15.3383g, 15.1583g, 15.0336g, 16.4191g, 16.471lg,

15.4859g, 16.8432g, 16.1212 al (0*Pr) 4
N, setting: 0.700 750cm min”
0, setting: 0.175 175cm’ min”

Back pressure: 56,43,43,47,47,76,49,55mm Hg

Sandbath: 124° throughout

Run time: 34hrs+3hrs+4hrs+5hrs+4hrs+44hrs+4hrs+4hrs

Total 32hrs.
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SBT

Thermocouple Readings

3.63

5.86

Ambient temperature:

6.22

Variac 1 setting:

Variac 2 setting:

Gib Due zen 25, 23,022, 22) 122°C

140

160

6.49

3.06

6.09

13

148

165

22

132

1S

134

172

148

166

95

148

78

134

LO

1531.

170

95

151

83

138

By

149

168

93

149

80

137

aQ

174

150

171

96

149

82

137

174

149

166

95

144

80

135

177

15%

169

96

149

83

137

180

153

p liga

98

£53:

84

138



Voltage Across the Coils

Coil 1: Initially 1.560v, usual erratic behaviour,

smooths to 1,525v, fluctuates twice first decreases to 0.625V,

second to 1.105v. Increases to 1.605V at the end.

The rest of the experimental voltages for coil 1 are

tabulated below:

Run Initial Increases Decreases Final Value
Value To To

2 1.615 1.645 1.625 1.625

3 1.640 1.690 1.643 1.650

4 1.643 1.695 1.645 1.715

5 1.760 1.800 1.750 1.750

6 1.750 1.815 1.750 1.790

a 1.810 1.865 1.800 1.810

8 1.810 1.870 1.810 1.830

Coil 2: Initially 1.415v, usual erratic behaviour observed,

fluctuates twice first decreasing to 0.870V, second to 0.205V.

Increases to 1.510V at the end.

The rest of the voltages are tabulated below:

Run Initial Increases Decreases Final value

Value To To

2 Le SLS, 1.550 1.515 2.525

3. 2.535 1.580 1.535 1535)

4 2.515 1.563 16515 1.613

5 1.630 1.660 1.625 1.615

6 1.620 1.665 1.620 1.663

ay 1.620 1.675 1.620 1.640

8 1.730 Leads 1.720 1.3753

Coil 3: Initially 1.155v follows the customary erratic

behaviour, fluctuates twice both decreasing to 0.070V,

settling to 1.160V increasing to 1.250V at the end.

The rest of the voltages are tabulated below:
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Run Initial Increases Decreases Final Value
Value To To

2 1.180 1.180 1.180 1.185

3 1.210 1.230 1.205 1.210

4 1.205 1.223 1.205 1255

5 1.265 1.285 1.260 1.260

6 1.265 1.280 1.265 1.290

7 1.300 1,325 1.300 1s53L0

8 1.310 1.330 1.310 1.330

Coil 4: Initially 1.210v, follows usual erratic behaviour,

fluctuates once to 1.010vV, increases to 1.315V at the end.

The rest of the voltages for coil 4 are tabulated below:

Run Initial Increases Decreases Final value
Value To To

2 1.340 1.350 1.340 1.340

iS 1.350 1.365 1.350 1,350

4 1.350 1.370 1.350 1.405

5 1.420 1.450 1.420 1.420

6 1.430 1.445 1.430 1.460

mm 1.455 1.478 1.460 1.465

8 1.450 1.465 1.450 1.435

Coil 5: Initially 1.550v, follows usual erratic behaviour,

fluctuates three times, first to 0.970V, the second and

third to 1.080V, settling to 1.570V increasing to 1.650V

at the end.

The rest of the voltages for coil 4 are tabulated below:

Run Initial Increases Decreases Final Value
Value To To

2 1.650 1.680 1.660 1.660

3 1.650 1.690 1.660 1.660

4 1.650 1.690 1.660 1.740

5 1eTTO 1.800 1.770 1.770

6 T3770 1.800 1.770 1.810

7 1.830 1.850 1.820 1.830

8 1.840 1.870 1.840 1.850
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Coil 6: Initially 1.30vV, usual erratic behaviour,

fluctuates twice, first to 0.19V second to 0.595v,

smooths to 1.300V increasing to 1.370V at the end,

The rest of the volates obtained for coil 6 are tabulated

below:

Run Initial Increases Decreases Final value
Value To To

2 1.370 1.390 1.370 1.370

3 1.370 1.390 1.370 1.370

4 1.365 1.390 16365 1.435

5 1.485 1.500 1.475 1.470

6 1.470 1.485 1.470 1.510

7 1.510 1.530 e510 1.510

8 1.505 1.550 1.505 1.550
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Run NALO

Temperature of coils 4

reactors

20°C 18.92% 0, 2mm ID unbaffled

Dial

Coil No. Rm 2 R/a R,/Q Setting

3.628 36358 8.896 4.450

2 3.971 3.682 9.755 4.875

3 3.771 3.441 9.116 4.560

4 Dehee 3.458 9.159 4.580

5 3.057 2.829 7.496 3.5750

6 4.170 3.859 10.225 5eLV5.

Bubbler 1: 16.3261g, 15.4555g, 15.2355g, 15.58529, 16.6826q,

16.8669, 15.8581g A1(0"Pr),

Bubbler 2: 19.4850g, 16.2646g, 16.6780g, 17.1268g, 17.1615q,

16.9896g, 16.4430 al (o'Pr),

Ny setting: 0.700 750cem*min7+
0, setting: 0.175 175em°min-+
Back pressure: 62,50,45,47,55,70,62mm Hg

Sandbath: 124°c throughout

Run time: 5Shrs+4hrs+5hrs+4hrs+6hrs+4hrs+4hrs

Total 32 hours
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Thermocouple Readings

8.21 8.33

6.77 6.87

7.78 7.96

3.58 3.55

6.44 6.86

2.90 3.05

6.21 6.08

Ambient temperature:

8.49

3.81

6.78

6.27

Variac 1 setting:

Variae 2 setting:

ny

8.62 8.26

6.82

7.97

23424620) 229102, 21522°°

140

160

175

150

168

94

144

78

138

178

a52

172

94

153:

82

138

LT9)

152

L7Z

oF

150

81

139

Q

180

155

176

96

+53

83

141

TS:

150

170

96

147

82

136

182

451)

171

94

144

Te

136

ai

182.

By

96

147

82

136



Voltage Across the Coils he

Coil 1: Initially 1.390v, follows usual erratic pattern

then periodic fluctuations occur which decrease exponentially

finally settling to 1.40lv, increasing to 1.462V at the end.

The remaining voltages are tabulated below:

Run Initial Increases Decreases Final Value

Value To To

2 1.462 1.520 1.460 1.492

3 1.500 1.582 1.495 1.555

4 1.570 1.643 1.575 1.58)

5 1.519 1.660 1.580 1.638

6 1.658 1.710 1.650 1.630

7 1.624 1.695 L635 1.628

Coil 2: Initially 1.698V follows usual erratic pattern

then periodic fluctuations occur which decrease exponentially

finally settling to 1.684v increasing to 1.765V at the end.

The remaining voltages are tabulated bélow:

Run Initial Increases Decreases Final Value
Value To To

2 1.765 1.834 1.765 1.808

s 1.810 1.899 1.810 1.884

4 de SLL 1.990 1.920 1.910

5 1.900 2.000 1.910 2.000

6 2.040 2.080 2.020 2.000

7 2.000 2.080 2.010 2.010

Coil 3: Initially 1.520V follows same general pattern as

coils 1 and 2, settles to 1.505V increasing to 1.540V at

the end.

The remaining voltages are tabulated below:
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Run Initial Increases Decreases Final Value
Value To To

2 1.540 1.599 1.540 Te565

2 1.563 1.635 15560 1.698

4 1.720 1.778 1.710 1.710

5 1.710 1.799 1.710 1.830

6 1.830 1.900 1.820 1.810

7 1.810 1.900 1.820 1.820

Coil 4: Initially 1.64v, follows same general pattern as

previous coils, settles to 1.63v increasing to 1.66V at

the end.

The remaining voltages are tabulated below:

Run Initial Increases Decreases Final Value
Value To To

2 de f3 1.80 1.72 1.74

3 1.75 1.85 ee 15: 1.81

4 Not obtained - loose connection 1.90 1.91

5 1.90 2.00 191 2.01

6 2.04 2.12 2.03 2.02

7 2.03 2.13 2.04 2.03

Coil 5: Initially 1.350V follows same general pattern

as previous coils, settles to 1.372V, increasing to 1.410V

at the end.

The remaining voltages are tabulated below:

Run Initial Increases Decreases Final value
Value To To

2 1.428 1.465 1.430 1.435

3 1.443 1.510 1.440 1.495

4 16512 1.560 1.505 1.505

5 1.500 1.560 1.505 1.550

6 1.630 1.630 1.580 1.580

7 1.560 1.630 1.580 1.580
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Coil 6: Initially 1.86V follows same general pattern

as previous coils, settles to 1.83V increasing to 1.87V

at the end.

