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SYNOPSIS.

The experimental programme of this thesis project was designed to explore the
potential of microwave-stimulated reduction of refractory metal minerals in both "mine
concentrate" mineral form and in the "pure" oxide mineral form. Representing the five
refractory metals titanium, zirconium, hafnium, niobium and tantalum, the core
minesite-derived minerals selected were rutile, ilmenite, zircon and the tantalite-like
mineral wodginite, all oxidic minerals, whilst the "pure" standard oxides selected were
TiO,, ZrO;, HfO,, Nb,Os and Ta,Os . By like means, the minerals of these groups were
reduction-processed utilising an innovative plasma technique whose applications and
methods are described herein. It was found that, across the range of microwave-
stimulated reduction of core refractory metal minerals, both concentrate minerals and

pure oxide minerals could be effectively reduced to metallic phases.

Fundamental in this study was that the experimental programme should identify
reduction capabilities, alternative extraction route possibilities and process options; this
was a keystone study of microwave reduction applied to obdurate minerals. As such, the
intention of the study was to underpin further-stage initiatives in advancing microwave-
stimulated extractive pyrometallurgy and allied applications. To this end, across the
scope of experimentation, the reduction of refractory metal oxides to realise metallic
product by means of elementary reduction processes whilst employing such basic
reduction procedures suggested the potential for extractive processing routes leading to
commercial-grade metal products — outcomes parallel and equivalent to those of

conventional routes.

Whilst reduction directly from the metal oxide represents neither a new
reduction strategy nor a new production route, the direct microwave-stimulated
reduction of thermochemically obdurate refractory metal oxides is novel. Incorporating
both carbothermic and metallothermic means of reduction across the experimental
programme, the microwave-stimulated reduction method devised was used throughout
the core programme of experimental reduction exercises. Being complementary to these
core refractory metal results, various instructive "non-core" reduction results are also
reported whilst examples of microwave initiated "metal halide" reduction afford

comparability with the conventional Kroll and Hunter industrial production processes.
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Ultimately, in this foundation project, it was considered that sufficient tangible
evidence was accumulated during broader characterisation and analyses of reduction
product specimens to contend that essentially pure metal was produced transiently under
the experimental conditions before the onset of "over-processing” that produced solid
solution and metallic compound phases. And further, system deficiencies and
exothermic contributions aside, that refractory metals of good purity can be efficiently
reduced from their stable oxide minerals under an extractive metallurgical regime
utilising microwave-stimulation to supply the external (or "applied") energy into the
system so initiating and sustaining — and generally integral with — its non-equilibrium

plasma environment.
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PREAMBLE:

Refractory Metals, Microwave Reduction, Project Concept and Opportunity.

The refractory metals are those nine transition metals presenting in Groups 4, S
and 6 of the Periodic Table of the Elements and occupying the first, second and third
long Periods (representing the 3d, 4d and 5d orbitals (respectively) of the N, O and P
electron shells). Dependent upon application-based industry perspectives, vanadium
and/or chromium are/(is) sometimes omitted from this general group of transition
metals. The refractory metals of interest in this project are the Group 4 metals titanium,
zirconium and hafnium and the Group S metals niobium and tantalum. In essence, these
five elements are represented in three ore-derived mineral groups mined in only two
mining-operation types and together represent a disproportionately large (but greatly

under-valued and under-rewarded) portion of Australia's export income.

The refractory metals have physical, chemical and mechanical properties that
ensure their specification for a diverse range of applications from plain domestic to the
specialised and technological. Their high melting point, toughness and strength
(particularly at elevated temperatures), strength-to-weight ratio, corrosion resistance
and nuclear and electronic properties are among those which ensure that refractory
metals are extensively utilised in the aerospace, metals fabrication and manufacturing,
construction, chemical, nuclear and electronics industries. Much current, post-primary
metallurgical research is aimed at the development of new and performance-improved
refractory metal alloys, intermetallic compounds, hard materials and composites to
provide advanced high temperature, corrosion resistant materials that will extend the
utilisation potential of metals from this group. Accordingly, in order to meet an
increasing demand, formerly unproven and obsolete production-route processes must be
re-evaluated, established processes reviewed and upgraded, and new extractive
metallurgical processing routes and strategies investigated by the refractory metals
production industry. This industry is ever pressed to decrease production costs whilst
increasing production tonnages in order to supply lower-priced refractory metal
products across the range of commercial mill specifications. In acknowledging these

factors, this project examines the potential of a new extractive technique; and in doing
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so, an intuitive and innovative approach to metallurgical reduction processing is

embraced.

The pyrometallurgical reduction of refractory metal oxides using conventional
technologies has been a commercial rarity because the extended high temperature
processing regimes required are above practicable reactor-vessel lining specifications.
Whilst other chemical or electro-winning variations may exist, regular industrial
production routes for refractory metals see ore-derived mineral concentrates solution-
treated to obtain the "pure" oxide(s), converted to metal halide (normally chloride)
followed by fractional distillation to obtain the pure halide, thence metallothermically
reduced to the pure metal. With variations for the different refractory metals — and if
convoluted — the well documented, generally long-established industrial halide-based

extractive routes are well proven, as evidenced by their commercial history.

The work described herein will demonstrate that the thermodynamically stable
refractory metal oxide minerals sourced from both commercially pure (including
laboratory grade) minerals and a range of minesite-derived ore-mineral concentrates can
be efficiently reduced to stable metallic phases utilising microwave-stimulated plasma-
based pyrometallurgical techniques to drive carbothermic or metallothermic reactions.
Similarly, the work will reveal how refractory metal halides can be reduced by thermal
decomposition, or "disproportionation", employing techniques that utilise the intricate

but versatile thermochemistry of microwave stimulation.

The microwave stimulation techniques employed are essentially novel and, of
necessity, are fundamentally simple in experimental character and configuration but
show a potential to be gainfully upgraded with respect to reduction product quality,
quantity and percentage yield. Process advantages arising from this intimate application
of energy are derived from variations in microwave susceptibility in the charge
components — that is, the dielectric load in the blend materials — giving rise to a
characteristic temperature profile that controls the heating regime and, therefore, the
reaction zones in the charge. Pertinently, microwave-initiated reactions are concentrated
in the dielectric load centre, so evolved heat (from applied microwave energy plus
exothermic energy) is expediently retained centrally in the reactant blend bulk, where

its function is best realised at the seat of reaction chemistry and away from refractory
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linings or crucible wall. Thus, by design, microwave heating and processing can be
strategically configured to extend refractory life and, consequently, to prolong crucible
or reactor vessel campaigns whilst facilitating a contained reaction zone requiring
reduced process (reaction) time. To an extent, these "physical" aspects of microwave

processing are misleadingly consistent with concepts of system equilibrium.

As with comparable microwave systems, however, the metallurgical system (as
investigated) is a system operating under conditions of thermal non-equilibrium, or non-
equilibrium thermodynamics, and specifically, a system whose thermochemistry is
dictated by the reactive species and overall ionisation chemistry of microwave-
stimulated non-equilibrium plasma. The plasma chemistry in pyrometallurgical reaction
zones is characterised by high populations of highly reactive species in environments of
comparably low sensible (bulk) "temperature" and (for plasma environments) at "high"
relative reaction-environment pressures up to one atmosphere. These system variables
will contribute to successful process outcomes across the microwave reduction
programme, particularly in the cases of anatase/rutile, ilmenite, zircon and wodginite —
all commercially significant minerals to Australia. Therefore, the research programme
will validate the worth of microwave processing to extractive metallurgical applications

and, more broadly, to a range of complementary and comparable industrial applications.



ix




AN INVESTIGATION OF

THE MICROWAVE - STIMULATED REDUCTION OF

OXIDES OF REFRACTORY METALS.

VOLUME [

[ Introductory sections up to Section 6.]



INTRODUCTION.

"There is no unhappier creature on earth than a fetishist who yearns for a woman's shoe and has to
embrace the whole woman."

Karl Kraus - 1909.



1: INTRODUCTION.

The capability to extract, fabricate and utilise metals has represented the
technological hallmark of civilisations for thousands of years. Metallurgy has
distinguished and identified cultures. It has determined, and is idiosyncratic of, the
socio-political achievement of civilisations in the ranking of nations and has
exemplified their eventual significance in the flight of history. Empires rose and fell and
civilisations flourished or perished in accord with their relative abilities to master the
military and commercial arts and crafts of metallurgy. Any reflection upon
contemporary history will confirm that little has changed in the making and shaping of
the perplexing social and political dynamics of our modern world. The extraction,
fabrication and utilisation of metallic and related materials are still as central in the
prevailing contemporary technologies as they have been in millennia past. Throughout
human history's Ages of Metals - and across cultures and civilisations — the prevalent
metallurgical technologies have, in near totality, represented the concept of "advanced
technology". Hereunto, that ancient root "metallurgy" yet occupies a substantial portion

of the human ingenuity which is perceived to be modern advanced technology.

During the twentieth century and into the dawn of this twenty-first, technical
knowledge has accumulated extraordinarily at exponential rates as has our capacity to
exploit the power of this body of knowledge; knowledge constantly reviewed, revised
and augmented. Consequently, developments in extraction, refinement, fabrication, heat
and corrosion treatment and finishing technologies for metals (and materials generally)
have stimulated and advanced technical and production capabilities. Today, a broad
range of metallic materials is available to provide cost-efficient solutions to satisfy

remarkably diverse engineering and general applications.

Modern industrial technologies specify the use of metals in applications where
resistance to the effects of corrosion, wear, high or low temperatures, or high-impact
loading is required, and in long-term or cyclic applications where high compressive and
high tensile load-bearing capabilities are demanded in structural members and general
components in manufacture. In particular, metals are used in structural and general
engineering applications when service assuredness and longevity are essential.

Furthermore, metals are utilised for (either) their low or high mass in density-dictated
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applications or where a high strength-to-weight ratio is required; for their electronic
properties in electrical and electronics applications; for their nuclear or radioactive
properties in nuclear medicine and nuclear power applications; for their liquid
properties in sensors or as coolants in high-flux heat transfer applications; for their
craft-workability and perceived aesthetic beauty in jewellery and ornamental artistry;
for their malleability or ductility in a range of trade and craft applications; for their
rigidity in a range of engineering applications; for their durability in coinage; and for a
host of other, more obscure physical and chemical applications. Metals can be cast, hot
or cold worked, forged, extruded, rolled, formed, drawn, et cetera during primary
manufacture, and may be punched, swaged, cut, drilled, reamed, tapped, brazed,
welded, ground, plated, ef cefera during subsequent fabrication. Across the spectrum of
material families, the metals families are versatile; they provide broad, commonly
superior utility in manufacture, fabrication and application. Metals are widely and

successfully used.

Some metals, especially those of the refractory metals group, are employed in
crystalline conjunction with light elements as compounds or with other metals as
intermetallic compounds, or with these light and metallic elements in the non-integer
stoichiometric continua of solid solutions (alloys); these find use in technically specific
applications. Such specific applications of these compounds and alloys utilise their
electronic and physical properties in diverse applications as capacitors, superconductors,
thermocouples, hard materials in metal matrix composites, structural and sheet
components in aerospace and construction applications, and an extensive list of
established and evolving applications — furthermore, these mostly are applications of
noteworthy technological consequence. Also, of these materials, the product compounds
and solid solutions of metals and light elements are commonly and too easily classified
as "ceramics" - that is, as "non-metallic" materials*. Nonetheless, there remains much
of the "metallic" about such metal/light-element materials and their grouping here with
other metallic materials is relevant, especially so in their inclusion with refractory

metals — it is not simply the metallic elements which are fundamental in this project, but

* [This strict "ceramics" labelling of such materials has derived from the "incomplete facts" conveniently
accorded the scientific definition of "ceramic". This because of the size and strength of the Ceramics
Sector, the worldwide numerical strength and influence of integrated and associated professional groups —
the momentum of whose predisposition is dictated by industrial agenda, and the inflexible, indoctrinated
commercial culture of "standardisation by definition and regulation" which has seen a narrow, simplistic
definition of "ceramic" evolve in the Literature. ]
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the real metallic materials of those elements — particularly as they occur as or amongst

the real products of reduction operations.

Metallic materials are constantly encountered in general and special applications
in everyday life. Quite simply, metals are the backbone of engineering fabrication and
of manufacturing generally. Of these, the transition metals of Groups 4, 5 and 6 - the
refractory metals - make prominent, even unique contributions to engineering and
manufacturing through their material properties. They have high melting points, high
corrosion resistance, high strength (including strength at high temperature) and are
ductile in the pure state. The refractory metals have many specialty applications in their
pure or near-pure states and lend highly desirable and much sought properties to
engineering alloys — most commonly to steels for structural and hard-face applications
and to aluminium alloys for aerospace applications. Refractory metals are absolutely
central to the materials technologies of intermetalics and hard materials and,
consequently, in derivative technologies such as metal matrix composites (or cermets)
and ensuing integrated technologies including tooling for cutting and machining

operations.

Because of their high thermochemical stability, refractory metal ores provide
extractive processors with innumerable process problems in complex and costly
extractive production routes. These high cost, highly valued metals are regarded, in both
the commercial and military contexts of world commodity economics, as "strategic"
metals. This strategic categorisation, and the technical sophistication required for their
production, fabrication and utilisation, has ensured that the world production of certain
metals including the nine refractory metals has been restricted. World production
capabilities for five of the refractory metals central to Australian exports - titanium,
zirconium, hafnium, niobium and tantalum - has been limited to a few corporations
operating in equally few nations which have collusively manipulated markets, resource
developments and raw material supplies to maintain control over the world supply of
these metals [1-2.771. Consequently, their production is limited, almost exclusively, to the
United States of America, Russia, Japan, China, India and a few European Union

nations.
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Central in the envisaging of this project was the observation that three of
Australia's largest exports, each only minimally value added — denying the great
majority of their intrinsic commodity value at export, are represented in three mineral
groups mined in only two mining operation types. These three export commodities are
titanium, zirconium and tantalum. Of these, two concurrently occur in intimate
mineralogical association with minor components hafnium (with zirconium in
Australian zircon) and niobium (with tantalum in Australian wodginite and tantalite
minerals) and so report in their mineral concentrate products and represent valuable by-
products. Of these five refractory metals, titanium, zirconium and hatnium are the three
Group 4 elements and niobium and tantalum are two of the three Group S elements.
Notably, these five elements provide the most thermodynamically stable (most difficult
to reduce) oxides of the nine refractory metals, a fact presenting a desirable challenge in
the project. So, essentially, from three mineral groups, mined in two types of mining
operation, the five refractory metals fundamental in the project are sourced and
recovered in complex extractive processing streams. And, other valuable metals such as
tin, rare earth elements lanthanum, cerium, neodymium, samarium, europium and others
plus the trans-uranic element thorium are variously recovered in these operations

processing mineral sands and wodginite/tantalite concentrates.

Australia is the world's largest producer and exporter of mineral-sands-derived
ore concentrates, historically these are recovered from quarternary mineral sands
deposits along the east and west coasts of Australia. The derived mineral sand
concentrates include the principal titanium minerals rutile, ilmenite and leucoxene, the
principal zirconium and hafnium mineral zircon, also the valuable rare earth and trans-
uranic minerals xenotime and monazite plus several others. [The rutile-like titanium
mineral anatase will soon become prominent when exploitation of the deep Murray
Basin deposits is realised.] Because (if they are processed at all) Australia processes
these concentrate minerals (at best) only to their minimum point of saleability - that is,
to the point of beneficiated mineral - Australia is also the world's largest exporter of

mineral-sands-derived refractory metal and rare earth minerals.

The largest tantalum-source deposit in the world is at Wodgina in north-western
Australia. [Of comparable size to the weathered pegmatite deposit of Wodgina are the

tantalum reserves of the Mount Weld carbonatite province in northern Western
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Australia's Pilbara region — still undeveloped with respect to tantalum/(niobium), and
the large but largely expended placer deposits at Greenbushes in southern Western
Australia.] From the Wodgina deposit, the largest producer/exporter in the world mines
ternary ore to supply wodginite — a principal tantalum/(niobium)/tin ore concentrate
which is beneficiated, retrieving the tin, removing the gangue elements and supplying a
tin-free synthetic tantalite/(columbite) for export to foreign processors. [Other primary
Wodginite gangue elements — principally manganese, iron and minor titanium — could,

in future, also be recovered for their significant value.]

These primary products earn Australia enormous export income, however, as
primary exports they cost Australia a far greater potential income in lost secondary and
tertiary production opportunities — specifically in terms of the loss of a "value-added"
component. Not only does this potential value-add greatly exceed the value of primary
export earnings from the beneficiated mineral as exported [by between 10 and 400 times
(1,000 % and 40,000 %), mineral dependent], but this unequivocally lost value-added

component represents a lost theoretical export income which is, and has been for many

years, considerably greater than Australia's total export income[ll. This massive inequity
of realised value-add is earnings forfeited — national opportunities wasted! Even by any
modest application of the value-add component, this astonishingly neglectful loss
amounts to breathtaking national resource mismanagement. Remarkably few
Australians are aware of the fact; and resource companies, bureaucracies and
Governments are unwilling, as resource analysts and information outlets are inept, to
either highlight or change the fact of this massive multinational exploitation and
expatriation of national wealth. In terms of the value-added component of end-product
(either actual end-product or theoretical ultimate end-product), far more income is
conceded by Australia to those "strategically" sanctioned nations which import
Australian refractory metal minerals than is earned by Australia (in exporting those
minerals) in either export income or export profit terms. Further exacerbating the loss-
at-export inequity is the ultimate cost-premium indignity of initially forfeiting the value-
add upon export, then paying for the commodity plus the value-add upon importing the
original commodity as a finished product — a very common experience in Australia
(although, amongst consumers, a slight of international commerce that is commonly

concealed or ignored). [By way of simple example, consider the proportion of iron ore
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exports to Japan, South Korea and China which is returned to Australia as motor

vehicles and other steel manufactures — a value-add loss of 5.3 (530 %) from high grade

o . (]
haematite (iron ore) to plain carbon steel ]

Progress in all fields of broader scientific endeavour and the more specific
endeavours of metallurgical investigation - from pure research to product development
and from extractive processes to finishing technologies - has advanced the family of
metallurgical technologies. Developments in the broad metallurgical field of extractive
processing have reflected this burgeoning technological evolution. New processes in
extractive pyrometallurgy have kept this age-old extractive method competitively apace
with the alternative contemporary process routes of hydrometallurgy and chemical
metallurgy (including electrowinning). Microwave-stimulated processes present new
and exciting possibilities of very highly populated reactive species environments and/or
very-high temperature extractive metallurgical reduction, sublimation, dissociation and
decomposition routes in the winning of metallic materials. That is, high populations of
highly energetic requisite reactant species leading to thermochemically desirable

process outcomes.

