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Summary

The minerals rutile (Ti0O,) and ilmenite (FeTiO,) are used as raw materials i the production
of titanium oxide pigments. The two main processing routes are the sulphate and the chloride
processes. Over the last four decades the trend has been to produce more titanium dioxide
pigment via the chlorination process. TiO,-rich slag, produced by carbothermic reduction of
ilmenite, is used as feed material to the chlorination process. One of the quality specifications
on the slag is that the vanadium content, expressed as %V,O;, be less than 0.6% V,Os.
Approximately 10% FeO is retained in the slag for fluxing purposes. From the standard free
energies of formation of vanadium and iron oxides all of the FeO would first have to be
reduced before vanadium oxide will be reduced into the metal if all species are present at unit
activity. However, when mixtures of elements in the metal, and oxides in the slag are
considered some vanadium may be recovered to the metal. The activity-composition
behaviour of vanadium oxide in high TiO, slags is not known. Before the activity of
vanadium oxide can be determined phase relations within the TiOy-FeO,-VO, system, at the
high TiO side, should be known. In this study phase relations within the two pseudo-binary
systems FeO-V,0; and TiO,-V,0, at 1400 °C, 1500 °C and 1600 °C at partial oxygen
pressures of 3.02 x 10" atm, 2.99 x 10” atm and 2.31 x 10" atm respectively were determined
with the quench technique. Analysis techniques used in determining the phase relations within
the reacted samples were X-ray diffraction, Electronprobe microanalysis (Energy dispersive
spectrometry and Wavelength dispersive spectrometry), and optical microscopy. The V,0;-
TiO, pseudo-binary phase diagram contains the solid solution phases M,0,, M,O; and higher
Magneli phases (M,0,,,) with M=(V, Ti). In these solid solution phases V** substitute for
Ti*', and V* substitute for Ti*". The V,0,-FeO pseudo-binary phase diagram consists of the
solid solution phases M,0; and M,0,, as well as liquid, M=(V, Fe). In the M,0; and M,0,
solid solution phases V**, Fe'" and Fe®' can substitute for each other. This work is a first step

in determining the activity-composition behaviour of vanadium oxide in high TiO, slag.

Opsomming

Die minerale rutiel (Ti0O,) en ilmeniet (FeTiO;) word as roumateriaal in die produksie van
titaandioksiedpigment gebruik. Hoofsaaklik twee prosesse, die sulfaatproses en die
chlorineringsproses, word gebruik. Die neiging oor die afgelope vier dekades was om meer

titaandioksiedpigment via die chlorineringsproses te produseer. TiO,-ryke slak, geproduseer
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titaandioksiedpigment via die chlorineringsproses te produseer. TiO,-ryke slak, geproduseer
deur die karbotermiese reduksie van ilmeniet, word gebruik as toevoermateriaal tot die
chlorineringsproses. Een van die gehaltespesifikasies vir die slak is dat die vanadiuminhoud,
uitgedruk as %V,0s, minder as 0.6% V,0; moet wees. Ongeveer 10% FeO word oorgehou in
die slak ten einde die slak vloeibaar te maak. Die standaard vrye energie van vorming vir
vanadium- en ysteroksiede toon aan dat al die FeO eers gereduseer moet word na die metaal
alvorens vanadiumoksied gereduseer sal word, as alle spesies by eenheidsaktiwiteit is. Indien
egter mengsels van elemente in die metaal, en oksiede in die slak beskou word, mag vanadium
tog na die metaal herwinbaar wees. Die aktiwiteit-samestellingsgedrag van vanadiumoksied in
TiO,-ryke slak is nie bekend nie. Alvorens die aktiwiteit van vanadiumoksied bepaal kan
word, moet die faseverwantskappe in die TiO-FeO,-VO, sisteem, aan die TiOy kant, eers
bekend wees. In hierdie werk is die faseverwantskappe in die pseudo-binére sisteme FeO-
V,0; en TiO,-V,0, by 1400 °C, 1500 °C en 1600 °C by parsiéle suurstofdrukke van 3.02 x
107° atm, 2.99 x 10? atm en 2.31 x 10" atm onderskeidelik bepaal deur van die afblustegniek
gebruik te maak. Analisetegnieke gebruik om die faseverwantskappe in die gereageerde
monsters te bepaal, was X-straal diffraksie, mikrosonde-analises (Energie gedisperseerde
spektrometrie and Golflengte gedisperseerde spektrometrie), and optiese mikroskopie. Die
V,0,-TiO, pseudo binére fasediagram bevat die vaste oplossingsfases M,0;, M;O; and hoér
Magneli fases (M,0,,,) met M=(V, Ti). In die kristalstruktuur van die vaste oplossingsfase
word Ti*" deur V* vervang, en Ti*" word deur V' vervang. Die V,0,-FeO pseudo binére
fasediagram bevat die vaste oplossingsfases M,0, en M,0,, asook vloeistof, M=(V, Fe). In die
M,0, en M,O, vaste oplossingsfases kan V', Fe" en Fe’ mekaar onderling in die
kristalstruktuur vervang. Hierdie werk is die eerste stap in die bepaling van die aktiwiteit-

samestellingsgedrag van vanadiumoksied in T10,-ryke slak.
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1. INTRODUCTION"**

The minerals rutile (TiO,) and ilmenite (FeT1i0,) are used as raw materials in the production
of titanium dioxide pigments. The two main processing routes for the production of pigment
are the sulphate and the chloride processes, with ilmenite being used as feed material to the

sulphate process and rutile as feed material to the chloride process.

The world production of ilmenite is approximately eight times the quantity of rutile
beneficiated from natural mineral deposits. Because of the decrease in rutile mineral
availability as feedstock to the chloride process, rutile substitutes are used. One of the
substitutes is a titanium slag (85% TiQO,), as produced by Richards Bay Minerals (Tisand
PTY) in South Africa, by carbothermic reduction of ilmenite at temperatures in excess of
1600°C. A similar process is used by Namakwa Sands on the west coast of South Africa, and
is to be used in Iscor’s planned smelter at Empangeni, South Africa. Titanium slag is also
used as feedstock in the sulphate process. This slag has a TiO, content ranging from 71-74%

in slags produced by QIT in Canada, to 90% in slags produced in Japan.'

In the chloride process rutile is chlorinated under reducing conditions, at 800-1000°C, in a
fluidized bed to form titanium tetrachloride (TiCl,). Coke is used as reductant and chloride
gas as the reacting gas. TiO, pigment is subsequently formed by burning the TiCl, with
oxygen in a specially designed burner at temperatures above 600°C. The TiO, produced
requires the same final processing, milling etc., as used in the sulphate process. The TiCl,
formed as intermediate product in the process can be purified by distillation to remove

impurities in the form of chlorides.

In the sulphate route ilmenite (or certain other titanium-bearing phases: see below) is digested
with strong sulphuric acid to render the titanium in solution as titanyl sulphate, TiOSO,. The
ferric iron (Fe®"), which is also in solution, is reduced with scrap iron to ferrous iron (Fe'),
and the solution is then cooled down to crystallize the iron out as copperas (FeSO,.7H,0). The
solution is adjusted with respect to pH and TiO, content and then boiled to precipitate the
titanium dioxide in very fine colloidal form. The TiO, is washed to remove impurities and the
TiO, pulp is then calcined to remove absorbed water and to establish the optimum crystal size.
The TiO, is subsequently wet milled, hydroclassified, dried and shipped. Only natural

ilmenite and titanium slag can be used as feedstock for the sulphate process because rutile is
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not digested by sulphuric acid. The most suitable phase for the sulphate process is pseudo-

brookite because it is easily digested by sulphuric acid.

Rutile is a much better feedstock for pigment production by chlorination than ilmenite
because it contains more titanium and therefore less waste is produced. The sulphate process
generates 3.5 tonnes of waste per tonne of TiO, product and the chloride process generates
only 0.2 tonnes of waste per tonne of TiO, product.’ Over the last four decades the trend has

been to produce more titanium dioxide pigment via the chlorination process.

Iscor’s Rooiwater ilmenite deposit contains vanadium within the magnetite which is
associated with ilmenite in the ore."” The vanadium substitutes for the iron within the spinel
structure of magnetite. Vanadium chlorides and oxychlorides formed in the chlorination
process have boiling points close to the boiling point of TiCl, and are therefore not easily
separated from TiCl, through a distillation process. Thus one of the quality specifications for
TiO,-rich slag produced for chlorination processing is that the vanadium content, expressed as

%V, 0s, be less than 0.6 %V,0;".

In the carbothermic reduction of ilmenite pig iron is produced in addition to the TiO,-rich
slag. Because of the specification on the maximum amount of V,O; allowed in the slag one
would wish to transfer as much as possible vanadium from the slag into the metallic phase.
However approximately 10% FeO should be maintained within the slag for fluxing purposes.
Consideration of the standard free energies of formation of vanadium and iron oxides from the
elements indicates that vanadium oxides are more stable than FeO. Therefore all of the FeO
would first have to be reduced into the metallic phase before vanadium oxides can be
carbothermically reduced. However, this 1s the situation when the pure components, for which
the activities are equal to unity, are considered. Of importance are the activities of the metallic
components within the multicomponent metallic phase, and the activities of the oxide

components within the complex slag. For all practical purposes the activity of iron is equal to
unity since it constitutes almost the entire metallic phase. The activity coefficient (y,) of

vanadium in iron, with solid vanadium as the reference phase, is 0.1 at 1600 °C and 0.11 at
1750 °C* so that the transfer of vanadium from the slag to the metal through reduction is

enhanced. Carbon is the major solute in the iron with 2% carbon in the iron and the first order

interaction coefficient (e, ) of carbon on vanadium in liquid iron is —0.34% so that the activity
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coefficient of vanadium in the liquid iron will be further reduced. The activity coefficient of
vanadium within the metallic phase will not be substantially lowered further without the
addition of large quantities of alloying elements to the metallic iron phase. The study of
activity-composition relations of iron oxides and vanadium oxides m TiO,-rich slags are
therefore of importance. The activity behaviour of the vanadium and iron oxides in the TiO,-
rich slag may render the carbothermic reduction of vanadium from the slag possible, whilst

still maintaining FeO as flux.

Furthermore the activities of the iron and vanadium oxides in the liquid phase of the TiO,-rich
slag are of great significance, because reduction of the oxides predominantly occurs from the
liquid portion of the slag due to kinetic considerations. Determination of phase relations is
necessary groundwork that has to be done before activity-composition relations within the
oxide system can be measured. Furthermore, from crystal chemical considerations the phase
relation data indicates the activity behaviour to be expected in the oxide mixtures e.g. the
ionic radii of vanadium and iron cations indicates that solid solution formation between Fe**,
Fe® and V*' is possible because the ionic radii of the cations differ by less than 15%.% The
ionic radii of titanium and vanadium cations indicates that V>*, V* and V** may substitute for
Ti*", and V** and V** may substitute for Ti’* to form vanadium containing titanium-rich solid
solutions. Consequently, it is imperative that phase constitution of slags within the TiO,-
FeO,-VO, pseudo-ternary oxide system be known so that the liquid phase areas can be fully
defined. Neither this phase diagram, nor the two pseudo-binary phase diagrams, VO,-FeO,
and VO,-TiO,, are known. This study therefore focused on the determination of phase

relations within these binary oxide systems at 1400°C, 1500°C and 1600°C and P¢g /Pco, =

3. This gas mixture represents oxygen partial pressures of 3.02 x 10™% atm, 2.99 x 10” atm and
2.31 x 10® atm at 1400°C, 1500°C and 1600°C respectively. All of these partial oxygen
pressures were chosen to be slightly above the Fe/FeO equilibrium oxygen partial pressure as
is summarised in Table 1.1. The reason for using these partial oxygen pressures is that the

phase constitution of the respective oxide systems, in the presence of FeO, is of interest.



Table 1.1: Fe/FeO Equilibrium Oxygen Partial Pressures at 1400, 1500 and 1600 °C”
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Temperature - Experimental Partial
ue artial Oxygen |  Oxygen Pressure
- _ Pressure (@m)
= . (m) -
1400 4.84 x 10™ 3.02x 10"
1500 3.45x 10" 2.99x 10°
1600 2.12 X 167 231x 10*

The equilibrium partial oxygen pressures for the VO/V,0, and V,0,/VO, equilibria are
indicated in Table 1.2. Comparison of the partial oxygen pressures for the vanadium oxides in
Table 1.2 with the experimental partial oxygen pressures in Table 1.1 indicates V,0O; to be the

stable vanadium oxide under experimental conditions used in this work.

Table 1.2: Equilibrium Oxygen Partial Pressures for Vanadium Oxides at 1400, 1500 and
1600 °C*

- Reaction Reaction Temperature (°C)

"?‘ | s 15000 =
2VO+1/20,< V,0, | 1.50x 10™atm [ 2.65x 10" atm | 3.45x 10" atm
V,0,+1/20,<>2V0, | 1.42x10%atm | 2.88x10%atm | 5.29x10°atm

The information determined in this study will be the basis for the complete determination of
phase relations within the TiO,-FeO,-VO, pseudo-ternary oxide system, as required for
activity measurements. Such activity data will provide clarity on the criteria for the optimum
transfer of vanadium from the slag into the metallic phase under the constraints outlined
above. This project therefore makes a first but essential contribution towards an answer to this

problem.
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2. PREVIOUS WORK

2.1. TiO, - FeO System

Phase relations in the TiO,-FeO system, at liquidus temperatures and under reducing
conditions, were studied by Grieve and White®, MacChesney and Muan’ and Grau®. Grieve
and White® used the differential thermal analysis (DTA) technique for the examination of the
FeO-Ti0, system. Tungsten-molybdenum thermocouples were used. Samples were contained
in molybdenum crucibles, while the standard for the differential thermocouple was also
molybdenum. Three heating and two cooling curves were measured for each composition
studied. The samples were made up from powdered ferrous oxide and titania and were heated
in a “Pythagoras™* furnace tube situated within a molybdenum-wound furnace. Heating of the
samples was done either in vacuo or in a nitrogen atmosphere. The molybdenum equipment
used in the experiments would have limited the partial oxygen pressures to a maximum which
is indicated by the equilibrium partial oxygen pressure between molybdenum and
molybdenum oxide. These partial oxygen pressures were calculated as 2.25 x 107" atm at
1305°C and 1.60 x 10® atm at 1600°C. The samples were examined microscopically under
reflected light, and X-ray diffraction analyses were done. The FeO-TiO, phase diagram as
determined by Grieve and White® is shown in Fig. 2.1. This diagram shows four different
compounds: FeO, Ti0,, 2Fe0.Ti0O, and FeO.TiO,. The eutectic points are found in the system
at 5, 42 and 68 mass% Ti0, respectively. The maximum liquidus temperature within the
system, that is the liquidus temperature of TiO,, could not be determined with certainty and

was therefore indicated to be in excess of 1650°C.

MacChesney and Muan’ conducted phase studies in the FeO-TiO, system employing the
quench technique. Starting materials were Fe,O, and TiO,. The Fe,0,-TiO, mixtures were
brought close to equilibrium with the partial oxygen pressure for which iron and wiistite
coexist in equilibrium. This was accomplished by pre-reacting the mixtures in iron crucibles
under a nitrogen atmosphere at 1300°C. In the actual experiments the pre-reacted oxide
sample was contained in an iron crucible and sealed, together with an iron-wiistite buffer, in a
vitreous silica tube. The iron-wiistite buffer was maintained at a temperature £20°C below the
sample temperature so that the partial oxygen pressure of the gas phase, as defined by the
metallic iron-wiistite equilibrium, was slightly lower than that defined by the iron-wiistite

buffer at the sample temperature. The partial oxygen pressure of the gas phase, calculated

* Chemical composition: Si0, - AL O, (approximately 67 %) Can be used at temperatures up to 1600°C
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from the iron-wiistite equilibrium is approximately 107"’ atm at 1312°C and 10™' atm at
1494°C. Some experimental runs were also made with the oxide sample contained in an iron
crucible under a nitrogen atmosphere. The samples were rapidly quenched to room
temperature after being held at the selected temperature until equilibrium was attained.
Experimental temperatures employed were between 1250°C and 1500°C. The phases were
identified by microscopic examination under reflected light, as well as X-ray diffraction
analysis. The compositions of the reacted samples were determined by chemical analyses.
Metallic iron was present in the quenched samples. MacChesney and Muan’ indicated that,
according to the phase rule, iron should not be present as an equilibrium phase in their
experiments. They attributed the presence of iron in the melts to the conversion of Fe;O, to
FeO by reaction with the iron crucible:
Fe,0, + Fe— 3FeO

The FeO formed in this reaction may be reduced partially to metallic iron by the atmosphere
before the FeO reacts with TiO, to form phases in which Fe** is stabilised. The FeO-TiO,
phase diagram determined by MacChesney and Muan® is shown in Fig. 2.2. This phase
diagram has four eutectic points at 10, 47, 58 and 83 mass% TiO, respectively, and contains

five phases: FeO, TiO,, 2Fe0.Ti0,, FeO.Ti0, and FeO.2Ti0,.