The remaining voltages are tabulated below:

Run Initial Increases Decreases Final Value
Value To To

2 1.85 1.91 1.86 1.88

3 1.88 1.97 1.88 2.01

4 2.02 2.08 2.02 2.02

5 2.02 Sotl 2.03 2.20

6 2.25 2.30 2.23 2621

tf 2.23: 2.31 2.23 2.23
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Run NA1L2 Repeat of NA7

Temperature of coils 350° 18.92% 05 2mm ID unbaffled

reactors

Dial

Coil No. RA R/Sa RA Setting

Satod 3.484 8.273 4.140

2 3.705 3.442 BS. L72 4.085

3 3.765 3.497 8.304 4.150

4 3.660 3.399 8.072 4.035

S 4.037 3.750 8.904 4.450

6 3.303 3.068 7.285 3.645

Bubbler 1: 15.1722g, 15.4615g, 16.5148g, 17.4495g,

18.6095g al(o*Pr) 5
Bubbler 2: 15.1101lg, 17.153l1g, 16.7845g, 16.4481g,

15.8076g a1(0'Pr),
N, setting: 0.700 750cm*min->
05 setting: 0.175 175¢em*min= +
Back pressure: 46, 50, 46, 56, 52mm Hg

Sandbath: 124° throughout each run

Run time: S5Shrs+4hrs+34hrs+5hrs+5hrs Total 22% hours
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sOz

Thermocouple Readings

6.95

7.85

3.68

6.31

Ambient temperature:

7.04

8.01

3.61

6.35

my

6.15

Variac 1 setting:

Variac 2 setting:

22,

140

160

24,

6.15

23, 22,5,

178

152

168

94

138

74

139

22°C

181

4155

173:

oF

140

as

142

Q

178

152

169

96

118

Th

13%

177

I5P

168

96

136

73

138

174

150

166

89

136

714
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Voltage Across Coils

Coil 1: Initially 1.180v, follows usual erratic pattern,

six fluctuations occur the first to 0.79V, the other

fluctuations increasing to 0.910V (for the sixth), assumes

a smooth value of 1.195, increasing to 1.505V at the end.

The remaining voltages are tabulated below:

Run Initial Increases Decreases Final Value
Value To To

2 1515 1.550 1.525. 1.555

3 1.570 1.598 1.560 1.555

4 1.540 1.583 1.545 1.605

5 1.540 2.578 1.545 1.568

Coil 2: Initially 1.125v, follows usual erratic pattern,

four fluctuations occur, the first to 0.815V, increasing

to 0.908V for the fourth, smooths to 1.258V increasing to

1.515V at the end.

The remaining voltages are tabulated below:

Run Initial Increases Decreases Final Value
Value To To

2 de SIS 1.550 L525. 1.545

2 1555 tao 75 1.545 1.540

4 1.550 1.590 1.560 1.583

5 1.590 1.615 1.590 1.590

Coil 3: Initially 1.160V, follows the usual erratic

behaviour, eighteen fluctuations occur, the lowest (first)

to 0.70, other fluctuations do not evenly decrease in size,

assumes a smooth value of 1.190V increasing to 1.515V at

the end.

The remaining voltages are tabulated below:

Run Initial Increases Decreases Final Value
Value To To

2 S15 1.560 1.520 15555

3 1.570 1.600 1.570 1.560

4 2.555 1.600 1.560 1.585

5 1.590 1.630 1.595 1.598
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Coil 4: Initially 1.290v, follows usual erratic pattern,

two fluctuations occur, the first to 0.220V, the second

to 0.970V, assumes a smooth value of 1.315v increasing to

1.850V at the end.

The remaining voltages are tabulated below:

Run Initial Increases Decreases Final Value
Value To To

a 1.950 2.020 1.950 ets,

a 2.000 2.040 1.980 1.970

4 1.970 2.2025 e975 2.000

5 2.000 2.050 2.020 2.020

Coil 5: Initially 1.320v, follows usual erratic behaviour,

three fluctuations occur, first to 0.335, the third to

0.945V, assumes a smooth value of 1.360V, increases to 1.720V

at the end.

The remaining voltages are tabulated below:

Run Initial Increases Decreases Final Value

Value To To

2 1.720 1.760 - 1.760

io 1.770 1.780 1.740 15730

4 1.730 1.770 1.710 1.740

5 1.760 1.780 1.710 Lie FLO

Coil 6: Initially 1.115v, follows usual erratic behaviour,

three fluctuations occur, the first to 0.215v, the third

to 0.890V, assumes a smooth value 1.160V increasing to

1.625V at the end.

The remaining voltages are tabulated below:

Run Initial Increases Decreases Final Value
Value To To

a 1.640 1.680 - 1.680

3 1.770 1.780 1.740 1.730

a 16/30 Teg 15 1.690 1.760

5 1.740 13715 L750 1.750
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Run Tl

Temperature of coils 400°, 18.92% Oo. 2mm ID unbaffled reactors

Coil No. R{2 RS/a R/ Q rh ee,

= 3.436 3.186 8.190 4.095

2 Seok 3.459 8.893 4.445

3 4.014 3.722 9.568 4,785

4 4.117 3.817 9.813 4,905

5 4.723 4.379 11.258 S625.

6 joes 478: 3.225 8.290 4.145

Bubbler 1: Approximate ly 30-35cm> Ticl, in each

Bubbler 2:

N, setting: 0.700 750cmminTM

Oy setting: 0.175 175cm°minTM+

Back pressure: 116mm Hg and 83mm Hg

Sandbath: 34°, 26°

Run times ihr+2hrs

Thermocouple Readings

3 bi

No. my Pei

1 5.19 117 Ambient temperature: 21°C

2 4.45 105 Variac 1 setting: 100

3 Soil 117 Variac 2 setting: 90

4 1.63 55 Thermocouple readings not

5 2.19 63 obtained for first (1 hour)

6 1.78 54 run.

a: 4.16 98

Voltage Across the Coils

Coil No. Run Initial Value Final Value
1 1 1.438 1.490

2 1.502 1.520

2 1 1.460 1.462

o 1.490 1.482

3 1 1.628 1.670

2 1.670 1.678

4 a 0.238 loose 0.300

2 0.420 connection 1.470

5 al. 2.25 2.75
2 2.70 3.13

6 1 1.78 1.84

2 1.84 1.82
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Run T2

Temperature of coils 500°, 18.92% Oo, 2mm ID unbaffled reactors

Coil No. Rn Ra R,/a eaetek
a 4.185 3.880 11.499 5.750

2 4.691 4.349 12.889 6.445

= 4.015 ae 123 11.032 52515

4 3.752 3.479 10.309 5.155

5 3.676 3.408 10,101 5.050

6 4,573 4.240 12.565 6.280

Bubbler 1: Approximately 30-35cm> Ticl, in each

Bubbler 2:

N, setting: 0.700 750cm?min7+

0, setting: 0.175 175em°min-~
Back pressure: 157mm increasing to 202mm Hg,

89mm increasing to 222mm Hg

Sandbath: 25°

Run time: 3hrs+3hrs

Thermocouple Readings

No. mv &c
a 3.44 85

2 3.43 86 Ambient temperature: 21.5°C

o 3.96 98 Variac 1 setting: 80

4 1.92 60 Variac 2 setting: 100

5 2-70 ts Thermocouple readings not

6 1e9L ST obtained for first (3 hour)

7 3230 83 run.

Voltage Across the Coils

Coil No. Run Initial Value Final Value
1 ali 2.04 2.41

2 2.40 2.46

2 1 2.42 2orl
2 2.81 2.88

3 1 2.04 2530
2 2.38 2.45

4 £ 2.02 Dead

2 2.33 2.42

5 a Zake 2.74
“ 2.83 3.07

6 I 2652 Zeke
2 2.69 2.77
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Run _T3

Temperature of coils 500°, 39.47% O>. 2mm ID unbaffled reactors

Coil No. R,fa RSQ R,/Q oe

ib 4.516 4.180 12.386 6.195

2 4.202 3.889 12,525, 5.760

3 4.114 3.808 11.284 5.640

4 4,384 4.057 12.024 6.010

5 S555 3.286 9.739 4.870

6 3.572 3.306 9797 4.900

Bubbler 1: Approximately 30-35em> Ticl, in each
Bubbler 2:

N, setting: 0.525 575em*min~*

0, setting: 0.375 375em°minTM+
Back pressure: 78mm rising to 275mm Hg

Sandbath: 30-31°C
Run time: 3 hours

Thermocouple Readings

Noe my 2
1 3.82 93

2 3.35 85 Ambient temperature :22°C

a 3.88 95 Variac 1 setting: 80

4 1.90 61 Variac 2 setting: 100

5 2.65 73

6 1.89 58

7 3.26 84

Voltage Across Coils

Coil No. Initial Value Final Value

2513 o) erracic 3.75 (average)

2 2.13 2.41

3 2.03 2.14 (average)

4 2.99 Erratic 3.85 (average)

5 1.76 1.93

6 3.56 Erratic 3.66 (average)
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Run T4

Temperature of coils 480°c, 39.47% Oo" 2mm ID unbaffled reactors

Coil No. Rf Ra R,/2 Pe

L 4.072 3.776 10.892 5.445

2 3.099 2.873 8.289 4.145

3 Rey 3.456 9.969 4.985

4 3.569 3.309 9.547 4.770

S 35126 2.898 8.362 4.180

6 3.430 3.180 oel75 4.585

Bubbler 1:

Bubbler 2:

No setting:

05 setting:

Back pressure:

Approximately 30-35¢m> Ticl, in each

0.525

0.375

575¢em°minTM
375¢em

ag

Simin?