The project described in this thesis embraced microwave processing and was
conceived and nurtured during several inspired discussions with Professor Howard K.
Worner in late 1987. In essence, the project reflects observations of aspects of
pioneering experimentation involving complementary microwave-stimulated processes.
Professor Worner and others had identified that, amongst other susceptible materials,
many minerals and carbonaceous materials were highly receptive of "microwave
energy" - this energy being transferred from the microwave field through the dielectric
loss characteristic of the load material under irradiation and sensibly registered as heat -
and that this energy could be harnessed to stimulate desirable chemical reactions in the
irradiated load. It was decided that this concept required testing in the more specific
field of reduction reactions of metalliferous minerals and ores. Further, to extend and
test the efficacy of microwave-stimulation, the refractory metals were chosen to further

challenge and specify the task. [Refractory metals have high melting points and
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consequently occur in minerals (both synthesised and naturally-occurring) characterised
by high thermodynamic stability and consequently demand complex reduction routes
requiring significant energy per unit produced.] Of the refractory metals ores, those of
highest thermodynamic stability are also those of enormous economic significance to
Australia. So, the project was conceived to investigate the microwave-stimulated
reduction of those mineral sands which source the Group 4 elements titanium,
zirconium and hafnium, and the tin-rich tantalite-type mineral wodginite that yields the

Group S elements niobium and tantalum.

In an extension to earlier work, the feasibility of utilising the transferred energy
of microwave irradiation to stimulate and thermodynamically catalyse chemical
reactions in minerals in an environment of microwave plasma was examined. Particular
attention was devoted to the "completeness" of reduction of those thermochemically
highly stable pure oxides and principally-oxide minerals of refractory metals which are
significant in Australia's export commerce. Whilst these minerals respond to microwave
stimulation with a range of dielectric susceptibilities from modest to high, they also
exhibit a keen thermal resilience to conventional pyrometallurgical reduction and a high

resistance to chemical attack generally.

The rapid and unique thermal processing characteristics of microwave heating,
the microwave susceptibilities of both reductant and reactant minerals, and the
advantageous thermodynamics and kinetics of non-equilibrium low-temperature plasma
chemistry were utilised in this project to produce metallic reduction products from
highly stable minerals in reduction systems of low sophistication. Experimental systems
employed simple apparatus configurations which produced experimental yields of high
conversion percentage and high metallic quality (given the primary extractive nature of
most processes investigated). The development of process sophistication and system
apparatus was limited (in part by funds and) by a fundamental and deliberate philosophy
of simplicity in experimentation which allowed the breadth of scope which was
encompassed in the project. It was essential in the project to maintain a degree of
flexibility so that the true "survey of the feasibility" of microwave-stimulated reduction

processes could be appropriately addressed. In this regard, the final scope of the project
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- whilst remaining general - was considerably more limited than the initially envisaged
scope. With such a void in the published literature in the overall area of microwave-
stimulated reduction there was no real opportunity for a highly specific study; and so a
survey was seen to represent the most propitious contribution the project could make to

this new body of knowledge.

During the course of the project, the propensity to upgrade process systems used
in experimentation was considered, each time with forethought — in light of, and as
concession to commercial reality. The possibility of further technical development and
scaling-up of systems to pilot plant scale, thence commercial plant scale, was to be
deliberated in the context of experimental achievement. The general acceptance of
microwave heating technology was challenged by the fact that the hardware of
microwave systems and associated application devices required to transform
experimental success to industrial reality had not been industrially proven. This lack of
technological proven-ness at the industrial scale presented a conceptual dilemma to
process development. In particular, the extension of microwave applications into the
very high temperature regions of solids and liquids processing and the ultra high
temperature regions for vapour, gas and plasma phase processing presented new and
persistent problems of process containment as process vessel refractory material

melting-points were routinely exceeded.

The thesis addresses both the conventional and the novel aspects of a field in
which little has been published or publicly acknowledged — a field which is new and
which promises enormous scientific and commercial potential. Section 2 of this thesis
introduces the refractory metals, their properties and their utilisation. Aspects of
conventional reduction process routes for refractory metal ores are addressed in Section
3 whilst comparable microwave reduction processes are introduced and contrasted with
the conventional in Section 4. Section 5 of the thesis introduces the methodology
employed in experimental work, the problems encountered with microwave heating at
the experimental scale, the dilemmas of sampling hard reduction product and its
heterogeneity, and strategies for analyses. A description of experimental procedures is

presented in Section 6, the results of experimental work are set out in Section 7 and a
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discussion of these results in Section 8. In penultimate Section 9, a reflective technical
overview is followed by recommendations for further process developments and future
experimental projects are proposed. Concluding comments are presented in Section 10
in which an assessment is expounded of the worth of microwave-stimulated processes
applied to the reduction of minerals in general — the thermochemically stable minerals
in particular — and in light of the broad scope of pyrometallurgical production routes to

the common metals, the commercially valuable metals, and the high end-value metals.



THE REFRACTORY METALS.

"The art of being wise is the art of knowing what to overlook."

William James -
Principles of Psychology, 1890.
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2: THE REFRACTORY METALS.

"Refractory metals" refers somewhat loosely to the group of nine transition
metals of Groups 4, 5 and 6 of the first three long periods of the Periodic Table of the
Elements (see Figure {2.1}1). The refractory metals are titanium, zirconium, hafnium,
vanadium, niobium, tantalum, chromium, molybdenum and tungsten. Sometimes
chromium and, less frequently, vanadium are omitted from this generalised grouping.
Whilst all nine elements are relevant to this study, the project scope was concentrated
on titanium, zirconium and hafnium of Group 4, plus niobium and tantalum of Group 5.
Essentially, the principal commercial ores of these five elements are mined in only two
types of mining operations in Australia. In placer deposits, the principal titanium
minerals, rutile and ilmenite, plus the principal zirconium/hafnium mineral, zircon, are
recovered concurrently in mineral-sand mining operations whilst the principal
tantalum/niobium minerals, tantalite and wodginite, are concentrated from ore mined
from weathered metamorphic rock and overlying eluvial deposits in open-cut
operations. The selection represents three Australian ore groupings as titanium occurs in
rutile, ilmenite and leucoxene mineral sands, zirconium and hafnium occur concurrently
by mineralogical association in zircon sands, as do niobium and tantalum in tantalite,

columbite and wodginite minerals.

Despite their relative under-utilisation and general unfamiliarity in metallic form,
the refractory metal elements occur in greater abundance than many of the common and
familiar metals in the Earth crust. The prevalence of the more abundant elements and
their order of abundance in the Earth crust are shown in Table {2}1. Clearly, the table

disregards the concentration, dispersion and depth of mineralisation through igneous

Table {2}1 : The abundance of elements in the Earth crust in order of abundance (ppm (g tonne1)) [3].

1 Oxygen 455000 17 Carbon 180 33 Nitrogen 19 49 Tin 2.1
2 Silicon 272000 18 Zirconium 162 34 Gallium 19 50 Europium 2.1
3 Aluminium 83000 19 Vanadium 136 35 Lithium 18 51 Beryllium 2.0
4 Iron 62000 20 Chlorine 126 36 Lead 13 52 Arsenic 1.8
5 Calcium 46600 21 Chromium 122 37 Praseodymium 9.1 53 Tantalum 1.7
6 Magnesium 27640 22 Nickel 99 38 Boron 9.0 54 Germanium 1.5
7 Sodium 22700 23 Rubidium 78 39 Thorium 8.1 55 Holmium 1.3
8 Potassium 18400 24 Zinc 76 40 Samarium 7.0 56 Molybdenum 1.2
9 Titanium 6320 25 Copper 68 41 Gadolintum 6.1 57 Tungsten 1.2
10 Hydrogen 1520 26 Cerium 66 42 Dysprosium 4.5 58 Terbium 1.2
11 Phosphorus 1120 27 Neodymium 40 43 Erbium 35 59 Lutetium 0.8
12 Manganese 1060 28 Lanthanum 35 44 Ytterbium 3.1 60 Thallium 0.7
13 Fluorine 544 29 Yttrium 31 45 Hafnium 2.8 - - -

14 Barium 390 30 Cobalt 29 46 Caesium 2.6 66 Silver 0.08
15 Strontium 384 31 Scandium 25 47 Bromine 2.5 72 Platinum 0.01

16 Sulphur 340 32 Niobium 20 48 Uranium 2.3 75 Gold 0.004
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and sedimentary deposits and neglects ore accessibility. However, it is instructive to
note how few of the common industrial, structural and fabrication metals outrank the

refractory metals in abundance.

Although its use is entrenched in common terminology, the name "refractory
metals" often leads to a degree of confusion as metals of the platinum group (rhenium,
ruthenium, osmium, rhodium, iridium, palladium and platinum of Groups 7 to 10 of
Periods 5 and 6) also possess excellent, if not superior, refractoriness and corrosion
resistance. Further confusion arises from the grouping of "refractory materials" which,
whilst usually referring to refractory ceramic materials of high refractoriness, may
include metals such as tungsten, rhenium and platinum from the refractory and platinum
metals groups. Furthermore, whilst many of these refractory ceramics are minerals of
the refractory metal group (ZrO,, ZrSiO,, TiB,, HfC, Ta,Os, ef cefera), many - such as
Al,O; , AIN, SiO,, SiC, B,C and graphite - are not. (The common term "refractory
oxides", of course, defines just a sub-set of refractory materials. In the not-too-distant
past, refractory oxides plus graphite comprised all of the common refractory materials.)
"Refractories" refers to those refractory material products which, typically, are pre-
formed and fired brick or monolithic fabrications used to line furnaces and reactors so
providing chemical and thermal insulation. Refractories are the refractory products as

distinct from the refractory materials from which they are made.

The refractory metals have physical and chemical properties that make their
selection appropriate for specialised applications, particularly in the increasingly
common high technology applications. These elements are central components in the
design and fabrication of high performance intermetallic and hard materials. In the pure
form, they are ductile and have excellent corrosion resistance, however, "high purity" is
difficult to maintain in these light element "getter" metals. As solid solution
components, they form alloys that have outstanding mechanical properties — in
particular, high temperature strength. As micro-alloying components in modern
structural steels, refractory metal additions provide the high strength and associated

performance demanded by the specifications of advanced design and technology.

Undoubtedly, three of the central utilisation and consumption routes of the
refractory metals, which account for most of production, is their application in the
manufacture of intermetallic compounds, hard materials and ceramics. Notably, all of
these material end-products are compounds — none are solid solution metals. More than
metals from any other elemental grouping, refractory metals are used in the

manufacture of the initial two of these processed material types, materials that are so



12

Section 2

much in demand in modern technological applications. The aerospace industries have
stimulated interest in the development of materials that are strong, ductile and stiff at
high temperatures. Many intermetallics, representing compounds with a range of
ordered structures, have significant ductility and strength at elevated temperatures —
some intermetallics even display increasing yield strength with increasing temperature
over a considerable range [4]. Intermetallics tend to be brittle at ambient temperatures,
however, because their bonding is tighter than that of their pure components,
intermetallics have higher elastic stiffness and melting points at higher temperatures.
Consequently, the high strength-to-weight and stiffness-to-weight ratios at elevated
temperatures make intermetallics desirable materials for applications in the construction

of aircraft and spacecraft.

On the basis of consumption, more than for intermetallics is the utilisation of the
refractory metals in the production of hard materials and ceramics. Indeed, a far greater
proportion of refractory metal materials production is consumed in the forms of hard
material metallo-ceramics, oxide and non-oxide refractory ceramics plus oxides used as
paint opacifiers. Up to 90% of high grade titania produced is consumed by the paint
production industry — a statistic which infers wasted resource potential and a proportion
which should surely ease in future years. Much unprocessed zircon is consumed in cast
refractory products whilst a further major proportion is upgraded to high purity zirconia

and consumed in specialised ceramics applications.

Of their potential uses, refractory metals are perhaps most widely known for
their utilisation in hard materials. Short or diamond, the hardest and most refractory
materials known belong to the boride, carbide, nitride and oxide derivatives of the
refractory metals. Tungsten carbide, titanium nitride and, in fact, most of the carbides,
nitrides and borides of the refractory metals are commonly used in specialised
applications in metal matrix composites, or cermets, from which cutting and machining
tools are produced. Some, such as titanium diboride, also find special applications as
refractory linings because of their refractoriness and corrosion stability. The refractory
metal oxides are not usually grouped with the other hard materials, however, some such
as zirconia (zirconium dioxide) are used, in the moulded and sintered form, in cutting
tools and in extrusion and drawing dies and other applications requiring high wear-

resistance with low deformation under load (high rigidity).

The unavoidable facts of outright consumption see that most refractory metals
mined, and subsequently reduced or otherwise metallurgically processed, will be

consumed as end-products in the material form of either an oxide ceramic or a metal-
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like "ceramic" hard material. Despite this, the emphasis of this thesis has notionally
identified final products of metallurgical reduction operations as metals, and so, without
losing sight of other crucially important end-products, reasonable emphasis has been
placed on "production routes towards pure metals". This approach then encompasses
the conceptual and inclusive principles of production routes towards other end-
products. [In addition to the references specifically indicated above, the following
[3,4,5,6,7,8,9, 10, 11, 12, 13] . ) ..
sources are referenced for their general consultation reading in

the preparation of this section.]

2.1: The Properties and Utilisation of Five Refractory Metals.

The Mendeleyevian relationship of the refractory metals to one another and to
the other elements can be seen in the Periodic Table of the Elements which is included
as Figure {2.1}1. Some common physical and mechanical properties of pure refractory
metals are given in Table {2.132. The following brief descriptions of titanium,
zirconium, hafnium, niobium and tantalum — the five metals of specific interest in this
thesis — are overviews of their brief histories, properties and utilisation and are not
intended to be comprehensive. Descriptions generally exclude mention of extractive

processing which is discussed in some depth in later sections.

2.1.1: Titanium.

Placed in Group 4 on the first long period of the Periodic Table of Elements,
titanium is a lustrous silver-white transition metal whose fracture surface resembles that
of steel. Its crystal structure in the a-form is hexagonal close packed (hcp) and above
T, p = 882°C, in its B-form, is body centred cubic (bcc). Pure titanium is ductile and can
be cold worked and cold drawn, however, ductility is easily lost with trace uptake of
impurities. Commercially pure titanium is as strong as steel but 45% lighter, twice as
strong as aluminium but 60 % heavier. Titanium is a prolific "getter" of oxygen and
nitrogen and loses its ductility rapidly upon the uptake of either. The metal burns in air
and is the only element that will burn in nitrogen [5I. Titanium has excellent corrosion
resistance to seawater and common corrosive substances and is resistant to dilute

sulphuric and hydrochloric acids, most organic acids and moist chlorine gas.



Figure (2.1} 1 : The Periodic Table of the Elements as adopted t;y the International Union of Pure and Applied Chemists (IUPAC) in 1984 on the 150th anniversary of the birth
of Dimitri Mendeleyev who in 1869 first proposed this arrangement of the elements. The periodic arrangement shown here was first proposed by Arne Olander
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Table {2.1} 2 : Some physical and mechi anical properties of refractory metal 's and common metals. Unless otherwise noted, v alues are for pure metals and are in the annealed
condition for mechanical property values which are offered as indicative values at 20°C, not as absolute valu es. Note that mechanical property values for [zurc
, 30, 131]

refractory metals are dra: matically affected by the uptake of negligible levels of impurities. (Superscripts: C - commercial purity, MS - mild steel) ™
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Titanium was discovered by Gregor in 1791 and named by Klaproth in 1795.
Testament to the stability of its minerals, nearly a century passed before impure
titanium was prepared by Nilson and Petterson in 1887. Hunter produced 99.9% pure
titanium metal in 1910 by reducing titanium tetrachloride, TiCl,, with sodium metal in a
steel bomb — a process that still bears his name. In 1946, Kroll showed that titanium
could be commercially produced by metallothermic reduction of titanium tetrachloride
using magnesium — a method since known as the Kroll process. As with refractory
metals generally, the purest titanium can be prepared by decomposing the iodide — a
method devised by van Arkell and de Boer.

Titanium is the ninth most bountiful element in the Earth crust and occurs in
common minerals and ore forms more abundantly than do any of the other refractory
metal elements. Despite this relative abundance and the established availability of
mineral ores to industry, the commercial production of titanium metal did not begin

until 1948 [°1. Titanium is a metal of the modern age.

Titanium is produced in greater quantities than any other of the Groups 4 and 5
refractory metals and is produced in comparable quantities to the Group 6 elements
chromium, molybdenum and tungsten, all of which are distinctly easier to reduce and
refine. The high strength-to weight ratio of titanium and its resistance to oxidation in
chemically aggressive environments have been responsible for its enthusiastic adoption
and increasing utilisation. Such highly desirable properties make titanium an
exploitable necessity rather than a simple, pragmatic choice in applications requiring
high temperature utility and chemical resistance in the chemical industries and for high

strength alloys in structural applications in the aerospace industries.

In the chemical industries, where it is used in applications requiring resistance to
the effects of high temperature and/or chemical attack, titanium is cost-competitive with
stainless steels. The initial cost-at-installation of titanium components and equipment is
higher than the stainless steel options but the lighter titanium has a significantly longer
in-service life expectancy. High resistance to pitting corrosion, general durability and
higher strength-to-weight ratio than stainless steels are the attributes of titanium that
allow designers of expensive chemical plant to reduce wall thicknesses and component
dimensions in process equipment. Once component life expectancy and weight saving
aspects of process equipment are taken into account, titanium becomes the desirable
alternative for heat exchangers, chemical reactor vessels and other expensive plant

installations.
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The aerospace industries make use of the same high strength-to-weight ratio and
chemical resistance properties of titanium in a broad range of mainly structural
applications. In aerospace applications, titanium is principally utilised in applications
requiring high strength alloys - particularly those aluminium-based titanium alloys
having the accentuated strength-to-weight ratio advantage provided by the lighter metal
plus the accentuated strength and stability imbued by titanium. [In addition to the

[3,5,7, 9, 10, 12, 14]

specific references, the following sources are referenced in a general

sense in relation to the documentation of Section 2.1.1.]

2.1.2: Zirconium.

Below titanium, zirconium occupies the position at Group 4 in the second long
period of the Periodic Table. The crystal structure of zirconium in the a-form is
hexagonal close packed (hcp) and above T, ; = 862°C, in its B-form, is body centred
cubic (bcc). Pure zirconium is ductile, malleable and strong. It is a gray-white lustrous
metal that, like titanium, loses its ductility with uptake of trace impurities. Zirconium is
a prolific "getter" for oxygen and nitrogen and in finely divided forms will
spontaneously combust in air, particularly at elevated temperatures. Bulk zirconium

metal is much more difficult to ignite.

