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ABSTRACT

The advancement of a material and its usage, pdaity for civilian applications, are
dependent primarily on cost considerations regasdlef the superior properties that the
material might possess. Titanium is a material wstiperior properties which could
make a significant impact on civilian life if used a much larger scale. However, the
use of this metal is up to this day limited to hygbpecialized applications, those being
predominantly military owing to its very high co$te high cost is a direct result of the
very expensive commercial method of extraction kvhizs been in existence for more
than sixty years now since its inception. Effors mow made to formulate new methods
of extracting titanium from its ores which will kanmpler, more economic and therefore
more affordable for ordinary applications. This womvolved the development and
elaboration of a novel titanium extraction methooni its ores, particularly ilmenite. A
novel titanium complex salt, herein called the prsor, was used for all the work that is
presented. It was fully characterised using a widege of techniques to ascertain its
chemical and physical properties. Further to thHtie precursor was taken through
various pyrometallurgical steps which saw its thakrslecomposition and final reduction

to titanium metal. The emphasis was on making tbegss simple and much cheaper.
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Chapter 1: Introduction

The cost of producing titanium has until this daydered the progress of the usage of the
metal compared to other commodity metals presethienmarket. Although titanium is
the fourth most abundant structural metal, at 0.686the earth’s crust after iron,
magnesium and aluminium, it still remains exoticedo its prohibitive cosf ™ !
Furthermore, all the common commodity metals aferior to titanium in terms of both
specific mechanical as well as chemical properyiessthis metal has not been fully
exploited®™ 2 2@ 5 As will be further discussed in Chapter 2, titami offers unique
properties, some of which are exclusive to it, tbatild help it replace the common
metals and alloys like steel and aluminium in mapplications™. The current
commercial method of producing titanium is the Krplocess commercialized by
DuPont Germany in 1948 It is an energy and labour intensive batch preoeih
stringent conditions that make it expensive. Theeefesearchers all over the world are

investigating novel methods of extracting titanitrom its ores.

It is arguable that to a large extent the futuremgineering lies in engineering materials
and our ability to continually develop them to suit ever changing neetf&? 3 As will

be described in detail in chapter 2, titanium asetal and in alloy form has a special
place in terms of properties required of a methk ost used metal at present is iron. In
fact steel is the second most used engineeringrialabe earth after concrete. However,
steels have their inherent weaknesses particullay specific strength and poor

corrosion resistancé. Although steels can be processed to achieve regtievels of

TD Mutava 1



strength and hardness, this is usually done withesaddition of weight and cost to the
final product due to the alloying elements. Thasdtations of steel and many other
common metals are countered convincingly by titamiand its alloys. The major
advantages of titanium are its extremely high dpesirength, particularly when alloyed,

and exceptional corrosion resistance even at edwamperaturé 23l

Unfortunately to date titanium is not a commoditgtal because of its exorbitant cost.
Based on the wide geographical distribution andndbnce of the metal in the earth’s
crust, there should be at first sight no justificat for such a cost. However, the
processing route employed to this day is highlyrgymend labour intensive making it
extremely expensive. Therefore, there is greatvabtn to find alternative extraction
routes. Without new extraction processes for titamiand hence reduction in production
cost, titanium will never have its place as a comityometal and its exceptional
properties will not be taken advantage of espacfall civilian applications.

It is interesting and encouraging noting thaobethe development of the Hall-Heroult
process, aluminium was more expensive than Hblout now it is one of the cheapest

and most readily available metals.
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1.1 Project Overview

The project involved full characterisation of atitum precursor powder followed by the
evaluation of a pyrometallurgical process to extpage titanium from the precursor. The
patent on the titanium precursor used in this stledgribes in detail how the precursor is
manufactured and how it should be processed taexitaniunt”. However, the patent
lacks technical data of the relevant metallurgitte@ymodynamics and kinetics principles
of the process.

The scope of the work included handling and attarssation of a wide range of
materiel, evaluating an extractive process anditinetics as well as application of a wide
range of methods in analyzing products of the wveristages of processing. The
precursor was produced and characterised in ordeunderstand its composition
elementally as well as the phase composition. Simegreferred route of extraction was
pyrometallurgical, another necessary task was twwct full thermal analysis of the
precursor as well as that of the precursor combimigd aluminium in order to observe
the thermal behaviour. It is important to notetth@ precursor is indeed novel as
described in the pateHt. In particular, the salt NHiF,, which was found out to be one
of the phases in the precursor, had never beerupeddanywhere else before and this
made characterisation quite challendg

The main task of the work was to establish ivéts possible to process this precursor
thermally and then reduce it with aluminium to prod grade 1 titanium. Finally, the
titanium powder that was expected to be producetl tbabe characterised fully and

compared to the present grades of commercial titanparticularly grade 1.
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Chapter 2: Literature Review

This chapter covers the basics known about titanitilencompasses in brief everything
from the history of the metal to the most recentamdtements made in its applications,

processing and alternative routes of extraction.

2.1 The discovery of titanium

Titanium, chemical symbol Ti, was discovered by Bngish reverend William Gregor in
17917, He isolated black sand from a river in Englanddyoving iron using a magnet,
and upon treating this sand with hydrochloric dedproduced an impure oxide of a new
element, which he named machanite after its londtloThe metal was only formed in
its pure state more than one and a half centuags lby William Justin Kroll in
Luxembourg in 1932 and the process was commeredl&most twenty years later in
DuPont German$ % ®% He used TiClwhich he had obtained by carbochlorination of
a titanium ore and reduced this to titanium usiregnesium as a reductdhf!. This is
the commercial process used to date and is knowimealsroll process. Titanium is not a
rare element but actually the ninth most abundément and fourth most abundant
structural metal in the earth’s cruét®*" ! Unfortunately, it is never found in high
concentrations and, due to its high reactivity ighhemperature, it is not possible to
crystallize in its pure form during its geologidakmation. The main ore of titanium is
iimenite (FeTiQ) and is named after the llmen Mountains of Rusghere it was

originally found®?!. Another common ore is rutile (T¥Dfrom the beach sands of Mexico,
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India and Australia. There are other less commas dike Leucoxene and perovskite

(CaTioy) ok

2.2 Chemistry of titanium

Titanium is a group 4 transitional metal with theatronic configuration [Ar] 384<. Its

common chemical and physical properties are list¢dble 2.1 below

Table 2. 1: Physical and chemical properties of pure titanium %

Molecular weight/ kgkmot 47.88

Melting pointPC 1670

Boiling pointfC 3287

Electronic configuration [Ar]3dis”

Common oxidation states +2, +3 ardl

Crystallographic forms hcp (c/a=1.587) below &B2and bcg
above 882C

Transition temperatur¥Z 882+/-2

Colour Lustrous white

Specific gravity 451

Latent heat of fusion/ KJ/mol 18.8

Atomic radius/ (pm) 147

TD Mutava 5



Titanium has 13 known isotopic forms although otgh only five are naturally
occurring and these have atomic weights ranginm #6 to 50'°2" %! |t is a light metal
whose density is about 45% that of mild steel mutlde that of aluminium. Pure titanium
is an allotropic metal which exits in two forms é@eding on the temperature and
pressure to which it is subject®d® 22" %3 Under atmospheric pressure, pure titanium
exists with a close packed hexagonal (hcp) crygtakcture and this structure undergoes
an allotropic transformation to body centered cubizc) around 88Z. Titanium has a
high affinity for oxygen even at ambient temperatbut quickly passivates in oxidising
environments. This property gives titanium its #pilo resist corrosion even at elevated
temperature. The passivation renders the metahative to a point that the only known
acid that can attack titanium is boiling hydroflisoacid? 2 ! Partly this is the reason
why titanium and a great number of its alloys ao@ meactive and non toxic to living

tissue and for its use as a biomaterial.

2.2.1 Titanium as a biomaterial

There has been increased use of metals as bioaisterithe past few decadg$™ ©
The use of metals in biomedicine encompasses aewhaobe of their properties from the
strength they offer in structural prosthesis andnetheir ability to be in contact with
blood in their application as coronary stents fearaple’? 2 ¢ The main requirements
for structural prostheses are strength, non toxicdurability and, increasingly,
bioactivity. The requirements when used as stemés hagh flexibility, high cold
deformability and sufficient static and dynamicesigth®®. Titanium and a number of its

alloys offer all these property requirements ratheny well. In particular, as clinically
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required, titanium and a multitude of its alloy$enthigh axial flexibility, good expansion
behaviour, radio opacity and haemocompatibilitythAugh titanium has found use in
these sophisticated bioapplications, the main uUsétanium in biomedicine is as a

structural prosthesi& ° 2 !

Titanium and a selection of its alloys have dero¢
compatibility with human tissue and are extremedgistant to corrosion from body
fluids. Coupled with their elastic deformability akin foil, they have become key
materials in medical engineeriffg® 2" ® Further to this, titanium and its alloys offer an
outstanding strength to weight ratio and excelltigue behaviour making them the
natural choice for orthopedic devided™ ® The relatively low modulus of elasticity of
titanium reduces the difference in stiffness betwdge human bone and the implant
making the implant and the natural bone compatthlérhe other major advantage of
using titanium as a biomaterial is its paramagnefis Titanium is nonmagnetic and this
allows surgery in the presence of the magneticd fief nuclear spin tomography
apparatus. Secondly, paramagnetism of the metalrgltes the risk of damage to small
and sensitive implanted electronic devi€es 2™ ?®! Another important application of
titanium in biomedicine is as a dental implant.ftajor advantage is that, unlike gold-
based alloys, titanium comes as a pure elementaiging chemiophysical reactions in
the mouth and excludes the danger of metal allergye providing the strength and
hardness necessary for the high forces encountkrédg masticatior> > 2" ® The
biocompatibility of titanium is due to its high adfity for oxygen. Titanium forms a
tenacious layer of oxide film which creates thisitnality. Added to this, the dielectric

constant of titanium oxides is similar to that aditer hence titanium dental implants are
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neutral in taste. Finally, titanium is the only tdnmetal that can easily be x-rayed

making a proper diagnosis possible without remowirmgvns or bridge§ 24 ©!

2.3 Metallurgy of titanium

This section discusses those aspects of titaniutin avibearing on how it is extracted

from its ores and processed to the final usabldymb

2.3.1 Common ores of titanium

Titanium deposits are enormous with today’s es@maissuming a worldwide reserve of
650 billion metric tones of titanium oxide. Depssguitable for mining are found in
South Africa at Namaka and Richards Bay, Australianada, Norway and Ukraifré
The two main ores considered for use are ilmemitkratile and although these are the
minerals available for economic mining, Ti@ part of almost all minerals, sands and
rock!™. The ores are usually precleaned and enrichedeanimenite, which is relatively
inexpensive, is usually smelted resulting in antirrous slag which is usually enriched
to a point where its composition is comparablehtat of rutile!? 2 23 |n South Africa
this ilmenite enrichment process is done by RickaBdy Minerals®™. The global

distribution of titanium ores is shown in the plead in figure 2.1
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Global distribution of titanium ore reserves

O Australia

B South Africa
OusA

O Ukraine

B Canada

O Norway

@ Others

6%

12%

Figure 2. 1: Distribution of the most abundant titanium ore reservesin the world ™

The production levels of titanium ores by variousrM producers are also shown in table

2.2.

Table 2. 2: Ore production levels of world producersin 1999 1“1

Producer Thousands of tons 6 of total
Australia 1291 30.6
South Africa 850 20.1
Canada 767 18.2
Norway 382.9 9.1
Ukraine 357 8.5
Other countries 573.1 13.6
Total world 4221 100.1
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Table 2. 3: Composition of several titanium slags

Country | Producer Ti® FeOs SiO; MnO MgO CaO

Australia| BHP 96.5 0.8 0.9 0.14 0.06

South Richards| 95.0 - 1.4 0.03 0.05 0.05

Africa Bay

USA Cable |95.5 0.8 0.6 0.50 0.03 0.04
Sands

It is clear from table 2.3 that after enrichmerd toncentrates can be quite high in the
desired mineral, Ti@ The gangue materiel, SIOMgO, MnO and CaO, is similar to the
gangue encountered in other ores, e.g. iron otexelhas been extensive research on the
separation processes applicable to this type ofgumrand a number of these are
successful commercial processes todd{® 2! It is important to note that a number of
these processes are applicable to titanium orewedls and, as a result, separation
processes ranging from simple magnetic separatiombgnetic gangue to suppression

of gangue during froth flotation are used in theadmment of titanium orel$¥,

2.3.2 Metallurgical extraction of titanium from its concentrates

A number of extraction techniques have been trieith whe most cited being
pyrometallurgical and hydrometallurgicdl. To date the commercial method for
producing titanium is the Kroll process. It is amquex batch pyrometallurgical process
involving chlorination of titanium ores to form Tig also known as “tickle?”!, as an

intermediate. The intermediate TiG$ then reduced with magnesium, or sodium in the
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Hunter process, to form titanium sponge and magneshloride (MgCl) or NaCl**2,

The sponge forms on the walls of the reactor and the process is not continuous as the
accretions have to be physically removed from #aetor walls before further processing
[2.3.8and 9 Figure 2.2 shows the flow diagram of the prodarctf titanium from ilmenite

or rutile by the Kroll or the Hunter process.