Smith and Bell” determined the solubility limit of TiO, in FeO at 1475°C under an argon

atmosphere, using iron crucibles, to be 64.5 mass% Ti0,.

Grau® determined liquidus temperatures in the 'FeQ'-TiO, system in the composition range of
52,7 mass% Ti0O,*-82 mass% Ti0O,. The cooling curve technique was used to determine
liquidus temperatures. The melts were contained in molybdenum crucibles and a
thermocouple with a molybdenum sheath was immersed in the melt. The method consisted of
recording the melt temperature during cooling. The beginning of crystallisation, and therefore
the liquidus temperature, is indicated by an arrest m the time-temperature curve. Experiments
were conducted under argon which was deoxidised by copper turnings at 400°C. Grau®
maintains that the oxygen partial pressure in this argon gas was low enough to prevent
oxidation of the molybdenum in the experimental apparatus. Slag analyses were determined

by chemical analysis. Samples were prepared from synthetic ilmenite to which TiO, in the

* Ilmenite composition
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form of anatase was added in order to adjust the sample composition. The synthetic ilmenite
was prepared by mixing stoichiometric amounts of pure iron, Fe,O, and TiO, for the reaction
Fe+ Fe,0, + 3Ti0, = 3(FeO.TiO,)

to occur after the mixture was pressed into pellets and reacted under argon at 1200-1300°C for
+12 hours. X-ray diffraction confirmed the formation of ilmenite. Metallic molybdenum was
found in the slags, varying between 0.6 mass% Mo for the slag containing 52.4 mass% TiO,
and 2.2 mass% Mo for slag containing 79.5 mass% TiO,. Grau® explains the presence of
molybdenum in the slag by erosion of the molybdenum crucible by the slag and also by the
solubility of molybdenum metal in the melts. The metallic molybdenum appeared as fine
particles, forming a separate phase in the liquid slag melts. Therefore the chemical analysis of
the melts was reported only in terms of FeO and TiO, after a correction was made for the

molybdenum contamination.

Grau's® FeO-TiO, phase diagram is shown in Fig. 2.3. This diagram differs from the one
proposed by MacChesney and Muan® for the composition range above 70 mass% TiO,. Grau®
subsequently proposed modifications to the phase diagram of MacChesney and Muan.” These
modifications are shown in Fig. 2.4 and include: (a) the congruent melting of pseudobrookite
(FeO.2Ti0,) at 1475°C during which rutile and a liquid phase which contains + 68 mass%

TiO, are produced, and (b) eliminating the eutectic point at 83 mass% TiO,.

Pseudobrookite becomes unstable below 1140 +10°C°, decomposing to rutile and ilmenite
according to tﬁe reaction:
FeO.2TiO, - Fe0.TiO, + TiO,

In a recent study of Eriksson et al.* the decomposition point was determined as 1135 +5°C.
Therefore, the minimum temperature in the FeO-TiO, phase diagram was restricted to
1200°C. According to this transformation FeO-TiO, slags with an overall composition
between those of ilmenite and pseudobrookite will on slow cooling contain rutile in addition
to ilmenite. Similarly, an ilmenite phase should be found in slowly cooled slags with a
composition richer in TiO, than pseudobrookite. The degree to which pseudobrookite

decomposes to ilmenite and rutile will be dictated by the cooling rate of the oxide mixture.

The FeO-TiO, phase diagram as determined by Grieve and White® does not contain the

FeQ.2TiO, phase, as reported by MacChesney and Muan’. The reason for this discrepancy is




University of Pretoria etd — Coetsee T 1998

not clear. One of the photomicrographs shown in the work of Grieve and White® is for 30
mass% FeO and 70 mass% TiO,. According to MacChesney and Muan’s’ phase diagram one
would expect the sample to consist of 100% FeO.2Ti0, at temperatures up to 1433°C and
predominantly consist of FeO.2TiO, with a small quantity of liquid phase at temperatures
from 1433°C to the liquidus temperature. Instead Grieve and White® identified ilmenite and
rutile. However, they did not indicate the thermal history of their samples, and therefore one
assumes that the photomicrographs were produced from the samples used in the DTA studies.
This explanation agrees with Lindsley’s’ finding, as discussed by Grau®, that pseudobrookite
is unstable below +£1140°C, and decomposes into ilmenite and rutile, the phases identified by

Grieve and White®.

The origin of the difference between the FeO-TiO, phase diagrams (especially the liquidus
temperatures) proposed by Grau® and by MacChesney and Muan® above 70 mass% TiO,
might be that MacChesney and Muan’ fixed the partial oxygen pressure in their experiments,
while Grau® did not. Grau® also states that no attempt was made to equilibrate the slags with
the oxygen in the gas phase in order to avoid compositional changes in the slag and also
because of the “dynamic” nature of the DTA technique. It is therefore incorrect to compare
the liquidus temperatures as determined by Grau® with that of MacChesney and Muan’
because the partial oxygen pressure in the work of MacChesney and Muan® was fixed for most
of their experiments whilst the partial oxygen pressure in Grau’s’ work is uncertain and
clearly higher than that of MacChesney and Muan’. The presence of molybdenum in the slags
from Grau’s® work indicates a partial oxygen pressure reducing with respect to the Mo/MoO
equilibrium partial oxygen pressure. Because of the similar partial oxygen pressures imposed
by the Fe/FeO and Mo/MoO equilibria it is possible that significant amounts of molybdenum
oxide was present in the slag. On cooling the molybdenum oxide could have decomposed to
form metallic molybdenum which was found in the slags. It should be borne in mind that

metallic molybdenum was also present in the slags produced by Grieve and White®.

Eriksson and Pelton' used all the available thermodynamic and phase equilibrium data to
obtain a set of model equations for the Gibbs energies of all the phases, as a function of
temperature and composition. A modified quasichemical model was used to represent the
thermodynamic properties. Coefficients within the model were obtained by optimisation of
the available data. The calculated FeO-TiO, diagram is shown in Fig. 2.5. The diagram agrees

well with the data of Grau® at high TiO, contents and with the diagram of MacChesney and

8



University of Pretoria etd — Coetsee T 1998

Muan’ for TiO, constents below 50 mol% TiO,. Eriksson and Pelton'* estimated the probable

maximum inaccuracy in the assessed diagram to be £20°C.

2.2. FeO - VO, System

Wakihara and Katsura'® determined phase equilibria in the FeO-Fe,0;-V,0, system at 1227°C
under various oxygen partial pressures ranging from 1.15 x 107 to 1.40 x 10™"* atm. This was
done by using quench and thermogravimetric techniques. The quench technique consisted of
equilibrating the samples in gas mixtures, of specific oxygen partial pressure, followed by
quenching in cold water. The oxygen partial pressure was regulated by either a CO,/H, or a
CO,/0, gas mixture. X-ray diffraction was used to identify the phases present in the quenched
samples. The thermogravimetric method consisted of continuously weighing an oxide pellet,
which was suspended from a thin platinum wire, in a vertical tube furnace. The mass changes
were recorded at constant temperature as a function of time at different oxygen partial
pressures. The applicable oxygen partial pressure within the furnace was measured by the use
of a solid electrolyte cell with partially stabilised zirconia as the solid electrolyte. The 1227°C
isothermal section of the FeO-Fe,0,-V,0; system as determined by Wakihara and Katsura'® is
shown in Fig. 2.6. Three solidisolution phases can be distinguished in this system, namely a

sesquioxide solid solution, a spinel solid solution and the wiistite solid solution.

Phase equilibria within the Fe-Fe,0,-V,0; system were determined by Katsura et al.'’ at
1227°C under partial oxygen pressures between 1.05 x 107 and 3.55 x 10 atm. The oxide
samples were contained in alumina crucibles and the experimental procedure employed was
similar to that used by Wakihara .and Katsura."” Katsura et al.'' did not report any
contamination of samples due to the use of alumina crucibles. Fig. 2.7. shows the phase
diagram determined by Katsura et al''. The diagram indicates that the M0, solid solution,
with composition ranging from that of Fe,O, to the composition point B, is in equilibrium
with vanadowiistite on line (C)-(E). However, the M,0, solid solution phase from
composition point B to_EeV.0 s in equilibrium with metallic iron. This phase diagram
corresponds with the phase diagram of Wakihara and Katsura'’ in that both contain the spinel
solid solution phase between FeV,0, and Fe,O,, the wiistite phase field and the corresponding

two phase and three phase fields between the spinel solid solution, wiistite and iron.

Schmahl and Dillenburg'* equilibrated condensed phase mixtures with CO/CO, gas mixtures

at 900°C. The gas mixture was pumped in a closed loop over the condensed phase until
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equilibrium was attained. The CO/CO, ratio was analysed in situ and a ternary phase diagram
was constructed from the data as shown in Fig. 2.8. The phases Fe,0;, V,0,, Fe, FeQ, ,, and
FeV,0, were identified.

General agreement exists between Wakihara and Katsura'®, Katsura e.a."! and Schmahl and
Dillenburg'* on phase relations in the iron-rich corner of the Fe-V-O system. These phase
relations cover the temperature range of 850°C to 1227°C and indicates that the spinel and
sesquioxide solid solutions are to be expected above 1227°C because these are phases of high

melting temperatures and spinels are stable up to high temperatures.

2.3. TiO, - VO, System
The only TiO,-VOy, phase diagram which could be obtained from the literature is the TiO,-
VO, phase diagram" in the temperature range of 27-107°C. This diagram is however of little

value to the present study.

2.4. TiO, - VO, - FeO, System

The ternary phase diagram TiO,-V,0;-Fe,0, is known at temperatures below 700°C, as is
shown in Fig. 2.9."° Although V,0O; and Fe,O, are not stable at the oxygen potentials
employed in the present study, the ternary diagram serves as a reference point as to the type of
phases to be expected. These are phases similar to FeVO,, Fe,V,0,; in the FeO-VOy system
and Fe,TiO; in the TiO,-FeO system. No other phase studies within the TiO,-VOy-FeOy

ternary system could be found in the literature.

2.5. TiO, - Ti,0, System

Eriksson and Pelton'? constructed an optimised phase diagram of the TiO,-Ti,O; system as is
shown in Fig. 2.10. As for the FeO-TiO, diagram discussed in 2.1, a modified quasichemical
model was used to represent the thermodynamic properties and the coefficients within the
model were obtained by optimisation of the available data. The system contains the compound
Ti,O; with a pseudobrookite structure, and a series of defect compounds known as Magneli

phases.

Magneli phases are crystallographic shear structures represented by the general formula
Ti,0,,, for Ti-O mixtures.” The phases with 4 < n < 10 have crystal structures derived from

the rutile structure.'” Phases with n > 10 have structures based on other shear planes and so
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form different families of phases.”’ For Magneli phases consisting of Ti and O the largest
value for n has been estimated to be as high as 99. However, according to Murray and
Wriedt® the lower estimates for the value of n are more realistic because these estimates are

based on structural data.

Eriksson and Pelton' relied heavily on the work of Zador and Alcock™ in constructing the
phase diagram in Fig. 2.10. For the higher Magneli phases n was arbitrarily set equal to 20,
and all of the higher Magneli phases are represented by Ti,,0;, on the diagram. The probable
maximum inaccuracy in the optimised Ti,0,-TiO, diagram of Eriksson and Pelton' is

estimated by them as £ 20 °C for mole fraction TiO, in excess of 0.4.

2.6. Conclusion

From the literature reviewed in 2.1 to 2.5 it is evident that only a small amount of data is
available on phase relations in the Ti0,-FeO,-VO, pseudo-ternary system. Although the TiO,-
FeO binary system has been studied in detail by a number of researchers, considerable
disagreement exists between their reported results. These differences in reported phase
relation data can be explained by differences in experimental procedures employed in the
different studies. The only recent study on the high TiO, side of the TiO,-FeO pseudo binary
system is the study made by Du Plooy™® employing a thermal analysis technique, similar to
that of Grau.® The maximum temperature at which phase relations in the FeO-V,0;-Fe,0,
ternary system is known is 1227°C'. Phase relations in the FeO-V,0, binary system are
available from the FE:O~VQO3-Fé.ZO3 system. Therefore considerable room exists for phase
relation determinations in the FeO-V,0, system at temperatures above 1227°C. No data could
be found on the TiO,-VO, binary system, or the TiO,-FeO,-VO, pseudo-temary system at
relevant oxygen partial pressures. Therefore there is great need for data on phase relations in
the pseudo-binary phase diagrams which constitute the Ti0,-FeO,-VO, pseudo-ternary

system, as well as in the TiO,-rich side of this pseudo-ternary system.
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Fig. 2.1: FeO-TiO, Phase Diagram: Grieve and White’
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Fig. 2.3: Liquidus Temperature Measurements in FeO-Ti0, System: Grau®
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Fig. 2.5: Optimised FeO-TiO, Phase Diagram: Eriksson and Pelton"
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Fig. 2.7: Fe-Fe,0,-V,0; Phase Diagram (mole %) at 1227°C: Katsura et al"
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Fig. 2.9: TiO,-V,0,Fe,0, Phase Diagram: Fotiev et al'’

V205

0 20 40 FeyTiOs 60 80 100
Fe,03 Mol % TiO,

Fig. 2.10: Ti,0,- TiO, Phase Diagram: Eriksson and Pelton”
(Liquidus curves indicated by dashed lines are speculative)
o: Experimental points from Zador and Alcock20

(J: Experimental points from Brauer and Littke31

<Friulnt>
2000 T T 1 T T T Y a1 T
L
3
u:& LIguio
2]
1800 a ~
F o
\D\ 1718 a
w ' N AT R
D\ b e S ee—ef gm0 ] = ¢
=0 mi .k
3 16507 E :
] 1600 a <
o g -
EE: 0 ~ o 2 =
] =] o o
e ™ - [0
- - et
2 - m
1400 |- %%
C = i
1200 i ¢ H ] : Sl
0.0 0.1 0.2 0.3 Q.4 0.5 0.6 ¢.7 0.8 0.9 1
T’Di.ﬁ Hale fraction 1’102 ‘I‘u::2

-0

16



University of Pretoria etd — Coetsee T 1998

3. EXPERIMENTAL

3.1. Introduction

Because little information is available on phase relations within the pseudo-ternary system
TiOy-FeO,-VO, and because this information is a prerequisite for activity measurements in
the system it was decided to make a starting contribution towards determining the necessary
phase relation data. Since the phase relation data for the FeO-TiO, pseudo-binary system is
known to a large extent it was decided to concentrate effort on the remaining two pseudo-
binary systems within the pseudo-ternary system, that is the V,0,-FeO and V,0,-TiO,

pseudo-binary systems.

The experimental technique used to determine phase relations in the two pseudo-binary
systems VZO3—FeO and V,0,-TiO, was to react the respective samples under specific partial
oxygen pressures, and at specific temperatures, until chemical equilibrium was attained. On
completion of the reaction period the samples were quenched in water, and subsequently
analysed for phase and chemical compositions. The experiments were conducted at 1400°C,
1500°C and 1600°C. The maximum temperature of 1600°C was used because that was the
maximum temperature that the furnace could reach comfortably. In order to determine trends
in the phase boundaries on the pseudo-binary diagrams the temperatures of 1400°C and

1500°C were chosen as experimental temperatures, in addition to 1600°C.

3.2. Experimental Set-up

3.2.1. Furnace Set-up

A schematic representation of the furnace assembly set-up is shown in Fig.3.1. The vertical
tube resistance furnace employed six equidistant lanthanum chromite (LaCrQO,) heating
elements, situated around the furnace tube, on a circle of a radius of 57.5 mm, measured from
the furnace tube centre to the centre of an element. The alumina furnace tube, 99.8% Purity,
88.90 mm O.D. x 79.37 mm LD. x 1200 mm length, was fitted with water-cooled brass
fittings at both ends which were sealed to the tube furnace with O-rings. The top brass fitting
contained an O-ring sealed brass plug, through which samples were introduced into the
furnace tube. The bottom fitting extended below the alumina furnace tube. The bottom fitting
was supported by a steel bracket attached to the furnace framework, which in turn supported
the furnace tube. The furnace temperature was controlled by a PID controller/programmer

using a Pt-13%Rh/Pt thermocouple which was positioned next to the furnace tube, close to the
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hot zone. The exact position of the hot zone in the furnace was established by placing a hand

held Pt-13%Rh/Pt thermocouple at various depths into the furnace tube.