Whilst Klaproth is attributed with the discovery in 1789 of the new element,
zirconium, the impure metal was first isolated by Berzelius in 1824 by heating a
mixture of potassium and potassium zirconium fluoride, K,ZrF,, in a small iron tube.
Pure zirconium was first prepared in 1914 and zirconium of high purity was prepared in
1925 by an iodide decomposition process developed by van Arkel and de Boer — a
process which 1is still the accepted standard method of production of high purity
zirconium and other refractory metals. Modern commercial production of zirconium,
which began in 1949, is based upon the Kroll Process — the reduction of zirconium
tetrachloride, ZrCl, , by magnesium — or close variations of this most common of all

refractory metal production routes.

Almost all of the world production of zirconia/zirconium is derived from the
mineral zircon, ZrSiO,, and although zirconium occurs in a diverse range of minerals,
the only other commercially important zirconium mineral is baddeleyite, ZrO, , the
naturally occurring zirconia mineral. Synthetic zirconia production for use in ceramic

and refractory applications accounts for a large proportion of zirconium minerals
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mined. Typically, all naturally occurring zirconium minerals contain 1% to 3% hafnium
amongst other, lesser impurities. Consequently, because separation is difficult and
expensive, commercial grade zirconium may contain up to 3% hafnium, which does not
detract from its utility in most applications. However, like niobium, zirconium has a
low absorption cross-section for neutrons and is therefore extensively used in control
rods for nuclear energy applications — applications which require the elimination of
hafnium because of its high absorption cross-section for neutrons (making hafnium
similarly important in nuclear applications). Commercial nuclear power generation
applications consume about 90% of zirconium metal production. Reactor grade
zirconium metal is virtually free of hafnium, whilst zirconium-based Zircalloy® is an

important alloy range developed for the nuclear power industry.

Zirconium is also used in an extensive range of applications in the chemical
industries because of its exceptional resistance to corrosion by most common acids and
alkalis, by seawater, and by other common corrosive agents. In micro-alloying
proportions, zirconium is used as a grain-refining agent in special steels and to inhibit
post-heat treatment and post-fabrication grain growth. Zirconium and high-zirconium
alloys are used for the manufacture of special surgical appliances, rayon spinnerets and
other equipment for specialised applications. At low temperatures, zirconium becomes
superconductive and is used in the production of supermagnets. Zirconium-zinc alloys
become ferromagnetic below 35 K. [In addition to the specific references above, the

[3’ 5’ 6’ 9’ 77]

following sources are referenced in a general sense for their use in the

documentation of this Section 2.1.2.]

2.1.3: Hafnium.

Hafnium occupies the Group 4 position in the third long period of the Periodic
Table. The crystal structure of hatnium in the a-form is hexagonal close packed (hcp)
and above T, ; = 1760°C, in its B-form, is body centred cubic (bcc). Pure hafnium is a
ductile metal of high density with a brilliant silver luster whose "high-purity" metallic
properties are considerably influenced by negligible levels of impurity uptake and by
any remaining zirconium content. Hafnium always shares the same ore sources as
zirconium with which it is inextricably related in the broad Mendeleyevian sense and
the metals are (unavoidably) reduced simultaneously in all extractive reduction

operation options, and their chlorides (halides) are almost inseparable by distillation.
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Predictions of its existence prompted speculation of the presence of hafnium in
various minerals but the metal was not "discovered" until 1923 when it was identified
by X-ray analysis. Also, it was predicted that hathium would be associated with
zirconium. The confirmation of these predictions was one of many triumphs-of-the-
times in science that flowed from the inspired theoretical accomplishments of
Mendeleyev, Bohr and others who collectively formulated our modern understanding of
the periodicity and electronic structure of the elements. Theoretical science was integral
in the development of the Periodic Table of the Elements, a feat that ranks as one of the
truly outstanding accomplishments in the history of the sciences and, to a large degree,
established Science as a prominent power in the evolution of human society, culture and

civilisation.

Metallic hatnium was first prepared by van Arkel and de Boer who thermally
decomposed hafnium tetraiodide vapour on a hot tungsten filament to deposit the high
purity hafnium metal. Hafnium is commercially produced by metallothermic reduction
of the tetrachloride by magnesium or sodium metals (using the Kroll or Hunter
processes respectively). Hafnium tetrachloride is a by-product of the fractional
distillation of chlorinated commercial or impure zirconium - the HfCI, being sublimed
off the impure chloride leaving the more stable zirconium tetrachloride in pure form.
Inherently, the commercial production of hafnium began as a direct consequence of the
burgeoning demand for hafnium-free zirconium metal created by the then new and

expanding nuclear power industry.

Because they share almost identical chemistry, hafnium and zirconium are two
of the most difficult metals to separate after co-reduction and each metal is invariably
the greatest impurity in the other after refining. Hafnium is twice as dense as zirconium
and this difference has been utilised in a reduction-stage separation technique that is
claimed 1l to separate the metals by a liquid metal solvated carbo-nitrothermic process
route that produces pure metal nitrides. In this method, hatnium-rich zirconia - which
typically may at this stage be 5% to 10% hatnia - is entrained with nitrogen into a
carbon-saturated bath of copper at 1500°C. The lighter zirconium nitride product floats
to the surface where it accumulates whilst the heavier hafnium nitride product sinks to
the bottom Although nitrides, the separated metallic products are claimed to be of high
purity having a separation factor of 10°ina single stage process. Hafnium nitride is the
most refractory of all the metal nitrides having a melting point of 3390°C, whilst
hafnium carbide (an honour which it may share with tantalum carbide) is the most
refractory binary compound known ol having a melting point of 3930°C. As with all

refractory-metal-based non-oxide ceramics of good purity, hafnium borides, carbides
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and nitrides are highly valued as hard materials as well as for their refractoriness.
Hafnia, hatnium dioxide, finds use in special applications as a high technology ceramic.
Hafnium intermetallics, individually and as a group, have outstanding properties —
physical, chemical and mechanical. In the family of intermetallic materials they are

dense, strong, durable and show high resistance to the effects of very high temperature.

Finely divided hafnium will spontaneously ignite in air. It is resistant to
chemical attack by concentrated acids (except hydrofluoric acid) and alkalis but reacts
upon direct exposure to halides to form the hafnium tetrahalide. At elevated
temperatures, hatnium reacts with oxygen, nitrogen, boron, carbon, silicon and sulphur.
Hafnium is alloyed with iron, titanium, niobium, tantalum and other metals to produce a
range of special purpose alloys. Because hatnium has excellent mechanical properties,
exceptional corrosion resistance, and has a high absorption cross-section for thermal
neutrons — almost 600 times that of zirconium — hafnium is used for nuclear reactor

. . . 3,5,6,9
control rods. [In addition to the specific references above, the following sources 3.5,6.9
5 77 are referenced in a general sense in relation to the documentation of Section

2.1.3]

2.1.4: Niobium.

Below vanadium in Group 5 of the Periodic Table of the Elements, niobium, or
columbium (Cb), its preferred name in the United States of America, lies between
zirconium and molybdenum in the second long period — central in the nine refractory
elements. Whilst it has an electronic configuration irregularity in the [Kr]4d*Ss! order of
filling of its electron shells which accounts for some individual material characteristics,
solid niobium retains the same body-centred cubic crystal structure to its melting point.
Niobium is a lustrous silvery white metal that is soft and ductile in the pure state but,
like all refractory metals, its pure state properties succumb to trace inclusions of
interstitial impurities. When deep-drawn, niobium withstands tearing stresses better
than most other ductile metals and it work-hardens at a much lower rate than most
metals. At ambient temperatures, it forms a thin, contiguous protective oxide film that
is only detectable because of a bluish cast across the exposed metal surface. Generally,
niobium is an aggressive "getter" and must be atmosphere-protected as it oxidises
rapidly above 200°C. However, a thin oxide film on the otherwise untreated metal is
stable enough to resist high temperature corrosive attacks — the exposed metal resists

fused alkalis but is attacked by hot concentrated acids. Niobium is used in some



21

Section 2

stainless and special purpose steels because of the chemical and mechanical properties

it contributes to the alloys. The metal has superconducting properties.

Discovered in 1801, niobium was not isolated in its metallic form until 1864
when Blostrand reduced the chloride in a hydrogen atmosphere. Niobium occurs
concurrently with tantalum in ores with a mineralogy ranging from niobium-rich
columbite (or niobite), pyrochlor and euxenite to tantalum-rich tantalite. Typically, the
metals are co-reduced and separation of tantalum from niobium can be achieved in a

number of ways.

Like zirconium, niobium has a low absorption cross-section for neutrons and is
extensively used in nuclear reactor applications. Niobium is currently available at about
half the cost of zirconium making it economically preferable in cases of choice in the
nuclear industries. As ferroniobium, niobium is added as a common micro-alloying
element to high-strength, low-alloy steels for use in a wide range of structural
applications and, following heat treatment, for fabrication into a range of industrial and
constructional components. Niobium acts as a carbide stabiliser and inter-granular
corrosion inhibiter when added to austenitic stainless steels, whilst it is added to ferritic
stainless steels to improve the high temperature strength for use in turbine blades and
comparable applications. Alloys of niobium are creep-resistant at high temperatures and
show a high resistance to attack by hot gases. Commercially pure niobium also finds
application in special structural frames in the space programme and elsewhere in the
aerospace industries. Niobium is utilised in specific-purpose non-ferrous alloys, in
welding rods, in intermetallic materials and for the production of hard materials. [In

3,5, 8, 9, 10, 13]
ar

addition to the specific references above, the following sources e

referenced for their use in the documentation of Section 2.1.4.]

2.1.5: Tantalum.

Having twice the density of niobium, tantalum is the Group 5 element lying
between hafnium and tungsten on the third long period of the Periodic Table. Like the
other refractory elements of Groups 5 and 6, tantalum has a body-centred cubic crystal
structure. Tantalum is a silvery-grey metal and exhibits the fourth highest melting
temperature of all the known metals. It is heavy and very hard; when pure it is highly

ductile and can be drawn into fine wire.
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The discovery of tantalum is attributed to Eckberg in 1802. However, confusion
and disagreement about the different identities of niobium and tantalum (which usually
occur concurrently in minerals) persisted until Rose, in 1844, and Marignac, in 1866,
demonstrated the difference between niobic and tantalic acids. Early investigators only
produced relatively impure metal — niobium, being difficult to separate, was a common
impurity. The first relatively pure ductile tantalum was prepared by von Bolton in 1903.
Because of its refractoriness and affinity for carbon, tantalum was adopted for many
specialty applications from filament wires to alloying element in special alloys,
however, the imperatives of better availability and lower cost have seen tungsten,

niobium and other refractory metals replace tantalum in many of its early applications.

As with the other refractory metals, tantalum is easily contaminated by
interstitial impurities oxygen, nitrogen, hydrogen and carbon that affect mechanical
properties to a pronounced extent. Differences in hardness, a very sensitive indicator of
such contamination, can be as high as 200% between 99.5wt% tantalum (at the limit of
hot-deformability) and cold-ductile tantalum that is greater than 99.95wt% purity i
Tantalum has a very low strain hardening coefficient for a body-centred cubic metal

: . . 1]
and can be cold deformed to over 99% without stress-relieving or annealing

Typical of the high melting-point refractory metals, tantalum has excellent
corrosion resistance and high mechanical strength. The outstanding corrosion resistance
of tantalum is imbued by its ability to form a contiguous thin protective oxide film that
is tenacious and impervious — retarding further oxidation. This oxide film on tantalum
is many times more protective than the comparable oxide film on aluminium — a
film whose protective coherency is well appreciated and utilised in numerous
applications. Tantalum is virtually impervious to chemical attack below 150°C being
attacked only by hydrofluoric acid, fluoride-ion acid solutions and sulphur trioxide;
alkalis have negligible effect. At higher temperatures, tantalum becomes much more

reactive and is a prolific "getter" for oxygen at elevated temperatures.

Unalloyed tantalum is used in engineering applications for chemical plant
components, turbine blades, a broad variety of electronics components including
capacitors (in ceramic form); and special applications such as surgical implements, wire
and sheet for use in corrosive environments, and spinnerets for artificial fibres.
Tantalum is used to produce a variety of alloys with such desirable properties as high
melting point and high strength with good ductility. In steels and in nickel, cobalt and
nickel-iron based superalloys, tantalum is added to improve corrosion resistance, to

stabilise carbon and act as a grain refiner, and to increase strength and hardness.
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Niobium is generally more effective in the same microalloying role such that tantalum
in steel production has been largely replaced by niobium (as ferroniobium) which is less
expensive — world production of niobium is about five times that of tantalum. Tantalum
alloys find applications in the nuclear industries, in military ballistics and numerous

high-strength at high-temperature applications in the aerospace industries.

As with all of the refractory metals, tantalum is extensively used in the
production of hard materials for inclusion in metal matrix composites, hard metals and
other applications. Tantalum is usually produced in hard material form as the carbide,
and it is commonly deployed with other refractory metals to form mixed carbides [such
as (Ta,Nb)C; (W,T1,Ta)C and (W, Ti,Ta,Nb)C] for specific material design applications
in industrial cutting and machining. Whilst hard materials manufacture accounts for
about 30% of total tantalum production, almost half of the total world production is
consumed in the production of capacitors in the electronics industries. Whilst tantalum
foil and wire is used in capacitors, much of the tantalum is consumed as the oxide that
has a high dielectric coefficient and good stability. [In addition to the specific

3,5, 8,9, 10, 11, 13]

references above, the following sources are referenced in a general

sense for their use in preparing the documentation of this Section 2.1.5.]
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EXTRACTIVE METALLURGY and
REDUCTION PROCESSES.

"A hen is only an egg's way of making another egg."

Samuel Butler (II) -
Life and Habit, 1877.
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3 : EXTRACTIVE METALLURGY and REDUCTION PROCESSES.

Primary metallurgy can be divided by function into two general but distinct
categories of operation. These are the metallurgical categories of metals extraction and
metals refining. Process operations between extraction and refining stages sometimes
overlap and metallurgical function may become indistinct in the contiguity of primary
metallurgical operations. However, in conceptual terms, the distinction between the
primary metallurgy functions of metals extraction and metals refinement should be
recognised. Extractive or extraction metallurgy is concerned with the winning of metals
from their ores or mineral concentrates. (For the common metals) once this initial bulk
reduction is achieved, the typically impure "pig" metal product is then refined to a
specified purity in the refining stage process — a stage which may integrally include
alloying additions. To distinguish between the functions of these primary processes is
elementary and essential — the distinction is fundamental in any understanding of metals

production.

Notwithstanding this dictum, primary metallurgy routes for refractory metals
depart somewhat in that reduction to metal normally follows purification of an
intermediate halide product that, in turn, may follow a mineral processing reduction or
other extractive step. Whilst refractory metals are produced at relatively high purity in
commercial operations, ultra-high "iodide purity" metal may then be produced from the
commercial grade in a van Arkel-de Boer process which is akin to a refining stage. So,
whilst primary metallurgy functions may perceivably divert from the stereotypical
metallurgical norm, there are identifiable extractive and refining stages in the

production of refractory metals.

In metals production industries, extractive operators must remain cognisant of
the requirements of refining operations. More by production function than by producer
preference, reduction processes are dictated by the intended end-product of the primary
metallurgical operations. Minimum assay requirements of input raw material for
refining operations limit and determine achievable end-product specifications of
extractive processes. (So, price paid for ore concentrate is contingent upon such
operational factors.) Extractive end-point specifications, of course, determine which

extractive process routes are feasible (for any given raw material) in achieving these
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specifications. Furthermore, in the production of refractory metals, the intended end-
product for most extractive metallurgical producers may be at any of a number of
intermediate points along the numerous, intricate metals production route possibilities.
Beyond the ex-mine ore concentrate, end-products may be pure oxide, impure or pure
metal halides, impure or pure metal sponge, ferrometals, electro-won electrode metals,
pure refractory metal powder, ingot, wire, rolled sheet or manufactured item. Here, of
course, one producer's end-product is another's raw material! The logistics associated
with producer sophistication and end-product capabilities of production plant has been,
in the short history of refractory metals production, open to the combined dynamics of
international economic market forces, the politics of multi-nationalism, and (where
these remain as strategic commodities) the veto of international strategic and military

decision-making.
For the purposes of this review, the reduction processes will refer principally to

processes of extraction metallurgy whilst acknowledging that crucial or final reduction

stages are conducted during refining or purification operations.

3.1 : Refractory Metal Ores and Reduction Strategies.

Advances in vacuum technology and equipment have made possible the
development of successful reduction processes for refractory metals. In all of the many
confirmed production route alternatives tested and proved by either laboratory or
commercial scale processes, the utilisation of vacuum systems in the reduction and
high-temperature stages of processes has been crucial to the success of both extractive
and refining operations. Of course, vacuum technology is invoked as an integral means
of achieving atmosphere control of processes in systems of metallurgical chemistry.
The employment of vacuum systems allows not only the manipulation of the
thermodynamic variable pressure — including the chemistry of partial pressures — but
allows the flushing or holding of gases introduced for reasons of chemical protection or
chemical participation. Gases introduced to control the atmospheric environment of
processes may include the inert gases helium or argon or reactive gases such as

hydrogen, methane or carbon monoxide. Inert gases provide a reactor vessel with an
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atmosphere that ensures acceptable levels of chemical protection against re-oxidation
reactions and secondary reactions that may result in unwanted by-products. Reactive

gases may be required by process design as active chemical participants.

Historically, during development of extractive metallurgy routes for refractory
metals in the mid twentieth century, certain otherwise successful extractive routes failed
to be industrially proven simply for the lack of appropriate vacuum technology and
incomplete knowledge of atmosphere control systems[6’ 78930 i despite the then
well established thermodynamic theory and an entrenched acceptance of the chemical
processes of metallurgy. Commercially syndicated routes were often initially "proven"
by argument of superior funding (which allowed access to better vacuum technology)
rather than by superior process efficacy. To some extent, this was true of several of the
commercial processes based upon the Kroll process in which, as MILLER [6 7. 8] points
out, process upgrades were subsequently introduced after earlier "failed" process routes

were re-assessed with the benefit of more advanced vacuum systems.

Various conventional reduction routes have been utilised commercially over the
years in the production of refractory metals from ore concentrates and from the
secondary processing of slags (such as the recovery of tantalum from tin slags). In
particular, these reduction routes often combine distinctly different reduction strategies.
Refractory metal extraction may employ thermal reduction or smelting, thermal
dissociation or decomposition, or electrolytic deposition and, typically, these routes

include a halidation option as an integral part of their process.