FeTi0, o
- Fractionation
TiD, + Cl, ——=  TiCl, + CO, (with FeCl,impurity) —
Red Heat =
molten Mg or Ma
under Ar goac
fused ) heat o
Ti ingats - Tisponge — spongy metallic Ti
(free of Ma) {impurity of Mg and MgCl.,)
undar Ar 1000 C 2

Kroll process

Figure 2. 2: Flowchart for titanium production by the Kroll or Hunter process 4,

The only difference between the Kroll and the Humeocess is that in the Hunter
process sodium is used as the reductant insteadghesium. The Hunter process is less
favoured because of the difficulties associatedh vi@ndling of sodium and excessive
enthalpy associated with the reductid#® 44

The processes shown in Figure 2.2 are individudigcribed below including the
chemistry involved. The Kroll process first invodvéhe carbochlorination of titanium
oxides to produce an oxygen-free tetrachlorideklg)d™ > 58 @9 44 Thjs is done in a

fluidized bed at about 1300K as described by edh) (&low
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TiO, + 2Ch + C - TiCly + CO, eqn (2.1)

The titanium tetrachloride is then distilled at KOt rid it of any remaining impurities
before further processing can be done. The puristdchloride is subsequently slowly
fed into a large steel retort containing pure kioiagnesium at a temperature of between
1073 and 1173K. The feeding is slow as the readsitighly exothermi& @8 There is
thus need to continuously cool the steel retortthes reduction of the tetrachloride
progresses. The rate determining process duringeitiection is the extraction of heat
from the retort and, as this is slow, the reducpenod is generally long, as long as five

days in some cas&4.. The reduction of TiGlis represented by equation 2.2 below

TiCl, + 2Mg - Ti+2MgChk eqgn (2.2)

The titanium is formed as a sponge and usuallkstto the walls of the steel retort
making continuity of the process virtually impodsibrhe sponge is then pressed or jack
hammered out of the retort and is crushed. Thexedfte crushed titanium is alloyed and
can either be consolidated into a welded electfodeacuum arc remelting (VAR) or fed
directly in to an electron beam cold hearth melfinmace (EBCHMJ® #° 2" 4] The cast
product from either of these processes then undergextensive thermomechanical
processes to acquire the final product shape asidemicrostructur "5}

Whatever the process currently in use or beiegltthe final starting material during
the production of titanium is rutile (T¥R The rutile is then combined with petroleum
coke and subsequently chlorinated in a fluidized t@actor at about 1300K to produce
TiCl, as earlier mentioned. Less expensive materialdeatmenite or titanferrous slag

but this is always at the expense of purity astiageriel contains substantial amounts of
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iron and other impuritie§"®. Titanium producers either purchase pure Ji€bm
pigment manufactures or they produce their &vrin the Kroll process about 90% of
TiCl, is oxidised back to Tiefor the pigment industry. Gerdemdfirtlaims that TiCl is
the starting point for all commercial titanium pesses and most proposed new routes
because of its high purity and also that titanismseparated from oxygen. Gerdemé&hn
further claims that any new process that proposediminate the chlorination step will
have to find a way to replace these functions meeti abové”. To this day very
minimal changes have taken place from the Krollcpss that DuPont developed to
produce titanium in 19487, Since then and until now the Kroll process ineslv
pumping down and filling a stainless steel retothvargon and then pushing in enough
magnesium plus 15-30% excess to reduce the, Ti®lke retort is heated to between 800
and 906C and TiC}, is slowly pumped in (due to the highly exothermature of the
reaction) to the retort for reduction. As mentioredore and according to eqn (2.2), the
reduction produces titanium sponge and Mg&d a byproduct. Mg¢glis periodically
tapped off as the reduction proceeds and afterakeglays, depending on the size of the
retort, the reaction stops and the retort pressses. At this point approximately 30% of
the initial magnesium charge is still unreactedlgvthe titanium formed is a porous mass
that resembles a spon@]e At this stage the retort contains a mixture tartium sponge,
magnesium and magnesium chloride and these imgminitiay be removed by either
vacuum distillation or leaching. Vacuum distillatioemoves unreacted magnesium and
magnesium chloride, which are both volatile, legvbehind the titanium sponge. The
retort is then opened and the sponge is pressgtiohammered odt * 2" 7 This is

followed by shearing the titanium into rough 6mnuicks and the simultaneous addition
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of alloying elements and scrap titanium for changgke up. These blended chunks are
then melted to produce an ingot and, to ensureotmify and to remove inclusions, the
ingot is remelted once or twice more. The origima&lting step adds approximately $1/Ib
(which is more than double the price of steel) aadh subsequent remelt adds another
$0.50°". The major developments on the Kroll process aitecsubtle and only include
the enlargement of retorts and that the magnesagimction and vacuum distillation steps

are now carried out in the same reator

2.3.3 Phase equilibria of titanium alloys
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Figure 2. 3: The Ti-O phase diagram !

It is evident that oxygen shifts th@transition temperature upwards and hence it is an

a stabiliser. The phase diagram shows tali can solve large amounts of oxygen.
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Therefore, for high quality titanium, it is necegst work in oxygen-free environments

and, ideally, under reducing conditiohs.
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Figure 2. 4: Phase diagram of the Ti-Al system Y.

The presence of aluminium shifts tlme- S transition temperature to higher temperature
regions significantly making aluminium a strongstabiliser? 2" 42 Aluminum by virtue

of its big atomic size relative to the titanium rataccan not interstitially dissolve in
titanium but rather forms substitutional alld§s* 2" 42 |t, however, forms large areas of

solid solutions and most of the intermetallics fedrhave a large homogeneity area.
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Figure 2. 5: The Ti-C phase diagram“!

The phase diagram in figure 2.6 above gives aglmsis to why it is not feasible to
obtain pure titanium by carbothermic reductionitaiium oxides. The reduction of
titanium oxides with carbon forms titanium carbidieich will not react further with any

titanium oxides.
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2.3.4 Classification of titanium alloys

As mentioned earlier, pure titanium exists as aaperal close packed (hcp) structure at
room temperature. This structure is known asdahphase for titanium and such titanium
can thus be referred to astitanium. At 882+/2°C the a hcp structure transforms to a

body centered cubic structure (bcc) known as pephase or S titanium. The

classification of titanium alloys is based on tlile@ of the alloying element on the
and g fields on the phase diagrams. It has been obdéhat any elements with atomic
radii in the range of 0.85 to 1.15 to that of titan alloy substitutionally while elements
with radii less 0.59 that of titanium alloy intetstlly and generally have a good
solubility in titanium*?. H, N, O, C and B interstitially dissolve inaitium and all
exhibit substantial solubility while Al, Cu, Ni arfée substitutionally alloy with titanium.
The alloys are classified according to whether dlenent stabilizes the phase to a
higher temperature, such elements are cadtedtabilizers and the alloys are termed

alloys, or the element stabilizes tif&phase to a lower temperaturg,-stabilizers and
correspondinglygB alloys. Al, O, N and Ga are known commanstabilizers while V,
W, Ta and Mo are commoys -stabilizers. Cu, Mn, Fe, Ni, Co and H are al8e

stabilisers but form the eutectdfd?™ *2 Some elements like Sn, Zn and Si do not show
any effect on the titanium phase diagram and hemweesaid to be neutral alloying
elements. The effect of the elements on the phegiens is shown in figure 2.7 below

and it is that consideration which is the basistahium alloys’ classification.
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Figure 2. 6: Effect of alloying elements on the phase fields of the constitutional diagram %

The fact that all the elements exhibiting interatisolubility in titanium have substantial
solubility makes precipitation-hardening of titamuchallenging. Boron is the only
common element used in this regard by inducingitita-boride precipitatiof?. Alpha
alloys are easily weldable and are usually basedlominium and are tough even at
cryogenic temperature. Thgalloys are ductile and therefore easier to work.sMo
titanium alloys are made to be between these tviemes by judiciously having both
forms of alloying elements so that on solidificatisome S phase is retained in the final
structurd? @42 sych alloys which are formed in the two-phaséoregre termedy + 3
alloys and depending on whether the compositiariasest toa or the 5 phase region

the alloys termed neaw- or near/3 alloys respectivel{f 244
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2.3.5 Titanium forming processes

This section describes in brief the various proegghat titanium sponge undergoes in
order to obtain a semi-finished titanium produdte Bection also includes a discussion of
specialized techniques used in the transformatioth® wrought metal to specialized
engineering materials or components.

When the titanium sponge has been pressed ohgtknered out of the steel retort, it
is necessary to process it further in a bid firédlyremove impurities, in the form of
magnesium and magnesium chloride predominantly tlaga compact the sponge so that
it acquires the theoretical density of titanidth In sponge form, even if 100% pure
titanium, the metal is unusable for any meaningiutpose particularly as a structural
component owing to very low strength, hardnessghoess and basically all other
mechanical properties that a structural materi@ukh posses¥’. From the sponge,
therefore, the first step is to purify the spongel ahereafter once the necessary
specifications have been achieved the materiakivam be subjected to the conventional
metal forming techniques such as investment cassintering, rolling, drawing et cetera.
In fact, the very same methods used in formingl stee applicable to titanium and for
reduction of capital costs some companies havetadagxactly the same step ups found
in steel forming shops when they developed thein titanium forming shop$.

Titanium sponge is currently the base materialttie production of all titanium based
semi finished products as well as for alloying &dds to titanium-stabilized specialized
steels® @ %1 The major contaminants in the sponge are magmesiod magnesium
chloride, and multiple remelting in vacuum is nesagg to remove them and to obtain the

required morphology as well as the final alloy casition & 5 7 a4 8 yolatile
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contaminants like chlorides are removed in this wlapugh their sublimation and,
depending on the specific melting process, castialgdbs and ingots can be produced
with a homogeneity required for further processirfg"™ *! Before melting, the titanium
sponge has a density of between 1.2 and 3g/cphteidensified in a cold hydraulic press
and the compacts are assembled into an electradthdomelting procesS'. Before
densifying the sponge would have been mixed widaliwys and/or elements in order to
obtain a specific alloy composition. The densifieompacts are then welded to an
electrode in a plasma-welding chamber up to a mamxinweight of 13 tones per

electrode!® > 7 11 12 and 42The gchematic of a vacuum arc melter (VAM) isvshan

figure 2.7
-_-lﬁ Power Supply
Wactium
Pumps
Salf-consuming \acuum
Medting Droplet -
Meiting Pool —— | 28 ;
Ingot i Water
J/:? Coaling

Figure 2. 7: Schematic of a vacuum arc melter (after H.Sibum )

The electrode is then at least double remelted db rgl of almost all volatile
contaminants. The need for vacuum is due to thé bikygen affinity of titanium as
earlier discussed in this chapter. A full illustoat of the processing of titanium sponge to

various forms is shown in figure 2.8
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Figure 2. 8: Process flow chart for titanium sponge “”

Machining of titanium and its alloys is usually &led due to the wasteful nature and
hence high cost of the technique. Near-net teclasidike casting and HIPing become
obvious options to consider. It is mentioned extaxg in literature that all known
titanium alloys are castable? 2 |nvestment casting is the common casting method
employed by most titanium foundries world wide dhd principles of the technique are
available in detail in literatur® 2 %! Casting of titanium and its alloys not only offer
cost saving advantages but allows the productionigifly complex component profiles
which otherwise would be impossible with machininghe biggest challenge
encountered during the casting of titanium andlitsys is the extreme reactivity of the
metal particularly in the molten state. For ins@nconventional ADs-SiO, moulds can
not be used for titanium casting because moltanitim reacts with these materials. With
conventional AlOs-SiO, moulds, titanium attacks them dissolving aluminjwiticon as
well as the oxygen resulting inevitably in the @sent of the final titanium cast *™

Apart from reacting with the mould walls, moltertatiium also reacts with oxygen,
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nitrogen and carbon monoxide in the ambient aiditea to embrittlement or outright
formation of titanium compounds like refractory qmmunds such as carbides and
nitrides. So, as a rule, any melting of titaniumtsralloys is always carried out either in
vacuum or under an inert gas, usually UHP afgon® 2" *¥ |n the extreme, the use of
conventional AJOs-SiO, moulds risks breakouts and spilling of titanium tm the
furnace. To counter this problem of the inadequafcgonventional AIOs-SiO, moulds
there are basically three alternatives, which are
(a) refractory metals whose melting points are muchhéighan the temperature of
liquid titanium and with low solubilities in titanm
(b) chill materials with high thermal conductivitiescsuthat there is formation of a
solid titanium skin on the mould wall thus creatiadparrier between the mould
and the molten titanium. There is thus a solidesadiaction between titanium and
the mould wall only®?. This is the same mechanism used in a blast farnac
hearth, wherein carbon brick is used for thermaltsm, and
(c) Ceramics which have higher melting points thamiiten and whose enthalpies of
oxide formation are much higher than that gitjilike Y032,
Again, as a rule of thumb, the more complex thgpehare the more economical it will
be to design them as cast parts. It is importamever, to note that in almost all cases
mould wall-titanium reactions do take place formiaag o case on the surface of the
titanium cast usually with a thickness of a fewttsnof a millimetef®!. This a case is
subsequently removed by pickling, also known asmeb& milling, using a solution of
nitric and hydrofluoric acids as will be discussatér in section 2.3.6.2 of this chap'fer

and 4 As with any other investment casting operatidve, hormal practices of gating et
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cetera are necessary for titanium castings. Howendike most cast metals, defects like
cavities during solidification of titanium castsncaot be prevented by improved gating
2], One common way of countering this problem isitbes any cast titanium parts under
pressure. This is a necessary condition for albsmace titanium parts wherein the
smallest imperfections could act as stress intrapoints. For titanium and its alloys, hot
isostatic pressing (HIPing) is used to densify fsashd even powder, to remove casting
defects and produce components with similar preggeds the wrought counterparts. Hot
isostatic pressing of titanium typically uses 1020 pressure of an inert atmosphere at
about 908C 1. In the case of sintering precast parts, thesditions of temperature and
pressure are sufficient to close any macro or maaaties. The walls of the former
cavities in the cast join and completely diffusmeld together. Under these conditions
the material can creep without adversely affectiragroscopic dimensional stabilffy™

0 A strict requirement to achieve successful sintgof titanium is the purity of the

metal.

2.4 Alternative extraction routes

The inadequacies of the Kroll process have broabgbut great impetus on researchers
all over the world to find new ways to extract titam from its ores. The two major
weaknesses of the current commercial process, sgilded in chapter 2, are the high
production cost and the handling of the extremelgandous intermediate salt, TiClt
has become difficult, if not impossible, particlyain developed countries to obtain a
practicing license for a Kroll process plant beeawd the hazards associated with

TiCl,*®\. Greener processes have been, and are still beinght. The need to move
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away from the labour and energy intensive procesa tontinuous low cost one has
become even more pressing because of rising ea@dyiabour costs.

This section reviews efforts made and still undsgrteafind alternative extraction routes
of titanium from its ores. The Kroll process isealdy highly advanced and optimized and
any further improvements are likely to be heat aotton from the steel retort by
improved design and maybe improving the efficienéyMgCl, electrolysis™ 2 2" °I
However, these changes will only be evolutionarg aail not result in significant cuts in
the production cost of titaniufd. To achieve the production costs and, as a result,
volumes associated with commodity metals, a stegm@h in the extractive metallurgy
process is requiredt 2 @ 5! To add to this, the elimination of or minimiziraf
downstream multiple melting and remelting operaiorand possibly ingot
homogenization stages could result in significamis dn the production cost of pure
titanium, titanium alloys and components. Equathportantly and both for economy and
the environment, any new developments should staovbypass the production of the
TiCl, intermediate salt. Firstly, Ti¢lis classified as in the top ten most hazardous
materials and is listed as a “highly toxic” chenhiga various pieces of international
legislation on major hazards. Secondly, there is need for ultra purity resgitin the
distillation stage which adds to the final prodanticost. Therefore foregoing the
carbochlorination step would not only contributee¢ducing cost but would eliminate the
environmental hazards associated with ticklé" ** The next subsections describe in
detail the known methods being tried or that hagenbtried or developed to date as

alternative processes for the production of titemiu
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2.4.1. The ITP/ Armstrong Process

The process is a continuous version of the Huntecgss™ > 2 71 The process still
involves the reduction of Tigwith sodium except that it is continuous. The ouuity
of the process obviously suggests an improvemeat the Hunter or even the Kroll
process but the process is still not environmentédlendly. It was developed by
International Titanium Powder (ITP) Company in Glgo.