Fig.3.1: Furnace Assembly Set-up
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The hand held thermocouple was checked against a standard thermocouple which was
certified to have a maximum deviation of +1.003°C from the standard for 1100-1600°C. The
hand held thermocouple measured 1500.21 £0.27°C and the standard thermocouple measured
1499.86 +0.26°C at the same temperature. The average temperature variation with increasing
depth down the furnace tube is shown in Fig. 3.2, at 1500°C. The furnace hot zone was
determined to be 50 mm in length, with the average of the measured temperatures being
1499.85 +0.89°C as is shown in Appendix 1. The original temperature data is shown in
Appendix 2. The hot zone temperature was checked with the hand held thermocouple to be at

the desired temperature before each series of experimental runs at a set temperature.

Fig. 3.2: Average Temperature Variation vs. Depth into Furnace Tube
(Depth measured from the top of the rubber plug, at the top of the furnace)
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3.2.2. Gas System

A specific partial oxygen pressure was maintained within the furnace by mixing CO and CO,
in specified volumetric proportions at a total flow rate of 600 cm’/min at STP, that is a
superficial velocity of 0.20 cm/s at STP, with the sectional area of the furnace tube being 50.3
cm’. The volumetric proportions required to fix the oxygen partial pressure at a selected
temperature were obtained from the tables compiled by Deines et. al.'” In order to control gas
flow rates and clean, mix and transport the gases a gas system was constructed from PVC
tubing, ball valves and ring clamps. Fig. 3.3 shows a schematic representation of the gas

system.
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Fig. 3.3: Gas System
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The gas system contained two separate gas lines for CO and CO,, which joined at the gas
mixer, after each gas had been cleaned and the flow rate set. The gas mixer consisted of a
glass cylinder filled with glass beads in order to facilitate turbulent flow of the gases through
the cylinder for proper mixing of the CO and CO, gases. The CO and CO, gases entered at
one end of the cylinder. The gas mixture exited at the other end, entered the furnace at the
bottom and passed out at the top of the furnace, to the vent. The gases used were chemically
pure CO(99% minimum purity) chemically pure CO,(99.995% minimum purity) and

instrument grade Ar.

The Ar gas line was used to flush the furnace at the beginning and on completion of each
experimental run. Water was removed from the gases by passing it over anhydrous CaSO,.
Oxygen was removed from the Ar by passing it through copper turnings heated at 500°C.

Carbon dioxide was removed from the CO by passing it through Soda Lime pellets.

The gas flow rates were measured by rotameters which were calibrated with a bubble-meter at
a constant inlet pressure to the rotameter, and atmospheric pressure at the outlet. The bubble-
meter consists of a glass cylinder marked with cm’ divisions on it. The gas enters at the
bottom of the cylinder, displacing a soap bubble along the length of the cylinder to the top end
of the cylinder. The flow rate of gas is calculated in cm’/s by dividing the amount of
divisions(cm®) which the bubble has been moved by the time taken for the displacement in

seconds(s), as measured by a stopwatch.

The inlet pressure into each rotameter, for the CO and CO, gas lines respectively, was

measured by a mercury manometer.

The gas system was checked for leaks by filling the gas system, one section at a time, with He
and checking for leaks with a He-detector. The furnace was checked for gas leaks by the use
of an iron wire test. The CO/CO, gases were mixed in the specified volumetric proportions
required to maintain a partial oxygen pressure less than that of the Fe/FeO equilibrium at the
test temperature of 1303°C." An iron wire, 0.9 mm diameter and 99.5% purity, was pushed
through an alumina tube with at least 50 mm of iron wire protruding from one end of the tube,
and the piece of iron wire protruding from the other end bent through 180°. The tube was
sealed with silicone sealant at this end as shown in Fig. 3.4. This iron wire and alumina rod

assembly was subjected to the above conditions for 1 hour. The iron wire was pulled up the
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alumina rod, leaving the bottom 70 mm in the tube section protruding from the furnace in
order for the iron wire to cool down, after which it was removed from the alumina rod. The

absence of oxidation products on the iron wire indicated the absence of leaks in the furnace.

The variation in the set partial oxygen pressure was estimated by employing the procedure
used in checking the furnace tube for leaks, that is the iron wire test described above. The
CO/CO, gases were mixed in the specified volumetric proportions required to maintain a
partial oxygen pressure 0.5log,, units above and below that of the Fe/FeO equilibrium at the
test temperature of 1303°C. The equilibrium partial oxygen pressure (P,,) for the Fe/FeO
equilibrium is 1.91 x 10" atm (log Py, = -10.72 atm) at 1303°C". Therefore the partial
oxygen pressure was set at 6.03 x 10"? atm (log Py, = -11.22 atm) for checking the variation
in the set partial oxygen pressure on the Fe side of the Fe/FeO equilibrium, and set at 6.03 x
10" atm (log Py, = -10.22 atm) to check the variation in the set partial oxygen pressure on the
FeO side of the Fe/FeO equilibrium, at 1303°C. No oxidation product was observed on the
iron wire for the test done at the partial oxygen pressure of 6.03 x 10"* atm, and wiistite was
observed on the iron wire for the test done at 6.03 x 10" atm indicating that the variation in
the set partial oxygen pressure was within a factor of 10° of the Fe/FeO equilibrium partial

oxygen pressure at 1303°C."

3.2.3. Quenching Set-up

The bottom end of the furnace tube was sealed by a PVC membrane, thickness = 50 um,
wrapped over the furnace tube opening, with a layer of vacuum grease as sealant between the
brass tube and the PVC. The PVC was held in place by two rubber bands. The PVC-covered
tube end was immersed in water, contained in a bucket through which water was pumped

continuously in order to keep the PVC cool.

The quenching rod, shown schematically in Fig. 3.5, consisted of a double bore alumina tube.
Molybdenum wire of 1 mm diameter was pushed through each bore and bent at the top. The
holes were sealed at the top with silicone sealant. The molybdenum wires protruding from the
bottom of the alumina rod were bent to form two hooks. The hooks were bridged by 0.3 mm
diameter molybdenum wire. The sample hung from this bridge. To quench the sample, an
electrical current was sent through the molybdenum wire circuit via the top connections, and
the 0.3 mm diameter molybdenum wire melted whereby the sample was released to fall

through the PVC cover and into the water at the bottom of the furnace.
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Fig. 3.4: Iron Wire and Alumina Rod Assembly

1: Silicone Sealant
2: Iron Wire
3: Alumina Tube

Fig. 3.5: Quenching Rod

1: Silicone Sealant

2: I mm Diameter Mo Wire
3: Alumina Tube

4: 0.3 mm Diameter Mo Wire
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3.2.4. Crucibles

Each sample was contained in a wire cone made from 0.5 mm diameter Pt-Rh wire as shown
in Fig. 3.6. The containers were suspended from a molybdenum wire bent into a circular
hanger. A molybdenum weight was attached to the hanger in order to facilitate rapid
quenching of the samples. Up to five cones could be suspended from each molybdenum
hanger, without the samples touching each other as shown in Fig. 3.7. The reason for using Pt-
Rh sample containers is that both FeO and TiO, are highly corrosive towards other oxides.
Therefore the use of oxide sample containers was ruled out because contamination would
have been the result. When metals are used as container material the metal should not oxidise
at the partial oxygen pressures at which the experiments are done, or dissolve into the oxide
samples, or substantially dissolve components from the oxide samples and so change the
oxide mixture’s composition, and the metal should have the required physical strength at the
experimental temperatures to support the sample. The Pt and Pt-Rh mixtures satisfied these
criteria. Although iron and vanadium are soluble in Pt, it was found that little or no vanadium
and iron absorption into the Pt took place. This is most probably due to the partial oxygen
pressures used in the experiments being oxidising relative to iron and vanadium. Furthermore,
contact between the sample and sample container material was limited because the majority of
the reacted samples remained solid throughout the experiments. Sample containers were made
from wire to ensure good sample-gas contact, and because less Pt-Rh material is required in

making a container with wire than with e.g. foil.

Fig. 3.6: Pt-Rh Wire Cone
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Fig. 3.7: Molybdenum Hanger and Pt-Rh Wire Cones

3.3. Experimental Procedure

3.3.1. Sample Preparation

The following chemicals were used: GP-grade V,0; (Assay: >99%), Fe,O, (Assay: minimum
99%) and extra pure TiO, (Assay: 99-100.5%). The powders were dried by heating at 400°C
for 12 hours and stored in a desiccator. Samples were made up by determining the required
mass of powders and mixing these thoroughly under acetone, with a spatula, on a watch-glass.
After the acetone had evaporated‘ pellets, 15 mm in diameter and 5-10 mm in height, were
pressed from the mixture and these pellets were sintered for 48 hours at 550°C in air, crushed
and re-mixed. The powder was again pressed mto pellets and sintered for another 16 hours.
The pellets were stored in a desiccator. The pellets were chipped down to pieces of 0.1-0.2 g

which fitted easily into the sample containers to be used in the experiments.
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3.3.2. Experimental Run

Before each experiment the furnace was flushed with purified Ar. The desired CO, flow rate
was set by using the bubble-meter, after which it was bypassed to the vent. The CO flow rate
was then fixed in a similar manner, after which it was combined with the CO, flow through
the bubble-meter for the period of time taken to introduce the sample into the furnace tube,
under Ar. The Ar was replaced with the CO/CO, gas mixture and the sample was lowered into
the hot zone of the furnace. On completion of the reaction period of 24 hours, the sample was
quenched in water. The sample was retrieved from the water and the CO/CO, gas flow
replaced by Ar. After the CO and CO, gas was flushed from the furnace, the broken PVC

cover was replaced with a new layer of PVC.

3.3.3. Sample Analyses

Pﬁwﬁw@@')ﬁ% diffraction (XRD), Electron probe microanalysis (EPMA)-
EDS (Energy Dispersive Spectrometry) and optical microscopy. On completion of each
experimental run, part of the sample was milled into powder for XRD analysis. XRD analysis
was performed with a Siemens Kristalloflex 810 diffractometer, using Cu K, radiation.
Polished sections were also made from parts of the sample and these were studied under the
optical microscope. With the XRD and optical microscopy information in hand, Electron
probe microanalyses were done on the polished sections, using a JEOL JXA733 Electron
probe microanalyser. Integration of the data from these analysis techniques made phase

characterisation of each sample possible.

As an example of the process followed in phase characterisation, the 50 mass% V,0;-50
mass% Fe,0, sample reacted for 2.67 hours at 1400°C, for equilibrium time determination
purposes, is discussed in detail here. From the XRD pattern, shown in Fig. 3.10, the presence
of a crystalline phase with metal and oxygen ions in the co-ordination M,0, is identified. This
is indicated by the match between the peaks in the diffraction pattern, and those for the
magnetite (Fe,0,) standard. From the photomicrograph taken from the polished section, under
reflected light, two phases are identified, the main phase which is beige in colour and a
secondary phase which is yellow in colour(with an unfiltered tungsten light source). From the
following observations it is concluded that one of the phases must be amorphous: only one
crystalline phase is indicated on the XRD analysis and a quench structure is observed in the
polished section. The EPMA analyses in Table 3.1 indicate that both phases contain iron and

vanadium. The EPMA analyses are originally expressed in terms of FeO and V,0; because
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the cations expected to exist under the experimental conditions employed are Fe*” and V*'.
This information indicates that the sample consists of two phases, a crystalline phase of M,0,
co-ordination consisting of 52.69 mass% FeO and 47.31 mass% V,0,, that is 0.73 mol Fe per
0.63 mol V, and a liquid phase consisting of 85.85 mass% FeO and 14.15 mass% V,0,, that is
1.19 mol Fe per 0.19 mol V.

3.3.4. Equilibrium Time Determination

In order to determine the minimum reaction time to establish chemical equilibrium within the
samples, one of the initial sample compositions is reacted for increasing periods of time.
Equilibrium is considered to have been reached when the number of phases in the sample, the
volume fractions of the respective phases and the chemical composition of the respective
phases cease to change with a further increase in reaction time. The minimum reaction time
required to attain equilibrium throughout the sample is thus indicated by the period of reaction
time that was needed for the onset of the stabilisation of the chemical composition of the

phases, the particular phases present, as well as their volume fractions.

Samples containing 50 mass% V, S O5-werereacted at 1400°C under a gas.

mixture of CO/CO,=3 for increasing periods of time. The samples were contained in Pt-Rh
wire cones as described in paragraph 3.2.4. The EPMA analyses are shown in Table 3.1. For
the sample reacted at 2.67 hours a M;O, phase and liquid were identified. In the 8, 16 and 24
hour samples the only phase present was the M;0, phase, as is seen from the XRD patterns in
Fig. 3.10. The liquid phase present in the 2.67 hour sample is not indicated on the XRD
patterns since the liquid is not crystalline. The variations in chemical composition with
reaction time for the VOy-FeO,, oxide phases are shown in Fig. 3.8. and Fig. 3.9. The above

data, in combination, indicates reaction times ,of eight hours to be sufficient to reach.

equilibrium.

As a check on the homogeneity of the samples and the reliability of the chemical analyses,
point counts were made on photomicrographs taken of the samples under reflected light. The
samples used were the 10 mass% Fe,0;-90 mass% V,Os(initial composition) sample and the
30 mass% Ti0,-70 mass% V,0s(initial composition) sample, reacted for 24 hours at 1400°C.
From the point counts the volume fractions of the phases present in the sample were
calculated. The average sample composition calculated from the volume fraction of phases

and the phase analyses was then compared to the composition of the sample mixture with
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which the experiment was started. The results are summarised in Table 3.2. It is seen that the
average volume fractions of the respective phases in the 10F14* sample are 0.808 + 0.03
M,0O,-phase and 0.192 + 0.03 M,0,-phase. The 10F14 sample initially contained 0.151 mol V
per 1.190 mol Fe, and the calculated mean sample composition corresponds to this initial
composition with 0.142 mol V per 1.198 mol Fe. For the 30T14 sample the average volume
fractions of the phases are 0.667 + 0.038 M,O;-phase and 0.333 + 0.038 M,0,-phase with the
initial sample composition 0.428 mol Ti per 0.878 mol V and the calculated composition
0.375 mol Ti per 0.939 mol V. For the Fe,0,-V,0, samples the correlation between the initial
and calculated sample compositions is excellent within two decimal places for the
composition expressed in mol. For the TiO,-V,0; samples the initial and calculated sample
compositions correlate only within one decimal place when composition is expressed in mol.
However, the correlation between the initial and calculated sample compositions does indicate

that the chemical analyses are reliable.

"Code clarification: The first two numbers and the following letter together indicate the initial sample
composition, the next two code digits indicate the temperature at which the sample was reacted. If more digits
follow they indicate the reaction time in minutes. If no digits follow to indicate the reaction time the reaction
time was 24 hours. Therefore the 30T14 code means that the sample with the initial composition of 30 mass%
T10,-70 mass% V,0; (the 70 mass% V,0, is implied because only TiO,-V,0; and Fe,0,-V,0, mixtures were

reacted); was reacted at 1400°C for 24 hours. F indicates Fe,O, in the Fe,0,-V,0; samples.
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Table 3.1: EPMA Analyses: 50 mass% Fe,0; - 50 mass% V,0; Samples used in

Equilibrium Time Determination Experiments at 1400°C

2.67 2.67 8 16 24
M,0, Liquid M,0, M.,0, M,O,

Fe v Fe Vv Fe A% Fe v Fe v
0.66 | 0.70 | 1.20 | 0.19 | 0.72 | 0.65 | 0.71 065 | 0.69 | 0.67
072 | 065 | 1.20 [ 0.18 | 0.71 | 0.65 | 0.63 | 0.73 0.69 | 0.67
078 | 059 | 1.18 | 0.20 | 0.71 | 0.66 | 0.68 | 0.68 0.68 | 0.69
0.78 | 0.59 0.68 | 0.68 | 0.66 | 0.70
0777|7059 0.71 | 0.66
0.69 | 0.67 0.64 | 0.72

0.69 | 0.67
073 | 063 | 1.19 | 0.19 | 0.69 | 0.67 | 067 | 0.69 | 0.69 | 0.68
0.05 | 005 | 0.01 | 0.01 | 0.03 | 0.03 | 0.03 0.03 | 0.01 0.01
0.04 | 004 | 001 | 001 | 002 | 0.02 | 0.03 | 0.03 | 0.01 0.01

P +0.008 +0.029

*1.01514 = 10 .mass% Fe,0,-90 mass% V,0; initial composition, reacted at 1400°C
"30T14 = 30 mass% Ti0,-70 mass% V,O; initial composition, reacted at 1400°C
“Bach field consisted of a 13 by 10 grid, that is 130 points per field

*Calculated sample composition:

(X vl ) M0, = Volume fraction of phase M,0,

v

mol

) My0, = Molar volume of phase M,0,

V,

ot = Lotal sample volume

X w0, = Mole fraction of phase M,0,
(molV'), o, = mol V in MO, phase

mm, o =Molar mass of M0,

29




University of Pretoria etd — Coetsee T 1998

(X vaJ)Mzo, 'Vramf
&
(X uor),wzc)J 'Vramf T (X \*aI)MJO‘i .VTnmlJ
(Vo) M0, (4 )M3O.,

M0, =

_ (X\'GI)MZO3 ; (I/mof )Ml(): ' (Vmol )M’304
(Kna.’ )MZO3 : (Vmo! ) M0, (Xval )M:(Jz + (Vmo!)ifzos ’ (Xvol' )M3O4

Similarly, X, , is calculated.