78mm rising to 260mm Hg, 83mm rising to 249mm H

Sandbath: 31°

Run time: 3hrs+3hrs

Thermocouple Readings

No. _ mv 2c
1 3.79 3.88 93 94

2 3.34 3.42 BSa 57.

3 3.90.3 .97 96°. 97

4 2.00 1.93 63 62

5 2.66 2.68 74° «+74

6 1.99. 1.91 60 58

7 S23. Sooo 82. 83

Voltage Across Coils

Ambient temperature: 22°C

Variac 1 setting: 80

Variac 2 setting: 100

Coil No. Run Initial Value Final Value
a 1.94 2.216

: 2 2.18 2.25
Zz 1.485 1.482

: 2 1.521 1.585
1 1.80 1.97

: 2 2.03 2.09
1 3.16 Erratic 3.84 (average)

4 2 3.86 Erratic 3.75 (average)
b 1.56 67

S 2 1.70 Pas

6 1 2.13 2.95)
2 2695: 3630
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Run TS

Temperature of coils 480°, 59.64% 05, 2mm ID unbaffled reactors

Coil No. (A i

le. Rf'® St R/a eae
au 3.988 <a leh 10.706 D555

2 3.604 3.354 9.676 4.835

3 4.329 4.028 11.622 5.810

4 3.291 3.063 8.835 4.420

5 4.659 4.336 12.508 6.255

6 FetTS S6SLT 10.145 5.070

Bubbler 1: Approximately 30-35em> Ticl, in each
Bubbler 2:

N, setting: 0.325 360cm’min~!
0, setting: 0.550 532em’minTM/
Back pressure: 72mm increasing to 144mm Hg, 83mm increasing

to 260mm Hg

Sandbath: B1°¢

Run time: 4hrs+2hrs

Thermocouple Readings

No. nv 2c
£5 3.85 94

eS 3.35 85 Ambient temperature: 22°C

3 3.86 95 variac 1 setting: 80

4 1.87 60 Variac 2 setting: 100

5 2.53 TL. Thermocouple readings not

6 2.06 61 obtained for first (4hr) run

mh SetD. 82

Voltage Across Coils

Coil No. Run Initial Value Final Value

1 z 1.80 2.05
2 2.05 2.12

2 i 2.31. Be31.
2 3.43 3.82

3 2 1.98 2023

2 2.28 2.29

A a 2.72erratic T=12min 3.75 (average)

2 3.82erratic 3.74

5 1 2.49 2.82

2 2.87 2.92

6 1 1.74 1.94

2 2.00 2.03
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Run _ T6

Temperature of coils 480°c, 18.35% One 2mm ID unbaffled reactors

Coil No. Re Ra RSM ebiad

1 4.121 3.807 10.983 5.490

2 3.769 3.482 10.045 5.020

3 3.652 3.374 9.733 4.865

4 4.336 4.006 11.556 5.780

5 4.204 3.884 11.204 5.600

6 4.243 3.920 11.308 5.650

Bubbler 1: Approximately 30-35em> Ticl, in each
Bubbler 2:

N, setting: 0.175 199cm>min~+
0, setting: 0.725 720cm*min7+

Back pressure: 79mm increasing to 220mm Hg, 82mm increasing to

297mm Hg

Sandbath: 3u.0G,, 32°C

Run times 4hrs+2hrs

Thermocouple Readings

No. my aa
z 3.86 3.85 94 94

2. 3539'° S625 86 85 Ambient temperature: 22°C

3 3.95), 3.8% 97: >-95. Variac 1 setting: 80

4 1.94, 1.86 62 60 Variac 2 setting: 100

5 2.63 2.66 3) 73.

6 1.98. 2605 60 61

7 3225 (3.425 82 82

Voltage Across Coils

Coil No. Run Initial Value Final Value

1 T 3.04 erratic 3.82 (average)
2 3.75 erratic 3.82 (average)

2 1 2.47 3567

2 3.70 erratic 3.87 (average)

3 z 1.86 Zee

2 2.12 Bet,

4 uy 2.17 25d

2 2.15 2.57

5 zy 2.04 2.2

2 Zove 2.39

6 1 3.38 erratic 3.88 (average)
2 3.82 erratic 3.92 (average)
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Run DTl

Temperature of coils 500°C, 18.92% Q,, 2mm ID baffled reactors

Coil No. RY R/S R,/2 piel,

i 4.432 4.079. 12.090 6.045

2 4.004 3.686 10.922 5.460

3 3.861 3.554 10.532 5.265

4 4.352 4.007 11.875: 5.935

5 4.484 4.127 12.231 6.125.

6 3.629 3.941 9.901 4.950

Bubbler 1: Approximately 30-35em? TiCl, in each

Bubbler 2:

Ny setting: 0.700 750cm?>minTM
Oy setting: 0.175 175cm°min7+
Back pressure: 80mm increasing to 308mm Hg,

decreasing finally to 296mm Hg

Sandbath: 30°C

Run time: 6 hours

Thermocouple Readings

No. nv Se
i 4.01 97

2 3.53 89 Ambient temperature: 22°C

3 4.13 100 Variac 1 setting: 80

4 2.07 64 Variac 2 setting: 100

I; 2082 76

6 Leo 56

7 3.37 85

Voltage Across Coils

Coil No. Initial Value Final Value

2.25 erratic T=5hr50min 4.10(average)

2 2.05 2.16

2 2.18 2.85

4 2.36 2.74

5 2.28 2672

6 1.94 2222
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Run DT3

Temperature of coils 480°c, 39.47% O2, 2mm ID baffled reactors

Coil No. N

“A "et “A Setting
1 3.240 3.004 8.667 4.335

2 3.876 32555 10.256 5.130

3 3.331 3.055 8.814 4.410

4 4.362 4.001 11.542 5.770

5 3.798 3.483 10.049 5.025

6 3.803 3.488 10.063 5.030

Bubbler 1: Approximately 30-35¢em? Ticl, in each

Bubbler 2:

Ny setting: 0.525 575cm*minTM+

Oy setting: 0.375 375¢em°min~

Back pressure: 83mm rising to 135mm, 110mm rising to 174mm,

117mm rising to 208mm, 132mm decreasing to

90mm Hg

Sandbath: 31°

Run times lhr+lhr+lhr+lhr+2hrs Total 6 hours

Thermocouple Readings

°

No. mV ae
i 5.33 ean

eo 4.78 112 Ambient temperature: 22°C

eo 4.34 104 Variac 1 setting: 80

4 2.16 66 Variac 2 setting: 110

5. 3.60 91

6 2.42 68

7 Seach 83
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Voltage Across Coils

Coil No. Run Initial Value Final Value

J al 3.10 coil broke readings not recorded

2 J, 2.45 g015
2 Bec? 3.45

3 3.45 3.65

4 3.67 3.83

Be 3.75 3.90

3 1 2.31 erratic 3.88 (average)

2 3.88(av) erratic 3.60 (average)

3 3.73(av) erratic 3.76 (average)

4 3.76(av) erratic 3.77 (average)

5 coil became detached from posts

4 1 3.50 erratic 3.97 (average)

2 3.97(av) erratic 3.70 (average)

3 3.82(av) erratic 3.86 (average)

4 3.85(av) erratic 3.85 (average)

5 4.00(av) erratic 4.07 (average)

5 a 1.82 1.93

2 1.98 1.98

3 1.96 2.01

4 2.06 2.07

S 2.10 2.10

6 Z 1.92 2612

2 2.18 2.19

3 2.23 2229

4 2.29 2.28

5 2631 2.34
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Run pt5

Temperature of coils 500°, 18.92% Oo. 2mm ID baffled reactors

Coil No. Dial Reading RY 2 Ra Dial Setting

1.695 3.39 9.116 4,555

2 1.970 3.94 10.595 5.295

3 2.105 4.21 11.240 5.620

4 2.065 4.13 11.027 5.510

5 2.020 4.04 10.787 5.390

6 1.790 3.58 9.558 4.780

Bubbler 1: Approximately 30-35em? Ticl, in each
Bubbler 2:

Ny setting: 0.700 750em min”

0, setting: 0.175 175cm°’minTM

Back pressure: 76mm rising to 206mm, 128mm rising to 258mm Hg

Sandbath: 31=33°C

Run time: 2hrs+2hrs

Thermocouple Readings

No. mv ac
4.62 113

2 4.73 116 Ambient temperature: 27°C

3 4.29 108 Variac 1 setting: 80

4 3615 69 Variac 2 setting: 110

5 1.93 91

6 333 64

1f 2.05 86

Voltage Across Coils

Coil No. Run Initial Value Final Value
1 - 50 1057

2 1.59 1.61

2 2 1.97 2033
2 2.37 2.47

3 1 1.89 1,99
2 1.76 1.76

i 3.85 erratic 3.87 (average)

¢ 2 3.97(av) erratic 4.03 (average)

5 1 1.97, 2.06

a 2.04 2.06

6 yk 1.76 1.81

2 1.80 1.81
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Run DT7

Temperature of coils 500°, 59.64% Oo. 2mm ID baffed reactors

Coil No. Dial Reading R28 RQ Dial Setting

1 2.170 4.34 11.712 5.855

2 1.785 3257 9.634 4.820

3 2.196 4.39 11.847 5.925

4 2.230 4.46 12.036 6.020

S 1.740 3.48 9.391 4.695

6 1.565 3.13 8.447 4.225

Bubbler 1: Approximately 30-35cem> Ticl, in each
Bubbler 2:

N, setting: 0.325 360cm min” |
05 setting: 0.550 532cm min

Back pressure: 82mm rising to 207mm Hg

Sandbath: 32°C

Run time: 4 hours

Thermocouple Readings

No. my fc
5 4.78 1S:

2 4.92 119 Ambient temperature: 26°C

3 4.49 111 Variac 1 setting: 80

4 2.14 70 Variac 2 setting: 110

5 3.50 93

6 2.05 64

7 Seay. 87

Voltage Across Coils

Coil No. Initial Value Final Value

1 2.28 2.68

2 1.15 QeL7,

3 3.55 Becomes erratic 3.97 (average)

4 2.23 2.69

oi 1.74 2.09

6 1.64 Becomes erratic 2.00 (average)
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Run DT9

Temperature of coils 525°C, 39.47% O,, 2mm ID baffled reactors

Coil No. Dial Reading Rh R,/ 2 Dial Setting

ahs 1.945 3.89 10.845 5.425

ao 1.665 Ja 9.284 4.640

3 1.860 Bel. LOeS TE 5.185

4 1.915 3.83 10.678 5.340

5 1,935 3.87 10.789 53395

6 1.670 3.34 9.312 4.655

Bubbler 1:

Bubbler 2:

Ny setting:

0, setting:

Back pressure:

Sandbath:

Run time:

Approximately 30=35cm" Ticl, in each

0.525

0.375

31°

4 hours

Thermocouple Readings

No.

7

Ou PF WH
7

mv

4.48

4.67

4.28

2.10

3.28

1.87

3.00

ie}

109

114

107

69

89

61

82

Voltage Across Coils

575¢em>minTM

375cm>min7
78mm increasing to 208mm Hg

Ambient temperature: 26°

Variac 1 setting:

Variac 2 setting:

80

110

Coil No. Initial Value Final Value

1 1.81 2.31

2 ds 79. 2.19

3. 1.81 2.15

4 e183, 2.62

5 233 2.51

6 1.81 2.19
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Run DT11

Temperature of coils 550°C, 18.92%-0,, 2mm ID baffled reactors

Coil No. Dial Reading n/a R,/Q Dial Setting

1 1.480 2.96 8.532 4,265

2 1.730 3.46 9.974 4.990

3 1.770 3.54 10.204 5.100

4 2.065 4.13 11.905 5.955

5 1.965 3:693 11.328 5.665

6 1.745 3.49 10.059 5.030

Bubbler 1: Approximately 30-35cm* Ticl, in each

Bubbler 2:

N, setting: 0.700 750cm*min7+

0, setting: 0.175 175em>min7+

Back pressure: 28mm rising to 257mm Hg

Sandbath: 32°C

Run time: 4 hours

Thermocouple Readings

No. nv a
4.70 rho

2 4.85 116 Ambient temperature: 25°

iS 4.51 110 Variac 1 setting: 80

4 205 67 Variac 2 settings 110

5 3.36 90

6 2.08 64

a 3629 84

Voltage Across Coils

Coil No. Initial Value Final Value

i 2.40 Becomes erratic 3.60 (average)

2 2222 = Babee

3 1.88 Pe i

4 2.34 2.97

5 2.13 2357

6 2eLe 2699
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Run DT13

Temperature of coils 550°, 59.64% On, 2mm ID baffled reactors

Coil No. Dial Reading Re R,/ Q Dial Setting

1 13:20 2.64 e596 3.800

2 1.400 2.80 8.057 4.030

3 1915 3.83: 11.020 53520

4 1.690 3.38 9.726 4.865

5 1.625 S525" 9.351 4.675

6 1.955 3.91 Ieg5L 5.625

Bubbler 1: Approximately 30-35cem> Ticl, in each
Bubbler 2:

Ny setting: 0.325 360cm*min@?
0, setting: 0.550 532cm*min7+
Back pressure: 80mm rising to 370mm Hg

Sandbath: 30°C

Run time: 4 hours

Thermocouple Readings

No. nV ee
1 4.46 109

2 4.58 dad Ambient temperature: 25°C

3 4.25 105 Variac 1 setting: 80

4 2.07 67 Variac 2 setting: 110

5 3.36 90

6 1.96 62

7 3507 82

Voltage Across Coils

Coil No. Initial Value Final Value

iy 1.50 : 2.02

2 Js Sk 1.96

3 2.05 2.62

4 2.54 Becomes erratic 3.75 (average)

5 1.93 2.47

6 2.41 3.10
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Run DT15

Temperature of coils 575°, 39.47% O54 2mm ID baffled reactors

Coil No. Dial Reading Rik RA Dial Setting

1 1.730 3.46 10.283 5.140

2 1.725 3.45 10.254 56130

5 1.660 3.32 9.867 4.935

4 1.750 3.50 10.402 5.200

5 2.025 4.05 12.037 6.020

6 1.835 3.67 10.908 5.455

Bubbler 1: Approximately 30-35em> Ticl, in each

Bubbler 2:

N, setting: 0.525 575cem*min7+

0, setting: 0.375 375cm°min-2

Back pressure: 78mm rising to 259mm Hg

Sandbath: Bivc

Run time: 2 hours

Thermocouple Readings

No. ny &c
1 4.44 109

2 4.62 113 Ambient temperature: 26°C
3 4.27 107 Variac 1 setting: 80

4 25b2 69 Variac 2 setting: 110

5 3.36 91

6 2.23 68

7 3.08 83

Voltage Across Coils

Coil No. Initial Value Final Value

J 2.00 2.65

2 2.30 3.72

3 1.95 2.63

4 2.38 Becomes erratic 3.90 (average)

5 2.20 2.89

6 2.02 2.77
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Run DT17

Temperature of coils 600°, 18.92% 05. 2mm ID baffled reactors

Coil No. Dial Reading Ril 2 R,/ Q Dial Setting

1.755 3.51 103737 5:23,70

2 1.610 See: 9.850 4.925

3 1.705 3.41 10.431 5.215

4 1.815 3.63 11.104 5.550

5 1.420 2.84 8.695 4.350

6 1.875 3.75 11.481 5.740

Bubbler 1: Approximately 30-35em> Ticl, in each

Bubbler 2:

N, setting: 0.700 750cm°min~+

Oy setting: 0.175. 175em*min7+

Back pressure: 76mm rising to 221mm Hag

Sandbath: 32°C

Run time: 2 hours

Thermocouple Readings

No. nv Sa
uh 4.62 112

2 4.83 139 Ambient temperature: 26°C

3 4.45 110 Variac 1 setting: 80

4 2 oe 71 Variac 2 setting: 110

5 3.54 94

6 2.01 64

q 3.21 86

Voltage Across Coils

Coil No. Initial Value Final Value

2: 212 2a TT

2 2.04 2.61

3 1.99 2.76

4 2.02 2.90

5 1.73 2.36

6 2.20 3.10



Run Drig9

Temperature of coils 600°C, 59.64% 05, 2mm ID baffled reactors
Coil No. Dial Reading RY 2 RM Dial Setting

1.685 ig 7" 10.309 55155

2 1.910 B.oe 11.695 5.850

3 1.635 3527 10.003 5.000

4 1.740 3.48 10.645 5.320

5 1.760 3.53 10.798 5.400

6 1.755 Seon 10.737 5.370

Bubbler 1: Approximately 30-35cm? Ticl, in each

Bubbler 2:

Ny setting: 0.325 360cm min” |
05 setting: 0.550 532cm min

Back pressure: 74mm rising to 180mm Hq

Sandbath: 29°C

Run time: 14 hours

Thermocouple Readings

No. mv £e
2 4.59 at.

So 4.74 115 Ambient temperature: 26°C

3 4.39 109 Variac 1 setting: 80

4 2.24 71 Variac 2 setting: 110

5 3.62 95

6 2.07 65

if 3425 88

Voltage Across Coils

Coil No. Initial Value Final Value

. 1.92 2555)

2 2.42 3.03

3 1.96 2.65

4 2.04 Zio:

5 2.25 3.15

6 Zo BA 3.02
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Run DT21

Temperature of coils 625°C, 39.47% 05+ 2mm ID baffled reactors

Coil No. Dial Reading R,/2 R,/ 2 Dial Setting

1 1.560 3.12 9.957 4.980

2 edi 2503 8.393 4.195

S 1.365 Zao 8.712 4,355

4 1.415 2.83 9.031 4.515

5 1.845 3.69 11.776 5.890

6 1.515 3.03 9.669 4.835

Bubbler 1: Approximately 30-35cm> Ticl, in each
Bubbler 2:

Ny setting: 0.525 §7S5em*min7~
0, setting: 0.375 375em°min7+

Back pressure: 82mm rising to 188mm Hg

Sandbath: 31°

Run time: 1 hour

Thermocouple Readings

No. nv EC
i 4.27 103

2 4.50 108 Ambient temperature: 23°C

a 4.19 102 Variac 1 setting: 80

4 2.45 67 Variac 2 setting: 110

5 3.73 94

6 1.97 60

a 3.06 80

Voltage Across Coils

Coil No. Initial Value Final Value

ne 2.06 25 75.