TiCls vapour is reacted with molten sodium, which sodwith be in excess of the
stoichiometric requirement. The purpose of the sxcgodium is to cool the reaction
products and carry them to a separation unit wegoess sodium and salt are removed
2] The reaction product is a continuous stream Wit little modification, it is possible
make vanadium and aluminium titanium alloys. Thecpss has managed to produce
titanium with lower than 0.2wt% oxygen which makiesomparable to grade 2 titanium.
The major disadvantages of the process are tléll itises TiC} and involves the use of
sodium which is a reactive metal that is diffictdthandle. The use of TigCmakes the
prospects of a drastic cost reduction very slimer€hare, however, advantages associated
with the process. For a start it is a continuous law temperature process and this has a
significant bearing on both capital and labour sos$econdly, no further rigorous
purification of the formed titanium powder is nes@y compared to titanium sponge.
Another interesting aspect of the process is thatttanium powder product is directly
amenable to all powder metallurgy (PM) forming noeth and PM methods by their

nature are usually cheaper than other traditioretahforming techniquées®.
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2.4.2 Electrolytic processes

In 1953 Kroll is said to have predicted that arctdytic route would produce titanium
in 15 years yet up to now, almost 60 years lategret is no commercial electrolytic
process that has been developed 2™ 9 Electrolytic processes by their nature are
usually cheaper than their pyrometallurgical corpads. Before the introduction of
Hall-Heroult process, aluminium was produced byucdn of its oxides with sodium.
Aluminum was more expensive than gold yet it novstsoless that $1/IB7. An
electrolytic reduction process for titanium woulavk to deal with a molten bath just like
alumina and cryolite but the biggest problem ig titanium’s melting point is 100C
higher than that of aluminiur’®" %% This high melting point results in the production
of solid titanium that results in dendritic struets and loss of catholyte due to drag out.
Compared to aluminium which has only one valane¢esin its molten form, titanium
can exhibit a multiplicity of these. The multipbgiin valence states results in serious

losses in current efficiency due to redox recyclsgshown below

Ti* +2e - Ti?' eqn (2.10) Cathode

Tit - Ti‘" + 2e eqn (2.11)  Anode

The two reactions shown above become a reversdaletion which consumes energy
without the actual deposition of titanium. The lBggproblem with electrolytic processes
is that all of them begin with the hazardous Ti€dlt, which is quite expensive at about
$1.45/ Ib Ti just like in the Kroll process. Thengpany Dow-Howmet, RMI, has built a

pilot plant and has not reported any significanirsgs compared to the Kroll proceds
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There has been a lot of research on electrolytiaaton of titanium but so far there has
not been any commercial plant commissioned. Whenentercial plants have been built
they have all been abandoned at one point or tiex osually after spending a significant
amount of moneY!. The remainder of this section is devoted to tnacpsses that have

been developed to electrolytically produce titaninom its ores.

2.4.2.1 The Fray-Farthing-Chen (FFC) Cambridge proc ess

This process was developed by Derek Fray of CameHd" ¥ In this process TiQis
pressed into pellets to make a cathode in a calabhoride bath at 95C while a
graphite electrode is used as the anode. Uponcapipih of a current, oxygen is ionized
and dissolves in Cagbath!”" °.. Effectively, the TiQ is deoxidized since oxygen is
removed into solution. The FFC process and mangrathch processes are referred to as
electrochemical reduction processes. A schemdtithe electrolytic cell is shown in

Figure 2.9

Y
Graphite or itanium Alumina, graphits or
crucibla, curant colkctar titanium crucible

Figure 2. 9: Schematic of the FFC electrolytic cell
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2.4.2.2 The Preform Reduction process (PRP)

Another recent development in alternative methddsraducing titanium is the preform
reduction process (PRP). Okabeal ** report that they managed to produce ultrapure
titanium powder through the calciothermic reductimfna preform containing Tig".
The feed preform was fabricated from slurry whichswnade by mixing Ti©@powder,
flux e.g. CaCland a binder. Conventional techniques were us@dejoare various forms
of the preforms such as spheres, and tubes. Befdtestion, the preforms are sintered at
1073K in order to remove the binder and water. Jin¢ered solid TiQ is then placed
into a stainless steel container wherein it istehwvith calcium at a constant temperature
ranging from 1073 to 1273K for 6 hours. Titaniunwger is then recovered by leaching
the reduction product with acid. Okake al ™ claim that the method produces pure
titanium powder with a purity of above 99wt%. Thesmall reaction is for the process is
TiO, +2Ca - Ti + 2Ca0O eqn (2.12)

The calciothermic reduction of titanium is a hugeteermic reaction and in general it is
difficult to achieve a homogeneous reaction unt@gsium vapour is usédf!. There are
two reduction reactions that take place in thetedbdic cell. Firstly, there is oxygen

ionization leading to the reduction &> to Ti**™"*

as the primary reduction reaction.
The O ions then combine with free €aions in the molten bath to form CaO. The
second reduction on the other cathode is that &f @ Ca atoms. The reductions

reactions are shown below

TiOx + 2ne - TiO s+ NOF eqn (2.13). Cathode

nO” + nC&" - nCaO eqn (2.14), then
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nC&" +2ne - nCa egn (2.15) Cathode

TiOx+ nCa - TiOx,+ nCal egn (2.16)

Reactions 2.13 and 2.15 occur on the cathode amdeal electrochemical reactions.
Reactions 2.14 and 2.16 occur in the melt usingyets of reactions 2.13 and 2.15. The
secondary reduction is referred to as calciotheretuiciction just because calcium is used
as the reductant. The anodic reduction produces@OCQ which escape as gases. The
operational voltage for this process is betweera2d 2.5V while the Tig¥eedstock can
either be in the form of a pellet or is bagged aswderf*®. The choice of using Cags
based on the low melting point of the salt (1053Kgh solubility of oxygen in the salt as
well as its low cost. Although the method still sise chloride, it has the advantage of
eliminating the expensive and hazardous jFi@hd since the route starts with rutile
($0.48/lb Ti) it appears the route could lower theduction cost of titaniuni’.
However, rutile is not pure Tiand therefore something should be done to achitexve
purification done by carbochlorination if titaniumh ultrahigh purity is to be produced by
the PRP method. The other disadvantage is thairtheess produces CaO (egn 2.14 and
2.16) that later precipitates in the pellet poresha cathode and CaO also reacts with
TiO, to form CaTiQ. The precipitation of CaO in the cathode poresthedormation of
CaTiO; lead to a significant decrease in current efficieas the reduction progresses.
The diffusion of oxygen from the cathode into thelten bath becomes more difficult as
TiO, is transformed into solid titanium due to a longed restricted diffusion paff?.
The slow diffusion of oxygen in metallic titaniun these reaction temperatures leads to

a long reduction time for the reduction to go tonpdetion. Elemental calcium also reacts
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with the graphite anodes leading to contaminatibrihe electrolyte and the titanium

cathodes with carbdi’.

2.4.2.3 The Process by Pretorius et al.

Pretorius’! managed to produce a novel titanium powder prangssute and the work
was patented in 2005. The patent claims that thelngrecursor can be processed to
produce titanium in an inexpensive and efficiennmex. According to the invention, the
process commences with producing a solution of Mginom a titanium ore or any other
titanium-containing material for that matter. Whdév is a cation from the type that
forms a hexafluotitanate e.g¥eMn*, Cu*, Ni** and so on. This is followed by
precipitating M5TiFg from that solution by the addition of M, where M’ is selected
from the ammonium and alkali metal cations whilésXan anion from the halide, nitrite,
nitrate or acetate group.

The powder that was finally produced was throdghdigestion of ilmenite with
aqueous hydrofluoric acid meaning then that XMEH *, M"=Fe** and a=b=1. Excess
ilmenite was used and the concentration of HF \&p maintained between 20 and

24wt%. The method also included a step of addiregdacing agent to the digested
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solution to reduce any #én the solution to F&.
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Figure 2. 10: Flowchart of the Process™.

Considering the flow chart stage by stage, theotalg key points should be clear. In
step 1 the digestion of ilmenite with HF (aq) does just form the complex double salt
(FeTiR). It also has the advantage of removing oxygemftbe ilmenite forming water
in the process. The digestion reaction is showegim (2.17)

FeTiO; + 6HF - FeTiks +3H,0 eqgn (2.17)

The second stage involves the addition of,8Hpowder to the digested solution. The

necessity of this stage is the ability of MH to precipitate a complex salt containing all
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the titanium while simultaneously leaving all then as an aqueous complex salt. So,
apart from being a simple complexation reactions gtage is also a separation and
beneficiation stage too as shown in eqn (2.18)

FeTiRse)+ 4NHiCligy — (NH4)5TiFs pty + (NHz)2FeCl (ag) eqn (2.18)

The products can thus be separated in to two disgineams by filtration. The NJ@I can

be regenerated by adding a quantitative equivaleagueous NEDH as shown in egn

(2.19)

(NHa).FeCl + 2NH,OH - 1/3Fe + 2/3 FeO (OH) + 4 NBI + 3/2 HO egn (2.19)

The Fe produced in this regeneration step can edatb the digested solution to reduce
Fe* to FE* as shown in eqn (2.20)

2F€" +Fe - 3F€" eqn (2.20)

The NH,CI can be recycled to the process while the otlhedyxts can be discarded or
put to other uses elsewhere. The product of intésemmmonium hexafluorotitanate and
is further processed by reducing it with mercurtiveted aluminium to result with a
complex salt wherein the oxidation state of titamiis +38. The reaction is shown in
eqgn (2.21) below

(NH4),TiFg+ Al (Hg) — NH4TiFs+ 1/3 (NH) AIFg  egn (2.21)

Pretoriug® further argue that any of the ammonium flouro ctexes of titanium formed

in the process can be decomposed ta BdEwveen 400 and 700 in an inert atmosphere.
Finally, the patent postulates that many commomigehts can then be used to reduce

this TiR; to titanium and the fluoride salt of the reductasitshown in egn (2.22) below
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TiF;+ M - Ti+ MF3 eqgn (2.22),

Wherein M is the reductant and can be an alkaliamet aluminium. The titanium
product can then be separated from the fluoridemmsfting while in the case of
aluminium as a reductant, the Alsublimes off at around 128D leaving behind pure
titanium . The patent further posits that a variety of fitam alloys can be mada situ

by simply introducing an appropriate salt contagnihe desired alloying element(s) prior
to the final reduction step so that the final pretds a titanium alloy contain at least one
other metal. For example, Pretoritls argues that the addition of a predetermined
combination of NgAlFs and NaVF; can result in the formation of grade 5 titaniune.(i
Ti-6Al-4V). Of the possible reductants of EjRhis author shall limit the discussion to
aluminium not only because it is the cheapest Is decause aluminium fluoride
sublimes at a relatively low temperature (12501 atm). The conclusion derived from
this fact is that the need to melt and then sepatta¢ titanium from the byproduct
fluoride salt is eliminated. Secondly, the patdatnas that the final product mixture can
be heated at a temperature and for a time thaswdfieient to sublime off most of the
AlF3 but allow for its sufficient retention on the sané of the product to reduce the

reactivity of the final titanium powdé¥.
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Chapter 3: Experimental Procedure

The work started with producing a titanium precunsowder according to the patented
method. The precursor was characterised to deteritsirthemistry, physical and thermal
properties. Chemical characterisation of the prmuwas done using a scanning electron
microscope (SEM) coupled with an energy dispersivay spectrometer (EDX) to
determine the elemental composition and the moggyobf the precursor. Owing to the
lower resolution of the SEM/EDX relative to X-rayubrescence (XRF), elements in
guantities lower than 0.01% were determined usimf>Xand an inductively coupled
plasma mass spectrometer (ICP-MS). X-ray diffraciRD) was used to identify the
phases present in the precursor. The make up girdwrsor being known, the thermal
decomposition profile was determined using a th@maametric analyser (TGA)
coupled to a differential thermal analyser (DTA)hel aim was to establish the
temperatures at which various reactions took p&awkthen make logical deductions as
to the nature of the reactions at those establisbeyberatures. This information was
important for the planning of the real experimewith reasonably sized samples in a
tube furnace. The temperature profile from the DGA was used to mark the various
temperatures and soaking periods that were uséleirstep by step processing of the
precursor in a tube furnace. All samples from ewstage of processing of the precursor
in the tube furnace were fully characterised usftighe techniques earlier mentioned.
This was important as it allowed to substantiatedismiss theoretical expectations as
well as to have a full understanding of the readithat take place in the previously

established temperature regime.
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In all the experiments, save for the later stagdwen all parameters had been
established, there was only one degree of freedosmgle variable was investigated and
optimized while holding all other variables constafhese variables were temperature
(T), soaking time (t), gas linear flow rate (v) aih@ amount of the reductant (%Al). This
stringent condition of one degree of freedom wadaxesl later as a better understanding
of the behaviour of the precursor became appaférmt final experimental work involved
varying more than one variable at once to obsenmeesynergistic effects of such and
compare to theoretical expectations. The kineticprecursor thermal decomposition
were determined using thermogravimetric graphs, thigl information was helpful in
determining the heating rates and soaking timesssecy to achieve the product
composition required.

The remaining sections of this chapter descnibédtail the various experiments that
were carried out and the justifications of so doifige description is in chronological
order beginning with the first and ending with thst. Exceptions will be highlighted and

justified.

3.1 Characterisation of the titanium precursor

The starting material for all the work that was €owas a powder processed from
ilmenite according to the paterithe powder had been prepared according to thetpate
of Pretorius™™ as briefly described in chapter 2 of this thesike Tirst step was to
determine the physical and chemical propertieheftitanium precursor. This involved

the particle size distribution and particle shapdemental composition, phase
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composition, impurity content and decompositionrtie profile as the important

chemical and metallurgical properties.

3.1.1 Precursor particle size distribution

Particle size distribution was determined using alMdrn Master 2000 Particle size
analyser. The equipment utilizes Fraunhofer ditfcacof light formed by particles with

a diameter larger than the incident laser beam leagenh!“®’. The do, dso and do values
were determined while only thegvalues were used to describe the average siZgeof t
powder particles. The same analytical techniquewsasl to characterise the particle size

distribution of the final product.

3.1.2 Determination of the chemical composition of the precursor

The determination of the chemical make up of thecprsor involved the use of three
analytical techniques. First, 3 samples were etdthfrom the precursor after coning and
guartering. The coning and quartering technique wgmrtant in making the samples
representative portions of the precursor. A Mefileledo digital scale with a sensitivity
of 0.01g was then used to weigh 50.00g for the $mntpat was used for X-ray
Fluorescence (XRF) and ICP-MS and 5.00g for thepéarthat was analysed with a
scanning electron microscope and energy dispepsivay spectrometer (SEM/EDX).
The third sample was not necessary to weigh aadttb be analysed with an X —ray

powder diffraction apparatus (XRD).
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3.1.2.1 Scanning Electron Microscopy and Energy Dis  persive X-ray
spectrometry (SEM/EDX)

The precursor was anaysed using a LEO 1525 FE-Séairithg Electron Microscope
(SEM) coupled with an Oxford link Pentafet Energyispersive X-ray (EDS)
spectrometer in the SE2 secondary mode to deterefémeental compositions as well as
the morphologies of the precursor as received.rii&ehine was set at a voltage of 10KV
and magnifications 200x to 10kx. The resolutionh& EDX was high and only elements
with concentrations lower than 0.01% could not letedted by this technique. Light

elements like hydrogen and lithium can not be deteasing EDX.

3.1.4.2 X-ray Fluorescence (XRF) Spectrometer

This was necessitated by the need to quantitatavetgrmine the elemental composition
of the precursor since the EDS scan was only coatipar A Phillips PW1606 XRF

spectrometer at Mintek laboratories in South Affiees used for this purpose.

3.1.4.3 Inductively Coupled Plasma Mass Spectromete r (ICP-MS)

An inductively coupled plasma mass spectrometeP{MS) at the University of the

Witwatersrand was used to quantitatively deternthmne elemental composition of the
precursor. Its use was necessitated by the neddtesmine all other elements that the
techniques mentioned above could not detect. Iticpdar it was the only technique that
could determine the amount of hydrogen in the samdl.00g of precursor was digested
with 20% nitric acid and diluted with 20.00ml of teato lower elemental concentration

to the specifications of the machine. The digedigdid was then passed through a
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nebulizer wherein it was converted into small detplof aerosol so that it could be
ionized. The spectrometer could determine elemehtsse concentrations were in the
order of 1 in 1% A dilution factor of 250 was used and the saigaré was used in

converting the spectrometer reading to the finahgosition figures.