The average sample composition is calculated as follows:

(mol V)mmp,e = (molV") M,0; " X o, + (molV") 0, * Xm0,

(Vmi ) M,0, 15 calculated from the density of V,0, as follows:

Pro, =4.870g/cm T

The M,O, phase was analysed to consist of 1.248 mol V and 0.090 mol Fe. This equates to 1.866 mol V and
0.135 mol Fe for 3 mol O, that is X,,=0.933 and X, = 0.067. There is 0.065 mol V in 4.870 g V,0,. Therefore:

(molV),. = (0.933)(0.065) = 0.061mol =3.087g
(molFe),,, =(0.0673)(0.065) = 0.004mol =0.246¢g
= (g/cm?),., =3.330+(4.870—3.311) = 4.889g / cm’

mm,, , =150.57g/mol

= Vot )as,0, =150.57/4.889 = 30.80cm’ / mol ; Similarly (Vo Dats0, = 45.45¢cm’ [ mol

Pr.o, =4.762g/cm’; Pro, = 4.724g [ cm’*

The V,0; density used to calculate the M;0; phase density was adjusted with respect to volume because of a

small shift in the X-ray diffraction analyses pattern with respect to the X-ray diffraction reference data for V,0..
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Fig. 3.8: Equilibrium Time Determination - M;0, Phase
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Fig. 3.10: XRD Patterns for Samples used in Equilibrium Time Determination
(Initial sample composition for all samples used in equilibrium time determination = 50

mass% Fe;0z - 50 mass% V>0s)
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Fig. 3.11: Photomicrographs for Samples used in Equilibrium Time Determination

(Initial sample composition for all samples used in equilibrium time determination = 50
mass% Fe;0z - 50 mass% V,05)

T50F14160: a = M;04 Phase (mol V=0.63; mol Fe=0.73), ¢ = Liquid (mol V=0.19; mol
Fe=1.19)

T50F14480: M;04 Phase (mol V=0.67; mol Fe=0.69)

T50F14960: M;0,4 Phase (mol V=0.69; mol Fe=0.67)

T50F14: M;04 Phase (mol V=0.68; mol Fe=0.69)

T50F14160 = 2.67 hours; T50F14480 = 8 hours; T50F14960 = 16 hours; T50F14 = 24 hours
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3.4. Conclusion
The experimental apparatus and procedure described is suitable for studying phase relations in
Fe,0,-V,0; mixtures under partial oxygen pressures fixed by a CO/CO, gas mixture, with a

reaction time of at least eight hours at 1400°C.

The sample holders facilitate good contact between the sample and the gas mixture so that the
required reaction time for the attainment of chemical equilibrium is short. Employing the
quench technique allows quenching of the reacted sample without reoxidation which would
have occurred if the sample came into contact with oxygen in the air at experimental

temperatures.
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4. RESULTS AND DISCUSSION
4.1. V,0;3 - TiO; System

Table 4.1. gives a summary of the sample compositions reacted, the reaction times used and

phases identified in each sample. All of the samples were subjected to XRD analysis, optical

microscopy under reflected light and EPMA, with WDS and EDS facilities respectively.

Table 4.1: Summary of Experiments

‘Reaction Imtial Reaction Phases mol Ti/
- Temperature Composition Time Identified (mol Ti +mol V)
i (e (Mass %) (Hours)  inPhase
: TiO; V205
1400 10 920 24 M0, M,0; =0.08
1400 30 70 24 M>0; + M305 M,03 =0.21
M305 =(.35
1400 50 50 24 M;0s5 + M40 M;05 = 0.64
M4O7 =N.A.
1400 70 30 24 Magneli Magneli = 0.72
1400 90 10 24 Magneli Magneli =0.91
1500 10 90 24 M,0; M,03 =0.15
1500 30 70 24 M,03 + M;05 M,03;=0.17
M;0s = 0.40
1500 50 50 24 M305 T M407 M305 =0.42
M40; = 0.55
1500 70 30 24 Magneli Magneli = 0.73
1500 90 10 24 Magneli Magneli = 0.91
1600 90 10 8 Magneli Magneli = 0.91

The pseudo-binary V;0;-TiO; phase diagram constructed from the experimental data is
shown in Fig. 4.1, and a summary of the EPMA analyses is given in Appendix 3 and
Appendix 4. The phase fields identified are M;03, M;03 + M30s and Magneli phases, with M
designating both vanadium and titanium ions existing within the particular crystal structure.
As mentioned earlier, Magneli phases are crystallographic shear structures represented by the
general formula Ti,Oz,; for Ti-O mixtures.>' The phases with 4 < n < 10 have crystal
structures derived from the rutile structure.'” Phases with n > 10 have structures based on
other shear planes and so form different families of phases.”’ Both vanadium and titanium

oxides form Magneli phases.*"""”

The XRD patterns for the series of samples reacted at 1400°C are shown in Fig. 4.4. The

corresponding photomicrographs for the samples are shown in Fig. 4.5. In Table 4.2 the
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number of moles of Ti and V in the initial sample and in the reacted sample, for the single
phase samples, are indicated. In the experiments only oxygen should have been removed from
the sample because of reaction of the sample under reducing conditions with respect to the
mnitial sample composition. Therefore the ratio of the number of moles of Ti to the number of
moles of V in the initial sample should correspond with that of the reacted sample, as is the

case in Table 4.2.

The 10 mass% TiO, sample consisted of the M;05 phase only indicated by the composition
points 0.08 mole fraction Ti at 1400°C and 0.15 mole fraction Ti at 1500°C in Fig. 4.1. The
30 mass% TiO; sample consisted of the M,0; phase and M;3;0s phase which are clearly
identified by the XRD analyses shown in Fig. 4.4. The two respective phases could only be
distinguished from each other under reflected light when large magnifications were employed,
i.e. x400 and larger. The M,05 phase appear pink, and the M,Os phase yellow under reflected
light. The M,03 phase appeared as the lighter grey phase, and the M;Os phase as the darker
grey phase when viewed with the SEM-EDS facility.

The EPMA (EDS) analyses for the TiO,-V,03 samples were checked by performing analyses
with an ARL-SEMQ (WDS)-Wave Dispersive Spectrometer, employing VO, and TiO,
physical standards. Good agreement was obtained as is seen when the EPMA (EDS) analyses
in Appendix 4 are compared to the EPMA (WDS) analyses in Appendix 3. For all of the
single phase samples the agreement between the EPMA analyses done with the WDS facility
and those done with the EDS facility is excellent. The WDS analyses were used to plot
composition points on the phase diagram in Fig. 4.1 for the samples consisting of a single

phase.

For the samples consisting of two phases, differences between the two sets of analyses do
occur because one of the phases was not analysed with either one of the facilities. Due to the
limited optical capability of the WDS facility phases could not be distinguished visually from
cach other. This resulted in different proportions of each phase being analysed, on each point
chosen for analysis, resulting in a distribution of analyses. Therefore a frequency distribution
was constructed for the analyses done on the samples as is shown in Fig. 4.2 and Fig. 4.3 for

the 30T14 and 50T15 samples.

Subsequently the data were divided into two groups with the division point for the 30T14
sample being 26 mass% TiO, and that for the 50T15 sample 50 mass% TiO,. The division
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point for the 30T 14 sample was decided with reference to the EDS analyses already in hand.
For the 50T15 sample the division point was taken according to the obvious data grouping as
shown in Fig. 4.3 because only one phase was analysed with the EDS facility. The respective
groups of data were subjected to Chauvenet’s criterion®® in order to eliminate data points
deviating significantly from the normal distribution. The remaining data points were used to

plot Fig. 4.1.

For the 30T15* and 50T14 samples only one of the two phases present in the sample was
analysed by the WDS facility. The WDS analysis data for these samples were also subjected
to Chauvenet’s criterion®®. For the 50T14 sample the remaining data were then used to plot
the composition point for only the M4O; Magneli phase in Fig. 4.1. For the 30T15 sample the
remaining data were combined with the EDS facility’s data because it is evident from the
EDS data and the XRD analysis that one of the two phases in the sample was not analysed
with the WDS facility due to the operator not being able to distinguish between the two

phases whilst with the EDS facility one could clearly distinguish between the phases.

"Code clarification: The first two numbers and the following letter together indicate the initial sample
composition, the next two code digits indicate the temperature at which the sample was reacted. If more digits
follow they indicate the reaction time in minutes. If no digits follow to indicate the reaction time the reaction
time was 24 hours. Therefore the 30T14 code means that the sample with the initial composition of 30 mass%
Ti0,-70 mass% V,0s (the 70 mass% V,0s is implied because only Ti0»-V,05 and Fe,05-V,05 mixtures were
reacted); was reacted at 1400°C for 24 hours. F indicates Fe,O; in the Fe,03-V,05 samples.
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4.1: V;0;3 - TiO; Phase Diagram
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Fig. 4.2: Analyses Frequency Distribution for 30T14 Sample (WDS analyses)

(XRD data indicate the presence of M;0; and M;05 phases-see Table 4.1)
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Fig. 4.3: Analyses Frequency Distribution for 50715 Sample (WDS analyses)
(XRD data indicate the presence of M3;0s5 and M,O7 phases-see Table 4.1)
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40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63

%Ti02

The 30T14, 30T15, 50T14 and 50T15 samples each contains two phases as indicated by the
XRD analyses. In the 30T14 and 30T15 samples the respective phases could also be seen
under reflected light and under the SEM(EDS). However, for the 50T14 and 50T15 samples
the respective phases in each sample could only be identified with XRD analysis. The
presence of two different phases in the 50T15 sample is supported by the EPMA(WDS) point
analyses which were performed along a line crossing the sample surface, Fig. 4.7. The
analyses show variation which is unlikely to be due to a reaction gradient through the sample,

for which one would expect a more monotonic variation in composition with position.

Table 4.2: Molar-balance on Single Phase Samples

10T14

70T14 0.33 0.88 0.36

90T14 0.11 1.13 0.11 10.45
10T15 0.99 0.13 1.14 0.18
70T15 0.33 0.88 0.34 2.76
90T15 0.11 LIS 0.11 10.45
90T16480 0.11 1.13 O 10.45
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Due to the inability to distinguish the phases from each other when using the WDS facility
only one of the phases was analysed in the 50T14 sample. The EDS analyses on the 50T14
and 50T15 samples were few and varied and not deemed conclusive. Therefore the phase
boundary between the M30s and M4O; phases could not be plotted onto Fig. 4.1, but the
known composition points from the 50T14 and 50T15 samples are indicated on Fig. 4.1. The
identification of the M4O; phase in the 50T14 and 50T15 samples is not conclusive because
some of the minor peaks of the XRD pattern do not fit the analysed data. However this may
be because XRD patterns for vanadium oxides and titanium oxides are fitted to XRD analyses
of titanium-vanadium-oxides. Due to the lack of XRD data on Ti-V-O solid solutions this is

the best analysis attainable until such data is generated.

For samples of initial composition of 50 mass% TiO; and above the XRD analyses are more
complicated and less distinct than the XRD analyses for the samples containing less than 50
mass% TiO; initially, as can be seen from Fig. 4.4. The reason for the complexity of these
XRD patterns is the formation of a solid solution in which both titanium and vanadium are
present. The XRD pattern will be further complicated by the presence of two solid solution
phases in each sample. Although XRD data exist for the Ti,Oz,. (4 <1 <10) and V05, (4 <
n < 8) Magneli phases, little XRD data could be found for the solid solution compositions of
the type (Ti, V)yOan.1. The available data are for the components V3Ti5017, V2Ti7017, V2Ti304
and V,TiOs. For the 70T14 and 70T15 samples the XRD patterns of V5O, V70,3, TisOg and
TisOq; fitted the XRD analyses data the best. This is shown in Fig. 4.8. Even though these
patterns fit the XRD analyses there remain unassigned peaks in the XRD analyses. This could
perhaps be due to the XRD reference data not yet being determined at higher values of 6, or
due to a more complicated XRD pattern formed because of both vanadium and titanium

contained in the crystal structure, instead of just vanadium or titanium.

For the 90T14, 90T15 and 90T16480 samples none of the titanium oxide XRD patterns, or the
vanadium oxide patterns fitted the XRD analyses, not even closely. The best fit was attained
for the V,Ti;0,7 XRD pattern, but only filling some of the peaks in the XRD analyses data.
Because the XRD patterns corresponding most favourably with the experimental data of the
samples with > 50 mass% TiO,, initial sample composition, were those of the Magneli phases
with the general formula of M,0,,.;, the phase diagram in Fig. 4.1. has the phase field
between M3;0s and TiO, designated as Magneli phases. The existence of M,0,,; with
n=6,7.8,9,10 was found by Kosuge and Kachi®’ in the T10,-V,0; pseudo-binary system
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within the high TiO, compositional area, supporting the designation of phases within the high

TiO; side of the Ti0,-V,03 pseudo-binary diagram in Fig. 4.1 as Magneli phases.

Zador and Alcock®® determined the partial oxygen pressure stability ranges for titanium
containing Magneli phases at 1300°C, 1400°C and 1500°C. The data at 1400°C and 1500°C is
summarised in Table 4.3. The partial oxygen pressures employed by Zador and Alcock?® are
more reducing than those employed in the present study, that is 3.02 x 10" atm at 1400°C
and 2.99 x 10” atm at 1500°C. According to Zador and Alcock’s data one would expect a
pure TiO, sample reacted at these temperatures and partial oxygen pressures to have a rutile
structure. This is confirmed by a sample reacted in the present study at 1500°C, under a
partial oxygen pressure of 1.26 x 10" atm, for 18 hours. The XRD pattern for the sample is
shown in Fig. 4.6 and it can be seen that the pattern for rutile fits. Therefore it appears that the
Magneli phases in the high TiO; samples (= 50 mass% TiO; in initial sample) are stabilised

by the vanadium additions.

In Table 4.4 the ionic radii for titanium and vanadium cations are compared. If the difference
in ionic radii is in excess of 15%, substitutional solid solution formation is unlikely.”
Therefore, with reference to Table 4.4., V°*, V*" and V** can substitute for Ti*" and V' and

V3 can substitute for Ti*".

Table 4.3: Partial Oxygen Pressure Stability Ranges for Magneli Phases at 1400°C and
1500°C (Zador and Alcock’®)

Components Py, (atm) :
1400°C 1500:@ |
Ti1305-T14,07 8.40x 107 [2.24x 107
Ti407-Ti509 1.24 x IO-D ——————————————
TisOg-TiﬁO” 4.14 x ]0_13 6.09 x IO-M
Ti6011—Ti70]3 7.53% 10-“' 1.01 x IO_H
Ti70]3-TigO]5 961 % 10_“' --------------
TigO15—Ti9017 130 10-11 1.64 x 10-“
TigOn-Ti]oO]g 1.50 x 10_u 1.99 x 10_“
Til(]O]g—Tiz()Om 1.92 x IO-M 2.80x 10-“
Ti2001-TiO; 471x 107 [142x 107

Similarly, the binary system Cr,0;-TiO, contains a series of shear phases Ti,2Cry0s0.1, 1= 6
to 11, in which the oxygen-to-metal ratio is reduced by substitution of Cr’" for Ti*".’
Vanadium and chromium are both transition elements on the periodic table, and are situated

next to each other on the periodic table, indicating that the chemical behaviour of these two
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elements is similar. Therefore the behaviour of V in the Ti0O,-V,0; system should be similar
to that of Cr in the TiO,-Cr,O; system. However, accordingly to Table 4.4 one expect V* to

substitute for Ti*", and V** to substitute for Ti*".

According to Handfield and Charette®® the structure of molten high TiO, slags should be
similar to that of the corresponding solid slags since the electrical properties of these slags
changed very little in passing from solid to the liquid state. Thus the solid solution formation
of mixtures of Ti0; and V,0s3, in Magneli phase co-ordination, found in this work should
prevail when these mixtures are melted.