Refractory metal extraction routes are testament to the thermochemical stability
of the component ore minerals, and this carries through to the reduction stages. The
most obvious statement of this stability is evident in the free energy versus temperature
diagrams, or Ellingham diagrams, for the oxide, sulphide, carbide and other comparable
systems. Ellingham diagrams for the oxide, sulphide, chloride, carbide and nitride

systems are shown in Figures {3.1}1 to {3.1}5.
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For refractory and other reactive metals, extractive or refinement routes based
upon electrolytic processes require molten salts as electrolytes. These methods are not
always commercially substantiated but are capable of yielding product metal of high

purity [16]

With some exceptions, such as massive iron ore (haematite), metalliferous
minerals are disseminated somewhat randomly through the crustal country rock.
Whether a mineral deposit is technically considered an "ore" depends upon several
principally commercial factors pertaining to exploitational propensity, which depends
upon the economic confluence of production costs and projected metal prices. Huge
concentration differences exist across the range of commercially exploited ores. At the
mined face, haematite ore contains about 65% iron, nickel ores may contain as low as

1% nickel, and gold ores may be commercially mined as low as 8 ppm (0.0008%) gold.
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Figure {3.1}1: Ellingham diagram showing the free energies of formation of some oxides
(after Ellingham, 1944, and Richardson and Jeftes, 1948).
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Figure {3.1}2: Ellingham diagram showing the free energies of formation of some sulphides
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Figure {3.1}4: Ellingham diagram showing the free energies of formation of some carbides
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Figure {3.1}5: Ellingham diagram showing the free energies of formation of some nitrides
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Dictated by the driving force of profit between production cost and metal price,
minesite production processes include minesite-remote operations that address the
upgrading of ore by mineral concentration, beneficiation and other physical and
chemical processes. Upgrading processes encompass ore beneficiation by crushing and
grinding to release minerals from gangue and other impurities; separation and
concentration of sized fractions by floatation, gravity, electrostatic or magnetic means;
calcining, roasting or other chemical upgrading treatment prior to shipping to the metals
producer where the selected extractive hydrometallurgical, chemico-metallurgical or

pyrometallurgical route is pursued.

The process route(s) followed in the primary production of metals depend upon
the mechanical, physical and chemical properties and stabilities of the source mineral,
intermediate products and the end-product metal. In realising a final product of
maximum purity, all contingent material and process complexities must be dealt with
whilst minimising energy consumption, labour, plant and material costs and minimising
gaseous, liquid and solid pollutants and waste. By-products must return maximum
economic benefit and waste residues must be appropriately disposed-of to overseen and

monitored safe stockpiles.

Because of the primordial atmosphere, magma chemistry and solidification
conditions prevailing during the mineralisation of the Earth crust, the refractory
transition metals principally formed oxides (including oxide derivatives such as
silicates, carbonates, titanates, vanadates, tungstates, and so on) or sulphides [171. The
commercially exploited oxide-group minerals include those of iron, aluminium,
magnesium, manganese, tin and most of the refractory metals, the important,
commercially exploited sulphides include those of copper, lead, zinc, nickel and cobalt,
whilst iron occurs commonly but non-commercially in sulphide form [pyrite(FeS,) and
pyrrhotite (Fe,,S) amongst others]. The important refractory metal sulphide is the
mineral molybdenite, MoS, , otherwise the commercially exploited refractory metal

ores belong generally in the broader oxides category.
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3.1.1: Mineral Sources of Titanium.

The stable oxide of titanium, TiO, (titania), occurs naturally in its trimorphic
mineral forms of rutile, anatase and brookite. Brookite occurs sparsely in minor
mineralisations and is commercially unexploited whilst anatase is a common gangue
mineral of mineral processing in many fluvial-deposit mining operations but has been
of only minor commercial significance in Australia, although the huge, deep Murray
Basin deposits will imminently reverse this status. Until now, the only straight titania
mineral of major commercial importance has been rutile in its mineral sand occurrence.
The other predominantly titanium mineral ores of significance are the more abundant
but Ti-leaner ilmenite, FeTiO; (or FeO.TiO,), and the "altered ilmenite" mineral
leucoxene which contains about 70% TiO,. Ilmenite is the most abundant titaniferous
mineral mined and comprises the bulk majority of mineral sand concentrate products

recovered in sand mining operations - typically ranging from 60% to 90% of yield.

Although rutile and ilmenite were originally formed (frozen) in igneous crustal
granites and pegmatites, the minerals are mined in eluvial placer deposits — heavy
mineral sand deposits along existing and pre-existing (fossil) beachfronts, particularly
along the south-eastern and south-western Australian coastlines. Australia is the largest

producer and supplier of both rutile and ilmenite (plus leucoxene) producing

) . . . . . (1,
approximately 38% and 57% of world production of rutile and ilmenite respectively

14, 18] . o L . .
. Much of the south-eastern Australian ilmenite is trace-rich in the impurity

chromium (via chromite, FeCr,0,) which, because of the difficulties in separation

during mineral beneficiation, limits its acceptance for conventional synthetic rutile

. [2,19] : : : . . .
processing . In Australia, region-specific processes for the conversion of ilmenite to

synthetic rutile - the Murso process for eastern-derived concentrates and the Becher

process for western-derived concentrates — were developed to accommodate the

. . . . [20] ..
regional gangue variations in ilmenite . These processes have been propitiously

exploited for several decades.

It is appropriate to note that the titanium beach-sand minerals are mined in
operations that recover in minor proportions other, more valuable mineral sands in the

same operational process. These include the zirconium mineral, zircon (ZrSiO,), and
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the rare earth minerals monazite [(CeLa,Th)PO,], xenotime [(Y,REE)PO,] and

bastnaesite [(Ca,La)CO;(OH,F)]. Leucoxene and xenotime are recovered in south-
western Australian operations. South-eastern Australia produces a higher yield of rutile
(with respect to ilmenite) than do western operations. Not only is Australia the largest

producer/exporter of titanium minerals, but Australian producers also account for most

: : : . [1,20] :
of the world production of zircon, of monazite, and of xenotime . The processing of

mineral sands is further discussed in the following section.

3.1.2: Mineral Sources of Zirconium and Hafnium.

Zirconium mineral ores are relatively plentiful throughout the world - zirconium

being more abundant in the Earth crust than most of the "common" metals including

. . . . 3]

nickel, zinc, copper, lead, tin and the precious metals . Fellow Group 4 element
hafnium occurs as the minor co-mineralisation component in all native zirconium
minerals, usually from 1% to 3% by weight — and towards the upper end for Australian

zircon sands.

Minerals derived from alkaline nepheline syenite rocks show low Hf:Zr ratios

. . . . .. [6, 14] .
compared to the Hf'Zr ratios of minerals derived from acid granitic rocks . Zircon

derived from granitic pegmatite (at about 5 wi% Hf) may have a Hf:Zr ratio three times

higher than zircon derived from nepheline syenite (at about 1.7 Wt%)[6]. Most mined
deposits recover alkaline-rock derived zircon. The acid granitic mineral cyrtolite, an
altered zircon [(ZrHf)SiO,], contains up to 17 w% Hf and 50 w% Zr. Other high
hafnium acidic rock minerals are malacon (another altered zircon), naegite (zircon with
ThO,, Nb,Os, Y,0; or UQy); thortveitite, (Sc,Y),S1,0;; and acidic rock derived zircon.
Alkaline rock derived zirconium/hathium minerals which may report with higher Hf:Zr
ratios than alkaline derived =zircon are -catapleiite, H,Na,ZrSi;O,, ; elpidite,
HNaZrSi;O,; ; eudialyte, (Na,CaFe),ZrSi;O,5(OH,Cl); polymignite, (Y,Ce,Ca,Zr)

(Nb,Ta,T1)O, ; rosenbuschite, (Na,Ca,Mn)(Fe, Ti,Zr)FS1,05 ; and woehlerite, NaCa,

[21,22,23]
(Zt,Nb)FSi,0, .
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The zirconium minerals that have been commercially mined are the beach sand
mineral zircon and the impure native oxide baddeleyite (ZrO,) which is mined (as
nodules called favas) in alluvial deposits in Brazil. However, current zirconia
(zirconium)/hafnia(hathium) production relies, almost exclusively, upon the common
orthosilicate mineral ore zircon, (Zr,Hf)Si0,, commonly written as (Zr,Hf)O, .SiO,, of

which Australia is the largest producer/exporter followed by South Africa, U.S.A. and

[3, 14]
states of the former U.S.S.R. .

Zircon is mined from placer deposits representing current and former (fossil)
beachfronts in operations recovering various commercial heavy minerals including
rutile, ilmenite and rare earth minerals. Generally, the economics of sand mining is such
that mining operations are made viable by the quality and content of the considerably
more plentiful proportion of titaniferous minerals in the deposit. Recovery of other
heavy minerals (for their own value) from the siliceous sand bulk may be only
marginally profitable, if not unprofitable, because of the low percentage fraction in the
mineral sand and viable recovery of the other heavy minerals, including zircon, is then
justified by the necessity to separate these other heavy minerals from the titaniferous

fraction. Variously, Australian mineral sand deposits are relatively rich in non-

o : : : : .. 11,2,20]
titaniferous minerals - particularly zircon, xenotime and monazite .

Similar to other beach sand minerals, eluvial zircon is derived from the
denudation of igneous rocks such as granites and pegmatites. Consequent alluvial
zircon deposits are concentrated in stream beds but the richest deposits of zircon (and
other heavy minerals) are found high along coastal beachfronts where primary
concentration is achieved (over time and the cycle of tides) by energetic wave action of
advancing surf depositing bulk sand high along the beach profile, stranding the heavy
minerals fraction and returning the less dense, principally siliceous bulk with the less

energetic retreating run-off seawater.

Typically, mineral sand deposits are mined by suction dredges floating in the
lagging pool of advancing excavation as workings proceed along an existing or fossil
beachfront. Sand containing a wide range of heavy minerals is retrieved by the dredge

and initial partial separation of the lighter, principally silica bulk is achieved by primary
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techniques in this operation. The resulting primary concentrate contains, to degrees
varying by locality, the heavy minerals and some light fraction sands. The heavy
minerals may include the titaniferous minerals rutile, ilmenite, leucoxene and arizonite,
zircon, the rare earth minerals monazite, xenotime, bastnaesite and alanite plus a wide

range of other heavy minerals including kyanite, chromite, magnetite, spinel,

corundum, sillimanite, staurolite, garnet and cassiterite[24]. These minerals are separated
by a series of mineral dressing operations whose sequence is designed to optimally
isolate the principal and commercial mineral suite. Mineral dressing options are
carried-out on both wet and dry concentrate fractions dependent upon the separation

operation which may include screening, spiraling and other gravity jigging, cycloning,

. . D . . . .6, 24]
and both low-intensity and high-intensity magnetic and electrostatic separation

Routinely, the isolation of zircon from other minerals presents sets of separation criteria
singularly characteristic to each heavy mineral concentrate. The sequence of separation
of mineral fractions depends upon operational procedure (wet or dry stages) that is
dependent upon available equipment, the component blend of the heavy mineral
concentrate, and the various commercial constraints of separation thoroughness and
end-point splits. Simple physical properties of main fraction minerals which become

principal mineral separation parameters are set-out in Table {3.1.2}1.

Mineral Specific Gravity (approx.) Magnetic Susceptibility Electrostatic Susceptibility

Rutile 4.2 non-magnetic conducting
[lmenite 4.7 highly magnetic conducting
Leucoxene 4.5 magnetic conducting
Zircon 4.5 non-magnetic non-conducting
Monazite 52 magnetic non-conducting
Xenotime 4.5 magnetic non-conducting
Kyanite 3.6 non-magnetic non-conducting
Garnet 4.0 magnetic non-conducting
Quartz 2.6 non-magnetic non-conducting

Table {3.1.2}1: Three fundamental physical propertics of mineral-sand-derived heavy minerals which

are pertinent to mineral processing recovery and separation strategies[28]. Grain size,
size range and wet or dry conditions are among other relevant parameters.

3.1.3: Mineral Sources of Niobium and Tantalum.
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Like their adjacent Group 4 metals zirconium and hafnium, Group 5 metals
niobium and tantalum have strong geochemical coherence and in nature are always
found together in oxide minerals. Also like their Group 4 neighbours, niobium and
tantalum replace each other isomorphously not only in solid solution metallic form but
in the crystalline-chemistry of their mineralogy. Consequently, niobium and tantalum

occur in a continuous range of complex oxide minerals — usually including one or more

L . ., I8
other metals. Niobium and tantalum never occur in nature as sulphides

Most of the world demand for niobium and tantalum ore concentrates is met by
the broadly defined, contiguous columbite/tantalite group minerals or by the pyrochlore
group minerals. A smaller but significant source of niobium and tantalum is tin slags —

a secondary source that may well have been derived from the initial mineral group

above. The chemical afﬁnity[29] and co-occurrence of niobium and its higher periodic
analogue, tantalum, with the major crust-forming elements iron, titanium, zirconium
and others (which acted as carriers) ensured that the formation of niobium and tantalum
minerals took place during the late stages of magma solidification. Because of this
preferentially late crystallisation in the overall bulk iron/titanium/zirconium-based

oxide minerals, the more scarce elements accumulated and differential crystallisation

L : : e . (29]
ensured that niobium and tantalum were consolidated in late solidifying minerals

Further, as they occur isomorphously as solutes in crystal lattices, niobium and

tantalum minerals are not recovered separately in mineral separation operations.

Prominent in high temperature niobium/tantalum-rich late mineralisation of the
principally-oxide titanates, zirconates and tungstates, and the tin minerals - particularly
cassiterite, was the pentavalent isomorphism of niobium and tantalum which as Nb 5+

and Ta>* replaced such quadrivalent ions as Ti#", Zr+" and Sn** or trivalent ions such as

[29] . . )
Fe 3", Mn 3+ or RE3* . The valence compensation was achieved by simultaneous

substitution of other cations (for example, 3Sn 4 = 2Nb °* + Fe ' in the cassiterite
lattice). In such mineralisation the simultaneous admission of significant proportions of
niobium and tantalum plus iron, manganese, titanium, ef cefera led to the formation of
discrete minerals. Such selectivity during crustal mineralisation left a complex array of
niobium/tantalum-rich minerals displaying comparable mineralogy. Niobium/ tantalum

minerals are geochemically consanguineous.
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Niobium and tantalum minerals have their origin in rocks of the alkali groups.
Columbite/tantalite type minerals are derived from granites (magmatic) or from
pegmatitic (intrusive) rocks whilst pyrochlore minerals are derived from nepheline
syenite or carbonatite rocks. The proportion of tantalum (with respect to niobium) is
higher in minerals of pegmatites and granites than in minerals of the pyrochlore family.
Niobium and tantalum ores have historically been recovered from eluvial and alluvial
deposits in open-cut placer mining operations. However, as such resources have
become depleted, minerals are increasingly being mined from hard rock and weathered

rock deposits, often in surface mining operations extended from the overlying placer

. [8,29]
deposit

Both niobium and tantalum minerals are found in a varied range of rocks in
varied geological strata. Correspondingly, from these ore occurrences a complementary
range of mineral concentrates is derived. The principal commercial niobium ore
minerals are pyrochlore [(Na,Ca,U),(Nb,Ta,T1),0,(OH,F)], bariopyrochlore (pandaite)
[(Ba,U),(Nb,Ta,T1),04(OH,F)], columbite (or niobite) [(Fe,Mn)(Nb,Ta),0¢], perovskite
[(Ca,Na,RE)(Nb,T1)O;], samarskite [(Fe,Y,U),(Nb,Ti,Ta),0,], fergusonite [(Y,RE)
(Nb,Ta,T1)O,] and stibiocolumbite [Sb(Nb,Ta)O,]. The principal commercial tantalum
minerals are tantalite [(Fe,Mn)(Ta,Nb),O;], microlite [(Na,Ca),(Ta,Nb,Ti),0,(OH,F)],
wodginite [(Ta,Sn,Mn,Nb,Fe, T1),,05,], simpsonite [Al,Ta;0,;(OH)], stibiotantalite

[Sb(Ta,Nb)O,], stuverite [(Fe,Mn)(Ta,Nb,T1),0,], euxenite [(Y,Ce,Ca, U, Th)(Nb,Ti,Ta,

o [8, 14, 29, 30]
Fe),0;] and ixiolite [(Ta,Nb,Sn,Fe,Mn), Os] .

Generally, because niobium and tantalum occur concurrently in source minerals,
each niobium/tantalum source mineral is also a tantalum/niobium source and so mining
operations are conducted as dual resource operations. Whilst the pyrochlore minerals
(mined for niobium) are only upwards of trace-rich in tantalum, the magmatic/
pegmatitic-derived columbite-tantalite type minerals tend to be relatively rich in the
minor component metal. Niobium and tantalum are commonly associated with tin
mineral deposits - particularly with cassiterite. In these mineralogical associations with
tin, tantalum and, less abundantly, niobium occur both as independent minerals tantalite

and columbite or as solutes in the cassiterite crystal lattice.
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In Australia, niobium/(tantalum) is found as pyrochlore in carbonatite and
apatite at Mount Weld. This western Australian ore is the second largest niobium
deposit in the world behind the Araxa bariopyrochlore deposit of Brazil. Because of its
complex mineralogy and fine pyrochlore dissemination through varied ore bodies, the
Mount Weld deposit is awaiting commercial development. Another principally niobium
deposit awaiting exploitation is the Brockman deposit in the eastern Kimberly region of
Western Australia. Along with zircon, this vulcanogenic sedimentary orebody is rich in
columbite and fergusonite which will yield niobium (tantalum) and rare earth elements.
Tantalum (and niobium) are recovered as stibiotantalite from the tin-tantalum deposits
at Greenbushes in south-western Australia. At Wodgina in Western Australia the ore-
body pegmatite is highly weathered, the exposed face occurring as eluvial deposits of

tantalum-rich wodginite. Wodgina is potentially the world largest deposit of tantalum

. . . . . [21, 22, 23, 29]
and has significant niobium and tin as the minor mineral components .

Approximately 10% of niobium is derived from tin and/or tantalum mining
operations. Although the proportion of niobium to tantalum varies substantially across

the range of ore minerals, the approximate total world production of tantalum is only

o [8,29,31]
10% that of niobium .

Minesite production flow diagrams for the Western Australian Greenbushes and
Wodgina operations are shown in Appendix 3 as Figure {3.1.3}1 and Figure {3.1.3}2
respectively whilst a typical minesite flow diagram for mineral sands production is

presented in Figure {3.1.3}3, along with other relevant mine and process flow diagrams.

3.2: Established (Conventional) Reduction Processes in Refractory Metals

Production.

Terrestrial deposits of alkaline and alkaline earth halide minerals are not
uncommon. They report in metamorphic and sedimentary deposits as minerals such as
halite, NaCl; sylvite, KCI; sylvinite, NaCI-KCl; carnallite, MgCl,.KCIl.6H,O; fluorite,
CaF, ; cryolite, Na;AlF, ; plus some naturally occurring bromides and iodides such as
those of silver. Unlike the halides of the transition metals that have substantial covalent

bonding, the alkaline and alkaline earth halides predominately have ionic bonding and



42

Section 3

are readily soluble. The geogony of Earth is such that transition elements, including the
refractory metals, generally report in geological deposits as sulphides, oxides or
principally-oxide minerals. Terrestrially occurring transition metal halides are
essentially unknown. Despite the apparent contradiction, and avoiding any explanation
of this geological anomaly, transition metal halides are thermodynamically stable. In
almost all cases including all refractory metal halides, they are also freely water-soluble
(which to a great extent explains the preceding geo-terrestrial aberration). Chlorides
account for most of the naturally occurring halides and most of the industrial
halogenation routes involve chlorine as the halogen, so much of the emphasis of
industrial extractive processing is on chlorination, or chloridation — the synthesis of

chlorides.