3.1.4.3 X-ray diffraction (XRD) analysis

The precursor powder was then analysed with a iphilK-ray diffraction machine
PW1710 set at a voltage of 40KV, a current of 20rMm&m 10 to 80 2theta with a step
size of 0.02 2theta degrees. The JCPSD databasst(Mgh Score) was used for phase

identification.

3.2 Thermal analysis: Thermogravimetric and thermal
differential analyser (TGA-DTA) and Differential Scanning
Calorimeter (TGA-DSC)

The patent!! on the precursor claims that the processing rmuteake titanium from the
precursor involves thermal decomposition of thecprsor but it does not specify exactly
the temperature and conditions required. The thledeeomposition behaviour of the
precursor was established by tracing mass and dieatiges using a Setaram TG92
thermogravimetric analyser (TGA) coupled to a Setadifferential thermal analyser
(DTA). The machine is of the bottom loading typeghafurnace gas flowing from the top
end of the sample and its microbalance has a magsuange of 200.00mg with a

sensitivity of 0.01mg.
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20-40mg samples were loaded into a A004mm internal diameter and 8mm height,

alumina crucible and heated from ambient tempegatoirl406C at a scanning rate of
5K/minute in an argon atmosphere. The samples msadl G/DTA are too small to be
later subjected to any other characterisation tigcien It was thus impossible to analyse
products from this machine using XRD in particuldrere a sizeable sample is required.
This is what necessitated the need to run theseriexgnts separately in a tube furnace.
This was important as sizeable samples could be& arse hence analysed to establish the
products from every stage of processing. A PerkmeE TGA/DSC was also used to

check the reproducibility of results.

3.2.1 Pyrolysis of the precursor powder in atubef  urnace

10.00g of the precursor were weighed and placedamnectangular base, 75mm x 40mm
X 40mm, alumina boat and placed into a tube furnAceoxygen getter tube furnace
preceded the tube furnace. The getter furnace wekepd with copper turnings which
were kept at 70T in order for the copper to be oxidised by, anddeecapture, the
oxygen in the UHP argon stream.

In the first experiment after having determined nieeessary carrier gas flow rate, 10g of
precursor were loaded into an alumina boat andwiais surrounded by alumina boats
containing commercially pure (cp) titanium on ertls&de in order to avoid incidental
oxidation from any reminiscent oxygen in the ingais. The ends of the alumina tube
were tightly sealed using brass enclosures witlheulo-ring as shown in the schematic
in Figure 3.1. Vacuum grease was applied betweeming and brass covers to ensure

an air-tight fit.
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Figure 3. 1: Schematic of the tube furnace

Key:

A- UHP Argon cylinder

B- Flow control valve

C-Oxygen getter (Copper) Furnace

D-Brass seals with a rubber o-ring

E-Silica tube containing copper mesh

F- Tube furnace

G-Mullite or Alumina tube containing the sample
H-Water bubbler

I- Exhaust stream to the atmosphere.

The tightness of the seals was checked using &CBesk leak detector to determine any
gas leaks. The various soaking temperatures hadn bdetermined form
thermogravimetric curve as shown in figure 4.4hagter 4. The table below shows these

temperatures and the other variables that wereralmt during the stepwise
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decomposition tests. After cooling to room tempamatthe product was weighed and

then analysed with the help of SEM and XRD.

Table 3. 1: Process conditions during determination of optimum soaking temperature

Sample identity] Mass/g Soaking Soaking Linear gas flow
temperaturéC | time/mins rate/ m/min
Sample 1 10.00 400 120 2.60
Sample 2 10.00 600 120 2.60
Sample 3 10.01 800 120 2.60
Sample 4 10.01 1000 120 2.60
Sample 5 10.02 1100 120 2.60
Sample 6 10.00 1200 120 2.60
Sample 7 10.01 1300 120 2.60

3.3 .Optimisation of inert gas flow rate

The original intention of using an inert gas wasptovide a non reactive atmosphere
around the precursor and the final titanium prodAgart from protecting the precursor
and product from reactions with the ambient aie, ithert gas inert gas had the important
functions of controlling the partial pressure oflatde products in the vicinity of the
reactants as well as to carry away any gases atikoparticulate matter away from the
reaction zone. Optimising of the gas flow rate wiasie on the basis of the mass of

product collected in the bubbler and comparing thithe theoretical expected. This was
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corroborated by examining the SEM micrographs abX Epectra of decomposition
products with gas flow rate being the independartable. It was not possible to go
further than 3.50m/min as the seals of the wateblar would pop out leaving the whole

set up open.

Table 3. 2: Experimental conditions during optimization of inert gas flow rate

Sample identity] Mass/g Soaking Soaking Linear gas flow
temperaturéC | time/mins rate/ m/min
Sample 08 10.05 1300 120 0.00
Sample 09 10.10 1300 120 0.10
Sample 10 10.01 1300 120 0.50
Sample 11 10.00 1300 120 1.00
Sample 12 10.01 1300 120 2.00
Sample 13 10.03 1300 120 3.00
Sample 14 10.01 1300 120 3.50

3.3.1 Optimisation of soaking time

The dependence of decomposition progress on time imgestigated by fixing
temperature and gas linear flow rate at their ogtiralues and varying the time the
precursor was kept at temperature. Of importance tiva need to optimize the soaking
time necessary to rid the final product of AlFive 10g samples of the precursor were
prepared and loaded into five rectangular alumimeatd Each experimental run

employed one of these identical precursors of #meesmass. The precursors were soaked
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at 13000C for time periods ranging from 10 to 126utes and then cooled at 5K/min to
room temperature. The mass of the product was mehsund the product was studied
using both SEM/EDX and X-ray diffraction with a spd interest in noting the
morphologies and the relative peak intensities lbad F in SEM/EDX and Alf-in the

XRD patterns.

3.3.2 Stepwise decomposition of the titanium precur  sor powder

The profile of the TGA/DTA experiments had to bepkned and elaborated by
conducting experiments with reasonably sized sasnwleose product masses would be
large enough to allow for their full characterisatiafter every stage of processing. This
was achieved by heat treating fresh precursor sssmgl the various temperatures that
had been determined during thermogravimetric afférdntial thermal analysis. 10.00g
of the fresh titanium precursor were loaded inrt@lumina boat and placed into the tube
furnace. Argon flow rate was maintained at 3.6m/m&had earlier been determined.
Each run entailed heating up the precursor at ansitg rate of 5K/min and soaking at
varying temperatures for 2 hours as shown in t8ble After soaking the samples were
cooled to 28C at 5K/min and then removed for analysis. Prodamalysis involved
measurements of product mass, SEM/EDX and X-rdyadtometry. These data allowed
for the comparison of the products after soaking phecursor at various temperatures

and also enabled the correlation of this with tAH&AIT GA data.
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3.3.3 Reaction kinetics studies

Rates of the various reactions that take placenduhe pyrolysis of the precursor had to
be determined. This was necessitated by the nelaitdhe soaking time of products at
temperature to the minimal necessary as one majeciive of this work was to lower
drastically the production cost of titanium. Detaration of the Kkinetics of the
decomposition and reduction of the precursor waalldw for proper timing of the
reactions and more importantly would reduce th& p$ holding the pure titanium
product at high temperature for too long as thisuldoincrease the probability of
contamination.

30.00+/-5.00mg samples of the titanium precurgere loaded into a 1Q@ alumina

TGA/DTA crucible and analysed in an argon atmosph@r Setaram thermogravimetric

analyser coupled to a differential thermal analyses used. The thermogravimetric
curve was used to determine the kinetics of theti@as encountered. In this case the
fresh precursor was heated to a predetermined ratojpe and soaked for two hours as

tabulated in table 3.3.

Table 3. 3: Reaction conditions during the thermogravimetric analysis of the precursor

Amount of Temp/°C Ar Pressurel bar Soaking time/min
powder/mg
30 400 1.50 30

32 400 1.50 45
28 400 1.50 60
30 600 1.50 30
35 600 1.50 45
30 600 1.50 60
31 1200 1.50 30
35 1200 1.50 45
33 1200 1.50 60
30 1300 1.50 30
30 1300 1.50 60
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Argon at a pressure of 1.5bar was used to prowideext atmosphere as well as to carry
away volatile products for the reaction zone. Al trate equations that were obtained
were normalized against the cross sectional ar¢laeo$dmall crucible used so as to make

them independent of size of reactor size.

3.3.4 Mass balances and Optimization of the amount  of reductant

The determination of the required amount of alummrto reduce the precursor was done
based on the analysis results from XRF and/or TBR. XRF and ICP results as shown in
table 4.1 show that precursor contains an averagebaut 22% Ti by weight. Since
pyrolysis of the precursor showed the ultimatedesias Tig according to the XRD
patterns, it was logical to conclude that it is sfifrat is finally reduced by aluminium.
Using a 100g basis of the precursor with a titanicomtent of 22% means that the
amount of titanium present is 22g. In puresTiFi is 45.7 wt%. 22g of titanium would
then form 48.14g of Tif Effectively, 100g of the precursor would produt®14g of
TiF3 when completely pyrolysed. The reduction of sTwith aluminum, together with the
associated molar masses, is as shown by eqgn @ady b

T+ Al=Ti + AlR egn (3.1).

1059 + 27g= 48g +849
19 of TiF; would thus require 279/105g= 0.26g of aluminum hedce 100g of precursor
would require 12.50 g of aluminum. Therefore onrage the stoichiometric amount of
aluminium required to reduce the precursor is 12@&%he precursor by mass. The

amount of aluminium needed to complete the; Teduction was determined this way.
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3.4 Precursor reduction experiments

Based on the stoichiometric amount of aluminiunedatned above, batches of the
stoichiometric composition of the precursor mixathvaluminium were prepared.
Batches of 10.00g of the raw precursor mixed wibd (12.5%) of aluminium were
prepared by accurate weighing and then mixing tveders thoroughly in a mortar using
a pestle. The mixing was done for 5 minutes to ensa powder segregation. The
mixture was then loaded into a rectangular alurbwet and placed in to the tube
furnace. The furnace was sealed and the tube puigied UHP argon which had been
passed through the oxygen getter furnace. Baségeanformation obtained from the
TGA/DTA traces, the following heat treatment prefitas selected: The mixture was
heated at 5K/min to 408G and soaked for 30 minutes and then ramped ueatame

rate to 808C, where reduction was expected, then soaked tatetimperature for 30
minutes. The temperature was then raised to C3@0the same scanning rate and soaked
for 2 hours to allow for the sublimation of AlBnd then cooled at 5K/min to ambient

temperature. The product was then retrieved fragrfumace, weighed and analysed
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using SEM/EDS and x-ray diffraction. The heat tneat cycle is shown in figure 3.2

TrC A
120min

1300
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»

Time/min ~

Figure 3. 2: Heat treatment cycle during precursor reduction trials

3.5 Powder coating experiments

12.50g of the raw mix (precursor + 12.5%Al) weraded in to the tube furnace and
treated according to the thermal profile in figl@@. However, the soaking time was
reduced to 30 minutes in order to retain a sigarftcamount of Algin the final product.
After cooling to room temperature the product wasioved from the furnace and the
alumina boat was covered with an alumina sheetpdexced back into the furnace. The
enclosed powder was heated to 1°%8D@t a scanning rate of 5K/min and soaked at that
temperature for 1 hour before being cooled agairoton temperature as shown in the

thermal profile in figure 3.3
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Figure 3. 3: Heat treatment cycleduring CVD trials

The powder was then analysed usingtl nano Time of Flight Secondary lon Mass
Spectrometer (ToF-SIMS) in order to check if thé&Alas a surface coating or part of
the bulk powder. The principle was to bombard tba/ger surface with a pulsed ion
beam and desorb the surface atoms as secondaryamohshen pass these through a
spectrometer for elemental determination. The a&malywas also to determine if any
coating that could exist would significantly pasge the titanium from oxidation. The
powder was also taken through a thermal analysisgss using the TG/DTA in an

oxygen atmosphere and the trace was comparedttoftbp titanium as a reference.
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Chapter 4: Results

This chapter is a summary of the results that veétained from the experimental work
that was conducted. It is structured accordindnéodrder in which the experiments were
described in chapter 3. A brief discussion is giaéier each result is presented. Chapter
5 focuses on discussing the results and partigulaighlighting the synergies of the
various parameters investigated and explainingpttieciples governing the processes
observed. The results are presented in such a maarte fully describe every stage of
characterisation and processing. As a result, ral ¢haracterisation techniques, viz
SEM/EDS, XRD, TGA/DTA, XRF, ICP and mass measuremene presented together
for every stage considered beginning with the raacgrsor and ending with the final

product in that order.

4.1 Characterisation of the starting precursor

4.1.1 Particle size distribution of the precursora  nd final titanium product

Particle Size Distribution

12
10

Volume (%)

O N A O ®
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Particle Size (um)
—Illmentie Precursor - Average, Wednesday, July 23, 2008 10:49:50 AM

Figure4. 1: Particle size distribution of raw precur sor
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Figure4. 2: Particle size distribution of the final titanium product

Table 4. 1. Comparison of particle size parameters of the precursor and titanium product

Sample dio/ um dso/ 1m doo/ m
Precursor 36.0 77.9 156.0
Product 13.0 55.2 158.1

It is evident from figures 4.1 and 4.2 that theafititanium product after heat treating at
1300°C has a finer but wider range of particle sizeritigtion compared to the precursor.
The reason for this observation has been attribttteétie decomposition of and loss of
material from the precursor as it is heated. Tharsar particles of the product are likely
a result of the partial sintering that occurs whtes product is soaked for prolonged time
periods at temperature to allow for the completelisation of aluminium fluoride. A

full description of the possible causes of the oleéon is given in the next chapter in

section 5.1.
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4.1.2 SEM Analysis of the precursor

© (d)
Figure 4. 3: SEM analysis of the precursor (a) SEM micrograph (b) Overall EDS spectrum (c) EDS

for spot 1 (d) EDSfor spot 2.

The micrograph shows that the powder size is inntieron range and that the particle
shape of the raw precursor is roughly sphericais ilso evident that the precursor is
made up of two phases which appear as dark andl pighticles on the micrograph
represented by points 1 and 2 respectively. Th& ghase, marked 1, is depleted of
titanium while the lighter phase, marked 2, isniitgn rich. The spot spectra in figures
4.3c and 4.3d show the above statement clearlys Important to note the relative

proportions of the elements in the overall spectrfigure 4.3 (b), as this gives a direct
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guide to the approximate chemical composition aedch chemical formula of the
precursor.
Lighter elements like hydrogen had to be analyseparately as these could not be

detected by the scanning electron microscope.

Table4. 2: XRF and |CP-MS scan results for the precursor

Element weight %
Ti 22.20

Al 5.20

F 56.00

Fe 0.05

N* 13.01
H* 3.40
Total 99.86

(* Obtained from ICP-MS)

It is from these analyses and the X-ray diffractetterns of the precursor that the
approximate chemical formula of the precursor wsisldished. The X-ray diffraction
pattern of the starting precursor in figure 4.4vgfdhat the precursor is made up of

predominantly two phases which phases are both lesnsplts of ammonia.
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Figure 4. 4: XRD pattern of the raw precur sor

Figure 4.4 shows the XRD pattern of the startingcprsor and two phases are identified
as the main constituents of the precursor. {JixFs, PCPDF (2002)card number00-022-
1036, and NEFeF, PCPDF (2002)card number 01-077-1457, which are cubic and
tetragonal in structure respectively, matched tRD>pattern of the precursor. However,
the XRF and ICP analyses, and even the EDS specstunw that the precursor contains
a negligible amount of iron. It is then logical ¢onclude that this phase can not be
present in the precursor and that the matchingm@st probably due to NffeF, being
isostructural with the actual phase in the preaurfbe patent by Pretorid¥ discusses
this aspect in detail. They noted that they hadlpced a novel salt, NHliF4, whose
XRD pattern is not in any of the existiRgPDF (2002gatabases but is closely matched

by that of NHFeR, 1. Consequently, the precursor was deduced to bee rofdwo
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complex salts namely (NfisAlIFs and NHTIiF,. These appear in the SEM micrograph as

the dark and light phases respectively as earliglaaed.