1.,29’30 as discussed by Handfield and Charette,28 high titania

According to Reznichenko et a
slags in the solid state consist of a solid solution based on the Ti;Os type structure
(orthorhombic), and a solid solution of the Ti,Os type structure (thombohedral) and glassy
materials filling the spaces between the crystals. Depending on the slag composition any one
of the solid solutions can form. The proposed general formula for the respective solid
solutions are: for the TizOs solid solution: m[(Ti, Mg, Mn, Fe)O.2TiO,]*n[(Ti, Fe, Al, Cr,
V)205.Ti0,]; for the TiO; solid solution: a[(Ti, Mg, Mn, Fe)O.TiO,]+b[(Ti, Fe, Al, Cr,
V)20;]. According to the above vanadium and chromium exist as V¥ and Cr*, and iron as

Fe?* and Fe'™ within these high TiO; solids and slags.

Table 4.4: Radii of Cations™

Cation Radius (A) %Diffél‘gi"{i:e- with | %Difference  with
- | respect to Ti*' radius = | respect to Ti* radius =
. |D6%A8 070 A

o 0.59 13 22

%l 0.63 7 17

Y 0.74 8 26

V& 0.88 22 14
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Fig. 4.4: XRD Patterns for TiO; - V,05 Samples reacted at 1400°C
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Fig. 4.5: Photomicrographs for TiO; - V,05Samples reacted at 1400°C
T10T14: M,0; Phase (mole fraction Ti=0.08)

T30T14: a = M,0; (mole fraction Ti=0.21); b = M;0s (mole fraction Ti=0.35);(x400)

e

17i=0.64) and M,O7 ac

T50T14: (M;0s(mole fraction cording to XRD analysis, but only one

phase seen under reflected light at magnifications employed)

T70T14: Magneli Phase (mole fraction Ti=0.72)

T90T14: Magneli Phase (mole fraction Ti=0.91)

T10T14 = 10 mass% TiO; in initial sample; T30T14 = 30 mass% TiO; in initial sample;
T50T14 = 50 mass% TiO; in initial sample; T70T14 = 70 mass% TiO; in initial sample;
T90T14 = 90 mass% TiO, in initial sample
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Fig. 4.6: XRD Pattern for 100% TiO,; Sample Reacted for 18 hours at 1500°C and Partial
Oxygen Pressure = 1.26 x 10”° atm
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Fig. 4.8: XRD Analyses of 70 mass% TiO; Samples Compared with XRD Data for best
fitting Magneli Phases
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When the composition points for the M3zOs and M4O; phases boundaries in Fig. 4.1 are
compared to the composition points for the Ti3Os and Ti4O; phases boundaries in Fig. 4.9 it is
seen these composition points correspond in magnitude. The comparison is summarised in
Table 4.5. This indicates that V°" substitute for Ti>" within the crystal structure with the
formulas actually being V,0;.TiO, for the M30s phase and V,05.2TiO, for the MyO7 phase in
Fig. 4.1. Therefore the behaviour of V** in V3+-Ti4+-oxygen mixtures and the behaviour of

235 - e £5 -4+ A 8 e
Ti*" in Ti**-Ti -oxygen mixtures are similar.

Furthermore the solubility of TiOx in V,0s indicates that Ti°" is stabilised in the V,0s-rich
side of the V,05-Ti0; diagram, or that Ti*" is similar in behaviour to V*' in V,0;. In Fig. 4.10
it is seen that an appreciable amount of V** is taken into solution by V,0; at temperatures in
excess of 1000 °C. Thus the behaviour of V** in high titania slags should be similar to that of
Ti**. This similarity can be investigated by setting the activity coefficient of V,0; equal to
that of T1,03 in high titania slags to calculate the expected vanadium distribution between slag

and metal and comparing the calculated values with actual plant data*.

Table 4.5: Comparison of composition points in Fig. 4.1 and Fig. 4.9
Fig. 4.1

Phase Type | Mole Fraction Ti : Fig. | Mole Fraction Ti
' . | 49 (Ti,0:-TiO; system) | (V205-TiO; syste:
M;0s5 0.33 ~0.40
M.:,Ojr 050 L 055

*Private Communication: Dr. W.H. van Niekerk, Iscor Heavy Minerals
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In calculating the vanadium distribution from thermodynamics the partial oxygen pressure in
the carbothermic reduction of the ilmenite can be determined by the Fe/FeO, Ti;01/TiO, or
C/CO reactions. The activity behaviour of FeO in FeO-TiO; and Ti;O; in Ti,03-TiO;
mixtures are known.'? The activity of vanadium as a solute in iron, containing 2 mass% C,
can be calculated.®® The CO partial pressure can be safely assumed to be equal to 1 atm for
the C/CO reaction calculation, and the activity of the carbon(2 mass% C) in the iron is 0.1.*°
A typical titania slag composition is used in the calculations: 10 mass% FeO, 51.8 mass%

T10, and 33.2 mass% Tiz()3.37 The reactions to be considered are:

3(TiO,) + (V) <> 3(Ti0,5) +(VO,5) (1)
L5(FeO)+ (V) <> L5(Fe)+(VO,;) (2)
15[COJ+(7) > (70,)+15(C) 3)

(X): Component X is in the liquid state
(X): Component X is in the solid state

[ X]: Component X is in the gas phase

The following procedure is followed to derive an expression for the vanadium distribution

from the reaction constant (K), taking the Ti-V-O reaction as example:

3(Ti0,) + (V) <> 3(TiO,5) + (VO,5) .
Qo) _a(smm No,) ¥ o, -afm_s)
K=—— = - ; (4)
A 1io,y "%y Ao,y vy " Cry

Substituting the following expressions into equation (4) results in equation (5), which is

rewritten to express the vanadium distribution in equation (6).

49



University of Pretoria etd — Coetsee T 1998

hm = <%V> ’ f<V>
log(f,,) =ef -(%C)

mmg, -y,
e
100 - mm,,

%V,0, - mm

o slag
¥0) ™ 400 MM yo, )
7V, 05 - mm
4,0, = 220 Moy o 1aioa 00

mmy, o,

mm,. =76.02g/mol (average value)

K= 0'836'(%1/205)'?’0/0:_5) Ao,
100'@&-02) -(%V)-f(,,> "Cry (5)

(%sz)s)_ _ IOO-K-afmz) “ S Lo
(Wr) 7 0.824-y,,

(6)

3
3 Fids)

Similar expressions for the vanadium distribution can be developed for reactions (2) and 3)

by following the same procedure as set out here for reaction (1).

a; = activity of component i

N = mole fraction of component 7

¥ = Raoultian activity coefficient of component i

/; = Henrian activity coefficient of component / with the 1 mass% solution as the reference state
ef = first order interaction coefficient of C on V in liquid iron

i, = molar mass of component

7y = activity coefficient of vanadium at infinite dilution in liquid iron

h; = Henrian activity coefficient of i with pure i as the reference state
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The calculated vanadium distribution values and the vanadium distribution values obtained
from plant data are shown in Fig. 4.11. It is seen that the plant vanadium distributions are
independent of temperature and that the plant values are larger than that calculated from the
C/CO and Fe/FeO reactions, but slightly below the values calculated for the Ti;Q3/TiO,,
indicating that the reduction of vanadium from the slag into the metal, from a system oxygen
partial pressure point of view, is likely to be controlled by an interaction between reaction (1)

and reaction (2).

Fig. 4.11: Vanadium Distribution: Calculated vs. Actual

100
TiO./Ti,O5 reaction "
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CQJ/C reaction
0.001

1600 1650 1700 1750 1800

Temperature (°C)

The conclusion made from the work discussed in this section is that vanadium and titanium
cations, V>" and Ti’", and V** and Ti*" substitute for each other in oxide solid solutions under
the conditions of partial oxygen pressure and temperature used in this work. Furthermore, the
chemical behaviour of V,0s in high titania slags is similar to that of Ti,0; in these slags. This
knowledge made the thermodynamic calculation of the vanadium distribution within these
slags possible, indicating that the vanadium distribution is most likely controlled by an

interaction between reaction (1), the TiO,/T1;,0; reaction, and reaction (2), the FeO/Fe

reaction.
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4.2. V5,03 - FeO System

Table 4.6 gives a summary of the sample compositions reacted, the reaction times used and

phases identified in each sample. The reacted samples were subjected to XRD analysis,

optical microscopy under reflected light and EPMA with an EDS facility.

Table 4.6: Summary of Experiments

Reaction Initial Composition | Reaction Phases mol Fe/
Temperature (Mass %) Time Identified (mol Fe +mol V)
: in Phase
ce) Fe;0; V,0s | (Hours) :
1400 10 90 24 M,0; + M504 M;03=0.07
M304 =0.34
1400 30 70 24 M,03 + M30.4 M,0;=0.07
M304 =0.34
1400 50 50 24 M304 M;04=0.50
1400 70 30 24 M504 + M;04 =0.57
Liquid(/) Liquid(/) = 0.86
1400 90 10 24 Liquid(/) Liquid(/) = 0.89
1500 10 90 24 M;05 + M;0y4 M,0; =0.08
M304 = 034
1500 30 70 24 M;0;5 + M;04 M,05; =0.08
M304 =0.35
1500 50 50 24 M30y4 M;0; = 0.45
1600 10 90 8 M;05; + M;04 M,05;=0.08
M;04=0.35
1600 70 30 6 M;0,4 + M10,4=0.46
Liquid(/) Liquid(/) = 0.86

The phase diagram deduced from the information in Table 4.6 is shown in Fig. 4.12. The
diagram consists of five phase fields in which three different phases, i.e. M,03, M3O4 and
liquid could be distinguished, where M indicates both vanadium and iron ions. The M;0; and

M;0; phases were both solid at all of the experimental temperatures.

The XRD patterns for the series of samples reacted at 1400°C are shown in Fig. 4.13. The
corresponding photomicrographs for the samples are shown in Fig. 4.14. A summary of the

EPMA analyses is shown in Appendix 5.

The samples of 10 and 30 mass% Fe;O3 initial composition contained the two solid-solutions
of M,O; and M304. These phases appeared as a banded structure within each other as is

shown in Fig. 4.14. The samples of 50 mass% Fe,Oj initial composition consist of the spinel
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solid-solution(M3QO4) only, and therefore have to lie within the spinel phase field. Because
only one phase was present within these samples their chemical composition should be close
to the initial composition, as is the case for the sample reacted at 1400°C. However, the
samples for 1500°C and 1600°C shifted in composition from the 0.53 mole fraction Fe
composition, to compositions containing less iron, as is shown in Table 4.7. A possible
explanation for this is the absorption of iron into the platinum wire sample containers, with an
increase in the quantity of iron diffusing into the Pt and Pr-Rh wire, with an increase in
experimental temperature. This does not influence the position of the phase boundaries of the
spinel solid-solution phase field because samples consisting of only one phase as is the case
for the 50 mass% Fe;03-50 mass% V05 initial sample compositions, is not used in plotting
phase boundaries. The 70 mass% Fe;O; sample reacted at 1400°C consisted of liquid and
spinel solid-solution as shown in Fig. 4.14 and indicated the phase boundaries for liquid and
the M304 phase at 1400°C. The presence of liquid in this sample is affirmed by the presence
of quench crystals, which are fine dot-like crystals, that crystallised from the liquid on
quenching the sample. The sample of 70 mass% Fe;O3 reacted at 1600°C was reacted for six
hours instead of the required equilibrium time of eight hours. This shortened reaction period
was used because with increasing temperatures, above 1400°C, more liquid formed. The
liquid dripped from the Pt-Rh wire cone more easily, perforating the PVC layer which closed
off the furnace tube, so rendering the experiment useless. The standard deviation in the
EPMA analyses for the mol Fe, shown in Appendix 5, is 0.004 for the M1O,4 phase and 0.052
for the liquid phase. This can be compared for the standard deviation, on the mol Fe, for the
sample of 70 mass% Fe;0; reacted for 24 hours at 1400°C: 0.006 for the M3;0, phase and
0.005 for the liquid phase. Because the standard deviations on the EPMA analyses are
comparable for the samples reacted for 24 and 6 hours respectively, the data generated from

the 6 hour sample is used to plot the phase diagram.

Table 4.7: Composmon D;fferences Jor 50 mass% Fe,0; - 50 mass% V,05 Initial Sample
TEAL = g

Composition

TParticular St
Theoretical Input Into Sample 0.55 0.63
1400°C Sample 0.68 0.69
1500°C Sample 0.75 0.61
1600°C Sample 0.81 0.55
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Fig. 4.12: V,0;3 - FeO Phase Diagram
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The 90 mass% Fe,03 sample reacted at 1400°C consisted of liquid only as indicated by the
absence of any crystals in the photomicrograph shown in Fig. 4.14. The absence of crystals
was also observed under the electron microscope at large magnifications. Another important
indication that this sample was molten at the experimental temperature is that the sample
formed individual droplets on quenching and the remainder of the liquid wetted the Pt-Rh
wire container. The XRD pattern of this sample is shown in Fig. 4.13 and it indicates that the
sample consisted of wiistite and a small quantity of magnetite, once the sample had solidified.
The magnetite formed on quenching, when wiistite transformed to magnetite.” The
transformation could however not be completed because of quenching of the sample, halting
the transformation reaction at an early stage. The existence of 100% liquid in the 90 mass%

Fe;Os - 10 mass% V,05 sample, at 1400°C, can be compared to the liquidus temperature of

wiistite at P, =1 x 10” atm of 1377°C.*

From the co-ordination of cations to oxygen as indicated by the XRD analyses M?*" and M>*
cations are expected in the solid and liquid solutions formed in the FeO-V,0; system. When
the ionic radii of Fe*", Fe’*, V** and V°* are compared, see Table 4.8, it is seen that

substitutional solid solution formation between Fe**, Fe’* and V** is likely to occur because
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the ionic radii of these cations differs by less than 15%. The ionic radius of V> differs from
those of Fe** and Fe®* by more than 15%, indicating that solid-solution formation between
Fe**, Fe’" and V* is unlikely. Therefore, only V>* is expected to be present under the

temperature and Py, conditions used in the experiments of this study.

Table 4.8: Ionic Radii of Cations™*
Cation 4 RﬁdIUS(A) %D

vith respect

| to Vo 0.74 A
Fe™ 0.74 0
Fe™™ 0.64 14
W 0.74 0
VT 0.88 16

The phase relations determined within the present study correspond to the work previously
done by Wakihara and Katsura'® and Katsura et al'! in that similar phases were identified in

the present study, that is a sesquioxide solid solution and a spinel solid solution.
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Fig. 4.13: XRD Patterns for Fe;0; -
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Fig. 4.14: Photomicrographs for Fe;0;3 - V,05Samples reacted at 1400°C
TI10F14: a = M;0; Phase(mole fraction Fe=0.07), e = M3;04 Phase(mole fraction Fe=0.34)

T30F14: a = M;0; Phase(mole fraction Fe=0.07), e = M304 Phase(mole fraction Fe=0.34)

A% Wi w b

T50F14: M;0, Phase(mole fraction Fe=0.50)

T70F14: a = M;04 Phase(mole fraction Fe=0.57), ¢ = MO(l) Phase(mole fraction Fe=0.56)

T90F14: MO(l) Phase(mole fraction Fe=0.589)

T10F14 = 10 mass% Fe,0; in initial sample; T30F14 = 30 mass% Fe,Oj; in initial sample;
T50F14 = 50 mass% Fe,0; in initial sample; T70F14 = 70 mass% Fe,0; in initial sample;
T90F14 = 90 mass% Fe,0; in initial sample
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5. CONCLUSIONS

e The V,0,-TiO, pseudo-binary phase diagram consists of the solid solution phases M,0,,
M,O; and higher Magneli phases, M=(V, Ti), in equilibrium with a gas mixture of CO and
CO, of volumetric ratio of 3 representing partial oxygen pressures of 3.02 x 107 atm, 2.99
x 107 atm and 2.31 x 10® atm at 1400°C, 1500°C and 1600°C respectively. In the Ti-V
oxide solid solutions V™ and Ti*" substitute for each other, and V*" and Ti*" substitute for
each other. Furthermore, the chemical behaviour of V,0; in TiO, is similar to that of Ti,0.,
The vanadium distribution from plant data is situated between the calculated vanadium
distributions for the Fe/FeO reaction and the Ti,0,/TiO, reaction, indicating that the
vanadium distribution is likely to be controlled, in terms of partial oxygen pressure, by

interaction between these two reactions.

e The V,0,-FeO pseudo-binary phase diagram consists of the phases M,0,, M,0, and
liquid, M=(V, Fe), in the temperature range of 1400°C-1600°C and in equilibrium with a
gas mixture of CO and CO, of volumetric ratio of 3 representing partial oxygen pressures
of 3.02 x 10" atm, 2.99 x 10” atm and 2.31 x 10® atm at 1400°C, 1500°C and 1600°C
respectively. From ionic radius calculations V**, Fe’" and Fe** substitute for each other

within the M,0; and M,0, solid solution phases

e The experimental technique used in this study is suitable for phase relation determinations
within the pseudo-binary systems FeO-V,0, and TiO,-V,0, in the temperature range of
1400°C-1600°C and at partial oxygen pressures of 3.02 x 10" atm. to 2.31 x 10® atm., and
should be suitable for phase relation studies in the pseudo-ternary system TiO,-V,0,-FeO

under the same conditions of temperature and partial oxygen pressure.

e The data gathered in this study provides a starting point from which phase relations in the
pseudo-ternary system TiO,-V,0,-FeO can be determined. Furthermore, this data confirms
that high melting components exist within the TiO,-rich region of the system so that future
investigations into phase relations within this region of the system should be conducted at

temperatures above 1600°C.
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6. RECOMMENDATIONS FOR FUTURE WORK

Phase relations in the pseudo-ternary system TiO,-FeO-V,0, should be determined at
temperatures of at least 1600°C in order to identify the liquid phase field within the

system.