2 L.73 2.40

3 1.66 2.10

4 2.00 i 3.19

5 2.44 3.13

6 a7 2.64
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Run DT23

Temperature of coils 650°C, 18.92% Oo 2mm ID baffled reactors

Coil No. Dial Reading R,/a R,/Q Dial Setting

a 1.610 3.22 10.454 5.230

2 1.655 Sieod 10.746 53370

Ss 1.760 3.52 11,428 52725

4 1.730 3.46 die 233 5.620

5 1.310 2.62 8.506 4,250

6 1.675 3.35 10.876 5.440

Bubbler 1: Approximately 30-35em? TICl, in each

Bubbler 2:

N, setting: 0.700 750em, min”
0, setting: Del) 175¢em minTM

Back pressure: 74mm rising to 174mm Hg

Sandbath: Be

Run time: 1 hour

Thermocouple Readings

No. ny ae
1 4.45 107

2 4.65 112 Ambient temperature: 24°C

S 4.25 104 Variac 1 setting: 80

4 2.18 68 Variac 2 setting: 110

5 3.23 86

6 2.01 62

mt 2.93 78

Voltage Across Coils

Coil No. Initial Value Final Value

iL 2 ot) 2.56

2 2.31 2.94

3 2.22 3.02

4 2.36 3.23

5 1.88 2.80

6 2.29 3.16
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Run _Dr25

Temperature of coils 650°, 59.64% Ops 2mm ID baffled reactors

Coil No. Dial Reading RQ R,/o Dial Setting

1.625 3525 EOCSS1 5.275

2 2.090 4.18 13.571 6.785

3 1.745 3.49 12.331 5.665

4 1.935 3.87 12.564 6.280

5 2.035 4.07 13.214 6.610

6 1.300 2.60 8.441 4.220

Bubbler 1: Approximately 30-35em> Ticl, in each

Bubbler 2:

N, setting: 0.325 360cm>min@+

0, setting: 0.550 532em?’min7)
Back pressure: 98mm rising to 125mm Hg

Sandbath: 28°c

Run time: 254 mins.

Thermocouple Readings

No. my Se
x 4.59 111

2 4.69 112 Ambient temperature: gic

3 4.30 LTS Variac 1 setting: 80

4 2017 68 Variac 2 setting: 110

5 3.50 93

6 2.08 66

7 S10 85

Voltage Across Coils

Coil No. Initial Value Final Value

i: 2.28 3.09

2 3.04 Becomes erratic 4.04 (average)

3 Ziedd 3.05

4 2.74 3305)

5 3.04 3.83

6 1285 2.50
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Run DI27

Temperature of coils 675°C, 39.47% Oo. 2mm ID baffled reactors

Coil No. Dial Reading Rit Ria Dial Setting

2 1.465 2.93 9.991 4,995

2 1.470 2.94 10,025 5.010

3 1.740 3.48 11.866 5.930

4 1.525 3.05 10.362 5.180

5 1.640 3.28 11.143 5.570

6 1.595 3.19 10.837 5.420

Bubbler 1: Approximately 30-35cem> TACl, in each
Bubbler 23 t

Ny setting: Oree5 5 75cemmin =

0, setting: 0.375 375em?min7?

Back pressure: 74mm Ho

Sandbath: 28°c

Run time: 15 mins.

Thermocouple Readings

Nos my "2
A 4,68 108

2 4.77 bas Ambient temperature: 21°C

2 4.37 103 Variac 1 setting: 80

4 2.32 68 Variac 2 setting: 110

5 34.99) 97

6 2019 62

a7. 3.23 81

Voltage Across Coils

Coil No. Initial Value Final Value

1 2.12 2.80

2 2.19 2.92

3 2.47 3.07

4 2.65 3.92

5 2.30 2.88

6 2.86 Siete
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Run DT29

Temperature of coils 700°c, 18.92% Oo. 2mm ID baffled reactors

Coil No. Dial Reading Rif 2 R/ 2 Dial Setting

a: e535 3:07 10.556 5.280

2 1.665 3233 11.450 5.725

S 1.765 3553 deedieT 6.070

4 1.785 3.57 tee 7D 6.140

5 1.985 3297 13.650 6.825

6 2.080 4.16 14.303 7-150

Bubbler 1: Approximately 30-35em* Ticl, in each
Bubbler 2:

N, setting: 0.700 750cm*min~+

0, setting: OSD7S: 175cm?min7 2

Back pressure: 73mm Hg

Sandbath: 29°C

Run times 15 mins.

Thermocouple Readings

Now nv EG
dL 4.48 108

2 4.52 110 Ambient temperature: 25°C
s 4.16 103 Variac 1 setting: 80

4 Qell 68 Variac 2 setting: LO:

5 3.47 95,

6 2.14 66

U 3-03 81

Voltage Across Coils

Coil No. Initial Value Final Value

e 2.12 2.87

2 2.58 353

3 2.58 3.34

4 2.74 3.70

5 3.49 3.36

6 3655) 3.40
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Run DT31

Temperature of coils 700°C, 59.64% O>. 2mm ID baffled reactors

Coil No. Dial Reading RYa R,/2 Dial Setting

I 1.865 3273 12.825 6.410

ee Le765 3.53 ele 6.070

3 1.445 2.89 9.937 4.970

4 1.610 3.22 11.072 5.535

5 1.570 3.14 10.796 5.400

6 1.455 2691 10.006 5.000

Bubbler 1: Approximately 30-35em> Ticl, in each

Bubbler 2:

Ny setting:

05 setting:

Back pressure:

Sandbaths

Run time:

No.

i

Aan F WH
7

mV

4.73

4.69

4.29

2.15

3.59

2.18

3.09

0.325

0.550

29°C

360cm?minTM*
532cm

73mm rising to 82mm Hg

15 mins.

Thermocouple Readings

2c
112

112

105

68

93

65

82

Voltage Across Coils

min”

Ambient temperature: 24°C

Variac 1 setting:

Variac 2 setting:

80

110

Coil No. Initial Value Final Value

t 2.65 3.58

2 2352) 3.62

= 1.96 2.67

4 2658, 3.56

& 2.42 2.43

6 2ee2 2.21
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Run DT33

Temperature of coils 725°C, 39.47% 0. 2mm ID baffled reactors

Coil No. Dial Reading RY. a R/ a Dial Setting

1.585 a2 11.266 5.630

2 1.775 3.55 12.617 6.310

3 1.730 3.46 12.297 6.150

4 1.660 3632 Lie799 5.900

5: 1.685 aes 116977 5.990

6 1.625 3.25 11.551: 5.775

Bubbler 1: Approximately 30-35em> Ticl, in each

Bubbler 2:

Ny setting: 0.525 575cem>min7?

Og setting: 0.375 ©375em’min~+
Back pressure: 73mm rising to 85mm Hg

Sandbath: 24°

Run time: 10 mins.

Thermocouple Readings

No. mv ee
1 4.37 105

2 4.53 109 Ambient temperature: 24°C

3 4.05 100 f Variac 1 setting: 80

4 2.13 66 Variac 2 setting: 110

5 3% 73 95

6 2.12 64

uy 3'.23 84

Voltage Across Coils

Coil No. Initial Value Final value

18 2.40 Soak

2 2.88 4.04

S 2.99 Erratic 2095

4 2.81 3.82

5 PE) Seay.

6 2.46 Erratic 3.09
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Run DT35

Temperature of coils 750°C, 18.92% 05. 2mm ID baffled reactors

Coil No. Dial Reading Ri R/ Q Dial Setting

+ 1.700 3.40 12.259 6.130

2 1.885 3017 13.593 6.795

3. L577 3.54 12.763 6.380

4 1.555 3.013: 11.213 5.610

5 1,675 3.630: 12.078 6.040

6 1.795 3.59 12.944 6.470

Bubbler 1: Approximately 30-35em? Ticl, in each
Bubbler 2:

N, setting: 0.700 750cm?min7+
0, setting: 0.175. 175em*min7)

Back pressure: 70mm Hg

Sandbath: 30°C

Run times 6 mins.

Thermocouple Readings

No. ny fc
a Sie Lo 83

2 3.56 91 Ambient temperature: 24°C

a 3.91 98 Variac 1 setting: 80

4 2.18 68 Variac 2 setting: 110

5 3.46 90

6 2.13 64

q 3437 87

Voltage Across Coils

Coil No. Initial value Final value

i: 2.93 S619

2 Seid 4.02

3 2.85 3.66

4 212 3.69

5: 2.42 2632

6 Zo 4,60
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Run_pT37

Temperature of coils 750°C, 59.64% Oz, 2mm ID baffled reactors

Coil No. Dial Reading RA R/a Dial Setting

1.745 3.49 12.674 6.340

2 1.635 3.27 11.875 5.940

3 1.765 3.53 12.819 6.410

4 1.755 3.51 12.747 6.370

5 1.560 3-12 115330 5.665

6 1.455 2219: 10.568 5.285

Bubbler 1: Approximately 30-35cem> TiCl, in each
Bubbler 2:

N, setting: 0.325 360cm*min7+
05 setting: 0.550 532cm°min7)

Back pressure: 72mm Hg

Sandbath: 29°C

Run time: 6 mins.