4.2 Thermal Analysis

SETARAM Figure: Experiment: ilmenite 3 (8-08-2008) Crucible: Al203 100 pl Atmosphere: Ar
92 -1750 TG 08/08/2008 Procedure: Pyrolysis (Zone 1) Mass (mg): 58
T T T T T T T T T T T T T T T ’

FTG/% HeatFlowpV
['o — ]
L Exo 4\ 40
[-10
’ ss variation: -37.866 % 0]
[-15

20 |

[ -s0Onset Point :322.1316 T

" Enthalpy /uV.s/mg : 20.6245 (Endothermic effect) Peak :455.7256 T

Onset Point :427.1360 T

65
> Enthalpy /uV.s/mg : 59.4998 (Endothermic effect)

[-70

[-75

20 Peak :1195.0370 T
Onset Point :1117.4640 C |
25 Enthalpy /uV.simg : 19.0882 (Endothermic ef

[-30
. 0

[-35 -
40 1

. -10 |
45 S— % Mas$ variation: -3.894 %

L e e ]
50 ™ -20
55 ]

[ Peak:352.9086 T -30 |

Mass variation: -29.222 %
-40 |

\. - SOA
N

1200

1000
I

urnace temperature /C |
1

Figure4.5: TGA/DTA trace of precursor in UHP argon

The thermal decomposition of the precursor procésda series of reactions as marked
by the endothermic peaks on the DTA curve. The TGAve shows mass losses
associated with the reactions and it can thus beleded that the precursor decomposes
releasing volatile products and also that a fiealdue remains since the mass loss is not

100%.

TD Mutava 54



Table 4. 3: Mass losses observed under varying gas linear flow rate at 1300°C

Linear flow rate/ Temperature/ °C Time/min (mass loss/theor etical)
m/min x 100%

0.5 1300 120 64

1.0 1300 120 75

2.0 1300 120 94

3.0 1300 120 100

3.5 1300 120 100

Table 4.3 shows the mass losses after soakingréoeiggor at 130X for 2 hours under
various gas linear flow rates. The mass loss ise®as the linear flow rate is increased
and reaches a maximum around 3.0m/min. Furtheeasas of the linear flow rate show

no effect on the expected mass loss.
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4.2.1 SEM analysis of product at various gas linear

NG
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Figure 4. 6: SEM micrographs of pyrolysis products after heating the precursor for 2 hoursat

1300°C and linear gas flow rates of (a) 0.5m/min (b) 1.0m/min (c) 2.0m/min and (d) 3.0m/min

The cubic crystallites observed in figures 4.6 (&),and (c) are Al The amount of

these crystallites diminishes as the flow ratea@ases suggesting that the gas flow rate

has an effect on the transportation of A#em the reaction zone.
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Figure 4. 7. XRD patternsfor product after soaking at 1300°C with linear gasflow rate at

(&) 0.5m/min and (b) 3.0m/min

Table 4.4 shows the relative XRD peak intensitie8l6 ; using the most intensive peak

at 25 2 theta (as the standard)lfor the various flow rates considered.)

Table 4. 4: Linear gas flow rate and the corresponding relative XRD peak intensities (1:/1,) of
AlF; after reduction of the precursor to Ti with Al and soaking for 2 hours at 1300°C

Gaslinear flow rate/ m/min li/l o
0.5 1.00
1.0 0.63
15 0.25
2.0 0.05
3.0 0.001
3.5 0.001
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It is evident that the amount of AlEhat remains in the powder is dependent on tleafin

gas flow rate. At low linear flow rate not all théF3 sublimes.

4.3 Stepwise thermal decomposition of the precursor

The results of this section are presented fullygeromposition temperature considered.
The products from each stage of processing arg futlalysed and the new phases
obtained are compared with the starting or prevggheases identified. In this way logical
inferences can be drawn as to the nature of thetio@a that occur during the various
stages of processing. All the tests and resultsidered are complementary in nature and

augment each other in such a way that concretdugians can be made.

Overall EDS

Al
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Ti

R R L i aas oo e s s aais an s R
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Full Scale 1635 cts Cursor. 0.000 (b) ke

Figure 4. 8: SEM analysis of product after decomposing precursor at 400°C and soaking for
2 hours(a) SEM micrograph (b) Overall EDS

The SEM analysis in figure 4.8 shows that relatyeak intensities of titanium and aluminium
have increased at the expense of that of fluonneomparison to those of the starting precursor

shown in figure 4.3. At this stage all that is pbkesto deduce is that the compositional change
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that is observed in the EDS spectra is due todbssaterial in a manner that little or no titanium
or aluminium is lost in the process. Mass loss @aly be due to formation of gaseous products
which are then carried away by the argon gas. Ak #uese gaseous products contain little or no
titanium or aluminium but are made predominantlyladrine. The mass loss observed after heat
treating at 40fC was 13% while the theoretical mass loss thatexpscted was 12.5% as will be

elaborated in chapter 5.
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*NH,AIF, tetragonal
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Figure4. 9: XRD Analysis of product after decomposing precursor at 400°C in UHP Argon

From the XRD pattern in figure 4.9 it is noted that400C the precursor decomposes forming
completely new products. The products of decompusiare Tis, PCDF (2002) card number

00-009-0112, and NJAIF,4, PCDF (2002) card number 00-020-0077.
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Table 4. 5: Nitrogen analysis of product after decomposing precursor at 400°C for 2 hours

Sample Weight % N
Sample 1 3.12
Sample 2 2.98
Sample 3 2.96
Average 3.02
Starting precur sor 13.0

Ti

10um PHAI Mag= 100KX BT = 1500 -
o o g Wo= 1 mm

Defector = SE2 Aperture Size = 60,00 pm 3 January 2008

Overall EDS

T T T T T T T T T T T 7 T T f y u
0 1 2 3 4 5 3 7 8

Ful Scele 1658 cis Cursor: -0.100° (0 cts)

(a) (b)
Figure 4. 10: SEM analysis of product after decomposing precursor at 600°C (a) SEM (b)
overall EDS

ke

Figure 4.10 shows the SEM analysis of the prodtter &eat treating the precursor at

600°C and soaking at that temperature for 2 hours. ass loss during the heat

treatment was around 43%. The theoretical mass dapected after soaking at this

temperature is around 38% which is thus agreeaibtetihe observed experimental result

within the margins of experimental error.
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Figure4. 11: XRD Analysis of product after decomposing precursor at 600°C in UHP Argon

Table 4. 6: Nitrogen analysis of product after decomposing precursor at 600°C for 2 hours

Sample Weight % N
Sample 1 2.87
Sample 2 2.99
Sample 3 2.90
Average 2.92

Table 4.6 shows the nitrogen analysis from ICP-M$mee samples that were obtained
from the product after heat treating the precumo600C for 2 hours. The level of
nitrogen in the product confirms the presence ofAlA, as shown in the corresponding
XRD pattern in figure 4.11. It follows then thattphase NHAIF, persists in the product

at least up to 60C.
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(a) (b)
Figure 4. 12: SEM analysis of product after decomposing precursor at 800°C and soaking for
2 hours(a) SEM (b) Overall EDX spectrum

Figure 4.12 shows the SEM analysis of the prodfiet &eat treating the precursor at 8D@&nd
soaking for 2 hours. The peak intensities of titamiand aluminium in the overall EDS spectrum
continue to increase relative to that of fluorimhis is supported by the TGA curve in Figure 4.5.
The increase in the intensities of these two pealesns to support the argument that the gases
contain negligible or no titanium or aluminiumidtpossible then that the volatile products could
be fluorides or at least should contain fluorineaasonstituent. The mass loss observed in figure

4.5 at 800C is around 45% which again agrees with what haa lexpected in theory, 44%.
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Figure4. 13: XRD of product after decomposing precursor at 800°C and soaking for 2 hours

Apart from the further increase in the intensitytled Tik; peak, what is apparent in figure 4.13 is
that the phase NJAIF, is no longer present in the powder. It is als@rctdat a completely new
phase All, JPSCD card number 00-043-0435 and with a hexagopstal structure, is now
present. It is logical to make the inference thet NHAIF, salt is just an intermediate which

decomposes to form the AlFConsequently, the AlRs formed at the expense of W ,.

Table 4. 7: Nitrogen analysis of product after decomposing precursor at 800°C for 2 hours

Sample Weight % N
Sample 1 <0.01
Sample 2 <0.01
Sample 3 <0.01
Average <0.01
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Table 4.7 shows a negligible amount of nitrogerth@ product after heat treating the
precursor at 80 for 2 hours and this rules out the possibilitytef salt NHAIF 4 being

a constituent of the powder. In fact, the resufipguts the XRD analysis in figure 4.13
which shows Aliinstead of NHAIF,. It follows then that NHAIF, decomposes between
600 and 80%C to form Al and NHF. NH,AIF, is thus an intermediate product and, as
will be elaborated in chapter 5, its decomposiponduces Alg and gaseous ammonium
fluoride as products. This is supported by the T@8d in figure 4.5 which shows a small

mass loss in the temperature range 500 t6B00

Ti Overall EDS

A

R e A 1 KA AL LA A
0 1 2 3 4 5 ] 7 8 9 10
Full Scale: 1254 cfs Cursor 0100 (D cts) ket

(@) (b)

Figure4. 14: SEM analysis of product after decomposing precursor at 1000°C for 2 hours (a)
SEM (b) Overall EDS spectrum

Figure 4.14 shows the SEM analysis of the produatained after heat treating the
precursor at 100C for 2 hours. The titanium and aluminium peakghie EDS in figure
4.14(b) have significantly increased relative te fluorine peak in comparison to the

SEM analysis of the product after heat treatingGf’C in figure 4.12. This increase in
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aluminium and titanium content in the product rglatto the products at lower
temperatures, coupled with small mass loss in BA Trace in figure 4.5, suggests that
the volatile product contains little or no aluminamtitanium. The volatile product thus

contains fluorine predominantly suggesting thabitld be a fluoride.
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Figure 4. 15. XRD Analysis of product after decomposing precursor at 1000°C for 2 hours

Figure 4.15 shows that the product persists asxurei of TiFz and AlR; up to this
temperature. However it is noted that the Alffystal structure has changed from
hexagonal to tetragonal suggesting some form ofrajpic transformation between 800

and 1006cC.
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Figure 4. 16: SEM analysis of product after decomposing precursor at 1200°C for 2 hours
(@) SEM (b) Overall EDX spectrum

Figure 4.16 shows the SEM analysis of the proditet aeat treating the precursor at 1ZD@nd
soaking for 2 hours. The relative peak intensityaloiminium has decreased relative to the EDS
spectrum in Fig 4.12. It is arguable that the ntass observed at this stage, also shown in figure
4.5, could be due to loss of volatile products aonihg aluminium. Since Alfis the only phase
containing aluminium in the product, it follows théhat the observed decrease in the aluminium
peak intensity in the EDS spectrum is due to Idsalib; from the powder. Alfsublimes from
the precursor and this is also supported by the /D3A trace in Fig 4.5 which shows that there
is a mass loss beginning around 1°M@nd that this is a separate process as inditstate

presence of the endothermic DTA peak around thesamperature.
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Figure4. 17: XRD Analysis of product after decomposing precursor at 1200°C in UHP Ar

Figure 4.17 shows the XRD pattern of the produterapyrolising the precursor at
1200°C for 2 hours. Compared to figure 4.15, the phasesent in the product are still
the same but the peak intensities of Alave significantly decreased. This suggests
some loss of Alg-from the product as temperature is increased laisdd supported by
the mass loss observed around this temperaturguref4.5. This mass loss might be due
to the sublimation of AlfFand during the laboratory trials this was obseruedhe

discoloration of water bubblers in figure 3.1 arduhis temperature.
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Figure 4. 18: SEM analysis of product after decomposing precursor at 1300°C (a) SEM (b)
Overall EDX spectrum

Figures 4.18 and 4.19 show the SEM and XRD analyktd® product after heat treating
the precursor at 1300 for 2 hours under argon stream of 2.6m/min. FEgui8 shows a
significant decrease in the peak intensities obrile and aluminium relative to figure
4.16. Similarly the XRD pattern in figure 4.19 show decrease in the Alfpeak
intensities relative to the pattern in figure 4.This suggests further loss of Alffom
the product through sublimation as temperaturadseased from 1200 to 13@ It had
in theory been expected that the total mass lass abaking the precursor at 1800
would be 55 % but figure 4.5 shows a loss of 75%er€& is loss of 20% more material
than expected. This could probably be due to thetfat the loss might not be solely due
to the sublimation of aluminium. Some other phasghinas well be vaporizing at this
temperature. It will be shown in chapter 5 thatwbpour pressure of Tiks much higher
than that of Allz at this temperature and it is thus possible th&g Tould also be

subliming off leading to this excessive mass loss.
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Figure4. 19: XRD Analysis of product after decomposing precursor at 1300°C in UHP Ar
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Figure 4. 20: SEM analysis of thetitanium product after reduction at 800°C for 2 hours (a) SEM
micrograph (b) Overall EDS
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4.4 REDUCTION OF THE PRECURSOR WITH ALUMINIUM
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Figure4. 21: XRD pattern after reduction of precursor with aluminium at 800°C

Figures 4.20 and 4.21 show the SEM and XRD analyktd® product after heat treating
the precursor premixed with 12.5 wt% Al at 80Gand soaking at that temperature for 2
hours respectively. The EDS spectrum in figure 4D shows that aluminium and
fluorine are still present in the product while tKBD pattern in figure 4.21 shows that
elemental titanium has been formed and that AdEhe other phase present. The fluorine
detected by the EDX spectrometer is therefore dudR; and not Tiiz. Based on earlier
characterisation results of the products obtaimedh fpyrolising the precursor in the
absence of aluminium, it can be argued that thesgmee of Al is due to the

temperature being too low for its sublimation. gter soaking temperature and allowing
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for a judicious soaking period are necessary aéiduction to allow for the sublimation
of the AlR; from the titanium product.

4.4.3 Characterisation of product after sublimation of AlF;

Both the EDX spectrum and XRD pattern in figurea24and 4.23 respectively showed a
relatively clean product with the only observednsats in the EDS spectrum being
titanium and traces of aluminium and iron. The XRB&ttern further confirmed this and

showed that there is predominantly one phase praséme heat treatment products.
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Figure 4. 22: SEM analysis of product after reduction of precursor with aluminium at 1300°C for 2 hours (a)
SEM micrograph (b) Overall EDX spectrum (¢) EDS spot 1 and (d) EDS spot 2
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Figure 4.22 shows the SEM micrograph and the cpording EDX spectra of the final
product after heat treating the precursor premixgth a stoichiometric amount of
aluminium at 1308%C for 2 hours. The very small Al peak observedhia tverall EDX
spectrum in figure 4.22 (b) could be due to the fhat some Tiksublimes off leaving

elemental Al as excess as earlier explained inctapter.