In the metallurgy of refractory metals, much is owed to G.L. Miller whose
comprehensive work is published in a multiple-volume series which systematically
itemises, discusses and analyses the complete scientific knowledge and accumulated
industrial experience of the metals extraction, processing, physical and mechanical
metallurgies of numerous refractory and other less common metals. Despite some
technical obsolescence with respect to modern technological developments, these
volumes, by and large, have never been scientifically superseded and are still

substantively relevant some five decades after publication. Three of the volumes

oI . . el _ (8]
devoted to titanium , zirconium (and hatnium) and niobium and tantalum = set-out

an all-inclusive series of extraction strategies and describe the system processes and

their associated chemistry. Despite their vintage, these Miller volumes give a

comprehensive exposé of possible extraction routes — both commercial and non-

commercial. They are recommended as direct augmentative reference sources and no

attempt to summarise them will be made here. However, they are specifically

referenced where appropriate in the general discussion of extractive processes.

3.2.1 : Halidation Routes in Extractive Processes.

The following nomenclature has been adopted to provide a deliberate division

of emphasis for halogenation processes terms. The denotations may not all be in
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accepted usage but have been so defined and used for the sake of succinctness and,
moreover, to delineate that the extractive metallurgist remains essentially interested in

the halide product rather than the halogenation process.

halogen Any of the elements of non-metallic Group 17 of the periodic
table - that is, fluorine, chlorine, bromine, iodine or astatine.

halogenation A process which utilises a halogen as a central (principal)
reactant species. Emphasis is upon the reactant halogen and its
associated reaction process(es) to define the term (word) — hence

chlorination, et cetera.

halide The compound of a halogen and a metal.

Hence fluoride, chloride, bromide and iodide.

halidation The production of a halide from a halogenation process.
Emphasis is upon the process’ product halide and its associated

production to define the term — hence chloridation, et cefera.

The numerous franchise variations of the overwhelmingly dominant commercial
Kroll and Hunter processes all involve the metallothermic reduction of pure refractory
metal chlorides. So it follows that the production of pure refractory metal chlorides is
crucial in the production of refractory metals. The other refractory metal halide route,
albeit of minor commercial significance and which is crucial in the production of high
purity metal, is the reduction of the metal iodide in the van Arkel-de Boer process (see
Figure {3.2.2}3). This is essentially regarded as a secondary refining process in which
any appropriate feed refractory metal from impure metal to commercially pure grade,
insitu within a reaction vessel, is halogenated with gaseous iodine to yield an iodide
vapour which is reduced by thermal decomposition at a heated wire upon which the

pure metal is then deposited. Comparable halide routes utilising bromine as the halogen
.. 6,7, 8] .
have been shown to be feasible but have not attracted commercial involvement.
) .. 16,7, 8] . . .
Fluoride routes are also feasible in secondary refining, whilst "double fluoride"

' . ) . (17,29, 35,39, 40]
process routes are well established in primary extractive reduction .
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The industrial production of refractory metal chlorides typically begins with a
mineral oxide or, less frequently, a metalliferous slag or an impure metal source. The
relative purity of allowable source raw materials is dependent upon the franchise
technology employed in the chloridation and downstream extractive processes and the
purity required in the final metal specification. Some fundamental process variations
exist in the routes between oxide and pure metal chloride. These variations arise from
both the thermochemical requirements of the source material and the particular process

requisites implicated by the franchise technology.

The production of a metal chloride (chloridation) is essentially based upon the
displacement of oxygen, carbon, or other target non-metallic species by chlorine during
chlorination reactions involving chloridising agents Cl,, HCI or MCl, and, where

necessary, mixed with O, as an augmentative oxidising agent or with C, CO or H, as a

. . .7
reducing agent or intermediary

Because it is either not systematically or not thermodynamically feasible to
directly reduce the more stable oxide with chlorine or other halogen, the typical
chlorination route for the refractory metals, in the most basic terms, is represented by

the generalised equations:

metal oxide + carbon = metal carbide¥ + (CO,CO,orO,)* ... {32.1}1

[V : Or metal carbonitride if processed in air or otherwise in the presence of nitrogen.]
[ ¢ : Stoichiometry and thermodynamics (temperature) dependent. |
metal carbide + chlorine* + (CO,orO,) = metal chloride + (CO+ CO,)*

[ * : Chlorine, Cl, , or chloridising agent such as hydrochloric acid, HCL |

However, as they are simultaneously conducted, these process steps are usually

portrayed as one and represented by the generalised equation:

metal oxide + carbon + chlorine* = metal chloride + (CO +CO,)*

............ 3.2.313
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More expansive descriptions of halogenation/halidation processes are provided
in the following sections that address the production of the five refractory metals

specific to this study.

The reactivities of the refractory metals titanium, zirconium, hatnium, niobium
and tantalum with carbon, nitrogen, oxygen and hydrogen — particularly at higher
temperatures — cause considerable difficulties with respect to the production of pure
ductile metal. Ductility in metal is required for the fabrication of wire, rod (bar) and
sheet products. Even the most negligible content of these ever-present contaminants is
detrimental to, if not precluding of, such common and necessary production procedures.
Any melting of pure metal to consolidate or further refine must be done in a highly
controlled operation and this is typically achieved either by vacuum arc melting or by

electron beam melting.

3.2.2: Production of Titanium.

Of the metals production industries producing Groups 4 and 5 refractory metals,
the titanium production industry is, by far, the most commercially significant with
world titanium output exceeding the output sum of the other metals. Of course, the
perception of commodity "significance" is a subjective determination, hence strategic
and technological significances may identify the nuclear industry metals zirconium,
niobium and hafnium, or the electronics industry may recognise tantalum to be most
significant. Be as these judgments may, the Groups 4 and 5 metals, and (indeed) all
refractory metals, have been assigned to significant and highly specialised applications
in modern technologies. A simplified metal production flow diagram for titanium, the
largest production volume metal from Groups 4 and §, is shown in Figure {3.2.2}1 whilst
a diagrammatic summary of possible routes to titanium metal is presented in Figure

{3.2.2}2. The van Arkel-de Boer process is represented in Figure {3.2.2}3.
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Of the conventional extractive routes, there is no successful commercial process
which reduces titanium metal directly from either the rutile mineral concentrate or from
refined titania, TiO,. Primarily, this is because pure titanium metal cannot practicably
be obtained from its commercial oxide in a single step process as, even where highly
efficient, the process reduces the trace impurity metals along with titanium. (This
assured eventuality is generally true in the production of other refractory metals.) The
impurity metals would then need to be removed by halidation (halogenation) of the

impure metal, separation of the metal halides by fractional distillation, and then re-
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Figure {3.2.2}1: Flow sheet showing the typical production route from ore to titanium metal via

[47]
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Figure {3.2.2}2: Diagrammatic summary of possible routes to titanium metal
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Figure {3.2.2}3: Simplified sketch showing the essential elements of the van Arkel-de Boer iodide
17

process for refining titanium and similar metals
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reduction of the isolated titanium halide to yield titanium metal sponge of commercial
purity. It is normal in extractive reduction operations producing titanium metal for the
commercial "pure" titanium dioxide to be converted to a halide, thence fractionally
distilled to separate the pure halide fractions, and finally, the pure metal halide is
reduced to yield the commercially pure metal sponge. Titanium sponge produced by
such means may then be powdered for specific applications or, more commonly, may

be consolidated by vacuum arc melting into ingots appropriate for hot or cold forming.

It must be noted that, for all refractory metals, only metals of high purity are
of true commercial value — a fact which sets refractory metals extraction strategies
quite apart from those of ferrous extractive metallurgy and most of the common non-
ferrous extractive metallurgy routes. Of course, titanium metal of good purity (above
99% titanium but higher in oxygen, nitrogen and carbon than commercial grade) could
be reduced direct from refined titania but, because of the property impediments
bestowed by such a level of light element contamination, its real value in the current
marketplace would be at a level rendering it non-commercial. However, if some
common, lightweight compressive-structural or manufacturing applications could be
established utilising this grade of titanium (rather than aluminium or steel) then a
realistic commercial future might exist for titanium in the sense that aluminium and

steel are now accepted.

The impurity conundrum is alleviated in titanium production by the direct
carbon-assisted halidation of the "pigment"-grade oxide thence followed by halide
separation by fractional distillation, then metallothermic reduction of the pure titanium
halide. So refinement precedes reduction in commercial-grade operations. Typically, in
titanium extraction routes the halide is chloride and the halogen source is usually
gaseous chlorine (Cl,) or hydrochloric acid (HCI) depending upon the franchise
technology of the process route. Most franchise technologies are variations of the Kroll
process and the process route chosen is dependent upon several factors that may be
related to the process technology available. However, the most fundamental factors
relate to the feed material - whether it is native rutile or synthetic rutile, the derivative
of the more abundant ilmenite, or the quality of the feed mineral, or indeed, whether the
mid-process product, titania (T10,), represents a final product or a refined feedstock for

re-chlorination and subsequent metallothermic reduction [Kroll (Mg) and Hunter (Na)
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processes] or reduction by thermal decomposition. It should be noted that most — over

. (14, 41] . . o
90% by estimates — of the world production of commercially pure titania is

utilised in that form, predominantly as paint opacifier (pigment).

Whilst some routes that reduce ilmenite (FeO.TiO,) to useful metallic forms

have been provenm, the usual first stage process involves the removal of iron (as FeO)
to yield what is known as synthetic rutile. Synthetic rutile is a sponge mineral being the
product of leaching by partial acid digestion normally after reduction by carbon of FeO
to iron. The product residue is a porous solid TiO, of good purity which is normally of
higher purity than run-of-mine rutile concentrates and therefore of greater value. This
process provides the bonus of removing much of the tramp or mineral-impurity
elements fraction along with the iron. Typically in synthetic rutile products only minor
iron and digestible elements remain in complex stereo-mineralogical association or in
tightly bound mineral forms. However, other minor tramp elements survive the acid
leach because of their chemical nobility — whilst these fractions routinely remain at
trace proportions in synthetic rutiles, their presence may be tolerated in "pigment
grade" titania. For high quality titanias of pigment grade, synthetic rutile is re-
chlorinated, fractionally distilled and re-oxidised to pure TiO,. Pigment grade titania is

the preferred starting point titania for chlorination to titanium tetrachloride, TiCl,, and

. . . . . [1, 41, 42]
thereafter to metallurgical reduction yielding commercial grade titanium metal .

The raw minerals used to produce the pure titania common to both major end
users of titania, may be rutile concentrate (being 95% to 97% Ti0,), ilmenite
concentrate (being about 55% Ti0,), leucoxene concentrate (being above 70% Ti0,) or
a titaniferous slag being of variable TiO, content. In the case of the iron-rich
concentrates, an essential step is taken in producing a synthetic rutile by the digestion
of the iron phases plus other minerals from the TiO, leaving a relatively pure titania (of
higher purity than rutile concentrates). There are various acknowledged commercial
processes which reduce ilmenite (FeO.TiO,) minerals to synthetic rutile, however, they
all fundamentally rely upon selective reduction and/or acid digestion of the FeO

(wustite) phase plus some other tramp oxides and compounds which exist in minor or
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trace impurity proportions by intimate mechanical or mineralogical association in the
mineral ore concentrate. Older Australian synthetic rutile processes typically followed

the digestion route with the decomposition of ilmenite by concentrated sulphuric acid,

. o . . U L)
followed by hydrolysis and precipitation of either rutile and anatase forms of titania

However, newer plants follow the less polluting option of pre-reduction of the wustite

D . [20]
phase (FeO) thence digestion in a less concentrated acid process

The direct metallothermic reduction of titania using calcium as the reductant can
be achieved and has been commercially attempted, however, the reduction yields a
brittle titanium metal containing 0.2% to 0.5% oxygen. The extensive solubility of

oxygen in titanium (as in other Groups 4 and 5 metals) ensures that the complete

removal of oxygen by calcium is not possible

The commercial production of titanium tetrachloride, TiCl,, typically begins
with the chloridation of TiO, by gaseous chlorine using petroleum coke as a reducing
agent. The titania and carbonaceous reductant are intimately blended and briquetted or
otherwise agglomerated before charging into the chlorinator. Because of more efficient
reactant contacting, modern chlorination processes utilise fluidised-bed reactors from
which TiCl, has to be separated from other reaction products by spray and condensation

techniques. Chloridation reactions are exothermic and the bed temperatures range

40
between 800°C and lOOOOC[ ]. Further to the generalised equations {3.2.1}1, {3.2.1}2

and {3.2.1}3, and moreover, the basic chloridation reactions (which are dependent upon

. . __[50]
thermodynamics) are given ~ as :

Ti0, + 2Cl, + 2C = TiCl, + 2CO ... {3.2.2}1

TiO, + 2Cl, + C = TiCl, + CO,. ., {3.2.2}2

An intermediate product of about 94% TiCl, plus 4% solid and 2% liquid
chloride impurities is further refined by fractional distillation and other precipitation
methods removing mainly iron, chromium, vanadium, tin, silicon and aluminium
chlorides to yield 99.9% TiCl, . This commercially pure titanium tetrachloride is the

final product of refining towards commercial-grade titanium metal and the starting
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point for industrial extractive reduction processes. Titanium tetrachloride is volatile at

ambient temperatures having a melting point of — 23°C and a boiling point of 135.8°C

17
i facts of physical stability which are pertinent to distillation and reduction

strategies.

The various franchise reduction routes use minor variations of either the
magnesium metallothermic (Kroll) or sodium metallothermic (Hunter) processes. These
titanium tetrachloride reduction processes are conducted in steel reactors under an
argon atmosphere. In the dominant Kroll process(es), the reductant magnesium metal is
charged into the reactor vessel which is subsequently heated to above the melting point
of magnesium chloride — a principal reaction product — and maintained at a preferred

temperature in the range 850°C to 950°C under controlled atmosphere whilst titanium

S : (17, 50 . .
tetrachloride is metred into the reactor . The Kroll process reduction reaction is

. [50]
given  as:

TiCl, + 2Mg = Ti + 2MgCly. oo 32233

In this typically batch process, the liquid magnesium is initially present as a
discrete liquid phase and the reaction proceeds quite rapidly. However, as the
precipitating titanium sponge increases in volume, it entraps much of the reactant
magnesium and the liquid magnesium chloride must be tapped-off to enable the un-
reacted titanium tetrachloride to contact the free magnesium. There may be several such
tappings per process batch and excess magnesium is used to ensure near total titanium

reduction.

The sponge titanium product may typically contain 20% to 30% MgCl, plus

10% to 20% magnesium metal[SO] which, process dependent, may be removed either by
acid leaching or by vacuum distillation. The acid leaching process produces a final
titanium sponge having an oxygen content that may leave it suitable for some alloying
applications but renders it unacceptable for most further process routes. The preferred

process route is by vacuum distillisation in a retort at about 1000°C to remove remnant

' . [7, 12, 17, 40, 50] )
magnesium materials . The sponge is subsequently vacuum arc melted or

otherwise re-melted, processed or further refined by the iodide process.
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The other commercially significant titanium metal reduction route is the Hunter
process in which titanium tetrachloride is metallothermically reduced using sodium

metal as the reductant. The product is comparable and the method largely analogous to

. T G
the Kroll process. The fundamental reduction reaction is given ~ as:

TiCl, + 4Na = Ti + 4NaCl. ... {3.2.2}4

However, this reaction is more exothermic than the magnesium reduction and
external cooling is required during reduction. When stoichiometric proportions are
reacted above the melting point of sodium chloride, 801°C, and below the boiling point
of sodium metal, 883°C, the high vapour pressure of sodium ensures that the reaction
effectively takes place as a gas phase reaction and titanium is produced as a finely
divided powder (making this the desirable route where pure, fine metal powder is the

required final product). However, titanium dichloride forms a lower eutectic with
. ., [40] ) . .
sodium chloride allowing a greater operating temperature range and thus sodium

. . . [50] . . . )
reduction is often achieved in two steps . The reactions for this option are given as:
TiCl, + 2Na = TiCl, + 2NaCl ... {3.2.2}4a

TiCl, + 2Na = Ti + 2NaCl ... {3.2.2}4b

This two-stage reduction produces much larger titanium crystals that are more
stable against the tendency to oxidise during the pursuant water leaching which

removes the sodium chloride.

Titanium metal production by the electrolysis of fused titanium-bearing salts has

. C 17,26, 41, 42, 52]
been proven repeatedly across the years in pilot plant scale operations .

However, none of the numerous patents generated from these studies has turned into
commercial reality for this promising high purity titanium production method of fused

salt electrolysis. Also, many thermal arc and similar plasma reduction methods have
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been studied, some indicating reasonable feasibility, but none has been successfully

' (58
tested at pilot plant scale

Whilst commercial grades of titanium are of generally high purity (> 99.9%)
they do not meet some metal specifications. However, the production of soft, ductile
titanium of very high purity for special applications is met by low volume operations
that are not regarded as having a demand, nor a production volume of commercial
significance. Titanium of very high purity is obtained by a further refining step which
involves the thermal dissociation, or thermal decomposition, of either bromides or
iodides which are thermodynamically less stable than are the comparable fluorides and
chlorides. The significant refining process for titanium and other refractory metals is

the van Arkel-de Boer process, which may be described as a catalytic distillation

e [41]
process with iodine as the catalyst

In the van Arkel-de Boer process, "impure" metal (usually of nominal
commercial purity) to be refined is charged into a sealed quartz capsule through which
passes a tungsten filament which is isolated from the metal charge by iodine vapour at
low pressure (as is shown in Figure {3.2.233). The iodide formed at the vapour/metal
interface depends upon the temperature to which the impure metal charge is heated. In

the case of titanium, the synthesis of the tetraiodide is favoured at temperatures around

. C g . . (7]
175°C, whilst the di-iodide is favoured around 525°C. The reactions may be given

as:
[Ti]i7sc + 21, = Til, = [TiL]*»°¢ = Ti, + I, ... {3.2.2}5

Iodide vapours formed by these reactions pass over the filament, which is heated
to 1400°C, and decompose leaving pure metal deposited upon the filament whilst
returning free iodine vapour to repeat the cycle. The above di-iodide reaction is

effectively trivial under the prevailing thermochemistry and the overriding reaction for

. R L~ Y
the tetraiodide decomposition is given as:
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[TiL]40C = Ti + 2L oo 13.2.2}6

During the process, titanium oxides, titanium nitrides and titanium carbide are
not attacked by the iodine and so are by-passed in this closed cycle system. However,
co-reduced impurity metals are prone to iodisation and thermal decomposition, so
operating temperatures are selected and controlled such that impurity iodides do not

become volatile in operational temperature ranges for titanium iodide.