Thermocouple Readings

No. nv es
a: 4.74 109

2 4.68 109 ambient temperature: 21°C

2 4.26 101 Variac 1 setting: 80

4 2.19 65 Variac 2 setting: 110

5 3.44 87

6 2.44 67

7 3y2 VRE)

Voltage Across Coils

Coil No. Initial Value Final Value

aL 2.80 3.85.

2 3.16 Becomes erratic 4.04 (average)

3 2.81 3.78

4 2.86 3.87

5 2.51 2.80

6 2.33 210
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Run DT39

Temperature of coils 775°C, 39.47% 0,, 2mm ID baffled reactors

Coil No. Dial Reading Rf R,/a Dial Setting

1 2.030 4.06 Fo] Tepes.

2 1.845 3.69 13.734 6.870

3 1.770 3.54 13.176 6.590

4 1.845 3.69 13.734 6.870

5 1.945 3.89 14,531 7.265

6 1.680 3.36 12.551 6.275

Bubbler 1: Approximately 30235cm> TiCl, in each
Bubbler 2:

Ny setting: 0.525 575cm’min~+

05 setting: 0.375 375em*min=2

Back pressure: 72mm Ho

Sandbath: 29°C
Run time: 6 mins.

Thermocouple Readings

Now nv Eo
4.32 104

2 4.41 106 Ambient temperature: 23°C
3 4.14 LO. Variac 1 setting: 80

4 2.19 67 Variac 2 setting: 110

5 3279 96

6 2029 64

op 3.05 80

Voltage Across Coils

Coil No. Initial Value Final Value

1 3.28 4.10

2 2.91 4.00

3 2.89 3.90

4 3.42 4.10

5 3.14 3.87

6 2.80 376
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Run _pD?r4l1

Temperature of coils 800°C, 18.92% ©,, 2mm ID baffled reactors

Coil No. Dial Reading R/2 R,/ 2 Dial Setting

ry 1.620 3.24 12.352 6steo

2 POLO: 3.02 Loot S: 5.760

3 1.430 2.86 10.903 5.450

4a 1.955 3.91 14.906 7.450

5 1.620 3.24 F2ya52 6.175

6 1.740 3.48 13.267 6.630

Bubbler 1: Approximately 30-35em> Ticl, in each
Bubbler 2:

Ny setting: 0.700 750cm*min~+

0, setting: 0.175 175cm*min7+

Back pressure: 72mm Hg

Sandbath: 29°C

Run time: 44 mins.

Thermocouple Readings

No. nv 28
a8 4.52 106

2 4.75 111 Ambient temperature: 22°C

3 4.39 105 Variac 1 setting: 80

4 2.18 66 Variac 2 setting: 110

5. 3.35 86

6 2.38 67

7 3.18 81

Voltage Across Coils

Coil No. Initial Value Final Value

ae 2-75 3.85

2 2.78 3.94

3 2.77 3.89

4 3.68 Becomes erratic 4.04 (average)

5 2-53 3.59

6 32s 4.00
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Run _ DT43

Temperature of coils 800°, 59.64% On. 2mm ID baffled reactors

Coil No. Dial Reading Rt Q RM Dial Setting

1: 1.605 3.21 12.259 6.130

2 1.855 3.71 14.169 7.085

3 1.450 2.90 11.076 5.540

4 1.760 3,652 13.419 6.710

5 10595, BuO 12.161 6.080

6 1.820 3.64 13.877 6.940

Bubbler 1: Approximately 30-35em? TiCl, in each

Bubbler 2:

N, setting: 0.325 360cm min”
0, setting: 0.550 532cm min

Back pressure: 72mm Ho

Sandbath: 29°

Run time: 44 mins.

Thermocouple Readings

No. mV 2c
aL 4.54 106

2 4.67 119 Ambient temperature: 21°C

3 4.30 102 Variac 1 setting: 80

4 2.23 66 Variac 2 setting: 110

5 3.67 91

6 2.38 66

ib 3.10 I

Voltage Across Coils

Coil No. Initial Value Final Value

tL 2.88 4.07

2 3238: 4.10

3 2.42 3.58

4a 3.34 4.06

5 S25 2.25

6 3.38 4.00
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Run_p?45 Repeat of Run DT5

Temperature of coils 500°, 18.92% O54 2mm ID baffled reactors

Coil No. Dial Reading Ra R,/ Q Dial Setting

a 1.790 3.58 9.627 4,815

a 1.995 3.99 10.729 b<s365

s 2.035 4.07 10.944 5.470

4 1.915 3.83 10.299 5.150

5 2.125 4.25 11.428 Die 1 LO

6 4.570 3.14 8.443 4.220

Bubbler 1: Approximately 30-35cm> TiCl, in each

Bubbler 2:

Ny setting: 0.700 750cm min”
0, setting: 0.175 175¢emTM min”

Back pressure: 80mm rising to 265mm Hg

Sandbath: 32°C

Run time: 4 hours

Thermocouple Readings

No. ny nC
2 4.68 111

2 4.77 114 Ambient temperature: 24°C

3 4.41 107 Variac 1 setting: 80

4 oil 6. 68 Variac 2 setting: 110

& 3.48 91

6 1.97 65

a 3.20 84

Voltage Across Coils

Coil No. Initial Value Final Value

1.83 2.00

2 2.19 2.95

3 Sh 1395

4 3.05 Becomes erratic 3697.

5 2.00 2.29

6 1.45 1.62
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Run _DT49 Repeat of Run DT29

Temperature of coils 700°C, 18.92% 05, 2mm ID baffled reactors

Coil No. Dial Reading R28 R,/2 Dial Setting

1 1.825 3.65 22.595 6.300

2 1.465 25.93 LOST 5.055

3 e725. 3.45 11.905 5.950

4 1.780 3.56 12.285 6.140

S 1.420 2.84 9.800 4.900

6 Ls1 1S 355) 12.250 66125

Bubbler 1s

Bubbler 2:

Ny setting:

Oo setting:

Back pressure:

Sandbath:

Run time:

No.

a

aA nt WN
a

my

4.52

4.62

4.26

2.18

3.66

2.04

gale

3
Approximately 30-35cm Ticl, in each

0.700

0.

29°

20 mins.

Thermocouple Readings

oO

106

109

102

66

92

61

80

ae

Voltage Across Coils

750em?minTM

175 175em?min@?
7Jimm rising to 92mm Hg

Ambient temperature : on.

Variac 1 setting:

Variac 2 setting:

80

110

Coil No. Initial Value Final Value

1 2.92 3.69

2 2.17 3.12

3 2.45 3isa3

4 2.70 Sie Te,

5 2.23 2.98

6 2.72 3.45
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Run pf51 Repeat of Run pT35

Temperature of coils 750°C, 18.92% Oo. 2mm ID baffled reactors

Coil No. Dial Reading R28 RSQ Dial Setting

ak 2.025 4.05 14.708 T6355

2 1.985 3597, 14.417 7.210

3 1.720 3.44 12.492 6.245

4 2.090 4.18 15.180 7.590

5 1.740 3.48 12.638 6.320

6 1,900 3.80 13.800 6.900

Bubbler 1: Approximately 30-35cm> TICl, in each
Bubbler 2:

Ny setting: 0.700 -750em*minTM+
0, setting: Oo175 175em?min7+

Back pressure: J2mm Hg

Sandbath: 30°C

Run time: 5 mins.

Thermocouple Readings

Nos my ne
S 4.68 109

2 4.63 109 Ambient temperature: 22°C

3 4.22 102 Variac 1 setting: 80

4 2.14 66 Variac 2 setting: 110

5 3.36 86

6 2.22 64

t 3.08 719

Voltage Across Coils

Coil No. Initial Value Final Value

3232 4.03

a 329) 3399

iS 3.03 3.96

4 3.71 Becomes erratic 4.00 (average)

5 2.85 3.45

6 3.32 4,00
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10

15

200

300

65

21

300

505

DIMENSION DENS(14,4) ,xXF(3,4) ,XMOLWT(4) ,VEL(3),VIS(14,4),XA(3,3)
DIMENSION SC(3) ,CRO(3) ,DIFF(3)

DIMENSION 1(14) ,DIF(14,12),F(4) ,PF(4,4) ,FF(4) ,HOLD(3) ,Z(3) ,xS(3,3)
DATA R/82.0575/

READ(5,10) ( (DENS(I,J),3=1,4) ,I=1,14)
READ(5, 10) ((VIS(I,3) ,J=1,4) ,1=1,14)
READ(5, 10) ( (XF(I,),9=1,4),1=1,3)

READ(5,10) (VEL(I),I=1,3)
READ(5,10) (XMOLWT(I),I=1,4)

READ(5,10) (T(I),I=1,14)
READ(5,10) ((DIF(I,J),3=1,12),I=1,
READ(5,10)((XA(I,J),J=1,3) ,I=1,3)

READ(5, 10) ((XS(I,J),J=1,3),1=1,3)

FORMAT (V)

WRITE (42,15)

FORMAT (5X," I" ,3X,"DENS MIX",5X,"VISC MIX" ,3X)

00 5000 M=1,3

DO 4000 I=1,14

D=0.0025

DO 300 J=1,4

DENM=DENM+DENS (1,3) *XF(M,J)