1000 » Ti-00-044-1294
. 40.05
i B
800 —
9
£ i
>S5
o 600 -
®©
> i
@
c
L 400 —
IS
i 34.95,
200 — 52.85
]{ 62.79
0 WW T v |AL ' T ' T L T
10 20 30 40 50 60 70

angle/2 theta

Figure 4. 23: XRD pattern of product after reduction and soaking at 1300°C for 2 hours

The absence of cubic crystallites in the SEM micaph means that AfHs no longer
present. This is also supported by the EDS spethigh now show no or minimal
intensities of aluminium and fluorine peaks. Sthalgh the reduction to form titanium
takes place at a temperature as low as’®0@ is necessary to raise temperature to

1300C in order to rid the product of AdEhrough its sublimation.
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Figure 4. 24. ToF-SIM Simages of passivated product (a) Al ion image before sputtering (b) Ti ion

I mage before sputtering (c) Al ion image after sputtering (d) Ti ion image after sputtering

Figure 4.24 shows ToF-SIMS images of the surfadethe product that was obtained
after reduction of the precursor and soaking tleelpet for 90 minutes in a closed boat to
allow for sublimation and resublimation of AlBn to the surface of the powder in order
to form a coating. After sputtering the powder aad, figures 4.24(c) and (d) show that
the coating in not homogeneous and is partly plattebulk powder. This heterogeneity
is likely to reduce the ability of the AlFcoating to raise the spontaneous ignition

temperature of the powder significantly.
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4.6 Kinetics of the decomposition of the precursor and sublimation of AIF 3

The progress of the pyrolysis of the precursoter® considered in two parts to make the
analysis of the kinetics relatively simple. As wanted in the TGA curve in figure 4.5,
there are two predominant mass loss temperatunaesgn the temperature range from
ambient to 140%C. The first mass loss is observed between 40GaeiC and the

second TG negative slope (mass loss) is obsentesgée 1100 and 1360. Two graphs
were then constructed by pyrolising the precurspagately between these two

temperature ranges and are presented below

4.6.1 Thermal analysis
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Figure 4. 25: TGA-DSC trace of precursor in UHP Argon
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Table 4. 8: Mass variation of precursor with temperature and soaking time

Amount of | Temp/°C Soaking Mass loss %
powder/g time/min Am/ g theoretical
mass |oss
10.00 300 30 0.00 -
10.00 350 45 0.00 -
10.00 380 30 1.40 82.3
10.00 380 45 1.67 98.2
10.00 380 60 1.85 108.8
10.00 450 30 3.12 84.3
10.00 450 45 3.35 90.5
10.00 450 60 3.80 102.7
10.00 800 30 4.50 104.6
10.00 800 45 4.80 111.6
10.00 800 60 5.10 118.6
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Figure 4. 26: TGA/DTA trace of AlF;

Figure 4.26 shows the TGA-DTA trace of AllReated from ambient temperature to
1400C. The mass loss shown by the green curve in figL2&, commencing at the point

of inflexion marked by the arrow, marks the sublim@a of AlFs;. In essence the
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sublimation occurs at one defined temperature andwer a range. The tangent of the
TGA slope will be equal to dC/dt and can be, togethith mass measurements from the
tube furnace samples, used to approximate theofedeblimation and the rate equation.
The results obtained from soaking the Alf the tube furnace for various time periods
and temperatures are shown in table 4.9 belowrdlaéive peak intensities of Alfwere

also recorded using the most intensive peak of &l25.2 theta as the standard)(l

Table 4. 9: Mass variation with soaking temperature, time and linear flow rate

M ass of Temp/°C | Ar linear | Soaking Massloss | %

powder/g flow time/min Am/g | Am/m, g I

(Mo) rate/°C 0
5.65 1200 1.13 30 3.81 84.7 2.90
5.65 1200 1.13 45 3.80 84.4 2.90
5.65 1200 1.13 60 3.63 80.7 3.10
5.65 1200 2.26 30 3.98 88.4 1.58
5.65 1200 2.26 45 4.01 89.1 0.95
5.65 1200 2.26 60 4.18 92.9 0.40
5.65 1300 1.13 30 4.03 89.6 2.10
5.65 1300 1.13 45 3.89 86.4 1.90
5.65 1300 1.13 60 3.88 86.2 1.40
5.65 1300 2.26 30 4.12 91.6 0.29
5.65 1300 2.26 60 4.21 93.6 0.16

The rate of sublimation of aluminium fluoride iskd any other reaction, sensitive to
temperature and the variation of the rate constdatit temperature will follow the

Arrhenius equation. The mass losses recorded areftiie expected to increase with
temperature as shown in table 4.9. Secondly, tidinsation takes a finite time and
hence requires adequate time at any temperatunee ghe threshold for it to proceed.
From the table above, the general inference is tti@tsublimation rate increases with

temperature and the extent of the process incre@atieshe time period allowed. Graphic
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plots of the data in table 4.9 are given in seciidn2 and the rate equation and activation

energy are also determined.
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Chapter 5: Discussion of Results

5.1 Particle size distribution of the precursor and the titanium product

Superimposed particle size distribution curves of p recursor and product

10

— product
—— precusror

vol %

200 400 600 800 1000 1200 1400 1600

size in microns

Figureb. 1: Superimposed particle size distributions of the precursor and Ti product

The precursor is composed of coarser particles aomapto the final titanium powder
product. If the g values of the precursor and titanium powder arsiciered to be o

and diso respectively, the(d s, —d;s)/d 5, = 029.This represents an average
particle size reduction of approximately 29%. Tiasunderstandable because during
the pyrolysis of the precursor a lot of materialast as gas. The shrinking core model
has been found to be applicable here in that artgmahthat escapes as gas does so at

the expense of the material that was originallyhie precursor and hence the size and
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morphology of the remaining the particles. More artpntly, the gases that escape are
not due to the vaporization of phases that wemgrmally in the precursor. The volatile
products are formed from the original phases of pinecursor. This argument is

schematically presented in Figure 5.2 below.
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Figureb5. 2: Schematic showing (a) a pre-existent volatile phase and (b) Volatile phase forming due
to decomposition of the starting material

The process represented by the schematic in Fi@)5i2 one in which the volatile
phase is preexistent, and hence is a separate, phdke precursor. The escape of this
phase at the appropriate temperature would noifsigntly affect the size and even
shape of the residual non volatile phase. The tsstman Figure 5.2(b) depicts a case
where the volatile phase is not existent in thetistq precursor but is formed at the
appropriate temperature from the decompositiorhefghase(s) originally present. It is
this hypothesis that seems to support what is gbderith the precursor being studied
in this work. This can be elaborated with the aifdtime shrinking core model

represented in the schematic below
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The shrinking core model

‘

Original particle
Final particle smaller

Material dissociating in size
from original particle and
escaping as gas

Figure5. 3: Schematic of the shrinking core model

SEM Analysis of product before and after sublimatio n of AlF 3

Mag= 500KX EHT= 1500 KV WD = 11mn Ll 1200°C EHT =20.00 K/ Wo= 10mm
Defedtor = SE2 Aperture Size = 60.00 pm 3 January 2008 60 min Detector = SE2 Aperture Size = 30.00 m 19 February 2007

Figure5. 4: SEM Analysis (a) 800°C (b) 1200°C after sublimation of AlF;

Figure 5.4 shows the SEM micrographs of the precwuafier heat treatment at 800 and

1200C. The morphology represented by the micrograpRign5.4(b) shows the blow
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holes due to escape of AlRas earlier described. The open structure immdgliate
suggests that some form of heat treatment or cotopacould be necessary in order to
close the porosity caused by the escape of.AlF

5.2 Characterisation of the starting precur sor

This section looks in detail at the results obtdirtiring the analysis of the raw

precursor with an emphasis on how the results stippe chemical formula that was

finally given to the precursor. It shows that tmalgses in total are not a replica of one
another but are complimentary and considered tegetthowed for the inferences and
deductions that are made herein.

As mentioned in section 4.1.2, the morphologyhef precursor seems to suggest that
the precursor is made up of predominantly two phasée dark phase contains no
titanium while the lighter phase is titanium-riclutbcontains aluminium. When the
relative peak intensities are considered coupled thie results obtained from ICP-MS

analysis, the bar chart below is constituted

Elemental Composition of the Precusor

60 -

50 -
40 -

30 -

Percentage

20

10 ~

N H Ti Al F

Elements

Figure5. 5: Elemental composition of precursor determined from XRF and ICP-M Sin weight %.
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The chemical composition of the precursor as showhigure 5.5 suggests that the
elements N,H,Ti,Al and F are present in the ratib@t1:14 respectively. The closest
chemical formula approximating this elemental ragigNH,)sTisAlF1g. It is reasonable
to argue that the precursor can be representedebghtemical formula (NPsTizAIF 15
but bearing in mind that there are two phases agrgbd on the morphology of the
SEM micrograph in figure 4.3(a) and also suppoltedhe spot EDS spectra and XRD
pattern of the virgin precursor in figure 4.4. Thadation state of titanium according to
the argument above would thus be +3.

The XRD pattern of the raw precursor in Figur® ghows that the precursor is made
up of two distinct phases in support of the morpgglof the precursor observed in the
SEM micrograph in Fig 4.3(a). The precursor comgwisvo salts namely NHIF,,
which is almost isostructural with NReF,, and (NH)s;AlFs as the second phase. It can
thus be argued that the light phase in figure 4.i3(the NHTiF, salt (the titanium-rich
phase) while the darker phase is the {NAIFs salt. The (NH)sAlFg salt has a cubic
crystal structure and the most intense peak ofRBE pattern at 18.2788 is in (111)
direction while the crystal structure of the nogalt NH,TiF,4 is unknown. However,
based on the similarity of the XRD pattern of that to that of NiFeF, it can be
argued that the crystal structures closely reseraatd other. The two phases should
thus be almost isostructural and the cautious demucthat NHTiIF, has an
orthorhombic crystal structure can be made. Furtieethis, considering that the
titanium atom is smaller than the iron atom, it baninferred that the lattice parameters

of the NH;TiF,4 unit cell should be smaller than of hFeF, resulting in the cell volume
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of NH4TiF4 also being correspondingly smaller. Table 5.1 shtve cell parameters of

the salts and the calculated values for the nalel s

Tableb. 1: lattice parameters of the three complex salts

Phase . (,&) o (;&) . (;&) a,B,y | Cel Most Direction
Volume | Intense
;&3 Peak },
NHLAIF, |3.59 3.59 6.34 o |82 13.867 | (001)
NH TiFs* | 254 754 1264 90° |719 |13.868 |(002)
NHsFeR, | 7.6 7.6 12.75 g | 730 | 13.891| (002)

(* calculated values)
The lattice parameters of the novel salt /i, have been approximated using the

lattice spacings (d (hkl)) as determined by thea¥(-diffractometer and the relationship

2 2 2
1/d?(hk) =¥+L—2 .......

The a and b values were calculated in the (020) direction ehihe c value was

calculated in the (002) using Egn (5.0).

5.2.3 Thermogravimetric and thermal analysis of the precursor

The DTA trace in fig 4.4 shows three distinct eidomic peaks during the pyrolysis of
the precursor in an inert atmosphere, in this ¢#4® argon. Heat flow peaks in any

thermal analysis indicate the temperatures at whedctions, both chemical and
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physical, occur. The thermal decomposition of thecprsor in the temperature range
from ambient to 130 is therefore characterized by three distincttiens. The first
two peaks marked 1 and 2, in figure 4.4 and 5.1i0at temperatures very close to
each other and hence make a double peak. Sinas ibéen shown already that the
sublimation of AlR; from the precursor takes place at a much highepéeature, it
follows that the reactions responsible for the deuieak are the ones describing the
decomposition of the two complex salts N, and (NH,)sAlFe. It is also noted that
the effect of these two reactions is the loss ofema and hence mass from the
precursor as supported by corresponding TGA cunfggure 4.4. The salts, or at least
one of them, dissociate forming some volatile paisluConsidering the salts above, the
only logical way in which the salts can dissocist@as shown in egns (5.1) and (5.2)
below

NH,TiF,= TiFs + NHsF 1 Eqgn (5.1)

(NH.)3AIF6= NHAAIF, + 2 NHF1 Eqgn (5.2)

At 400°C NH4F is a gas, and its loss through vaporization is ttne one responsible
for the observed mass loss around this temperafbaeemelting point of Tikis 1400C
and under atmospheric pressure the sublimationasahpe of Allz is around 120

so the two compounds are definitely solid in theagerature range from ambient to
1100C and hence can not be responsible for the obsenasd loss in this temperature
range. The reaction represented by Eqgn (5.1) abopports the presence of Tiia the
XRD pattern of product after pyrolising the preaurat this temperature (Figure 4.9).
The complex salt NFAIF, is shown to be present according to the XRD pat@d in

agreement with equation 5.2 above. It is conclutietl the salt decomposes according
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to Egn (5.2) and that NiAIF, is formed as an intermediate salt since it do¢parsist
beyond 708C. At this temperature, Niff is gaseous and hence is lost from the sample.
Consequently, the mass loss observed betweefC480d 606C is not due to one
reaction but is a combination of the dissociatidrthe two salts. In both reactions,
however, the volatile product is NH In fact, this was observed during
experimentation. Above 400 in the tube furnace white fumes were observed and
these made the bubbler water milky and persistedouground 90%C. The fumes
persisted to higher temperatures if the furnace raasped faster. The water in the
bubbler was turned milky around 4@and the intensity of the colour increased with
time. The mass losses that were observed at theugasoaking temperatures are listed
in table 5.2 and compared to the theoretical exgpkecThe table also shows the
elemental and phase compositions of the residu¢sineldl after soaking at these

temperatures.
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Table 5. 2: Mass losses and residue composition at various soaking temperatures

TemperaturéC | Theoretical Observed massElemental composition ofPhase
mass loss/% loss/% residue (EDS) composition off

residue (XRD)

380 12 13 F,N,AITI NHAIF 4,
NH4TiF,

500 38 43 F,N,AILTi NHAIF 4, TiF3

600 45 45 F,N,AITI NHAIF 4, TiF3

700 46 45 F,ALTI AlR, TiFs

800 46 45 F,AlLTi AlR, TiF3

900 46 47 F,AlLTi AlR, TiF3

1000 46 47 F,AlLTi Al TiF3

1200 46 55 F,AlLTi Al TiF3

1300 55 75 Ti, F Tif

The extra 20wt% loss was attributed to the voladtion of Tiks although facilities to

test the assertion were not present.

5.2.3 XRD Analysis of products of pyrolysis
The XRD pattern of the product obtained after pgmoy the precursor at 480

supports the argument given above. Fig 4.8 shoafsthie product is made up of two

phases namely Tiand NHAIF, and since the phases in the original precursor are

NH4TiF, and (NH)sAIFg it follows that Tik is formed from the dissociation of

NH4TiF, and that NHAIF, is as a result of the dissociation of the othet sal

represented by eqns (5.1) and (5.3) respectivéig. RARD pattern at 76C shows that
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intermediate salt NEAIF,is no longer present in the product. Instead;A$Hmatched
as the present phase. The salt,NIR, thus thermally decomposes between 600 and
700°C forms AlR; as represented by Eqn (5.4) below

NHAIF, = AIFs + NHsF 1+ Eqn (5.4).