3.2.3: Production of Zirconium and Hafnium.

In varying but minor proportions, hathium occurs in all zirconium ores. Until
the advent of specific purpose, high purity zirconium for nuclear reactor applications,
the hafnium content in zirconium was tolerated as its removal, which required
sophisticated separation techniques, bestowed imperceptible advantage (if any) to
physical, chemical and mechanical properties. Also, because of its high thermal neutron
cross-section, hafnium is a preferred commodity for the fabrication of control rods for
nuclear reactor installations. The high thermal neutron cross-section of hafnium is the
property-reciprocal of the very low thermal neutron cross-section of zirconium that
vindicates the use of zirconium in nuclear applications. This reciprocity prohibits even
minor hafnium from nuclear grade zirconium, a limitation that consequently dictates
production strategies. In recent decades virtually all zirconium and hafnium final
products have been derived from the source mineral zircon. So, this industrial reality is
the case that is addressed here — the baddeleyite case is but a sub-set of zircon

processing.

After zircon sand has been concentrated by mineral processing techniques the
concentrate is subjected to chemical processing to digest the mineral prior to separation
and reduction of the component metals. There are several acknowledged decomposition
route possibilities employed commercially in this initial extractive stage. Amongst

these are caustic fusion, chlorination, fluorination, lime sintering, and soda ash

.. 6,43, 55] e : N o
sintering . The initial three processes result in full digestion, or "solublisation",

of the zircon. The two sintering processes are selective in that they digest only one
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minerallogical species from the zircon (either silica or zirconia/hafnia). Other
augmentative processes may precede chemical decomposition. One pre-digestive
treatment deserving of mention is plasma dissociated zircon (PDZ) which is notable in
its effect of separating the post plasma-treatment species of the prior crystalline zircon

(ZrS10,) into distinct crystalline ZrO, (both tetragonal and monoclinic) in a matrix of

. [33,59] o . C L
amorphous SiO, . The glassy silicon dioxide phase is brittle and, by and large, can

be physically separated by mechanical methods thus allowing enhanced chemical
contacting and more efficient digestion. Where included in extractive operations,
digestive processes precede refining processes such as fractional distillation or solvent

extraction operations.

In the caustic fusion process zircon is reacted (or "fused") with sodium
hydroxide (caustic soda), NaOH, at 650°C for 2 hours. After leaching of the fused

product, the residue sodium zirconate, Na,ZrO, , and sodium hafnate, Na,HfO, , are

dissolved in nitric acid, HNOg[SS]. The nitrate solution is directly treated with ammonia
to precipitate the hydroxide that is calcined to oxide. Whilst this oxide product is
relatively free of other impurities, it is a mixture of zirconium and hafnium oxides
[(Zr,Hf)O,]. Since minor hafnium oxide is present, the impure zirconium oxide can only
be used as zirconia in purity-insensitive applications. Also, in nuclear applications

(because zirconium and hafnium have thermal neutron absorption cross-sections of 0.18

and 105 barns respectively 9l which qualifies each for diametrically different specific
"capture" applications) nuclear grade zirconium must have a hafnium impurity level
(variously specified) below 200 parts per million. In a solvent extraction technique
comparable to the Fischer method, this separation level is achieved by acidifying the
nitrate solution and (in lieu of ammonia) preferentially extracting the zirconium into an

organic solvent leaving behind the hatnium and other impurities in the mother liquor to

. » 551 o . . ) .
be stripped separately . High purity zirconium dioxide and hafnium dioxide are

recovered from the organic solution by any of several stripping processes. Conversely,
by way of its negligible effect upon the thermal neutron absorption cross-section of

hafnium in critical nuclear applications, a greater level of zirconium impurity can be

35
tolerated (up to 2 percent[ ]) in nuclear grade hatnium.
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The direct chlorination of zircon concentrates produces a cocktail of chloride
products — including chlorides of the two major components — which have to be
separated by fractional distillation. This route is obsolete and modern processes avoid
the synthesis of silicon tetrachloride, SiCl, , which is not only costly in terms of
chlorine consumption but has to be separated (along with the minor chloride fractions)

from the zirconium tetrachloride and further processed or disposed-of in an

. [45] . .
environmentally acceptable manner . Typically, modern chlorination routes are
extractive stage routes that start with the pre-refined pure oxide (as discussed in later

paragraphs).

The lime sintering process relies on the selective attack by calcium carbonate on

the silica portion of zircon [(Zr,Hf)O,.Si0,]. The blended reactants are sintered at

55
1400°C for 2 hours[ : and the sinter product acid leached to remove soluble calcium

silicate and leaving insoluble zirconium and hafnium oxides as is represented in the

: . [53]
following equation

(ZrH)SiO, + CaCO, = (ZrHNO, + CaSiO, + CO, .. 32311

In contrast to the above, a soda ash sintering process can be utilised to
selectively make soluble the zirconia portion of the zircon [(Zr,Hf)O,.Si0,]. In this
process zircon and sodium carbonate (soda ash), Na,CO;, are blended then sintered at

1000°C to 1050°C for 2 to 4 hours and the reaction is described by the following

. [58]
equation

(Zr HH)Si0, + Na,CO; = Na,(Zr,Hf)SiO; + CO, ... {3.2.3}2

The solid, complex silicate breaks down upon treatment with concentrated

hydrochloric acid or, more commonly, nitric acid as represented in the following

. _[55]
equation

Na,(Zr,H)SiO, + 4HNO, = (Zr,Hf)(NO,), + 2NaNO, + SiO, + 2H,0
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Upon filtration to remove silica plus un-reacted zircon, the solution can be
directly treated with ammonia to precipitate the refractory metal hydroxide that, after
calcining, yields the hafnia-impure zirconia. More typically, to produce the valuable

separated oxides, the nitrate solution is reacted with sulphuric acid to separate

. . . ... 6 55] . . )
zirconium sulphate by precipitation . The sulphate is digested in ammonia to

produce the hydroxide that is calcined to produce a zirconium dioxide of good purity.
Hafnium is precipitated as the hydroxide from the remaining mother liquor and is
subsequently calcined to the pure oxide. Typically, zirconium and hafnium hydroxides
are calcined in rotary furnaces at 800°C to 850°C with residence times sufficient for the

total decomposition of the hydroxide to oxide.

In the fluoride process, zircon and potassium silico-fluoride, K,SiF, , (or the

. . . . (6] .
alternative, potassium ferric-fluoride, K;FeF, ') are blended then sintered at 700°C for

4 hours in an electric pit-type furnace. The general reaction is described by the

: . [6,55]
following equation

(ZrH)SIO, + K,SiF, = K,(Zr,HHF, + 2Si0, ... 13.2.3}4

The sintered product is leached with water to extract the zirconium/hafnium
double fluoride leaving the insoluble silica. The small but distinct difference in
solubilities between the zirconium double fluoride, K,ZrF, , and the hafnium double
fluoride, K,HfF, , is utilised to separate the Group 5 salts as, during successive

crystallisation cycles, the zirconium salt is deposited and the hafnium is retained in

. . [6,30,55]
liquid solution .

The separated double fluorides are each reacted with ammonia to produce
zirconium hydroxide, Zr(OH),, or hafnium hydroxide, Hf(OH), . The washed, filtered
and dried hydroxide precipitates are calcined at 800°C to 850°C to produce the
commercially pure zirconia (ZrO,) or hatnia (HfO,) that are standard feeds for
chlorination routes, direct reduction routes and a well established range of ceramics

applications.
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In a further refining extractive stage, reactor grade zirconium dioxide and
hafnium dioxide can be produced with complete separation of hatnium from zirconium
by solvent extraction utilising the Fischer chloride method. This method exploits a two-
phase aqueous-organic system in multi-stage, counter-current configuration based upon
hydrochloric acid - thiocyanate - methyl isobutyl ketone (HCl — HSCN — MIBK)
chemistry. This process requires a zirconium/hafnium oxychloride, (Zr,Hf)OCI, free of
iron and other metal impurities, in solution with hydrochloric acid to which ammonium
thiocyanate, NH,SCN, is added. After multi-stage contacting of this "aqueous" phase
with the organic (MIBK) HSCN-containing phase the resulting end liquors are an
organic phase containing a// hafnium plus minor zirconium and a hatnium-free aqueous
phase containing virtually all of the zirconium as oxychloride, ZrOCl,, which is
converted to ZrO,. The organic phase is multi-stage contacted with HCL to selectively
extract the remaining zirconium content. Finally hatnium is extracted by scrubbing the

organic phase with sulphuric acid, H,SO,, and is recovered as pure HfO,. Thiocyanate

. o 3]
and MIBK are continually recovered and recycled in this process

Where separation of zirconium and hafnium is not required or where it has
already been achieved in a previous step, the oxide can be converted from the chloride
using a simple but commercially outdated procedure. In this route zirconium (or
hafnium) tetrachloride is reacted with hydrochloric acid to produce zirconium
oxychloride octahydrate (ZrOCl, . 8H,0) which is crystallised out from the strong acid
solution [24 251 The washed and dried crystals are decomposed (calcined) at about
1100°C to leave a dense zirconium dioxide product as described by the following

equation.

[ZrOCL, . 8 H,O]c = ZrO, + 2HCIT + 7H0T .. {3.2.3}5

As with titanium extractive metallurgy, fractional distillation is commonly and
successfully used to separate and refine chloride products of the chlorination chemistry
of other refractory metal extractive operations. However, other than chance mineral
impurities, titanium minerals have no titanium-analogue element (as zirconium has

hafnium and niobium has tantalum) that needs to be separated by fractional distillation
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of its chlorides. The tetrachlorides of zirconium and hafnium closely share physical and
chemical properties which ensure that they are difficult to separate from each other,
however, because of their relatively high sublimation points, they can be conveniently
separated (on this basis) from the other pertinent chloride fractions, including titanium
tetrachloride, which are present in the cocktail product of chlorination. The melting and
boiling points (or sublimation point) at atmospheric pressure of chlorides common to

refractory metal chlorination processes are given in Table {3.2.3}1.

Table {3.2.3}1: Melting, boiling and/or sublimation points at atmospheric pressure of chlorides
common as products of the chlorination process for minerals and ore concentrates of
titanium, zirconium, hafnium, niobium and tantalum. Temperatures given are from the
CRC Handbook of Chemistry and Physics - 70th Edition 18] and are proffered as
indicative rather than definative as some range for these values exist in the Literature.
Hence, the values here may vary slightly from those given in the text (which have been
cited from elsewhere).

Group Metallic Chloride Melting Point Boiling Point
Element &) O
1 Sodium NaCl 801 1413
1 Potasium KCl 770 subl. 1500
2 Magnesium MgCly 714 1412
3 Thorium ThClyq - subl. 770
decomp. 928
4 Titanium TiCly -25 136.4
4 Zirconium ZxrCly - subl. 331
ZrClp - decomp. 350
ZrCl3 - decomp. 350
4 Hafnium HfCly - subl. 319
5 Vanadium VCL4 -28 148.5
5 Niobium NbCls 204.7 254
5 Tantalum TaCls 216 242
6 Chromium CrCly 824 -
CrCl3 [(calc.) 1150] subl. 1300
6 Molybdenum MoCls 194 268
6 Tungsten WCl5 248 275.6
WClg 275 346.7

7 Manganese MnCly 650 1190
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8 Tron FeCl3 (or FeaClg) 306 decomp. 315
FeClp - subl. 670 - 674
12 Zinc ZnClp 283 732
13 Aluminium AICI3 (or AlpClg) 190 decomp. 262
14 Silicon SiCly -70 57.6
14 Tin SnCly -33 114.1

ZrCl, and HfCI, can be effectively separated by fractional distillation at close to
atmospheric pressure with NaCl and KCl added to lower the liquidus of the quarternary
system. (Without NaCl and KCI fractional distillation is possible in a narrow range in

liquid above the triple points of the tetrachlorides (> 435°C) but below the critical

temperature (< 500°C) and at very high pressure (> 65 atmospheres)[SS].) Extractive
fractional distillation can be conducted to high purity standards. The success of such a
method avoids the more complex and expensive necessity of the alternative route
involving aqueous dissolution of the combined (Zr,Hf)Cl, followed by multiple-stage
solvent extraction to separate the =zirconium and hafnium, thence individual

precipitation, hydrolysis, calcination to pure oxides, and finally, re-chlorination to pure

) . [8,33,34]
tetrachlorides for Kroll reduction )

Halogenation of oxides is the most common route used in the preparation of

anhydrous halides, particularly in the preparation of chlorides[41]. As with fellow Group
4 metal oxide titanium dioxide, the standard oxides of zirconium and hafnium have
greater thermodynamic stability than do their chlorides. Consequently, following the
titanium example and in a similar reactor, zirconium dioxide or hafnium dioxide is
reacted with a chlorine source (usually gaseous chlorine) in the presence of carbon. In a
system analogous to the chloridation of titanium dioxide, chlorine reduces an
intermediate zirconium carbide or hafnium carbide allowing a favourable overall
reaction equilibrium. The reactions reflect general equations {3.2.1}1, {3.2.1}2 and
{3.2.1}3 and are analogous to titanium equations {3.2.2}1 and {3.2.2}2. The overall

thermodynamics-dependent chloridation reactions for zirconium dioxide and hafnium

. : »55]
dioxide are given as follows.
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ZrO0, + 2C + 2Cl, = ZiICl, + 2CO ... {3.2.3}6
Zr0, + C + 2Cl, = ZiICly + COy oo, {3.2.3}7
HfO, + 2C + 2Cl, = HfCl, + 2CO ... {3.2.3}8
HfO, + C + 2Cl, = HfCl, + CO, ... {3.2.3}9

The above overall reactions are exothermic and so, once initiated, take place
autogenously. The reaction stoichiometry is dependent upon the process temperature,

that 1s, the thermodynamics - as is reaction rate and equilibrium.

The predominant zirconium tetrachloride, unlike titanium tetrachloride, is a
hygroscopic solid and thus requires different processing consideration. Crude zirconium
tetrachloride is a loose, light powder that readily absorbs moisture from air to form
hydrogen chloride plus zirconium hydroxide (which may be calcined to the oxide and
re-chlorinated). Preferably, avoiding this debasing hydration, care is taken to introduce

freshly produced zirconium tetrachloride into the reactor in the Kroll reduction to

ductile, oxygen-free metal

The metallothermic reduction of zirconium tetrachloride using the Kroll process

remains the predominant production route to ductile metallic zirconium. The Kroll

6
reaction is given[ : by the following equation (which is analogous to that for titanium).
ZrCl, + 2Mg = Zr + 2MgCL, ... {3.2.3}110

The Kroll process produces ductile zirconium of good to high purity that cover
the standard "commercial" purity to "reactor grade" zirconium. However, as for

titanium, where a very high purity zirconium is required, the van Arkel - de Boer iodide
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process is utilised to produce small-batch production runs. The equation is given as

6
follows[ :

[Zr]ooe + 21, = Zrl, = [ZrL]3"°¢ = Zr + 21, ... {3.2.3}11

The production of metallic hafnium is generally by Kroll reduction of the
tetrachloride that yields a metal of good to high, reactor grade purity. Further refining
by the de Boer - van Arkel iodide process yields hafnium of very high purity.
Alternatively, Kroll hafnium may be further refined and consolidated by techniques of
the electron beam melting process. Pure hatnium may also be produced during direct

electrolysis by deposition from molten halide salts (HfCl, in NaCl-KCI-NaF at

[25, 44, 46, 53]
700°C) .

In a manner analogous to that for zirconium, the Kroll reduction of hafnium

tetrachloride is given by the following equation.
HfCl, + 2Mg = Hf + 2MgCl, ... {3.2.3}12

Similarly, the following equation indicates the analogous iodide route for the

purification of hatnium.

Hf + 21, = Hfl, = Hf + 2L ........................ {3.2.3113

Reduction route options (Kroll and electrolytic) are schematically shown in

Figure {3.2.3}1 and Figure {3.2.3}2.

A novel technique for the separation of zirconium from haftnium utilising

density difference rather than some specific difference in their chemistries has been
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(15] . . )
suggested by HOWELL, et al who maintain that they have achieved a "separation

6 . . . . .
factor better than 10 1in a single stage" from starting material of mixed
zirconium/hafnium oxide being derived from run-of-mine zircon concentrates. The
method requires the conversion of the oxides to nitrides by carbothermic reduction of

the oxides in a carbon-saturated liquid copper solvent at 1500°C with entrained gaseous

: : : . . (15]
nitrogen. The oxide conversions to nitride take the following routes

Zr0, + 2C+ N = ZiIN +2CO ... {3.2.3}14

HfO, + 2C + N = HIN + 2CO ... {3.2.3}15

The liquid copper solvent lowers the activity of the reactant refractory metals
and, in essence, has a density such that the insoluble nitride precipitates are physically
separated in an unequivocal manner as the zirconium nitride floats to the surface whilst
the hafnium nitride sinks to the bottom. Of themselves the nitrides are of high value,

but they may be decomposed to metallic form or re-oxidised to pure oxide form.
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HAFNIUM TETRACHLORIDE
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Figure {3.23}1: Flow sheets comparing principal steps in the alternative production routes from
hafnium tetrachloride to hafnium metal for the Kroll reduction and electrolytic
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Figure {3.2.3}2: Flow sheets comparing the principal steps in the production of zirconium metal

from its tetrachloride via the conventional Kroll reduction route and also by a pilot-proven plasma
[74]
dissociation (reduction) route alternative
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Metallic zirconium (or hafnium) of high purity is not readily produced because
of the considerable difficulty in economically separating zirconium(hathium) from
mineralogically associated hatnium(zirconium), titanium, iron, aluminium and silicon
(quite apart from the interstitial light impurity elements). Zirconium and hatnium are
chemically very similar whilst their Group 4 partner, titanium, displays similar
chemical characteristics and only a few separation strategies are available when
separating it from zirconium or hafnium. Titanium may be separated by reducing it to
its trivalent state so that it remains in solution and subsequently separated. Iron,
aluminium, silicon and other elements are separated from zirconium or hafnium by
fractional distillation of halides, by precipitation or solubility differences, or by the

systematic manipulation of some other minor difference in physical or chemical

) ) [6, 25, 33, 34, 36, 41, 53] ' '
properties of the species present . Preferred separation techniques for

zirconium and hafnium recommended and described in later publications are, in one

form or another, essentially described by MILLER in his early comprehensive volume

. . [6]
Zirconium

3.2.4: Production of Niobium and Tantalum.