DO 200 K=1,4

IF(K.EQ.J) GO TO 200

GNTI= (1. + (SORT (VISCT, JI/VISCL,K112* COMOLWT (K)/XMOLWT (3) )**0.25))*

ETJ=ENII/(SQRT (8 .O* (1. + (XMOLWT (3 )/XMOLWT (K2))))
SUM=SUM#ETI*XF (M,K)

CONTINUE

EQN=VIS(I,J)/(1.+ (SUM/XF(M,J)))

SUM=0.0

VISM=VISM+EQN

CONTINUE

WRITE(42,65)1I,DENM,VISM

FORMAT (1X,15,3X,F10.8,3X,F7.3)

WRITE(42,21)

FORNAT(Sx, "SCHIEOTTM, »6X,"F(1)",9X,"FF(J)",8X,"CRO",10X, "DIFF" ,7X
nym

FLUX IN MOLES PER CM2 PER SEC
F(1)=0.0004

F(2)=0.0002

F(3)=-(2*F(1))

F(4)=0.0

HOLD(1)=F(1)

HOLD(2)=F (2)

HOLD(3)=F (3)

L=l

DO 500 J=1,4

00 400 K=1,4

IF(K.EQ.3) GO TO 400

XIF=XF(M,J)/ (XF(M,3)+XF(M,K))
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400

206

411

joo
105

99

500

700

750

800

CHI=F(3)/(F(I)+F(K))

IF(CHI.EQ.0.0) GO TO 400

PF(I,K)=( (XF(M, J) +XF(M,K) )* (CHI-XIF) ) /CHI

IF(PF(J,K).LE.0.0) GO TO 400
UNDER =UNDER+PF(I,K)
CONTINUE

DO 411 K=1,4

IF(K.EQ.J) GO TO 411
IF(PF(I,K).LT.0.0) GO TO 206
XII=PF (J ,K) /UNDER

BIT=XII/DIF(I,L)

XSUM=XSUM+BIT

LeL+1

CONTINUE

IF (XSUM.GT.1.0€05) GO TO 99

DIFF (3)=1./XSUM

RE= (D*VEL(M)*DENM)/VISM

RE=RE*1.0€+06

SC(J)=VISM/ (DENM*DIFF(3))
SC(3)=SC (9) *1.0E-06

IF(D.GT.0.015) GO TO 100

CRO(J)=D/(0.35+0.47* (SQRT (RE) ) *(SC(I)**0.33333333) )

GO TO 105

CRO(IJ)=D/ (2.0+0.60* (SQRT (RE) ) *(SC(I) **0.33333333) 3

FF (3)= (DIFF (J) *XA(M,3)-XS(M,J)))/(R*T (1) *CRO(I))
Z(3)=ABS (HOLD(3) -FF(3))
UNDER=0.0

XSUM=0.0

CONTINUE

IF(Z(1).LT.1.0€-08) GO TO 700

F(1)=FF(1)

GoTo 300

IF(Z(2).LT.1.0€-08) GO TO 800

F(2)=FF(2)

GO TO 900

IF(Z(3).LT.1.0£-03) GO TO 1000

F(3)=FF(3)
GO TO 900

LOOOWRITE (42, 901)SC(1),F(1),FF(1) ,CRO(1) ,DIFF(1) ,1

901

WRITE (42 ,901)SC(2),F(2) ,FF(2) ,CRO(2) ,DIFF(2) ,2
WRITE (42,901)SC(3) ,F(3),FF(3),CRO(3) ,DIFF(3) ,3
FORMAT (1X ,5(F11.8,1X) ,3X,13)
GROWTH=(79.8998*F (1) )/4.26

THICKNES=THICKNES+ (CRO(1)/2)

TIME=TIME+ (CRO(1) /GROWTH*2) )

RRATE=THICKNES/TIME

RRATE=RRATE*60.0

RRATE=RRATE*1.0£07

RATE=ALOG(RRATE)

WRITE (42,940)
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940 FORMAT (1X, "GROWTH" ,6X,"D" ,9X,"THICK(CM)",3X, "TIME(S)",2X,
& "LN RATECNM/MIN)”, 1X, "REYNOLDS”/)

WRITE (42,950) GROWTH, D, THICKNES, TIME ,RATE,RE
950 FORMAT(1X,3(F10.8,1X,),F11.8,1X,F12.8,2X,F10.8//)

D=D+CRO(1) /2

IF(D.GT.0.1) GO TO 2000

GO TO 505

2000DENM=0.0

VISM=0.0

THICKNES=0.0

TIME=0.0

4000CONTINUE

SOCOCONTINUE

STOP

END
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Table 11(a)

Mole Fractions at Edge of Boundary Layer (XA)

100% Ticl, conversion

18.92% 05 39.47% 05 59.64% 05

Ticl, 0.01342577 0.01342561 0.01342621

o5 0.18664918 0.38943725 0.58840499

cl, 0.0 0.0 0.0

No 0.79992506 0.59713714 0.3981688

Table 11(b)

Mole Fractions at Surface (XS)

18.92% 05 39.47% Oo, 59.64% 05

Ticl, 0.0 0.0 0.0

05 0.17322341 0.37601164 0.57497878

cl, 0.02685153 0.02685122 0.02685242

Ny 0.79992506 0.59713714 0.3981688

Table 11(c)

Mean Mole Fractions Across Boundary Layer (xXF)

18.92% 05 39.47% 4 59.64% 05

ricl, 0.00671289 0.00671281 0.00671311

O5 0.1799363 0.38272445 0.58169189

cl, 0.01342577 0.01342561 0.01342621

Ny 0.79992506 0.59713714 0.3981688
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Table 12(a)

Mole Fractions at Surface (XS)

18.92% 05 concentration

50% conversion 10% 1%

Ticl, 0,00671289 0.0120832 0.01329152

O5 0.17993629 0.18530661 0.18651492

cl, 0.01342577 0.00268514 0.0002685

Ny 0.79992506 0.79992506 0.79992506

Table 12(b)

Mean Mole Fractions Across Boundary Layer (XF)

18.92% 0, concentration

50% 10% 1%

Ticl, 0.01006933 0.01275449 0.01335865

95 0.18329272 0.1859779 0.18658205

cl, 0.00671289 0.00134257 0.00013425

Ny 0.79992506 0.79992506 0.79992506
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Table 13

Mean Temperature (Bulk + Surface/2)

I T(I)/K

oe 5736 t5

2 583.15

3 595.65

4 608.15

5 620.65

6 633.15

it 645.65

8 658.15

3 670.65

10 683.15

Ed. 695.65

12 708.15

13 720.65

14 ace LS

Table 14

Linear Velocity

% O, Content velocity/em.s~!

18.92 1.63575910

39.47 1.67996880

59.64 1.57740229
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Table 15

X-Ray Powder Crystallograph

2xe/mam ° a/nm a/nm Rutilet!?

eoae 13.825 0.3223 0.3245
72.3 18.075 0.2483 0.2489
78.5 19.625 0.2293 0.2297
79.5 19.875 0.2266
83.0 20.75 0.2174 0.2188
88.5 22.125 0.2045 0.2054
109.0 27.25 0.1682 0.1687
aa 27.825 0.1650 0.1624

126.0 31.50 0.1474 0.1480
138.5 34.625 0.1356 0.1360
140.5 35.125 0.1339 0.1347
151.0 37.75 0.1258 0.1305
153.0 38.25 0.1244 0.1243
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Table 16

Experimental Rate

18.92% 0, Content Jn_(RATE)

Run No. Yt, Average Linear + Error_ No Error, - Error_

pr) /10°*K Thickness /nm.min /om.min /nm.min
(arbitrary)

5 13.28 2.75 5.702 52657 5.611

8 T2453 Des3 6.343 6.320 6.296

ey 12245 4.50 6.177 6.150 6.122

14 11.79 8.00 6.741 6.720 6.709

17. 11.45 S42 6.646 6.623 6.599

20 11.13 4.58 Ts35R Topol 7.304

23 10.83 6.46 1.923 7.897 TBs

26 10.55 5.50 8.180 8.142 8.105

29 10.28 4.63 9.055 8.950 8.854

32 10.02 4.90 9.113 9.007 8.912

35 9.78 3350 95893 9.605 9.382

38 9.54 3.21 10.039 9.683 9.420

41 9.32 4.04 10.424 10.019 9.731

49 10.28 4.38 8.684 8.606 8.684

51 9.78 2.88 9.930 9.572 9.930
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Table 17

Experimental Rate

39.47% 0, Content in_(RATE)

Run No. VT, Average Linear + Error_, No Error, ~ Error_,

(pr) /10 “K Thickness /om.min /nm.min /nm.min

(arbit rary)

6 12.93 3.33 5.886 5.850 5.811

9 2553) 4.17 6.102 6.073 6.042

12 12.15 9.65 6.925 6.913 6.900

15: 11.79. 7.54 6.970 6.954 6.937

18 11.45 7.67 7.680 7.663 7.647

Ze Lg 6.05 7.857 7.832 7.807

24 10.83 6.58 8.171 8.140 8.109

27 10.55 4.50 9.028 8.922 8.827

30 10.28 4.75 9.082 8.976 8.881

33 10.02 4.04 9.383 9.220 9.081

36 9.78 3.10 9.754 9.466 9.243

39 9.54 4.83 10.198 9.910 9.687

42 9.32 4,44 10.112 9.825 9.601

46 12.15 5.67 6.402 6.380 6.358

47 11.45 5.65 7.380 1.358 16336

48 10.83 6.63 8.393 8.354 8.316

50 10.28 5.06 9.040 8.945 8.858

52 9.32 3.42 10.102 9.746 9.483
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Table 18