This reaction explains the further mass loss oleskafter the double peak. The product
persists as Tiand AlR; with no further chemical changes observed exdegtdabove
1100°C the AlR; starts to sublime. This is supported by the endatiepeak on the
DTA curve and the corresponding mass loss obseavednd this temperature on the
TGA/DTA curve in figure 4.4. This is further supped by the decrease in the peak
intensities of Allz in the XRD patterns from 1000 to 13@0in figures 4.14(b), 4.16(b)
and 4.18(b). It is interesting to observe thatdhk (NH;)sAIFs plays no positive role in
the process as it does not contain the metal @rest, Ti. In fact its presence is
detrimental to the final yield and quality of thmdl product obtained as will be

discussed later in this chapter.

5.2.4 SEM Analysis of products
Although the EDS spectra of the products show #meselements Al, Ti and F, the

proportions of these change continually from ambi¢emperature to 1360.
Considering the EDS spectra of the original premums Figure 4.3 up to that of the
product after decomposing the precursor at 30p8hown in figure 4.14, it is evident
that the intensities of the peaks of Ti and Al ease significantly at the expense of that
of fluorine. This is understandable since in tlemperature range the main volatile
product is NHF. So, the ammonium fluoride carries away the fhmreaving the

product depleted of fluorine but richer in titaniuamd aluminium. In a way the
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precursor is beneficiated through its decompositon vaporization of the volatile
material since these do not contain titanium. Apbreal representation of the variation
of the EDS peak intensities of Ti, Al and F from demt temperature to 1380 is

shown in figure 5.6(a). A similar plot but consithey the peak intensities of all the

phases observed in the XRD patterns of produgbym@iysis is given in figure 5.6(b).

A
1.0C7
Ti
0.75+
Al
0.5(+
0.25
j | .,
10C 60C 130 "
(a)
Variation of relative XRD peak intensities with tem  perature
1 4Py TiF;
b ﬁ\le)aAIFe\

o

1600

-0.2
TIPC

Figureb. 6 (a) Variation of EDS peak intensities (b) Variation of XRD peak intensities with

Temperature
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5.3 Optimization of gas linear flow rate

The percentage variation of the total mass los® fitee precursor after pyrolysis under
varying gas flow rates was also an important inghceof the effectiveness of the gas
flow in carrying away the volatile products. Thdaala table 4.3 is plotted in figure 5.7

below to show mass loss variations with the flote &t UHP argon.

mass loss vs gas flow rate

— 12000C
- 13000C

Percenatage of theoretical mass loss, %

0 0.5 1 15 2 25 3 35 4 4.5

linear gas flow rate, m/min

Figure5. 7: Variation of masslosswith gasflow rate at 1300°C after soaking for 2 hrs
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Variation fo AIF3 relative XRD peak intensities wit  h gas flow rate

1.2

0.4

0.2 4

0 0.5 1 1.5 2 25 3 35 4 4.5
linear flow rate, m/min

Figureb. 8: Variation of AlF; XRD intensities normalised to its value at 0.5m/min with gasflow
rate at 1300°C

Apart from providing an inert atmosphere over thecprsor and product, the inert gas
also served as a carrier gas removing all volgtiteducts from the reaction zone. In
order not to have equilibrium being established thert gas has to have enough
momentum to carry away the products from the vigiof the reactants and hence keep
the driving force of the reactions in the desirg@ation. At very low linear flow rates
the level of the remaining AfHn the product is highest owing to less transpbinis is
further supported by observing the SEM micrograpélew. Below the threshold gas
linear flow rate, instead of the amount of AliR the product decreasing with time it
does not. In fact the grains even coarsen with tand grow in to larger cubic

crystallites.
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Figure5. 9: SEM micrographs of product (a) 1.3m/min 10 minutes (b) 1.3 m/min 60 minutes at
1300°C
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Since the momentum of the inert gas is not adeqoa®eep away the AlFthe partial
pressure of Alg above the product rises resulting in a drasticcgdn in the rate of
sublimation of the Algremaining in the product. As soaking time increabesAlFR;
particles coalesce through bigger particles carizing smaller ones to form much
coarser particles by Ostwald ripening or gas-phiesesport through vaporization and
condensation as shown in Fig 5.9(b). On the contndren the linear flow rate is such

that its momentum is enough to carry away the uelatoducts, the partial pressure of

TD Mutava 91



AlF; is kept low and hence the driving force remainghi@ direction of sublimation.
Thus with time the amount of Adkn the product decreases and ideally should came t

zero as shown in figure 5.10.

Relative XRD peak intensity vs soaking time

12

0.4 4

0 20 40 60 80 100 120 140 160
time/mins

Figure5. 10 (a): Variation of AlF; relative peak intensities with soaking time at 1300°C
and 2.6m/min gaslinear flow rate.

The linear flow rate (flux) of the inert gas shouldus be, for the experimental
arrangement used in this study, above 2.6 m/marder for the stream to have enough
momentum to carry away the volatile products friwe teactor. Volumetric flow rate is
the same on any section of the system but therlifh@a rate will vary according to
cross sectional profiles. However, the flow ratenal is not a sufficient condition for
the removal of Alg from the product. The temperature should be higbugh for the
aluminium fluoride to have sufficient vapour pressuFigure 5.10 (b) below shows the
influence of temperature and linear flow rate oa tbmoval of aluminium fluoride

from the product.
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Effect of temperature anf gas flow rate on AIF3 sub  limation
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Figure 5.10 (b): Effect of temperature and gas flow rates on the sublimation of AlF;

5.4 Reduction of the precursor with aluminum

Before reduction of the precursor but after pyiotisat any temperature between 700
and 1300C it is noted that there are only two phases inpitegluct. Firstly, the SEM
micrographs, particularly after 1000, show two distinct phases (refer to figures 4.16
and 4.18). The cubic crystals represents;AifRile the other phase is HH-luorine thus
exists in two completely different forms. After dnfing off almost all the Alg at
1300°C for 2 hours the morphology no longer shows thaicarystallites but the EDS
spectrum still shows that fluorine is present. Teduction of Tik with aluminum is
thermodynamically feasible. Considering the redurctreaction represented by egn

(5.7) below
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TiFz+ Al=Ti+ AlFs eqgn (5.7)
The reduction step is also observed on the supeseth TG/DTA traces of a
stoichiometric mixture of the precursor and alumimiand of the pure precursor shown

in figure 5.11 below

sETARAM | Figure: Experiment: prec + Al Crucible: AI203 100 pl Atmosphere: Ar

92-1750 TG 31/07/2008 Procedure: Pyfolysis (Zone 1) Mass (mg): 56.22

T T T T T T T T T T : T T T

I T%/% P Heat Flow/pV
e |

° AN o /4
AN [ i =

[-10

[-15

N |
0 200 400 600 800 1000 1200 Furnace temperature /T
1 1 1 1 1 1 1

Figureb. 11: Superimposed TG/DTA traces of precursor and premixed with Al

Key: a: TG curve of the raw precursor
b: TG curve of the precursor premixedwili2% Al
c: DTA curve of the virgin precursor

d: DTA curve of the precursor mixed watluminium

The only striking difference in figure 5.11 is thiétere are additional endothermic
peaks at around 685 and an exothermic peak around ®D0n the sample with
aluminium in comparison to the precursor otherwise TGA and DTA profiles are
very similar. This is understandable consideringt tthe other sample has Al (curve

(d)). The extra endothermic peak at BB5marks the melting point of aluminium
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(theoretical mp=660.32) Y1 while the exothermic peak at around &l5marks the

reduction reaction represented by Eqn (5.7).

5.4.1 Characterisation of the titanium product

The EDS spectrum and XRD pattern of the produdrdikeat treating the precursor
mixed with aluminium at 80 confirm that reduction takes place. Only titaniisn
detected by EDX spectrometer with very minimal amtewf aluminium and fluorine.
The XRD pattern further confirms that the prodwcelemental titanium, JPSCD card
number 00-044-1294. As has been mentioned befoeesublimation of Algfrom the
powder is diffusion controlled. It was also observhat at 130%C the produced
titanium powder pressurelessly sinters forming akhkeaggregated mass. The effect is
thus to lock up the remaining Adfn the structure and close the many diffusion path
that were earlier available in the unsintered pawdlke diffusion paths that AFeould
traverse to the product surface thus become cotestrand limited making the process
progressively difficult. Continual agitation of tlp@wder, for example in a rotary kiln,
is thus necessary but could not be implementeditirset up. Agitation would break the
aggregates formed and would expose the; AdFthe powder surface thus lessen the
mean diffusion path that the Alwould have to traverse. The effect of agglomeration
of the powder on the diffusion rate and hence #mimiscent All after soaking is

shown in the schematic in figure 5.12.
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(Frossible diffusion of an AlF; particle
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Figure5. 12: Schematic of (a) Unsintered product and (b) sintered product

The progress of the sublimation with temperaturesh®wn graphically in figure
5.12(c). The peak intensities of Al&t 25 two theta were measured for products that
had been obtained from heat treating the precuasoremperatures ranging from

1100°C to 14006C for two hours.
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Figure 5.12c: Variation of Al XRD relative peak intensities with soaking

temperature
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It was also noted that the final titanium produlcbws XRD peak shifts suggesting
some solvation of smaller atoms in to its unitxefirobably oxygen. The table below
compares the XRD peak positions of the productthnde expected. The shifts might,

however, be due to aberrations of the XRD machswedfi

Table 5. 3: XRD Peak positions of the product and cp titanium

Peak First peak Second peak Third peak Fourth peak

Position/2theta

Cp Titanium 35.094 38.422 40.177 53.005

(00-44-1294)

Product 34.950 38.300 40.050 52.850
(hkI) (100) (002) (101) (102)
Difference/ 0.144 0.122 0.127 0.155

2 theta

Apart from the 2theta angles of the first peakg pleak positions show a trend of
shifting further to the left as the angle increaskss is common in cases where the
unit cells are distorted due to the solvation gihase into the system. Considering the
Bragg equatiomA = 2d siné in the formasind =nA/2d, it is noted that once there is
a peak shift the angle of shift will increase ae #ngle increases. It is arguable
therefore that some form of interstitial solutioocors during the processing of the
powder. The EDS spectrum of the product in figu22fo) shows a small peak of Al,
and it is possible that it is the one responsibtelie observed peak shift. The difficulty

in accepting the argument is that Aluminium is kmote substitutionally alloy with
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titanium as its atomic radius is too large for @®ms to fit into the interstices of
titanium unit cells. The other problem that migktdssociated with and responsible for
the observed XRD peak shifts and the reminiscamhadium in the product is that TiF
has a high partial pressure at all temperatureshande tends to vaporize in preference
to AlFs. However, the kinetics is not known hence it migbt vaporize at all in the
temperature that this work was conducted. Figui@ below is a computer generated
thermodynamic graph using the Fact Sage softwapsvigly the vapour pressure of
gases formed when titanium is in contact with Al a molar ratio of 2:1 in argon.
Further to the high vapour pressure of sTiElative to AlF;, the reduction reaction in
egn (5.7) is thermodynamically reversible as showegn (5.11) below

TiFs+ Al - Ti+AlIF;  Egqn(5.11)

10 Ti + 5 AIF3 + Ar

logPilPa)

Figureb. 13: Variation of vapour pressureof Ti fluoridesand Aluminium fluorides with

Temperature (computer generated using an SGTE database)
The implication of eqn (5.11) and figure 5.13 abaw¢hat it is possible that once the
titanium is formed some of it might react with tlAdF3; present forming Tig and

elemental aluminium. The formed Eifight then sublime off leaving the aluminium
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dissolved in the titanium as excess. This mighthee reason for the small Al peak
observed in the EDS spectrum of the product. Asttieemodynamics data in figure
5.13 show, Tig has quite a high vapour pressure, higher thanahAtFs. This would

explain the excessive mass loss during the pymlg$ithe precursor of over 80%.

Some of the titanium is lost as the J#vaporates.

5.5 Kinetics Studies

SETARAM Figure: Experiment. Sublimation test 120407 Crucible: Al 100 pl Atmosphere: Ar
92 -1750 04/12/2007 Procedure: TEST-1 (Zone 1) Molar mass: 84 Mass (mg): 38

— 1 T T T I — 1 1 r 1 r 1 T °© T ' 1 T T °
Furnace tefnperature IC TG/% HeatFlowpV
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"
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Figureb. 14: TGA-DTA trace of pure AlF;

The TG trace in figure 5.14 can be used to appratentate of sublimation of A§F
once the process has commenced. From the TG gmnatiscases where sublimation
occurs, and more importantly for the isothermaltises of the graphs, it is apparent
that the graphs are linear in which case a relalignof the type m=gkt can be

derived where mis the starting mass, in this case 100%, and thasrate constant
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which will depend on temperature. The relationsigis been derived for 1100, 1200,
1250 and 130 and the rate constants then plotted against riierse of their

absolute temperature according to the Arrheniusatgu The rate constants k for
various temperatures is shown in table 5.3 belothes€& are the constants for the

general rate equation

Table5. 4: Rate constantsin mg/sfor various soaking temperatures

Temperature/ °C Rate constant mg/s
1100 0.0225

1200 0.123

1250 0.229

1300 0.27

Most of the TG-DTA runs were conducted with an ager mass of 20mg. Shown
below is a plot of “half lives” versus mass at aeyi temperature and for various
temperatures.
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t1/2 vs mass loss for varying temperatures

t1/2/s
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Figure5. 15: t;,, vs. masslossfor varying temperatures
The half life increases with decreasing temperatur@ increasing initial mass of the

AlF3. It is important to note the rate of mass loss iases ten fold when temperature is
raised from 1100C to 1280. The natural logarithms of the rate constanthiénabove

cases were plotted against their correspondingsevabsolute temperatures to obtain

an Arrhenius plot in figure 5.16.
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Figureb. 16: A plot of natural log of rate constants ver susthe inver se absolute T/K

d(/ T%(In K) = -3.2274x10* . The extrapolated interceptyk, =19.  57M follows
then that

(i) % = 32x10*K and ii) E, = 268.2kJ/ mol

k. =3178x10°e™T ...l eqgn (5.12)

Wherek is the rate constant at temperatiifeand the activation
energyE, = 268&J/mol.

The equation governing the rate of sublimation f;At a given temperatuigis thus

governed by equation 5.13
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_ 3178x10°e#T
My

Xae =1

b Eqn (5.13)where X ¢, is the mass

AR,

fraction of AlFsremaining after t seconds at a temperafur&he mass that sublimes in
mg at a given temperatufieafter t seconds is thus
m, =3.178x10°e Tt (mg/nP/S).......cccevennn Eqn (5.14)

The calculated vapour pressure over Aifr Fig. 5.17 fits well with the experimental

data. The sublimation temperature is the tempexadtiwhich the vapour pressure of

the AlRsequals the external pressu% =1.
0

Our experiments were conducted under almost atn@sgpconditions implying that

the sublimation temperature of Al€orresponds to the temperature at which of:AdF

1 atm.
AIF3 + 0.1 Ar
c:\FactSage\EquiO.res 18Apr07
1.00 T T T T T
Ar(g)
0.00
°
[
.9__1
>
ke}
-1.00 AlF4(9) .
(AIF)q(
-2.00 " 1 . 1 L 1
700 900 1100 1300
T(C)

Figureb5. 17: Vapour pressure over AlF; asafunction of temperature
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It is important to notice that both the experiméytdetermined activation energy and
sublimation temperature are in close agreement thigoretical values. The need to
raise temperature is necessitated by the need om&u off the formed aluminium
fluoride. The reduction of the precursor has be®smws in figure 5.11 to occur at a
temperature as low as 8and consequently the raising of temperature hytaer
500°C is purely for product refinement. This obviousiglds on to energy costs
associated with the process and becomes one afishdvantages. It is also this step
which exposes the titanium product for extendedetiperiods to high temperature
conditions and hence partial oxidation by tracee»yfgen in UHP argon. It is also the
same unit process associated with the emissioheofluminium fluoride. During the
course of the work a number of other differentlpgassed titanium precursors were
encountered and it was observed that whenevertthgepNH)s;AIFs was dominant the
processing of the precursor became problematictauexcessive aluminium fluoride.
So although the positive effects of aluminium fiderhave been well documented and
claimed in the pateft, its excessive presence in the precursor makesxinaction of

titanium difficult.