Niobium and the less abundant tantalum always occur together in nature in close
mineralogical association - always in oxidic minerals which themselves most likely
occur with oxide minerals of other metallic elements. With the exception of some
pyrochlore minerals (which yield negligible tantalum), all niobium and tantalum
minerals produce intimate mixtures of these analogue Group 5 elements upon digestion
or reduction. So, similar process separation criteria exist for niobium and tantalum as

exist for zirconium and hafnium.

As with other refractory metals, insitu ore lodes and their concentrates constitute
the primary source of niobium and tantalum - a source overwhelmingly greater than
scrap and recycled waste which comprise the secondary source of the metals. Also as
with other refractory metals, the initial steps in the production of metallic niobium and

tantalum is the refining to pure oxides, chlorides or fluorides from which pure metals
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can be reduced[s’zgl. Alternatively, refined ferroniobium or ferrotantalum for use in
steel alloying may be the desired end-product. [A crude ferroalloy of both niobium and
tantalum is commercially produced by aluminothermic reduction as an alternative
initial extractive step producing a beneficiated feed for chlorination processes. It is not

an end-product.]

Niobium-rich pyrochlore concentrates contain an effective equivalent Nb,Os

content of 50% to 70% and for Ta,Os about 0.5%[70]. Pyrochlore is chemically more
complex but thermodynamically less stable than columbite-tantalite type minerals. The
chemical breakdown of pyrochlore concentrates may be accompanied by either
chemical conversion or by direct reduction. Chemical treatment may involve either
chlorination or dissolution in hydrofluoric acid (or a mixture of hydrofluoric plus
sulphuric acids). Direct reduction may be carried-out by metallothermic or

carbothermic reduction — but most usually by aluminothermic reduction.

Columbite-tantalite type concentrates are comprised of a continuous series of
compositions which are represented generally by the formula (Fe,Mn)(Nb,Ta),Os.

These concentrates have an effective (generalised) equivalent (Nb,Ta),O; content of

60% to 75% 7ol (columbite: 30% to 75% Nb,Os, 1% to 40% Ta,Os ; tantalite: 2% to
30% Nb,Os, 40% to 80% Ta,Os). Wodginite concentrates have an effective equivalent
Nb,O; of 1% to 15% and Ta,Os of 45% to 70%. Concentrates of other minerals in this
columbite-tantalite group have comparable (Nb,Ta),O; contents and similar chemical

and thermodynamic stabilities.

Columbite-tantalite type mineral concentrates are chemically stable and are
attacked only by hydrofluoric acid (HF), a mixture of HF and sulphuric acid (H,SO,),
or by fusion with alkalis (normally sodium hydroxide, NaOH, or potassium hydroxide,
KOH) to break-down or digest the minerals. Alternatively, as with pyrochlore

concentrates, columbite-tantalite type concentrates may be chlorinated to form

fractionally distillable chlorides, or may be directly reduced to crude metallic form

The direct aluminothermic or carbothermic reduction of niobium/tantalum ore

concentrates, often with the addition of iron or iron oxides to control the yield of
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29
ferroalloy, is highly exothermic[ is thermodynamically sound and is therefore

2

commercially attractive as a process for the production of crude ferroalloy feed for the

. (30] . . . )
chlorination process . Despite the thermodynamic attractiveness of this route,

reduction to metal does not deliver an end-product but a mid process product of limited

commercial value.

Chlorination of either crude niobium/tantalum ferroalloy or niobium/tantalum
ore concentrates produces a cocktail of metal chlorides which may be separated by their
dissimilar water solubilities and/or by utilising their dissimilar vapour pressures in

fractional distillation, or by propensity to selectively react with oxygen, steam or

(29]
hydrogen

The chlorination route provides a decomposition/solvent-extraction inclusive
process that allows purification (refinement) with separation. The carbon assisted (after

general equations {3.2.1}1, {3.2.1}2 and {3.2.1}3) chloridation reactions expressed for the

: . 129
relevant pentoxides are given  as:

Nb,Os; + 5Cl, + 5C = NbCl; + 5CO ... {3.2.4}1

Ta,0s + 5Cl, + 5C = TaCl; + 5CO ... {3.2.4}2

The range of niobium chlorides (NbCl,, NbCl;, NbCl, and the most common,
NbCl;) can all be reduced by the principal metallothermic elements sodium,
magnesium, calcium and aluminium. Because of its popular acceptance, a Kroll type
magnesiothermic reduction has been the commercially accepted route to niobium where

pyro-reduction is the alternative. The principal metallothermic reaction for the Kroll

. ) . [29]
type process is represented by the following equation

INbCl, + 5SMg = 2Nb + SMgCly .ooooovoiee. $3.2.433

The analogous equation exists for tantalum, however, tantalum is commercially

produced by other routes. Like titanium, zirconium, hafnium and niobium, tantalum
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could be commercially produced by this route in a manner previously described for

titanium.

Chlorination/chloridation techniques are industrially well established and their
intensive processes systematically provide, with relative simplicity, high purity niobium

and tantalum products. However, in recent decades, most producers of niobium and

tantalum have used metal extraction processes based upon fluoride chemistry

In the initial mineral decomposition stages of fluoride-based extractive
processing, most producers employ an acid digestion route using either hydrofluoric

acid or hydrofluoric acid plus sulphuric acid. This strategy can be applied effectively to

L : [30] . :
a broad range of niobium/tantalum mineral concentrates . Decomposition efficiency

in the HF/H,SO, digestion system is well suited to, and allows high extraction

recoveries in subsequent liquid-liquid extractionm]. In this chemical extraction step
niobium and tantalum are separated from aqueous-retained titanium by reaction with
methyl isobutyl ketone (MIBK). The niobium/tantalum solution is then stripped with
dilute acid to separate and remove the niobium. Tantalum is then extracted from the
liquor with acid ammonium fluoride and the solids calcined to Ta,Os, or alternatively
are reacted with a potassium salt to crystallise the double fluoride salt K,TaF, . The
stripped niobium liquor is reacted with ammonia (NH;), and solids calcined to Nb,O; .
This convenient, commercially ideal digestion/separation extraction route is shown
diagramatically in Figure {3.2.4}1. The double fluorides of niobium and tantalum may be

further processed in several ways (including electrowinning) or they can be

. e . .29
metallothermically reduced by any of several possibilities. The following equations

represent the sodiothermic reduction of niobium and tantalum double fluoride salts.

K,NbF, + 5Na = 2KF + Nb + S5NaF ... {3.2.4}4

K,TaF, + 5Na = 2KF + Ta + S5NaF ... {3.2.4}5
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For environmental and economic reasons, the decomposition of ore concentrates

. . ) 2 ) I
by alkali fluxing is no longer commercially practiced . Similarly, modern solvent
extraction techniques have replaced the older Marignac process in which niobium and

tantalum were separated by multi-stage fractional crystallisation from fluoride double

8, 31]
salts .

Commercial chlorination routes offer the advantage of purification (refinement)

with extraction whilst using lower cost chemicals in an environmentally more

acceptable closed processm]. Conventionally, ore concentrate or crude ferroalloy is
decomposed by contacting with a chlorine source — usually chlorine gas — plus carbon
at designated temperature in a fluidised bed reactor. Alternatively, crude ferroalloy may
be chlorinated in molten sodium iron chloride from which product chlorides are initially
separated into a solid fraction containing niobium chloride, tantalum chloride and other
higher boiling point (B.P.) chlorides, plus a liquid fraction containing the lower boiling

point chlorides.

Separation and purification of chlorides is efficiently achieved by fractional

distillation. In the case of niobium and tantalum chlorides, the loose solid chloride
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concoction is heated in distillation columns under a highly controlled regime to
separate TaCly; (B.P. 232°C) from NbCls (B.P. 245°C). The pure chlorides are then
converted to pure oxides or are used as feedstock for metallothermic reduction

(equation {3.2.4}3). In general, the chlorination route produces final product of greater

purity than does the fluoride route[su. Tantalum carbide and, to a lesser extent, niobium
carbide are produced by intimate and stoichiometrically controlled carbothermic
reduction of the pure oxides. Most of the remaining pure tantalum oxide is utilised in
the manufacture of capacitor components for the electronics industry, the minor portion
of total end-product tantalum is utilised in metallic form. Most end-product metallic

niobium is utilised in nuclear applications and in special alloys and high strength steels.

The initial ore concentrate or ferroalloy digestion, chemical extraction and
separation stages of niobium/tantalum extractive processing yield the principal
intermediate products that are fluoride, chloride or oxide compounds of niobium or
tantalum. From these pure compounds, commercially pure metallic niobium and
tantalum are reduced by metallothermic reaction in Kroll type processes analogous to
those for titanium, zirconium and hafnium. It is important to note that niobium and
tantalum have a lower affinity for oxygen than do the Group 4 metals titanium,
zirconium and haftnium (which have an affinity for oxygen of "critical" magnitude). So
a greater degree of freedom is available in reduction strategies for niobium and
tantalum than for the Group 4 metals. Most notable is that it is feasible to
carbothermically reduce pure Nb,Os or pure Ta,O5 to metal which can subsequently be

electron beam refined to reduce (eliminate) oxygen to metallurgically acceptable levels
(29]

of contamination
Niobium and tantalum chlorides can alternatively be reduced in commercial

29
quantities by reduction with hydrogen[ : (a strategy often accompanied by safety
troubles and processing difficulties). Also, the chlorides can be reduced by

disproportionation (or decomposition) reactions such as that indicated in the following

: o . [29] L :
disproportionation equation  for the niobium chloride system.

SNbCl; = 2Nb + 3NbCly ... {3.2.4}6
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However, such disproportionation processes have not yet been commercially

exploited.

The sodiothermic (Hunter) reduction of the potassium double fluorides of

niobium and tantalum are carried-out commercially following the (simplified) reduction

[29]
routes

K,NbF, + 5Na = 2KF + Nb + SNaF ... {3.2.4}7
K,TaF, + 5Na = 2KF + Ta + SNaF ... {3.2.4}8

Niobium and tantalum may be electrolytically reduced in molten salt electrolyte
processes. Unlike the zirconium/hafnium system in which the electrochemical
difference is minute and the metals are co-deposited, the niobium and tantalum
electrolyte salts are electrochemically separable and are also chemically separated

before electrochemical reduction is attempted — hence the process could be

c e 29
commercially justified .

. . (29] L .
A recently devised reduction route ~ for niobium metal production by the
decomposition of the nitride, NbN, has been proven but is awaiting commercial

development. The process is summarised in the following equations.
Nb,O; + 5C + N, = 2NbN + 5CO ... {3.2.4}9
Then, by decomposition:

NbN = xNb,N;, == yNbbN = Nb ... {3.2.4}10

Reduced niobium and tantalum may be refined either to a commercial purity
grade or to a high purity grade by a range of process possibilities. Because of the lower
oxygen affinity (gettering potential) of niobium and tantalum, the range of process

possibilities available to produce high purity (or ultra-high purity) is broader than for

8’ . .
the Group 4 metals . Refining operation options largely depend upon the scale or
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proportion of impurities to be removed, the range of impurities, and the final impurity
level to be attained (that is, the specification). Most modern commercial grade

processes utilise electron beam melt refining or a combination of this with pyro-vacuum

[29] . . . )
treatment . Another technique with less commercial acceptance is fused salt electro-
refining. The "ultra-purification" techniques which are employed to produce small, non-
commercial scale batches of high to ultra-high purity metal are electron beam float zone

melting, electro-transport, and the familiar van Arkel - de Boer style iodide refining

.. . . . . [29,30]
similar to the processes for titanium, zirconium and hatnium .

3.3: The Thermodynamics of (Conventional) Reduction Processes.

All complex, real systems posses a tendency towards maximum disorder - any
increase in disorder represents a trend towards thermodynamic equilibrium. Given
enough time real, miscible systems increase their degree of disorder by fluid-mixing or
by diffusion (time dependent processes) and thus approach equilibrium. (Immiscible
phases might be seen to reverse this process and retreat from equilibrium. However,
immiscible phases do not voluntarily mix in the first place. In fluids they may be forced
to "blend" into many discrete volumes under turbulence — but this blending is transient
in that it is linked to the longevity of the turbulence — and the case is trivial.) Classical
thermodynamics deals with equilibrium states. An equilibrium state is reached when
the system is allowed to equilibrate (settle) long enough for quantities such as
temperature, pressure, volume and composition to become uniform — so the system

displays no evidence of its recent history (energy path).

Quantities that return to the same values whenever the system returns to the
same state at equilibrium are called state variables. If some of these state variables are
known (thus becoming the independent variables) then the thermodynamic state of a
given system in equilibrium can be defined and the values of all other state variables
(the dependent variables) may be determined. Classical thermodynamics can only
address those states of maximum disorder — those states of thermodynamic equilibrium.
And, it should be emphasised, these equilibrium states to which systems spontaneously

approach when left to settle, and the fact that thermodynamic state variables are
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uniquely defined by the equilibrium state, are not conclusions deduced from first

principles; they are conclusions drawn from the experience of two centuries of

' . [41,60,61, 62]
experimental observations :

The extractive metallurgist invokes thermodynamics as a tool in the study and
control of metallurgical systems and deploys this knowledge in his manipulation of

processes that are of interest to him in the extraction of metals from raw materials.

63
Since groundbreaking work published by ELLINGHAM[ : in 1944 and extended by

64
RICHARDSON and JEFFES[ ] in 1948, a considerable body of information has been

accumulated which describes the chemistry and stability of systems under equilibrium
conditions, and systems under pseudo- or near-equilibrium conditions that return to

equilibrium during the process under question.

Unlike the configured thermodynamics of physics and mechanics that relates
heat and work, the thermodynamics of extractive metallurgy is chemical
thermodynamics which relates heat, temperature, pressure and chemical composition.
Chemical thermodynamics is concerned with changes in these state variables and,
specifically, the effects of these changes, tendencies towards reaction and system
equilibrium. It is chemical thermodynamics that defines and describes the inevitability
of the chemical reactions of extractive metallurgical processes. Without chemical
reactions there could be no chemometallurgical, pyrometallurgical, hydrometallurgical
or electrometallurgical extractive processes. So, thermodynamics is central in extractive

metallurgy, and it is fundamental in any consideration of process possibilities.

Prevalent in chemical thermodynamics is the use of the Gibbs free energy of
formation to describe the chemical affinity of the reactants and the stability of the
system chemistry. The Gibbs free energy (or Gibbs energy), G, relates the central state

functions enthalpy, H, entropy, S, and temperature, T, in the relationship:
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The significance of this simple relationship can be appreciated by an
appreciation of its parts. Enthalpy is the heat function identity and it relates other

important state functions in the following way:

Enthalpy, here, is related to U, the internal energy of the system, and to the state
variables pressure, P, and volume, V. Parameters representing potential, kinetic and
electromagnetic energies, which would otherwise be relevant, are disregarded in
chemical thermodynamic treatments of enthalpy. Also it should be noted that few
extractive processes are carried-out at constant volume and, correspondingly, most

extractive metallurgical processes are carried-out at constant pressure.

Also, at constant pressure, the internal energy can be given as:

Here q is the heat supplied to, or withdrawn from the system. Heat capacity, C,

is the amount of heat added or withdrawn from a system to bring about a temperature

change AT and is given as:

This leads to the Kirchhoff equation for systems at constant pressure (such as

those "open" to the atmosphere):

c, = {%/gr}, = {9 gr}y $3.315

Thermochemical considerations arising from heat effects accompanying
chemical reactions leads to Hess's law which decrees that, provided that the temperature
and either volume or pressure remain constant, the heat content change in a chemical
reaction remains constant irrespective of the reaction route or number of stages

involved. Further, heat capacity identities can be used to determine the enthalpy change



77

Section 3

with temperature. The standard enthalpy change for a reaction can be easily calculated
from readily available data for the standard 25°C at which temperature the kinetics may
dictate a reaction rate ensuring that the reaction will not go to completion within a
reasonable time. Integrating equation {3.3}6 to equation {3.3}7 we can solve (for

reactions at constant pressure in this case) to determine the enthalpy change at elevated

. : . le2]
temperatures of typical pyrometallurgical reactions

dAH)/ g = ACp oo (3.316
aH®) _
—ar 4G
AH°T, = AH°T, + I [Zcp,products - Zcp, reactants]dT ~~~~~~~~~ {3.3}7

By convention, if the enthalpy change is positive then heat is absorbed by the
system; if the enthalpy change is negative then heat is released by the system. From
knowledge of the heat of reaction and the heat capacities of reactants and products at
temperature, it is possible to calculate the temperature of the systemm]. Enthalpy 1is
deduced from the first law of thermodynamics, which provides no universal criterion as
to whether a reaction will proceed or not proceed. However, the second law of
thermodynamics introduces the property entropy that provides information regarding
the spontaneity of a reaction. Entropy, S, is the other extensive state property in the
Gibbs energy equation {3.3}1 (above) in the product term with the state variable,

temperature (T).

From the definition of entropy, in a thermally isolated system, for a reversible
process the change in entropy is zero (dS = 0), whilst for an irreversible process the
change in entropy is always greater than zero (dS > 0). The entropy of a thermally
isolated system can never decrease. In systems where heat is supplied by an external

source, TdS = oq for reversible processes and TdS > oq for irreversible processes,

where 0q is the heat supplied by the surroundings.
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The entropy change for any chemical reaction is defined as the difference
between the sum of the entropies of the products and the sum of the entropies of the

reactants. For the reaction:

0 . . . ..
the standard entropy change, AS , accompanying the chemical reaction is given

by the following.
0 0 0 0 0
AS = mSy +nSy+ ... )—(@S,+bSy+ ... ) {3.3)8
Here SOA, SOB, SOM, ... are the standard entropies per mole of the various

reaction participants which must be known at the desired temperature and pressure for
entropy change to be calculated. Entropy change of a reaction is generally required at
constant temperature and pressure. Where unknown, the entropy values of elements and
compounds and the entropy change of reactions can be calculated for any temperature

utilising the third law of thermodynamics.

For a reaction, the change in entropy of the system at different temperatures can
be evaluated. Changes in standard entropies and heat capacities must be considered for

chemical reactions involving reactants and products in their standard states and the
(62, 65]

entropy change between temperatures T, and T, is given as:
T2
AS’r, = AS’, + f Ach’a'T .................. {3.319
T1

The considerable value in metallurgy of the entropy function is its ability to

indicate the direction in which a reaction will proceed and the final equilibrium state of

[41] . .y )
the process . Irreversible change within a real system, such as a spontaneous reaction,

will result in an increase in entropy if no heat is supplied by the surroundings.

Furthermore, whilst most chemical reactions can be carried-out either reversibly or

irreversibly , more heat is absorbed from the surroundings if the reaction is carried-
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out reversibly than if the reaction is spontaneous. The essential pyrometallurgical

reactions are spontaneous.