Subsequently, activity-composition relations of iron oxides and vanadium oxides in the

Ti0,-rich liquid phase area of the TiO,-FeO-V,0; pseudo-ternary should be determined.

The experimental procedure used in the present study can serve as the basis of the

approach to be followed in doing the proposed future work.
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Appendix 1: Temperature Variation vs. Position in Furnace at 1500°C
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Fig. 1: Temperature vs. Depth into Furnace Tube in the Furnace Hot Zone
(Depth measured from the top of the rubber plug, at the top of the furnace)
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Appendix 2: Recorder Chart for Temperature Measurements at 1500°C
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Appendix 3: EPMA(WDS) Analyses for V,0, - TiO, System

67



University of Pretoria etd — Coetsee T 1998

Sample: 10T14; Initial Sample Composition = 10 mass% TiO, - 90 mass% V,0s; Reaction
Temperature = 1400°C; Phases Identified = M,0;

Analysis Mass % Mass% Total mol V mol Ti | Mole fraction
No. V203 TiO2 Ti
1 91.10 7.06 98.16 1,22 0.09 0.07
2 93.30 6.34 99.64 1.24 0.08 0.06
3 93.34 72 100.55 25 0.09 0.07
4 91.22 6.92 98.13 1.22 0.09 0.07
5 92.97 7.82 100.80 1.24 0.10 0.07
6 92.59 7.78 100.37 1.24 0.10 0.07
7 92.40 8.45 100.85 123 0.11 0.08
8 91.75 8.31 100.05 1.22 0.10 0.08
9 94.63 5.7 100.39 1.26 0.07 0.05
10 94.77 3.75 100.51 1.26 0.07 0.05
11 94.61 5.68 100.30 1.26 0.07 0.05
12 88.97 8.21 97.18 1.19 0.10 0.08
13 92.22 8.87 101.08 1.23 0.11 0.08
14 91.65 8.19 99.84 1.22 0.10 0.08
15 91.66 8.07 9973 1.22 0.10 0.08
16 92.85 8.07 100.91 1.24 0.10 0.08
17 90.71 7.76 98.47 1.21 0.10 0.07
18 92.27 7.79 100.06 1.23 0.10 0.07
19 90.40 8.39 98.79 1.21 0.11 0.08
20 90.65 8.44 99.10 1.21 0.11 0.08
21 91.57 8.93 100.50 1.22 0.11 0.08
22 91.55 8.52 100.07 1.22 0.11 0.08
23 92.31 8.51 100.82 1.23 0.11 0.08
24 91.25 9.31 100.56 1.22 0.12 0.09
25 90.83 9.63 100.46 1.21 0.12 0.09
26 91.02 9.52 100.54 1.21 0.12 0.09
27 92.28 8.29 100.57 1.23 0.10 0.08
28 92.08 8.96 101.03 1.23 0.11 0.08
29 91.63 8.97 100.60 L:22 0.11 0.08
30 90.88 934 100.21 1.21 0.12 0.09
31 91.53 9.60 101.13 1.22 0.12 0.09
32 90.96 9.86 100.82 1.21 0.12 0.09
33 88.33 10.30 98.63 1.18 0.13 0.10
34 90.19 11.00 101.19 1.20 0.14 0.10
35 89.08 12.66 101.74 1.19 0.16 0.12
36 86.60 12:23 98.83 1.16 0.15 0.12
2 88.78 12.68 101.47 1.18 0.16 0.12
38 88.61 12.69 101.30 1.18 0.16 0.12
39 87.13 112515, 99.31 1.16 0.15 0.12
Average 91.30 8.82 100.12 1.22 0.11 0.08

68




University of Pretoria etd — Coetsee T 1998

Sandard 1.86 1.84 1.04 0.02 0.02 0.02
Deviation

95% 0.58 0.58 0.33 0.01 0.01 0.01
Confidence

Limit
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Sample: 30T14; Initial Sample Composition = 30 mass% TiO, - 70 mass% V,0;; Reaction
Temperature = 1400°C; Phases Identified = M,0, and M,0.

M,0,-Phase

Analysis Mass% Mass% Total mol V mol Ti |Mole fraction
No. V203 TiO2 Ti
1 75.01 24.86 99.86 1.00 0.31 0.24
2 76.61 25.45 102.05 1.02 0.32 0.24
3 76.36 23.60 99.96 1.02 0.30 0.22
4 79.83 21.57 101.40 1.07 0.27 0.20
5 79.91 20.38 100.29 1.07 0.26 0.19
6 76.77 24.45 101.23 1.02 0.31 0.23
7 79.49 20.47 99.96 1.06 0.26 0.19
8 79.87 21.82 101.69 1.07 0.27 0.20
9 74.19 25.01 99.20 0.99 0.31 0.24
10 78.91 21.86 100.77 1.05 0.27 0.21
11 74.35 25.61 99.96 0.99 0.32 0.24
12 79.9 20.1 100 1.07 0.25 0.19
13 80 20 100 1.07 0.25 0.19
14 80.3 19.8 100 1.07 0.25 0.19
15 80.31 19.69 100 1.07 0.25 0.19
Average 78.12 22.31 100.42 1.04 0.28 0.21
Standard 2.31 2.27 0.81 0.03 0.03 0.02
Deviation
95% 1.17 145 0.41 0.02 0.01 0.01
Confidence
Limit
Italic = SEM-EDS Analyses
M,O,-Phase
Analysis Mass% Mass% Total |molV mol Ti Mole
No. V203 TiO2 fraction Ti
1 61.22 38.95 100.17 0.82 0.49 0.37
2 63.18 36.41 99.58 0.84 0.46 0.35
3 66.40 3593 10233 0.89 0.45 0.34
4 63.98 37.58 101.56 0.85 0.47 0.36
5 62.56 39.29 101.85 0.83 0.49 0.37
6 60.40 39.82 100.21 0.81 0.50 0.38
7 66.12 35.66 101.78 0.88 0.45 0.34
8 60.16 37.74 97.90 0.80 0.47 0.37
9 61.33 39.99 101.32 0.82 0.50 0.38
10 60.75 39.92 100.67 0.81 0.50 0.38
11 61.90 39.70 101.60 0.83 0.50 0.38
12 61.11 40.28 101.38 0.82 0.50 0.38
13 61.02 40.41 101.43 0.81 0.51 0.38
14 62.72 37.79 100.51 0.84 0.47 0.36
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15 61.41 38.09 99.50 0.82 0.48 0.37
16 62.06 38.85 100.92 0.83 0.49 0.37
17 68.03 32.76 100.79 0.91 0.41 0.31
18 70.47 29.32 99.79 0.94 0.37 0.28
19 70.67 31.28 101.95 0.94 0.39 0.29
20 67.96 3347 101.42 0.91 0.42 0.32
21 65.32 33.76 99.08 0.87 0.42 033
22 68.32 33.18 101.50 0.91 0.42 0.31
23 69.92 31.89 101.81 0.93 0.40 0.30
24 69.29 3145 100.73 0.92 0.39 0.30
25 71.26 30.47 101.73 0.95 0.38 0.29
26 72.46 28.10 100.56 0.97 0.35 0.27
27 G1.13 38.87 100.00 0.82 0.49 0.37
28 61.18 38.82 100.00 0.82 0.49 0.37
29 61.37 38.63 100.00 0.82 0.48 0.37
30 60.97 39.03 100.00 0.81 0.49 0.38

Average 64.49 36.25 100.74 0.86 0.45 0.35

Standard 3.94 3.70 1.01 0.05 0.05 0.04

Deviation

95% 1.41 132 0.36 0.02 0.02 0.01

Confidence

Limit

Italic = SEM-EDS Analyses
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Sample: 50T14; Initial Sample Composition = 50 mass% TiO, - 50 mass% V,0;; Reaction
Temperature = 1400°C; Phases Identified = M,0O, and M,0,

M,O,-Phase

Analysis Mass% Mass% Total mol V mol Ti |Mole fraction

No. V203 TiO2 Ti
1 31.35 69.40 100.75 0.42 0.87 0.67
2 32.08 69.63 101.70 0.43 0.87 0.67
3 32.32 68.52 100.84 043 0.86 0.67
4 32.01 69.19 101.20 0.43 0.87 0.67
5 33.09 66.41 99.50 0.44 0.83 0.65
6 32.23 68.70 100.93 0.43 0.86 0.67
7 39.02 62.57 101.59 0.52 0.78 0.60
8 31.96 69.23 101.19 0.43 0.87 0.67
9 31.66 69.47 101.13 0.42 0.87 0.67
10 31.74 69.10 100.84 0.42 0.86 0.67
11 35.48 65.70 101.18 0.47 0.82 0.63
12 35.31 65.59 10091 0.47 0.82 0.64
13 34.62 65.04 99.66 0.46 0.81 0.64
14 32.93 67.92 100.86 0.44 0.85 0.66
15 33.70 67.54 101.24 0.45 0.85 0.65
16 32.14 68.95 101.09 0.43 0.86 0.67
17 32.17 69.14 101.31 0.43 0.87 0.67
18 31.67 69.02 100.69 0.42 0.86 0.67
19 33.37 67.94 101.31 0.45 0.85 0.66
20 39.14 62.65 101.79 0.52 0.78 0.60
21 38.69 62.64 101.33 0.52 0.78 0.60
22 31.86 68.39 100.25 0.43 0.86 0.67
23 38.86 62.61 101.47 0.52 0.78 0.60
24 38.77 62.79 101.55 0.52 0.79 0.60
25 34.78 66.32 101.10 0.46 0.83 0.64
26 36.98 61.85 98.83 0.49 0.77 0.61
27 38.94 62.51 101.45 0.52 0.78 0.60
28 34.33 66.65 100.97 0.46 0.83 0.65
29 32.35 68.71 101.06 043 0.86 0.67
30 38.51 62.82 101.33 0.51 0.79 0.60
31 39.21 62.37 101.58 0.52 0.78 0.60
32 33.61 67.48 101.09 0.45 0.84 0.65
33 35.22 63.56 98.78 0.47 0.80 0.63
34 34.04 67.36 101.40 0.45 0.84 0.65
35 38.21 63.54 101.75 0.51 0.80 0.61
36 37.63 63.66 101.29 0.50 0.80 0.61
37 36.20 65.15 101.35 0.48 0.82 0.63
38 31.89 68.94 100.83 0.43 0.86 0.67
39 35.02 66.23 101.25 0.47 0.83 0.64
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40 37629 64.76 102.06 0.50 0.81 0.62
41 35.02 64.42 99.45 0.47 0.81 0.63
42 34.41 66.61 101.01 0.46 0.83 0.64
43 35.78 65.32 101.10 0.48 0.82 0.63
44 38.58 63.08 101.65 0.51 0.79 0.61
45 33.59 67.62 101.21 0.45 0.85 0.65
46 38.18 62.98 101.15 0.51 0.79 0.61
47 3891 62.52 101.42 0.52 0.78 0.60
48 36.42 64.72 101.14 0.49 0.81 0.63
49 38.71 62.25 100.96 0.52 0.78 0.60
50 34.47 66.47 100.94 0.46 0.83 0.64
51 32.00 69.28 101.28 0.43 0.87 0.67
52 31.08 68.56 99.64 0.41 0.86 0.67
53 31.58 69.72 101.30 0.42 0.87 0.67
54 37.32 64.12 101.44 0.50 0.80 0.62
55 36.66 64.74 101.40 0.49 0.81 0.62
56 31.43 69.59 101.02 0.42 0.87 0.67
57 37.05 63.49 100.54 0.49 0.79 0.62

Average 34.94 66.06 101.00 0.47 0.83 0.64

Standard 2.72 2.61 0.67 0.04 0.03 0.03

Deviation

95% 0.71 0.68 0.18 0.01 0.01 0.01

Confidence

Limit
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Sample: 70T14; Initial Sample Composition = 70 mass% TiO,
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Temperature = 1400°C; Phases Identified = Magneli Phase

Analysis Mass% Mass% Total mol V mol Ti Mole
No. V203 TiO2 fraction Ti
1 25.28 72.87 98.14 0.34 0.91 0.73
2 30.15 69.64 59579, 0.40 0.87 0.68
3 30.37 68.99 99.36 0.41 0.86 0.68
4 25.65 7313 98.77 0.34 0.92 0.73
5 26.90 72.02 98.91 0.36 0.90 0.72
6 2999 69.04 99.02 0.40 0.86 0.68
7 25.70 73.26 98.96 0.34 0.92 0.73
8 30.40 69.84 100.24 0.41 0.87 0.68
9 30.24 69.74 99.59 0.40 0.87 0.68
10 24 .88 75.79 100.67 0.33 0.95 0.74
11 24.63 75.72 100.35 0.33 0.95 0.74
12 24 .83 1373 100.56 0.33 0.95 0.74
13 25.33 1527 100.60 0.34 0.94 0.74
14 24.84 74.01 98.85 0.33 0.93 0.74
15 25.29 75.38 100.66 0.34 0.94 0.74
16 25.70 74.65 100.34 0.34 0.93 0.73
17 30.80 70.63 101.42 0.41 0.88 0.68
18 30.46 70.63 101.08 0.41 0.88 0.69
19 26.31 74.16 100.47 0.35 0.93 0.73
20 26.00 74.25 100.25 0.35 0.93 0.73
21 29.62 T2 100.74 0.40 0.89 0.69
22 25.90 75.23 101.13 0.35 0.94 0.73
23 25.79 74.75 100.54 0.34 0.94 0.73
24 26.01 74.92 100.93 0.35 0.94 0.73
25 2559 74.74 100.33 0.34 0.94 0.73
26 25.74 75.07 100.84 0.34 0.94 0.73
27 2572 75.09 100.81 0.34 0.94 0.73
28 25.72 74.83 100.55 0.34 0.94 0.73
29 2597 74.98 100.75 0.34 0.94 0.73
30 25.75 75.60 101.35 0.34 0.95 0.73
31 26.10 75.26 101.36 0.35 0.94 0.73
32 2593 75.44 101.16 0.34 0.94 0.73
33 25.74 75.59 101.33 0.34 0.95 0.73
34 25.62 75997 100.99 0.34 0.94 0.73
35 2577 75.29 101.06 0.34 0.94 0.73
36 25.76 T 100.97 0.34 0.94 0.73
37 25.44 74.92 100.35 0.34 0.94 0.73
38 25.85 75.41 101.26 0.34 0.94 0.73
39 2591 74.99 100.89 0.35 0.94 0.73
40 30.21 71.35 101.55 0.40 0.89 0.69