5.6 Recovery of titanium
The titanium content of the precursor is naturddw, at roughly 20% as earlier

discussed, and this naturally lowers the yield exdible. The majority of the material
that makes up the precursor is lost as gaseousdhygis during heating resulting in a

titanium concentrate in the form of GiFldeally, it would be advantageous and far

TD Mutava 104



better if the precursor could be pyrolysed tosTalRd stockpiled as such as this would
remove the burden of dealing with bulk materiald bow yields. However the recovery
of the titanium present in the precursor was vaghhTable 5.4 shows the starting
precursor and the amount of the titanium formedetinem. The recovery is calculated

using equation (5.15).

Table 5. 5: Composition of precursor and of the titanium product from ICP-MS

Material Massg %Ti contained Massof Ti/g
Precursor 10.00 22.00 2.200
Final Product 2.25 93.8 2.112
AlF3;byproduct 1.70 5.18 0.088
NH4F + TiR* 6.05 0.00 0.000

(* Calculated based on the law of conservation ass)

If the recovery of titanium is denoted ag Ren

Rri= mass of titanium in the product{}? mass of titanium in the precursor{or

Rri= 2.112/2.2 x 100% = 96%.

Recovery is not 100% because, as shown in tabletsofe, part of the titanium is
found in the All byproduct collected in the water bubblers. Thigminot be exactly
due to the process but as a result of the expetaheat up that was employed. It is
possible that due to the high vapour pressure [éf above 1008C, titanium is lost due

to the sublimation of Tif
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A grade of 93.8% for the titanium is understandambting that no refinement was
done on it. The major reason for this relativelw Igrade is the presence of traces of
AlF3in the product due to lack of proper facilitiesetifect complete sublimation of the
AlF3. The reasons for the presence of Allirthe final product are two fold. Firstly, it
was deliberate and required that traces of; A€ left in the product so as to raise the
spontaneous ignition temperature of the titaniuatdddly, the product partially sinters

during the extraction process making the egresmpfremaining Alg difficult.
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5.8 Summary and proposed process flow sheet

The results and discussion presented can be sumedan the flow sheet in figure

5.18.
Precursor (x% NHTiF4) + (100-x) % (NH)3AIFs(s)
38(°C
€ -NH,TiF4s)+ NHsAIF ) ((NHa)sAIF6=NHJAIF 4 +NH4F (g)
|
|
| 40C-42C°C
| v
|
NHF @ - TiFa)+ NHsAIF 4 (NH,TiF 45 =TiFs() *NH,F)

|
|
| 60C°C
| v
| .
D ittt | = TR A|F3(5) (NH4A|F4(5) :A":g(s) +NH4F (g))

120C°C

v

AlF3 (e - - mmmmmm TiFss) (Al =AlF3 ()
Key: — solid phase --------- » gaseouspha

Figureb5. 188: Flow sheet for the pyrolysisof the titanium precur sor

The flow sheet in figure 5.18 shows the thermalodggosition of the precursor. The
final product, which is also the product of intéres TiF;s) while the two byproducts
are NHF (g) and Aliz which is collected in the water bubblers aghite powder. The

two byproducts can be further processed as showlmreifiow sheet in figure 5.19. The
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NH4F can be treated with aqueous hydrochloric acitbt;m ammonium chloride and
hydrofluoric acid as shown in equation 5.15

NH4F ) + HCl (aq) = NHsCl aq + HF (g ... Eqn (5.15)

The HF (g is thus regenerated and fed back to the systenthtordigestion of the
precursor. It is also clear from the flow sheet {hNH4)3AIF¢ does not play a role in the
production of the Titanium. Its presence lowers plossible yield and results in the
generation of excessive AJFIt is thus important that during the productiohtioe
precursor itself effort be made in ensuring thatehis minimal (NH)sAIFs and that the
ratio of the two phases (NHiFs)/ ((NH4)3AIFs) be as high as possible. If that is
achieved then the yield will be higher, soakingasno allow sublimation of Agwill

be reduced. The chances of then exposing the uitad incidental oxygen at high
temperature will thus be lowered significantly. Tgreduction of Ti from the precursor
can be done in two ways. Either the precursor @apriemixed with a stoichiometric
amount of aluminium or the TiHrom pyrolysis can be mixed with aluminium and
heated to between 800 and &5Cfor reduction. The flow sheet remains exactly the
same as the one in figure 5.26 except that bet®e@rand 85 the TiR is reduced to

Ti. Figure 5.19 shows the difference
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Hrecursor ) + Als)

38(°C
’54 """"""" -N H4TiF4(s)+ NH4A|F4(S) + A|(s) ((N H4)3A|F6(s) :NH4A|F4(S) +NH4F (g))
' 400-42C°C
NHaF (g - mimimmemmom “TiF3)+ NHAIF 55 +Al s) (NHTiF 4 =TiF3() +NHJF )
é 60C°
24' """""""""" 'TiF3(5)+ A|F3(s) + Al 0 (N H4A|F4(s) :A|F3(s) +NH4F (g))
(A| (s) =Al 0) at 66@C)
80C-85C°C
Tis) + AlFss) (The) + Al ) =Ti(s) +AlF3 )
l1300’C
AlFsg e mmimmimmimeoe "~ Tig (AIF5 = AlFs ()

Figure5. 19: Flow sheet of the processwith the precursor premixed with Aluminium
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Chapter 6: Conclusions and Recommendations

6.0 Conclusions

The novel titanium precursor salt can be processeoroduce titanium. The simple
steps of thermal decomposition followed by reductwith premixed aluminium are
adequate to produce a reasonable grade of titarliumas also been shown that apart
from being an extractive process, the patentedgsbas the big advantage of being
able to self clean the product without need foepasate separation stage as in the case
of other metals and their slags. The advantagg®wiler metallurgy are also apparent
in this particular case. The process is also mastef than the Kroll process, which
takes several days to run to completion. In gent@lfollowing conclusions can be
drawn from the work that was carried out and theeobations that were made
(1) The precursor is a mixture of two complex salts agm(NH,)s;AIFs and
NH4TiF,.
(2) The two salts decompose between 380 and’G0 yield AlR; and TiR
respectively and both lose MHas a gas
(3) In the presence of aluminium, the aluminium meiftd wets the mixture around
665°C and then reduces the 6 Ti around 838C
(4) After the reduction it is necessary to raise thragerature to above 120D in
order to sublime off AlEso as to remain with pure titanium
(5) The soaking time required for complete sublimat®dependent on the surface
area of the reactor (holding boats), bed thickaessgas linear flow rate. In this

case was determined to be between 45 and 60 minutes
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(6) At a low scanning rate of’&/minute, the process is complete within 10 hours.
Higher scanning rates or preheated reactors sHmeildble to achieve shorter
residence periods

(7) The product particle size distribution has a witerge than the precursor but
on average the product is finer. The few largeigad associated with the
product have been attributed to sintering.

(8) There seems to be some dissolution of aluminiurthétitanium product as
supported by the XRD peak shifts and the small mpgakuminium in the EDS
of the product as was observed on the SEM imag#seqgiroduct.

(9) Simple chemical vapour deposition (CVD) of Alén the titanium produas
not enough to adequately passivate the titanim fspontaneous ignition due
to the heterogeneous nature of the coating

(10) The salt NHTiF4has an orthorhombic structure and has lattice paitens
whose values are very close to those offiéH.. Its XRD pattern does
not exist in the current databases buérg similar to that of NiFeF,.

(12) The data given in the patent concerning thelitions necessary for the

processing of the precursor to titaniumamefirmed. However, the claim
that leaving a small amount of Alén the titanium product can passivate
titanium has been questioned as the coatitlgs work has been shown to

be discontinuous.
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6.1 Recommendations

Based on the observations that were made in thk @mrducted with the precursor

salt the following can be recommended

(1) Since it is Tik that ultimately bears the metal of interest, itesommended
that the precursor be pyrolysed and stockpiledigs. This way the material
will not degrade over time as does the current faifrmthe precursor and,
secondly, less bulky materials will be handled dgrthe extraction process
proper. The issue of excessive AlFill also be eliminated and shorter soaking
times at 1308 will become feasible

(2) A method should be devised to allow for some forfnagitation of the
reactants during the sublimation stage of the eftna process. Apart from
improving mixing, it is very important in breakingmps that form as the
product sinters at high temperature. Avoiding sintg of the product will
eliminate the problem of remaining AlIFOne possibility could be to make the
sublimation step a separate process on its owrus@a fluidized bed or rotary
kiln.

(3) High temperature scan rates or preheated reagitordd be employed to make
the process as short as possible and to avoidngplitanium for extended
periods at high temperature

(4) Refinement of the product is necessary in ordeolitain grade 1 titanium.

Multiple remelting in vacuum could be one possihili
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(5) Ultra high purity argon with no traces of oxygemdarogen should be used
throughout as even trace quantities of these ittier of ppm are enough to

partially nitride and oxidise the titanium product.
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APPENDIX A:

Malvern Mastersizer Particle size distribution of product and precur sor

Size distribution of starting precursor as Vol%

Size (um) | Volume In % Size (um) | Volume In % Size (um) | Volume In % Size (um) | Volume In % Size (um) | Volume In % Size (um) | Volume In %
0.010 e 0.080 I 0.634 . 5.053 6D 40.244 I 320.535 6D
0.011 0.00 0.090 0'00 0.717 0'00 5.709 0.00 45.469 0.00 362.148 0'00
0.013 . 0.102 . 0.810 : 6.450 . 51.371 . 409.163 .
0.014 0.00 0.115 0.00 0.915 000 7.287 000 58.041 0.00 462.281 064

’ 0.00 ’ 0.00 ) 0.00 ’ 0.00 : 0.00 : 5.14
0.016 . 0.130 - 1.034 060 8.233 06D 65.575 . 522.296 g
0.018 0.00 0.147 0'00 1.168 0'00 9.302 0.00 74.089 0.00 590.102 12'61
0.021 . 0.166 . 1.320 : 10.510 . 83.707 . 666.711 )
0.024 0.00 0.187 0.00 1.491 000 11.874 000 94.574 0.00 753.265 15.39

’ 0.00 ’ 0.00 ’ 0.00 ’ 0.00 ) 0.00 : 16.46
0.027 . 0.211 - 1.684 060 13.416 06D 106.852 . 851.056 o
0.030 0.00 0.239 0'00 1.903 0'00 15.157 0.00 120.724 0.00 961.542 12'61
0.034 . 0.270 . 2150 : 17.125 . 136.397 . 1086.372 :
0.038 000 0.305 0.00 2.429 000 19.348 000 154.104 0.00 1227.408 838
0l043 0.00 0l345 0.00 2l745 000 21‘860 000 174l110 0.00 1386l753 .89

’ 0.00 ’ 0.00 : 0.00 ) 0.00 ) 0.00 ’ 0.51
0.049 . 0.389 - 3.101 060 24.698 06D 196.714 . 1566.785 06D
0.055 . 0.440 : 3.503 . 27.904 . 222251 : 1770.189 :
0.062 000 0.497 000 3.958 000 31.527 000 251.105 000 2000.000 000
0l070 000 0l561 0.00 4l472 000 35l620 000 283.704 0.00 .

’ 0.00 ’ 0.00 ’ 0.00 ’ 0.00 ’ 0.00
0.080 0.634 5.053 40.244 320.535

Size distribution of titanium product as Vol%

Size (um) | Volume In % Size (um) | Volume In % Size (um) [ Volume In % Size (um) [ Volume In % Size (um) | Volume In % Size (um) | Volume In %

0.010 0.080 0.634 5.053 40.244 320.535

0.00 0.00 0.00 0.00 8.08 0.00
0.011 0.090 0.717 5.709 45.469 362.148

0.00 0.00 0.00 0.00 6.66 0.00
0.013 0.102 0.810 6.450 51.371 409.163

0.00 0.00 0.00 0.06 5.09 0.00
0.014 0.115 0.915 7.287 58.041 462.281

0.00 0.00 0.00 0.18 355 0.00
0.016 0.130 1.034 8233 65.575 522.296

0.00 0.00 0.00 0.44 220 0.00
0.018 0.147 1.168 9.302 74.089 590.102

0.00 0.00 0.00 0.86 0.85 0.00
0.021 0.166 1.320 10.510 83.707 666.711

0.00 0.00 0.00 1.50 0.00 0.00
0.024 0.187 1.491 11.874 94.574 753.265

0.00 0.00 0.00 235 0.00 0.00
0.027 0.211 1.684 13.416 106.852 851.056

0.00 0.00 0.00 343 0.00 0.00
0.030 0.239 1.903 15.157 120.724 961.542

0.00 0.00 0.00 4.68 0.00 0.00
0.034 0.270 2.150 17.125 136.397 1086.372

0.00 0.00 0.00 6.03 0.00 0.00
0.038 0.305 2429 19.348 154.104 1227.408

0.00 0.00 0.00 7.36 0.00 0.00
0.043 0.345 2.745 21.860 174.110 1386.753

0.00 0.00 0.00 8.54 0.00 0.00
0.049 0.389 3.101 24.698 196.714 1566.785

0.00 0.00 0.00 941 0.00 0.00
0.055 0.440 3.503 27.904 222251 1770.189

0.00 0.00 0.00 9.84 0.00 0.00
0.062 0.497 3.958 31527 251.105 2000.000

0.00 0.00 0.00 9.75 0.00
0.070 0.561 4472 35.620 283.704

0.00 0.00 0.00 9.15 0.00
0.080 0.634 5.053 40.244 320.535
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APPENDIX B

Deter mination of theoretical mass losses during pyrolysis of precur sor

The expected mass losses from the thermal decotigrosf the precursor were based on
the XRF and XRD results of the raw precursor asdhiermal decomposition products.
Figure 4.4 shows that the precursor is made up wvases only with one phase
containing titanium and the other aluminium. larguable therefore that all the titanium
shown in the XRF is in the phase NHF, and that all the aluminium is in (NHAIFs.
The theoretical mass losses reported in the tabl¢éhas based on the phase composition
of the precursor, i.e. 63wt% NHiF; and 37wt% (NH)3AlFs, and their decompositions

at the various temperatures according to Eqns énd)5.2).

Temperature/°C Phases present Reaction cumulative Cumulative
weight % mass loss as
weight %
20-300 NH4TiF, L oss of moisture -
(NH4)sAlFs
380-400 NH,TiF, (NH4)3AIFg9=2NH4Fg | 13 13
NH.AIF, + NH4AIF 4
400-600 TiF;3 NH4TiF49=TiFsg + 43 30
NHAIF, NH4F )
600-1250 TiF;3 NHsAIF,=NH4F + AlF; | 55 37
AlF3
1300- TiF;3 AlF3¢)=AlF3q 75 53
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