Experimental Rate

59.64% O5 Content In (RATE)

Run No. W/L Average Linear + Error_, No Error, - Error_y
(pT ) 710° °K Thickness /nm.min /nam.min /nm,.min

(arbitrary)

4/44 13.28 5.21. 6.321 6.297 6.273

7 12.93 3.85 6.026 5.994 5.950)

10 12.53 8.04 6.741 6.730 6.745

13 12615 200 6-399 6.377 64355

16 11.79 6.29 6.792 6.773 6.752

19 11.45 TAS 7.607 7.590 he Oe

22 11.13 3.88 S.131 8.080 8.031

25 10.83 5.50 8.653 8,592 85535)

28 10.55 2-85 9.034 8.871 2731

31 10.28 5.50 9.288 9.123 9.028

34 10.02 5.54 9.698 9.536 9.396

ay 9.278 4.56 10.140 9.852 9.629

40 9.54 4.94 10.470 10.114 9.851

43 9.32 4.38 10.504 10.098 9.810

Table 19

Growth Profile

Time/min Average Linear + Eryor No Error - Ergor
(=.75min) Thickness {10° "cm = /10°~om /10 ~cm

(arbitrary)

9.75 2.96 7.708 7.396 7.083

19.50 3.88 10.000 9.688 9.375

29525 4.75 12.188 11.875 1.863

38.25 5.83 14.896 14.583 14.271

47.25 6.22 15.859 15.547 15.234

5ilieso 6.30 16.063 15< 750 15.438
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Table 20

Computed Density of Boundary Layer

Density/g.om~> 18.92% 0, only
Temperature/K 100% 50%

573.15 0.00064620 0.00065190

583.15 0.00063513 0.00064073

595.65 0.00062179 0.00062728

608.15 0.00060901 0.00061439

620.65 0.00059675 0.00060202

633.15 0.00058497 0.00059013

645.65 0.00057364 0.00057870

658.15 0.00056275 0.00056771

670.65 0.00055226 0.00055713

683.15 0.00054216 0.00054694

695.65 0.00053241 0.00053711

708.15 0.00052301 0.00052763

720.65 0.00051394 0.00051848

W33e15 0.00050518 0.00050963

Table 21

Computed viscosity of Boundary Layer

Viscosity/107° gsemts7! 18.92% 0, only
Temperature/K 100% 50%

573.15. 385.660 285.153

583.15 288.970 288.451

595.65 293.734 293.208

608.15 297.192 296.678

620.65 301.214 300.696

633.15 305.224 304.714

645.65 309.162 308.648

658.15 313.089 312.583

670.65 316.949 316.442

683.15 320.794 320.294

695.65 324.578 324.076

708.15 328.348 327.853

720.65 332.059 591.561

733.15 335.753 335.264
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Table: 22

Computed Final Rate

1n(Rate)/nm.min7> 18.92% 0, concentration
Temperature/K 100% 50% 10% l%

Conversion

Sis<L5 10.3481 9.6549 8.0455 5.7429

583.15 10.3547 9.6615 Y #8 0527 5.7495

595.65 10.3628 9.6697 8.0603 5.7567

608.15 10.3707 9.6775 8.0681 54.7655.

620.65 10.3786 9.6854 8.076 5.7734

633.15 10.3863 9.6932 8.0837 beiBl2

645.65 10.3937 9.7005 8.0911 5.7885

6584.15. 10.4013 9.7082 8.0987 5.7962

670.65 10.4089 9.7158 8.1063 5.8038

683.15 10.4158 91227 8.1132 5.8106

695.65 10.4227 9.7296 8.1201 5.8176

708.15 10.4298 9.7367 8.1273 5.8247

720.65 10.4369 9.7438 8.1349 5.8317

133415 10.4440 9.7509 8.1414 5.8389

Table 23

Computed Growth Profile

10% Conversion

Temperature = 658.15K

Thickness/com Time/min

0.0031 2.48

0.0129 27.01

0.0193 37.42

0.0284 58.44

0.0411 100.15

0.0589 179.13
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Table 24

Computed Flux (Final) 100% Conversion

18.92% 0, Only

253

F1ux/107°mol.cm72s7+
Temperature/K Ticl, o, Cl,

573 «15 0.18771 0.45680 -0.37541

§83..15 0.18885 0.45925 -0.37769

595.65 0.19028 0.46214 -0.38057

608.15 0.19168 0.46545 -0.38335

620.65 0.19309 0.46837 -0.38618

633.15 0.19450 0.47127 -0.38900

645.65 0.19584 0.47431 -0.39167

658.15 0.19724 0.47713 -0.39448

670.65 0.19865 0.48009 -0.39731

683.15 0.19994 0.48323 -0.39987

695.65 0.20124 0.48623 -0.40248

708.15 0.20259 0.48912 -0.40518

720.65 0.20394 0.49210 -0.40788

733<15 0.20532 0.49485 -0.41063

Table 25

Computed Final Flux 50% Conversion

18.92% O5 Only Be ee

Flux/10°~mol.cm “s

Temperature/K Ticl, 05 cl,

573.15 0.093938 0.22902 -0.18788

583.15 0.094507 0.23024 -0.18901

S95,.65, 0.095226 0.23169 -0.19045

608.15 0.095922 0.23334 -0.19184

620.65 0.096628 0.23480 -0.19326

633.15 0.097331 0.23625 -0.19466

645.65 0.098000 O23 777) -0.19600

658.15 0.098702 0.23918 -0.19740

670.65 0.099407 0.24066 -0.19881

GBS cuS: 0.10005 0.24223 -0.20010

695.65 0.10070 0.24373 -0.20140

708.15 0.10137 0.24518 -0.20275

720.65 0.10205 0.24667 -0.20410

733 615 0.10274 0.24804 -0.20547



Table 26

Effective Diffusion Coefficients (All Conversions)

Temperature/K TiC1,/em st O,/em?s-+ c1,fem?sTM}

5:73 615 0.22284 0.56886 0.38301

583.15 0.22979 0.58586 0.39462

595.65 0.23867 0.60731 0.40961

608.15 0.24754 0.62938 0.42463

620.65 0.25663 0.65135 0.43983

6i204> 0.26585 0.67238 0.45549

645.65 0.27509 0.69509 0.47116

658.15 0.28457 0.71780 0.48691

670.65 0.29423 0.74102 0.50314

683.15 0.30379 0.76478 0.51942

695.65 0.31351 0.78862 0.53561

708.15 0.32345 0.81262 0.55246

720.65 0.33353 0.83706 0.56955

TSS eo 0.34378 0.86139 0.58652

Table 27

Boundary Layer Thickness and Characteristic Dimension

50% Conversion

d/eom

0.0025

0.00864402

0.02760840

0.03992595

0.05735872

0.08178820

0.0025

0.00881305

0.02900897

0.04219451

0.06102061

0.08766536

254

8/om

0.006144

0.018964

0.012318

0.017433

0.024429

0.033860

0.006313

0.020196

0.013186

0.018826

0.026645

0.037340

T=573.15K

=733.15K



Table 28

Final Reynold's Number (50% Conversion)

255

Temperature/K Re

573.15 0.30585536

583.15 0.29873751

595.65 0.28960362

608.15 0.28201748

620.65 0.27427136

638335 0.26684367

645.65 025977155

658.15 0.25299434

670.65 0.24653840

683.15 0.24031826

695.65 0.23438397

708.15 0.22867857

720.65 0.22322990

133.19 0.21798103

Table 29

Pinal Schmidt Number (50% Conversion)

Se

Temperature/K Ticl, 0 Cl,

513.15 1.96285 0.76791 1.14218

583.15 1.95908 0.76740 1.14093

595.65 1.95834 0.76866 1.14128

608.15 1.95064 0.76623 Teton

620.65 1.94625 0.76583 Tetg575

633.15 1.94219 0.76556 ielaogs

645.65 1.93871 0.76494 Leased

658.15 1.93465 0.76473 1.13091

670.65 1.93033 0.76418 1.12901

683.15 1.92763 0.76343 1.129755

695.65 1.92451 0.76282 1.12663

708.15 1.92102 0.76241 1.12487

720.65 EEIGLISL 0.76175 1.12293

U3aeL5 1.91352 0.76150 1.12176



Table 30

Surface Growth Rate

1n(R,)/nm.minTM+

7/°c 20% 0, 40% 0, 60% 0,

480 12.47878 16.085011

500 13.447065 14.233052

525 16.199886 14.670448 19.197767

550 15.111192 20.734203 16.559571
16 .579816*

575 19.063082 21.074808 19.495856

600 18.278763 29.225654 28.191547
25 .236073

625 24.878773 31.777126 36.297316

650 32.799214 372441554 49.393675

675 37385531 62.457596 60.04119

700 63.597642 64.934181 73 501979

725 662311553 79901307 112.09076

750 121.45767 102.43674 117.83744

775 134.05026 196.29846 326.90854

800 246 .20837 165.77121 304.80828

Repeat experiments.

Table 31

Corrolation Coefficients for Surface Growth Rate Curves

Percentage 0 Corrolation

Content Coefficient

20 -0.903

40 -0.990

60 -0.659
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