- 30 mass% V,0;; Reaction
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41 2570, 75.24 101.01 0.34 0.94 0.73
42 25.70 759 100.90 0.34 0.94 0.73
43 30.03 71.03 101.06 0.40 0.89 0.69
44 25.84 75107, 100.91 0.34 0.94 0.73
45 26.09 75.09 101.17 0.35 0.94 0.73
46 25.88 TS 101.03 035 0.94 0.73
47 30.60 70.50 101.10 041 0.88 0.68
48 29.97 FO12 100.09 0.40 0.88 0.69
49 29.61 70.00 99.61 0.40 0.88 0.69
50 30.20 69.75 99.94 0.40 0.87 0.68
51 30.28 69.48 99.76 0.40 0.87 0.68
52 27.97 7172 99.68 0.37 0.90 0.71
53 25:59 74.01 99.60 0.34 0.93 0.73
54 26.22 73.54 99.76 0.35 0.92 0.72
55 26.08 73.41 99.49 0.35 0.92 0.73
56 25.72 73.81 99.52 0.34 0.92 0.73
57 25.47 74.18 99.64 0.34 0.93 0.73
58 30.28 69.60 99.87 0.40 0.87 0.68
59 30.44 69.75 100.19 0.41 0.87 0.68
60 30.02 70.04 100.06 0.40 0.88 0.69
61 30.34 69.76 100.10 0.40 0.87 0.68
62 25.63 74.50 100.13 0.34 0.93 0.73
63 25.45 74.03 99.48 0.34 0.93 0.73
64 25.44 74.43 99.88 0.34 0.93 0.73
65 25.73 74.63 100.36 0.34 0.93 0.73
66 27.08 72,77 99.84 0.36 0.91 0.72
67 25.66 74.23 99.89 0.34 0.93 0.73
68 25.60 74.37 100.03 0.34 0.93 0.73
69 25.57 74.48 100.05 0.34 0.93 0.73
70 25.04 74.92 100.56 0.34 0.94 0.73
71 25.39, 75.29 100.68 0.34 0.94 0.74
72 26.23 74.88 101.11 0.35 0.94 0.73
73 25.83 75.41 101.24 0.34 0.94 0.73
74 235772 75.40 101.12 0.34 0.94 0.73
75 25.71 75.22 100.93 0.34 0.94 0.73
76 25.83 7521 101.04 0.34 0.94 0.73
77 25.65 75.54 101.19 0.34 0.95 0.73
78 25.88 74.96 100.85 0.35 0.94 0.73
79: 25:72 75.10 100.82 0.34 0.94 0.73
80 25.76 75.14 100.90 0.34 0.94 0.73
81 2923 71.52 100.75 0.39 0.90 0.70
82 25.88 75.16 101.03 0.35 0.94 0.73
83 25.69 75.65 101.34 0.34 0.95 0.73
84 25.98 75.81 101.79 0.35 0.95 0.73

k]
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85 25.99 75.62 101.40 0.34 0.95 0.73
Average 26.80 73.65 100.45 0.36 0.92 0.72
Sandard 1.93 2.14 0.74 0.03 0.03 0.02
Deviation
95% 0.41 0.46 0.16 0.01 0.01 0.004
Confidence
Limit
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Sample: 90T14; Initial Sample Composition = 90 mass% TiO, - 10 mass% V,Os; Reaction
Temperature = 1400°C; Phases Identified = Magneli Phase

Analysis Mass% Mass% Total mol V mol Ti Mole
No. V203 TiO2 fraction Ti
1 8.63 90.97 99.60 0H2 1.14 0.91
2 8.55 91.68 100.23 0.11 1.15 0.91
3 7.89 92.19 100.08 0.11 1S 0.92
4 7.84 92.53 100.37 0.10 1.16 0.92
5 7.94 92.57 100.51 0.11 1.16 0.92
6 8.76 90.32 99.07 0.12 1813 0.91
7 8.86 91.35 100.21 0.12 1.14 0.91
8 8.48 91.89 100.37 0.11 1.15 0.91
9 8.68 90.74 99.41 0.12 1.14 0.91
10 8.64 91.73 100.37 0.12 1.15 0.91
11 8.37 91.83 100.20 0.11 1.15 0.91
12 8.39 91.95 100.34 0.11 1.5 0.91
13 8.31 91.07 99.37 0.11 1.14 0.91
14 8.20 90.38 98.57 0.11 113 091
15 8.17 90.92 99.09 0.11 1.14 0.91
16 8.42 92.19 100.61 0.11 L.15 0.91
17 8.64 92.46 101.09 0.12 1.16 0.91
18 8.20 93.08 101.28 0.11 1.16 0.91
19 8.26 93.00 101.26 0.11 1.16 0.91
20 8.35 92.26 100.61 0.11 0 0.91
21 8.22 92.38 100.61 0.11 1.16 0.91
22 8.50 91.18 99.67 0.11 1.14 091
23 8.53 92.14 100.67 0.11 115 0.91
24 8.68 90.59 99.26 0.12 1:13 0.91
75 8.74 91.26 99.99 0.12 1.14 0.91
26 8.74 91.69 100.43 0.12 1CT5 0.91
27 8.78 91.82 100.60 0.12 115 0.91
Average 8.43 91.71 100.14 0.11 1.15 0.91
Standard 0.28 0.76 0.68 0.004 0.010 0.003
Deviation
95% 0.11 0.29 0.26 0.001 0.004 0.001
Confidence
Limit

77



Sample: 10T15; Initial Sample Composition = 10 mass% TiO, - 90 mass% V,0;; Reaction
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Temperature = 1500°C; Phases Identified = M,0,

Analysis Mass% Mass% Total mol V mol Ti Mole

No. V203 TiO2 fraction Ti
1 87.92 12.26 100.18 1515 0.15 0.12
2 88.31 12.50 100.81 1.18 0.16 0.12
3 87.60 12230 99.92 T 0.15 0.12
4 88.07 1277 100.84 1.18 0.16 0.12
5 87.78 12:55 100.33 1.17 0.16 0.12
6 87.73 12.68 100.41 18157 0.16 0.12
7 87.53 13.54 101.07 15157 0.17 il
8 87.98 13.82 101.80 1.17 0.17 0.13
9 86.83 13.74 100.56 1.16 0.17 0.13
10 87.68 13.68 101.36 1217 0ul7 0.13
11 86.55 13.69 100.23 1.15 0.17 0.13
12 87.11 14.26 101.37 1.16 0.18 0.13
13 86.89 14.57 101.46 1.16 0.18 0.14
14 86.50 - 14.42 100.92 1.15 0.18 0.14
15 86.42 14.65 101.08 1.15 0.18 0.14
16 87.15 14.47 101.62 1.16 0.18 0.13
17 86.73 14.18 100.90 1.16 0.18 0.13
18 86.37 14.40 100.77 115 0.18 0.14
19 86.16 14.74 100.90 115 0.18 0.14
20 86.43 14.71 101.13 .15 0.18 0.14
21 85.95 15.24 101.19 1.15 0.19 0.14
22 85.95 15.21 10105 1.15 0.19 0.14
23 85.85 15.76 101.61 1.15 0.20 0.15
24 85.51 15.56 101.07 1.14 0.19 0.15
25 85.64 15.73 101.37 1.14 0.20 0.15
26 84.05 15.65 99.70 1.12 0.20 0.15
27 85.72 15.96 101.68 1.14 0.20 0.15
28 85.06 16.11 101.17 1.14 0.20 0.15
29 85.61 16.23 101.84 1.14 0.20 0.15
30 84.93 16.21 101.14 1.13 0.20 0.15
31 84.560 16.04 100.60 1.13 0.20 0.15
32 84.63 16.12 100.76 113 0.20 0.15
33 84.52 16.64 101.16 1.13 0.21 0.16
34 83.87 16.38 100.26 1.12 0.21 0.15
35 82.49 16.41 98.90 1.10 0.21 0.16
36 84.57 16.97 101.54 1.13 0.21 0.16
37 84.06 17.02 101.09 142 0.21 0.16
38 83.97 17.26 101.23 1.12 0.22 0.16
39 84.24 16.99 101.23 12 0.21 0.16
40 84.06 17.41 101.47 1.12 0.22 0.16
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41 83.31 17.28 100.60 1611 0.22 0.16
42 83.92 17.52 101.45 1.12 0.22 0.16
43 82.89 17.55 100.44 11 0.22 0.17
44 81.79 17.30 99.09 1.09 0.22 0.17
45 83.76 17.69 101.45 1502 0.22 0.17
46 83.69 17.70 101.39 1542 0.22 0.17
47 83.60 17.78 101.38 112 0.22 0.17
48 83.57 17.87 101.44 12 0.22 0.17
49 83.45 18.01 101.46 1.1 0.23 0.17
50 81.56 16.78 98.34 1.09 0.21 0.16
51 83.31 17.40 100.71 i 0.22 0.16
52 83.83 17.59 101.42 112 0.22 0.16
53 83.81 17.65 101.45 1.42 0.22 0.16
54 82.94 17.23 100.17 1.11 0.22 0.16

Average 85.27 15.63 100.90 1.14 0.20 0.15

Standard 1.78 1.72 0.72 0.02 0.02 0.02

Deviation

95% 0.47 0.46 0.19 0.01 0.01 0.004

Confidence

Limit
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Sample: 30T15; Initial Sample Composition = 30 mass% TiO, - 70 mass% V,0,; Reaction
Temperature = 1500°C; Phases Identified = M,0, and M,O;

M,0O.-Phase
Analysis Mass% Mass% Total mol V mol Ti Mole
No. V203 TiO2 fraction Ti
1 70.08 31.02 101.10 0.94 0.39 0.29
2 65.12 35.53 100.65 0.87 0.44 0.34
3 70.49 30.79 101.27 0.94 0.39 0.29
< 64.89 35.83 100.73 0.87 0.45 0.34
5 62.71 37.70 100.40 0.84 047 0.36
6 60.81 39.63 100.44 0.81 0.50 0.38
7 61.39 39.12 100.50 0.82 0.49 0.37
8 60.94 39.95 100.88 0.81 0.50 0.38
9 60.19 39.91 100.09 0.80 0.50 0.38
10 61.20 39.80 101.00 0.82 0.50 0.38
11 61.07 39.79 100.86 0.81 0.50 0.38
12 60.64 39.65 100.28 0.81 0.50 0.38
13 63.18 37.53 100.70 0.84 0.47 0.36
14 60.62 40.33 100.95 0.81 0.50 0.38
15 59.58 39.43 99.00 0.79 0.49 0.38
16 60.17 40.07 100.24 0.80 0.50 0.38
17 59.93 40.59 100.53 0.80 0.51 0.39
18 58.87 41.46 100.34 0.79 0.52 0.40
19 56.67 40.55 0722 0.76 0.51 0.40
20 58.08 42.73 100.81 0.78 0.53 0.41
21 57.54 42.22 99.76 0.77 0.53 0.41
22 57.50 43.09 100.59 0.77 0.54 0.41
23 57.27 43.65 100.92 0.76 0:55 0.42
24 57.10 43.56 100.66 0.76 0:55 0.42
25 58.10 43.43 101.54 0.78 0.54 0.41
26 57.25 43.99 101.24 0.76 0:55 0.42
27 57.18 44.16 101.34 0.76 0.55 0.42
28 55.57: 42.78 98.35 0.74 0.54 0.42
29 55.21 43.63 98.84 0.74 0.55 043
30 55.31 45.10 100.41 0.74 0.56 0.43
31 56.62 43.64 100.26 0.76 0.55 0.42
32 56.35 4438 100.73 0.75 0.56 0.42
33 56.80 44.23 101.03 0.76 0.55 0.42
34 55.46 4545 100.91 0.74 0.57 0.43
35 56.35 45.19 101.54 0.75 0.57 043
36 5701 44.10 101.11 0.76 0.55 0.42
37 56.43 44.74 101.17 0.75 0.56 0.43
38 57.06 43.87 100.93 0.76 0.55 0.42
39 55.83 43.28 99.11 0.74 0.54 0.42

80




University of Pretoria etd — Coetsee T 1998

40 57.01 43.23 100.25 0.76 0.54 0.42
41 57.44 43.64 101.08 077 0.55 0.42
42 56.80 43.55 100.34 0.76 0.55 0.42
43 58.04 43.20 101.23 0.77 0.54 0.41
44 58.32 43.18 101.49 0.78 0.54 0.41
45 58.58 42.65 101.23 0.78 0.53 0.41
46 59.62 42.12 101.74 0.80 0.53 0.40
47 59.55 41.66 101.20 0.79 0.52 0.40
48 59.76 41.16 100.92 0.80 0.52 0.39
49 59.61 41.10 100.71 0.80 0.51 0.39
50 58.99 41.97 100.96 0.79 0.53 0.40
51 59.06 42.12 101.18 0.79 0.53 0.40
52 55.19 42.84 98.03 0.74 0.54 0.42
53 56.81 44.08 100.89 0.76 0.55 0.42
54 50.66 39.66 90.32 0.68 0.50 0.42
55 57.16 44.17 101.33 0.76 0.55 0.42
56 56.93 44,15 101.08 0.76 0.55 0.42
57 50.20 51.05 101.26 0.67 0.64 0.49
58 51.83 48.57 100.40 0.69 0.61 0.47
59 51.23 49.77 101.00 0.68 0.62 0.48
60 56.56 43.62 100.18 0.75 Q.55 0.42
61 57.56 43.93 101.49 0.77 0.55 0.42
62 58.03 43.11 101.14 0.77 0.54 0.41
63 58.27 43.04 101.31 0.78 0.54 0.41
64 56.14 44.01 100.15 0.75 0.55 0.42
65 53.52 46.96 100.48 0.71 0.59 0.45
66 53.40 47.57 100.98 0.71 0.60 0.46
67 57.33 44.34 101.67 0.77 0.55 0.42
68 57.66 43.94 101.60 0.77 0.55 0.42
69 57137 43.74 101.11 0.77 0.55 0.42
70 57:23 43.91 101.14 0.76 0.55 0.42
71 57.05 43.84 100.88 0.76 0.55 0.42
72 60.68 39.29 99.97 0.81 0.49 0.38
73 61.00 39.88 100.89 0.81 0.50 0.38
74 67.50 33.76 101.27 0.90 0.42 0.32
75 70.03 30.75 100.78 0.93 0.38 0.29
76 67.13 33.55 100.67 0.90 0.42 0.32
T 5735 42.58 99.93 0.77 0.53 0.41
78 57.21 42.99 100.20 0.76 0.54 0.41
79 5755 43.12 100.67 0.77 0.54 0.41
80 57.84 42.40 100.23 0.77 0.53 0.41
81 61.64 38.36 100.00 0.82 0.48 0.37
82 63.54 36.46 100.00 0.85 0.46 0.35
Average 58.62 41.89 100.51 0.78 0.52 0.40
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Standard 3.85 3.74 1.39 0.05 0.05 0.04

Deviation

95% 0.83 0.81 0.30 0.01 0.01 0.01

Confidence

Limit

ltalic = SEM-EDS Analyses

M,0O;-Phase

Analysis Mass% Mass% Total mol V mol Ti Mole
No. V203 TiO2 fraction Ti

/ 82.53 17.47 101.10 1.10 0.22 017
2 82.02 17.98 100.65 1.09 0.23 0.17
3 82.14 17.86 101.27 1.10 .22 0.17

Average 82.23 17.77 100.00 1.10 0.22 0.17

Standard 0.27 0.27 0.004 0.003 0.003

Deviation

95% 0.30 0.33 0.004 0.004 0.003

Confidence

Limit

Italic = SEM-EDS Analyses
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Sample: 50T15; Initial Sample Composition = 50 mass% TiO, - 50 mass% V,0s; Reaction
Temperature = 1500°C; Phases Identified = M,0; and M, O,

M,O.-Phase:
Analysis Mass% Mass% Total mol V mol Ti Mole
No. V203 TiO2 fraction Ti
1 58.99 42.01 101.00 0.79 0.53 0.40
2 59.55 41.74 101.29 0.79 0152 0.40
3 58.71 41.63 100.34 0.78 0.52 0.40
4 58.54 4191 100.45 0.78 0.52 0.40
5 56.57 4411 100.67 0.75 0.55 042
6 56.38 44 .54 100.92 0575 0.56 0.43
7 54.40 46.47 100.87 0.73 0.58 0.44
8 58.29 42.16 100.45 0.78 0.53 0.40
9 58.14 42.87 101.00 0.78 0.54 0.41
10 57.54 42.87 100.41 0.77 0.54 0.41
11 57.44 43.01 100.45 0.77 0.54 0.41
12 56.97 4351 100.48 0.76 0.54 0.42
13 56.97 43.49 100.46 0.76 0.54 0.42
14 56.82 43.78 100.60 0.76 0.55 0.42
15 56.81 43.58 100.39 0.76 0.55 0.42
16 56.71 44.07 100.78 0.76 0.55 0.42
17 56.58 4432 100.90 0.76 0.55 0.42
18 57.13 44.19 101.33 0.76 0.55 0.42
19 55.98 43.81 99.79 0.75 0.55 0.42
20 54.36 43.39 97.75 0.73 0.54 0.43
Average 57.14 43.37 100.52 0.76 0.54 0.42
Standard 1.35 1.17 0.74 0.02 0.01 0.01
Deviation
95% 0.59 0.51 0.33 0.01 0.01 0.01
Confidence
Limit
M,O,-Phase:
Analysis Mass% Mass% Total mol V mol Ti Mole
No. V203 TiO2 fraction Ti
1 47.49 53.43 100.93 0.63 0.67 0.51
2 47.44 53.24 100.68 0.63 0.67 0.51
3 41.98 58.08 100.07 0.56 0.73 0.56
4 43.56 56.88 100.44 0.38 0.71 0.55
5 42.26 58.27 100.54 0.56 0.73 0.56
6 41.61 58.71 100.32 0.56 0.73 0.57
7 41.18 57.93 99.10 0.55 0.73 0.57
8 44.43 54.79 99.22 0.59 0.69 0.54
9 46.80 54.11 100.91 0.62 0.68 0.52
10 42.07 58.38 100.45 0.56 0.73 0.57
1.1 46.66 53.84 100.50 0.62 0.67 0.52
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12 48.33 52.07 100.40 0.64 0.65 0.50
13 47.93 52105 100.88 0.64 0.66 0.51
14 47.38 5873 101.11 0.63 0.67 0.52
15 47.02 53.68 100.70 0.63 0.67 0.52
16 45.45 55.10 100.54 0.61 0.69 0.53
17 47.79 53.49 101.28 0.64 0.67 0.51
18 40.06 60.83 100.89 52 0.76 0.59
19 40.07 61.12 101.19 0.53 0.76 0.59
20 3782 63.08 100.90 0.50 0.79 0.61
21 37.94 63.29 101.23 0.51 0.79 0.61
22 37.81 63.37 101.17 0.50 0.79 0.61

Average 43.78 56.83 100.61 0.58 0.71 0.55

Standard 3.64 3.68 0.57 0.05 0.05 0.04

Deviation

95% 1.52 1.54 0.24 0.02 0.02 0.02

Confidence

Limit
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Sample: 70T15; Initial Sample Composition = 70 mass% TiO, - 30 mass% V,0s; Reaction

University of Pretoria etd — Coetsee T 1998

Temperature = 1500°C; Phases Identified = Magneli Phase

Analysis Mass%o Mass% Total mol V mol Ti Mole

No. V203 TiO2 fraction Ti
1 23.96 77.56 101.52 0.32 0.97 0.75
2 23.78 722 101.00 0.32 0.97 0.75
3 2398 77.05 100.98 0.32 0.96 0.75
) 2392 785 101.27 0.32 0.97 0.75
5 23.81 76.70 100.51 0.32 0.96 0.75
6 23.95 Fii31 101.26 0.32 0.97 0.75
7 20.00 80.42 100.41 0.27 1.01 0.79
8 23.86 76.88 100.74 0.32 0.96 0.75
9 23.33 76.61 99.93 0.31 0.96 075
10 23.86 77.28 101.15 0.32 0.97 0.75
11 23.78 77.36 101.14 0.32 0.97 0.75
12 24.15 76.98 101.13 0.32 0.96 0.75
13 24.68 76.23 100.90 0.33 0.95 0.74
14 29.58 71.63 101.21 0.39 0.90 0.69
15 24.90 75.84 100.73 0.33 0.95 0.74
16 26.87 74.57 101.43 0.36 0.93 0.72
17 29.60 71.89 101.49 0.40 0.90 0.69
18 29.38 71.59 100.97 0.39 0.90 0.70
19 29.14 71.86 101.01 0.39 0.90 0.70
20 26.03 74.18 100.20 0.35 0.93 0.73
21 29.39 71.58 100.98 0.39 0.90 0.70
22 29.47 ¥ M 101.24 0.39 0.90 0.70
23 25.13 75.58 100.70 0.34 0.95 0.74
24 29.34 71.12 100.46 0.39 0.89 0.69
25 29.19 71.67 100.86 0.39 0.90 0.70
26 29.24 69.81 99.05 0.39 0.87 0.69
27 29.30 70.02 99.32 0.39 0.88 0.69
28 29.61 69.22 98.83 0.40 0.87 0.69
29 24.67 76.16 100.83 0.33 0.95 0.74
30 24.64 76.19 100.83 D33 0.95 0.74
31 24.32 76.14 100.46 0.32 0.95 0.75
32 24.35 75.82 100.17 032 0.95 0.74
33 24.50 75.87 100.37 0.33 0.95 0.74
34 24.52 76.31 100.84 033 0.96 0.74
38 24.25 76.21 100.46 0.32 0.95 0.75
36 2436 76.24 100.60 0.33 0.95 0.75
37 24.44 76.19 100.63 0.33 0.95 0.75
38 24.44 76.18 100.62 0.33 0.95 0.75
39 23.28 74.87 98.15 0.31 0.94 0.75
40 23.59 75,32 98.92 0.31 0.94 0.75
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41 24.18 76.73 100.92 0.32 0.96 0.75
42 24.03 76.73 100.76 0.32 0.96 0.75
43 24.08 77.03 101.11 0.32 0.96 0.75
44 23.93 76.86 100.79 0.32 0.96 0.75
45 24.39 76.49 100.87 0.33 0.96 0.75
46 25.56 Foald 100.67 0.34 0.94 0.73

Average 25.45 75.17 100.62 0.34 0.94 0.73

Standard 2.40 2.52 0.72 0.03 0.03 0.02

Deviation

95% 0.69 0.73 0.21 0.01 0.01 0.01

Confidence

Limit
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Sample: 90T15; Initial Sample Composition = 90 mass% TiO, - 10 mass% V,0;; Reaction
Temperature = 1500°C; Phases Identified = Magneli Phase

Analysis Mass% Mass% Total mol V mol Ti Mole

No. V203 TiO2 fraction Ti
1 8.57 91.86 100.44 0.11 115 0.91
2 8.51 90.97 99.48 0.11 1.14 091
3 8.62 91.14 99.76 &2 1.14 091
4 8.46 91.80 100.26 0.11 1515 0.91
5 8.49 91.86 100.35 0.11 1.15 0.91
6 8.52 91.88 100.40 0.11 1.5 0.91
7 8.49 91.70 100.19 0.11 1505 0.91
8 8.48 91.69 100.18 0.11 1.15 091
9 8.42 91.25 99.67 0.11 1.14 0.91
10 8.50 91.67 100.16 0.11 1.15 0.91
11 8.44 91.77 100.20 0.11 1.15 0.91
12 8.43 91.35 99.77 0.11 1.14 0.91
13 8.46 91.90 100.36 0.11 i 1= 0.91
14 8.44 91.24 99.68 0.11 1.14 0.91
15 8.29 91.21 99.49 0.11 1.14 0.91
16 8.30 91.63 99.93 0.11 1.15 0.91
17 8.40 9141 99.81 0.11 1.14 0.91
18 8.37 92.28 100.65 0.11 1.15 0.91
19 8.24 91.93 100.17 0.11 1.15 091
20 8.36 91.62 99.98 0.11 1.15 0.91
21 8.41 91.59 100.00 0.11 1.15 091
22 8.49 91.70 100.19 0.11 1:15 0.91
23 8.26 92.31 100.57 0.11 1.16 0.91
24 8.34 91.47 99.80 0.11 1.14 0.91
25 8.38 92.02 100.41 0.11 115 0.91
26 8.23 91.79 100.02 0.11 1:15 0.91
27 8.31 91.82 100.13 0.11 1.15 0.91
28 8.33 92.00 100.33 0.11 1.15 0.91
29 8.28 92.17 100.46 0.11 1.15 0.91
30 8.29 92.04 100.33 0.11 1.15 0.91
31 8.40 91.76 100.16 0.11 1.15 0.91
32 8.32 92.13 100.45 0.11 1.15 091
33 8.22 91.49 99.72 0.11 1.15 0.91
34 8.39 92.00 100.39 0.11 1.15 0.91
35 8.27 92.09 100.37 0.11 L5 0.91
36 8.29 91.72 100.01 0.11 1.15 091
37 8.33 91.83 100.16 0.11 115 0.91
38 8.21 91.01 99.22 0.11 1.14 0.91
39 8.30 91.92 100.22 0.11 1.15 0.91
40 8.24 92.26 100.50 0.11 1.15 091
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41 8.30 92.27 100.57 0.11 1.15 0.91
42 8.22 92.34 100.55 0.11 1.16 0.91
43 8.33 92.09 100.42 0.11 1.15 0.91
44 8.11 92.27 100.38 0.11 1.15 0.91
45 8.01 89.10 97.11 0.11 1.12 0.91
46 8.25 92.27 100.52 0.11 1.15 0.91
47 8.37 91.93 100.30| 0.11 1.15 0.91
48 8.25 91.60 99.86 0.11 1.15 0.91
49 8.39 91.95 100.35 0.11 1.15 0.91

Average 8.35 91.74 100.09 0.11 1.15 0.91

Standard 0.12 0.52 0.54 0.0016 0.0065 0.0012

Deviation

95% 0.03 0.15 0.15 0.0004 0.0018 0.0003

Confidence

Limit
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Sample: 90T16480; Initial Sample Composition =
Reaction Temperature = 1600°C; Phases Identified = Magneli Phase

90 mass% TiO, - 10 mass% V,0;;

Analysis Mass% Mass% Total mol V mol Ti Mole

No. V203 TiO2 fraction Ti
1 8.58 91.89 100.46 0.11 1.15 0.91
2 8.58 92.16 100.74 0.11 1.15 0.91
3 8.56 92.23 100.79 0.11 1.15 0.91
4 8.75 91.35 100.10 0.12 1.14 0.91
5 8.60 91.38 99.98 0.11 1.14 0.91
6 8.54 91.38 99.93 0.11 1.14 0.91
7 8.53 90.78 99.32 0.11 1.14 0.91
8 8.56 91.56 100.12 0.11 1.15 0.91
9 8.59 91.61 100.21 0.11 1.15 0.91
10 8.59 91.55 100.14 0.11 |15 0.91
11 8.59 91.76 100.35 0.11 1.15 091
12 8.59 91.98 100.57 0.11 1.15 0.91
13 8.48 91.89 100.37 0.11 115 091
14 8.69 91.42 100.11 0.12 1.14 091
15 8.55 91.32 99.87 0.11 1.14 0.91
16 8.51 91.15 99.66 0.11 1.14 0.91
17 8.63 91.66 100.29 0.12 1.15 0.91
18 8.56 91.26 99.82 0.11 1.14 0.91
19 8.66 9142 100.08 0.12 1.14 0.91
20 8.67 D1.51 100.18 0.12 1.15 091
21 8.30 91.43 99.72 0.11 1.14 0.91
22 8.14 §9.51 97.65 0.11 1.12 0.91
23 8.22 91.54 99.76 0.11 1.15 0.91
24 8.26 92.45 100.71 0.11 1.16 0.91
25 *8.39 92.46 100.86 0.11 1.16 0.91
26 8.34 91.36 99.70 0.11 1.14 0.91
27 8.27 91.25 99.51 0.11 1.14 0.91
28 8.23 91.45 99.68 0.11 1.14 0.91
29 8.26 91.48 99.74 0.11 1.14 0.91
30 8.24 91.29 99:53 0.11 1.14 0.91
31 8.22 92.31 100.54 0.11 1.16 0.91
32 8.16 91.99 100.15 0.11 1.15 0.91
33 8.10 90.88 98.98 0.11 1.14 0.91
34 8.29 91.56 99.84 0.11 1.15 0.91
35 8.32 91.84 100.16 0.11 1.15 0.91
36 8.32 92.13 100.45 0.11 1.15 091
37 8.56 91.83 100.39 0.11 1.15 0.91
38 8.52 91.71 100.22 0.11 1.15 0.91
39 8.51 91.60 100.11 0.11 L1535 0.91
40 8.57 91.54 100.11 0.11 1.15 0.91
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41 8.75 91.21 99.95 0.12 1.14 0.91
Average 8.40 91.56 100.02 0.11 1.15 0.91
Standard 0.18 0.50 0.55 0.002 0.006 0.002
Deviation
95% 0.06 0.15 0.17 0.001 0.002 0.001
Confidence
Limit
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Appendix 4: EPMA(EDS) Analyses for V,0; - TiO, System
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Initial Composition Tempe- Phase Final Composition Average Standard
- Mass% rature [dentified Mass% Mass% Deviation
Mass%

TiO, V,0s5 °C TiO, | V.0, | TI0; | Va0 | Ti0; | Va0s | Ti0; | V20 | THO; | Vo0, [ TiO; [ ¥20: [ TiO, [ Y205 [ O, | Va0s | TiO, | V40; (| TiO,
10 90 1400 M,04 10.70] 89.30| 10.17| 89.83 5.98| 94.02 8.08] 91.92 8073 9127, 216
30 70 1400 M;0s5 38.87| 61.13] 38.82| 61.18] 38.63| 61.37| 39.03| 60.97 38.84] 61.16] 0.16
30 70 1400 M50, 20.09] 7991 20.01f 79.99] 19.75| 80.25| 19.69| 80.31 19.89] 80.12| 0.19
50 50 1400 Magneli 61.61| 3839 60.88] 39.12| 68.78] 31.22 63.76] 36.24] 4.37
70 30 1400 Magneli 77.65| 2235 73.29| 26.71| 72.08] 27.92 74.34] 25.66] 2.93
90 10 1400 Magneli 90.61 9.39[ 90.39 9.61| 90.13 9.87 90.38 9.62] 0.24
10 90 1500 M,0, 1047] 89.53| 11.76] 88.24| 17.55| 82.45| 19.71] 80.29 14.87| 85.13| 4.46
30 70 1500 M;0s 38.36| 61.64| 36.46| 63.54 3741 6259 1.34
30 70 1500 M,0; 17.47| 82.53] 17.98| 82.02[ 17.86] 82.14 17.77] 82.23 0.27
50 50 1500 Magneli 55.72| 44.28| 63.49 36.51| 58.76] 41.24 59.32( 40.68 3.92
70 30 1500 Magneli 79011 2099 78.80| 21.20] 75.17] 24.83| 75.64] 2436 75.40] 24.60| 78.54] 21.46| 75.45] 24.55| 71.48| 28.52 76.19] 23.81 2.54
90 10 1500 Magneli 90.74 9.26/ 90.59 941 90.21 9.79 90.51 9491 0.27
90 10 1600 Magneli 90.46 9.54| 90.74 9.26] 90.86 9.14 90.69 9.31 0.20
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Appendix 5: EPMA(EDS) Analyses for V,0, - FeO System
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EPMA Analyses: V,03 - FeO System at 1400, 1500 and 1600 °C

Initial Composition Temperature Phase Final Composition Average Standard 95%
Mass% 2 Identified _ Mol Mol Deviation | Confidence
: | = - = . - s Mol | Interval
RO VO - Fe v Fe V[ Fef vV [ F v [®E]V Fe v Fe B
10 90 1400 M;0, 0.472 | 0.882 | 0.459 | 0.894 | 0.463 | 0.890 0.465 0.889 0.006 +0.007
10 90 1400 M,0; 0.088 | 1.250 | 0.089 [ 1.249 | 0.095 | 1.245 | 0.090 | 1.248 0.090 1.248 0.003 +0.003
30 70 1400 M;0, 0.466 | 0.887 | 0.461 [ 0.893 | 0.469 | 0.885 | 0.463 | 0.890 | 0.472 | 0.883 | 0.466 0.888 0.004 +0.004
30 70 1400 M0, 0.096 | 1.242 | 0.093 | 1.245 | 0.099 | 1.240 0.096 1.242 0.003 +0.003
50 50 1400 M,0, 0.692 | 0.673 | 0.689 | 0.674 | 0.675 | 0.687 0.685 0.678 0.009 +0.010
70 30 1400 M;0,4 0.768 | 0.598 | 0.772 | 0.594 | 0.779 | 0.587 0.773 0.593 0.006 +0.006
70 30 1400 Liquid 1.194 | 0.191 | 1.186 | 0.197 | 1.184 | 0.199 1.188 0.196 0.005 +0.006
90 10 1400 Liquid 1.236 | 0.151 | 1.235 [ 0.151 | 1.232 | 0.153 1.234 0.152 0.002 +0.002
10 90 1500 M;0, 0.472 | 0.882 | 0.468 | 0.886 | 0.462 | 0.891 | 0.451 | 0.902 0.463 0.890 0.009 +0.008
10 90 1500 M50, 0.103 | 1.236 | 0.103 | 1.236 | 0.104 | 1.234 | 0.102 | 1.237 0.103 1.236 0.001 +0.001
30 70 1500 M0, 0477 | 0.878 | 0.477 | 0.878 | 0.468 | 0.886 | 0.480 | 0.874 0.476 0.879 0.005 +0.005
30 70 1500 M,0; 0.110 | 1.229 | 0.109 | 1.230 | 0.104 | 1.234 0.108 1.231 0.003 +0.003
50 50 1500 M0, 0.603 [ 0.757 | 0.628 | 0.733 | 0.608 | 0.751 | 0.599 | 0.761 0.609 0.750 0.013 +0.013
10 90 1600 M0, 0.477 | 0.877 | 0.480 | 0.874 | 0.476 | 0.878 0.478 0.876 0.003 +(.003
10 90 1600 M,0, 0.116 | 1.224 | 0.072 | 1.265 | 0.120 | 1.220 | 0.117 | 1.222 | 0.120 1.220 | 0.109 1.230 0.020 +0.018
50 50 1600 M;0, 0.580 | 0.778 | 0.560 | 0.798 | 0.521 | 0.835 [ 0.533 | 0.823 0.548 0.809 0.027 +0.026
70 30 1600 M;0, 0.633 | 0.727 | 0.629 | 0.731 | 0.635 | 0.726 0.632 0.728 0.004 +0.004
70 30 1600 Liquid 1.235 | 0.151 | 1.141 | 0.240 | 1.215 | 0.169 1.197 0.187 0.052 +0.059
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