Finally, for most laboratory and industrial processes, the state variables
temperature, volume, pressure and quantity or concentration of reactants and products —
and changes to these variables — can be meaningfully and relatively easily measured.
Temperature is a measure of the heat or thermal energy exhibited in a system that, for
all intents and purposes in the vast majority of cases in common experience, closely
approximates the total available energy in the system within any given set of

conditions.

Whilst most chemical reactions, including the significant metallurgical
reactions, ostensibly proceed under conditions of constant temperature and pressure,
and some proceed under constant temperature and volume, few (if any) proceed under
conditions of constant energy, even as applied energy. So any criteria for reaction
spontaneity based upon entropy becomes impracticable and a criterion for spontaneity
based upon another thermodynamic function is required. The thermodynamic function
that is appropriate under the applicable conditions of chemical or metallurgical
processes 1s "free energy". The prominent Gibbs free energy identity has been
introduced as equation {3.3}1, the other important free energy identity in metallurgical

thermodynamics is the Helmholtz free energy, A.

The change in free energy for any reaction is the difference between the sum of
the free energies of the products and the reactants. For a reaction at temperature T a
simple derivation for that most useful identity - the Gibbs free energy change, AG - can

be written as follows.

AG = szroducts - z:C}reactants

{ZHproducts - Tzsproducts} - {EHreactants - Tzsreactants}

= {szroducts - z:Hreactants} - T{zsproducts - 2:sreactants}
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or AG = AH — TAS i, {3.3311

Equally, the Helmholtz free energy change, AA, can be similarly derived and

written as:

The criteria for spontaneity based upon free energy for systems at constant
temperature and constant pressure (denoted by the subscript "P") and for systems at
constant temperature and constant volume (denoted by the subscript "V") are

established and are as follows.

(7)) If AGp or AA, is zero (ie., = 0), then the system is in equilibrium.

(@) If AGp or AA, is negative (ie, > 0), then the reaction will proceed

spontaneously (as written).

(7ii) If AGp or AAy is positive (ie., < 0), then the reaction proceed spontaneously

in the opposite direction.

Because most chemical reactions, including the significant metallurgical
reactions, proceed under constant temperature and pressure, the Gibbs free energy is

the free energy function of more practical use and, consequently, is more often quoted.

As in the case of enthalpy, absolute values of free energies for substances cannot
be known — only the free energy difference or free energy change can be known and
dealt-with. (Of course, statistical thermodynamics provides a basis for calculating
absolute values of thermodynamic functions like free energy by extrapolating from zero
kelvin. However, these values are considered "theoretical" and are seldom called-upon
in practical thermodynamics.) In order to calculate standard free energy of a reaction,
standard free energies of reactants and products must be known. Comprehensive free
energy data are widely available — where reactants or products are not in their standard

states then corrections can be made to compensate in calculations.
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Similar to enthalpy change, free energy change depends upon the initial and

final states of the system irrespective of the reaction path followed to bring-about the

(62, 65]
change .

Most standard thermodynamic functions are reported in the literature as values
at 25°C (298K). However, most metallurgical operations — including all extractive
pyrometallurgical operations — are conducted at considerably higher temperatures.
Disregarding intermediate phase transformations, the following equation allows the

calculation of standard state Gibbs free energy for a reaction at high temperature.

T

AGOT = {AH0298 + f

298

T
AC,dT} - T{AS +f ATCPdT} ......... (3.3113

298

0 .
Also, the calculation of AG for a reaction at any temperature and constant

pressure is possible using the Gibbs-Helmholtz equation:

0AG®
oT

AG® = AH® + T

P

A useful identity for Gibbs free energy change is expressed in terms of activity,

[62]
a, and can be shown  to be:

For the chemical reaction:

aA +bB + ... > mM + nN + ...

. [62, 65]
at constant temperature and pressure it can be shown that:
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AG - AG® = RTIn [—gM.;“N. ] ..................... 3.3116
Aa.dB. ...
Or, AG = AG" + RTIn [amMa_N] ...... (33117
a‘s. a%. ...

When the reactants are in equilibrium with the products, the free energy change

is zero. Hence, in equation {3.3} 17:

AG’ = -RTIn [a me & ] ............... {3.3}18
Ay, Ak, ...
the term [%] is the "thermodynamic equilibrium constant" and is
Ae Be .--.

denoted as K. Then, at equilibrium, the following identity is defined — an identity which

is commonly solved for the equilibrium constant, K, with knowledge of the standard

Gibbs free energy change, AGO.

Chemical reactions in metallurgical or any other operations are only possible

when there is a decrease in overall free energy for the process[62]. A reaction may be
thermodynamically feasible, but in practice the reaction may not proceed to completion
in a measurable period of time. That is, the rate of reaction may be imperceptibly slow.
No thermodynamic analysis can provide information on the rate of reaction, nor on the

reaction mechanism and reaction path. It is physical and chemical kinetics that provide

. . . . ) [17, 66]
information on these essential characteristics of reaction processes

3.4: The Kinetics of (Conventional) Reduction Processes.
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The reaction direction and final equilibrium state of a chemical reaction can be
predicted from thermodynamics, but thermodynamics provides no tangible information
about the rate at which this equilibrium will be approached. The reaction rates at which
chemical processes proceed are determined by both physical and chemical kinetics. —
each being prominent in the heterogeneous environments of pyrometallurgical
chemistry. Accordingly, and moreover, thermodynamics cannot be used to determine
the reaction time — the time required to reach equilibrium — nor the mechanism or
reaction route by which it is achieved. Like reaction rates, reaction mechanisms are
principal determinants of kinetics, each being inter-dependent upon and inseparable
from the other. In typical cases where there are multiple possible reaction mechanisms,
the mechanism with the fastest reaction rate will dominantly determine the overall
reaction rate and will determine the reaction route for which the process will be
designed. Such inter-dependencies have often been overlooked in metallurgical
operations — particularly in pyrometallurgical operations where initial reactant charge
and final product can be easily observed whilst intervening processes and phases may

not be directly observable, and so not considered.

The state variables temperature, pressure, volume and composition (or molar
fraction) control the direction of reaction and the equilibrium state. In addition to these
easily identifiable quantities, reaction kinetics also depends upon other crucial factors
such as the physical and chemical forms of the reactants, the possible presence of a
catalyst and whether one is required, the presence of external energy sources and the

duration of these to initiate reaction or to sustain and accelerate reaction rates.

The rate of reaction may be defined in terms of the rate of decrease in
concentration of reactants or, correspondingly, the rate of increase in concentration of
the reaction products. The reaction rate remains proportional to the concentration of the
chosen reaction participant. The sum of the powers to which the concentrations of the
reacting participants must be raised defines the order of the reaction that is required to

determine the rate of the reaction[67].

Chemical reaction systems are classified as being either homogeneous or
heterogeneous systems. A reaction system is homogeneous if it takes place in one phase

(and does not require the presence of another phase to proceed). A reaction system is
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heterogeneous if it requires the presence of more than one phase to take place and to
proceed at the rate that it does, irrespective of the number of phases in which the
reaction takes place. Since, most frequently, metallurgical reactions take place in
systems involving two or more phases, metallurgical kinetics is the chemical kinetics of
heterogeneous systems. Heterogeneous metallurgical reactions may take place between
two (or more) liquids as in slag-metal reactions, between two solids as in the solid-state
diffusion bonding of two metals or during solid-state reduction between carbon and
metal oxide, or between a fluid and a solid as with a reductant gas or a reactive slag and

an ore mineral. All extractive metallurgical reactions take place across an interface

(17, 67, 68] ' ' )
between phases . Furthermore, most extractive metallurgical reactions such as

the burning of fuel, the calcining, roasting and pre-reduction of ores and common

reduction operations like the smelting of iron ore are non-catalytic heterogeneous

. [67]
reactions

In heterogeneous systems (involving multiple phases), multiple reaction
mechanisms are involved and each has its own reaction rate. In such systems rate-
controlling mechanisms may be as simple as one relatively slow step controlling the
overall reaction rate or a combination of rate-control contributions leading to a complex
overall reaction rate. The consuming problem in industrial extractive processes is to
determine how each variable affects each of these rate-controlling steps, in what way

and to what degree.

In all extractive metallurgical reactions the reactant species occur in different
charge components — that is, they occur separately in discrete phases. Reactions in such
heterogeneous systems require the mass transport of reacting species in the following

generalised steps.

(7) Transport of reactant species from the general bulk to the reaction interface

at the phase boundary (phase interface).

(if) Single or multiple stage chemical reaction across the reaction interface
defined by the phase boundary, or mass transport of reactant species across

the phase boundary.
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(7ii) Transport of a product species from the reaction interface into the general
bulk, or transport of a reactant species to a reaction site in the general bulk.
(The reaction product may need to be transported back to the phase

boundary, at least. But, leaving such aside here.)

The slowest of these above steps will overwhelmingly be the controlling stage
and will ultimately determine the rate of reaction. Steps (7) and (iii) are diffusional
and/or convectional processes with physical kinetics controlling whilst the chemical
kinetics controlled phase boundary step (ii) is described by the Arrhenius equation (see
equation {3.4}2 below). In the case of typical industrial pyrometallurgical reactions,
where process temperatures are generally very high, thermal dynamics prevailing at the
reaction interface ensure high reaction rates across it such that the phase boundary step
is unlikely to be the rate controlling stage of the process and diffusion across "macro"

charge components becomes rate controlling.

The rate of overall process chemistry can be calculated once the rate law for the
process is established and principal controlling parameters are determined. Predictions
of a rate-controlling step and the reaction rate can be made when the order of the
chemical reaction, the rate constants, diffusion coefficients and distribution coefficients

are known or can be realistically estimated, and when a mathematical solution of the

rate law is available

It is not appropriate here to give a comprehensive overview of the many nuances
of kinetic theory or to summarise the many sub-sections of this subject that rapidly
divide into a complex study. Sub-sections split into sub-topics such as reversible and
irreversible reactions, order of reaction, interface dynamics and rate-controlling models,
reactions in series and parallel, batch and continuous reactors, flow dynamics, stirring
and numerous others — each having to be considered with respect to the others.
However, in elementary terms, for extractive processes the reaction rate can be
proposed as a function of temperature and composition, or as a product of a
temperature-dependent term and a function of composition as in the following simple

relationship.

r; = fi(temperature). f,(composition) = k. f,(composition) ....... 3.431
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For reactions of this general type, the temperature-dependent term k, the

reaction rate constant, has been found to be adequately represented by the well known

) . [41,67)
Arrhenius expression :

Here k, is the frequency factor, E, is the activation energy and R is the ideal

gas law constant. Taking base 10 logarithms of both sides of equation {3.4}2 the

: . . 162]
following expression is obtained

logk = logk, — [(%) (%)] ................... 3.4}3

The Arrhenius expression can be tested by plotting log k against the reciprocal
of absolute temperature, (1/T). Accordingly, from equation {3.4}3, a straight line of
slope (0.4342E,./R) can be drawn through the plotted points. The activation energy,
E.ct, can be calculated from the slope, whilst log k, is identified at the intercept (1/T) =

0 from which the frequency factor can be calculated.
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Figure {3.4}1: Diagrammatic representation of energies involved in the transformation of reactants to
products in an elementary reaction [67],
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Figure {3.4)2: Representation of the temperature dependence of reaction rate [671,
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The Arrhenius model has been modified by Eyringml and other workers who
have included the notion of activated intermediate complexes in reaction routes and
mechanisms. Whilst these additions have undoubtedly introduced an element of reality
into the general kinetic mechanisms model, predictions based on the revised model are

only marginally different to the original Arrhenius model such that differences cannot

be realistically detected by experimental trial

The temperature dependency of chemical reactions is determined by the
activation energy and the temperature. This temperature dependency can be clearly seen

in the illustrative generalities of Figure {3.4}1 and Figure {3.4}2.

For industrial extractive processes, rigorous studies of system chemistry may go
hand-in-hand with a certain measure of serendipitous fortune in divining the design of a
metallurgical reactor system. Process and system design are based upon consideration
of the reaction stoichiometry, reaction mechanism and reaction rate (kinetics) — each of
which is related to the other two. The numerous possibilities of the inter-relationship of
these reaction variables affirms that no straightforward experimental programme can be
devised to directly predict process kinetics. However, the industrial exploitation of any
process depends upon its commercial worth and established economic credibility.
Commercial necessities provide the incentive for industrial decision-makers to
determine the factors affecting reaction kinetics and the limits of process optimisation.
If reaction kinetics delivers reaction rates that are high enough such that the system
essentially remains at equilibrium then kinetic information is not required and
thermodynamic information alone will be sufficient in the design of an appropriate

reactor system. Where this virtual equilibrium is established, the reaction products may

. [M,67)
be deduced from thermodynamics

Notwithstanding this, the performance of any system configuration of reaction
vessels — whether single reactor or series of reactors — is contingent upon the magnitude

and inter-dependence of both thermodynamic performance and kinetic performance of
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the system. The rate-determining factor of the process may be either a thermodynamic
factor or a kinetic factor. The overall rate of chemical conversion for the reactor is then

dictated by the rate-controlling step. Such is the case in virtually all kinetically

[62] . )
homogeneous systems . However, the great bulk of extractive metallurgical processes

involve gas-solid, gas-liquid or liquid-solid phase reactions (including the combination
of all three) and, therefore, are heterogeneous systems. Extractive pyrometallurgical

processes are high conversion rate, high temperature chemistry processes which are

. S [60, 65]
controlled by thermodynamic factors rather than kinetic factors



MICROWAVE PROCESSES and
MICROWAVE PLASMA.

"The nature of an infant is nof just a new permutation-and-combination of elements contained in
the natures of the parents. There is in the nature of the infant that which is utterly unknown in the

natures of the parents."

D.H. Lawrence -
Psychoanalysis and the Unconscious, 1921.

"To accept an orthodoxy is to inherit unresolved contradictions."

George Orwell -
Writers and Leviathan, 1948.
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4: MICROWAVE PROCESSES and MICROWAVE PLASMAS.

Microwave discharges generally provide a higher degree of ionisation and
dissociation than other discharge types, can be operated over a wider range of pressures
and provide a much higher ratio of electron temperature to heavy-species temperature
than other discharge types ***!. Further, (for microwave discharges) the absence of in-
chamber electrodes removes a possible source of contamination. Microwave discharges
are highly efficient generators of electrons, positive and negative ions, excited species
(atoms, molecules and ions), and free atoms and radicals *!. Such efficiency ensures
the advanced reactivity capability of microwave plasmas in operations involving
ionisation chemistry. In fact, the high level of reactive species in microwave plasmas
80 361 render them eminently suitable for a range of plasma processing tasks ranging

from surface modification to chemical synthesis and reduction.

The wide variety of reactive particles produced in microwave plasmas and the
plasma chemistry emanating from the consequent confluence of reactive participant
particles and enhanced thermodynamic environment have been widely studied in the
contexts of the synthesis and physical treatments of a range of secondary and tertiary
materials (plastics, organic and inorganic chemicals, metals and intermetallic

[74, 76, 80, 83, 86, 87, 88, 89, 90,93, 91 However, studies on the process

compounds, et cefera)
and products of microwave plasma chemistry on primary materials, such as ores and
mineral concentrates, is much less frequently published — largely because of the

constraints of commercial confidentiality.

Microwave discharge sources are conveniently divided into those that are
constrained by applied magnetic fields and those that are not so constrained. Those

discharges confined by highly configured magnetic fields are generally operated at

pressures between 10" and 10" kPa and are utilised in controlled thermonuclear studies
in systems such as tokomaks and sterallators. The paths of (charged) ionisation-product
particles are controlled by the confining magnetic field that, together with the low
particle density, maximises the mean free path of accelerating particles — eliminating

[102, 103, 104]

wall collisions and virtually eliminating inter-particle collisions . In the
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context of conventional fusion configurations, microwave plasmas are employed in two
ways. Firstly, microwave plasma is used to provide initial and additional plasma
particles by injection into the magnetically confined toroid and, secondly, microwave
plasma is used as a medium in microwave diagnostic studies of such phenomena as
wave propagation, absorption and conversion, plasma instabilities, diffusion and
turbulence in plasma ®!. These phenomenological events are germane to the confined,
ultra-high temperature fusion plasmas of high technology, they are not relevant to the
un-magnetically confined plasmas pertinent to the area of research of this project. The
extension of the literature of fusion and high technology plasmas to describe the

plasmas of the comparatively low technology field is avoided.

4.1: Microwave Heating, and Microwave-Stimulated Plasmas and Reactions.

The heart of all microwave heating equipment is the microwave-generating
device. Many industrial heating plant installations are rated at over 100 kW H®I
represent significant investment and consequently must be reliable, have high generator
(conversion) efficiency, be stable of frequency, and must be free of harmonics and
spurious frequencies. These requirements are met by the magnetron, a thermionic
device, which is robust and durable in application and is also the microwave generator
of least cost. The only other microwave generator of possible commercial significance
is the klystron which is a driven microwave amplifier device possessing excellent
frequency stability but at significantly higher cost. Other generators (such as the
gyrotron) are too expensive and inherently too complex for adoption in industrial

installations and, almost exclusively, are confined to the relative ether of pure, high

technology scientific research. Under international convention™, the common industrial
frequency allocations for microwave power generation are (nominally) 2.45 GHz (2450
MHz) and 0.915 GHz (915 MHz) with less common industrially allocated processing
frequencies being 433.9 MHz — a "crossover" microwave/RF frequency — plus 27.12

MHz and 13.56 MHz — these being radio frequency nominations "®!. All microwave

* Microwave frequency bands allocated for heating applications are discretely separated from adjacent
communications band allocations that are specific to radar, microwave communications, air traffic, civil
and military bands. ef cefera, and are rigidly overseen by national communications authorities.
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applicators and reactor equipment used in the course of this project were fitted with

2.45 GHz magnetrons.

Microwaves occupy a band range of the wavelength continuum that is the
electromagnetic spectrum and thus are a manifestation of electromagnetic energy.
Microwaves have a frequency range of approximately 0.3 to 30 GHz and a
corresponding wavelength range of approximately 1000 mm to 10 mm " lying
between radio waves (or radio frequency, RF) and infra-red, IR, although these
divisions are not precise and ranges are often shown merged or overlapping in the
literature, as is the case with their use. Significantly for the processing of materials,
frequencies that allow dielectric heating occupy a crossover bandwidth between
(approximately) 3 MHz RF to 9 GHz microwave and within the combined RF-
microwave bandwidth " The electromagnetic spectrum highlighting the microwave

range is shown in Figure {4.1}1.

In numerous industrial, domestic and scientific operations, processing objectives
are accomplished by the application of heat. Heat is a most disordered form of energy
and is conventionally applied "externally" to the material under heating "°*! By

[105, 1061 that can

comparison, electromagnetic energy is a highly ordered form of energy
be converted into thermal energy (heat) by any of a number of means that employ the
direct interaction of the electromagnetic force fields with the electrons and molecular
structure (that is, the dielectric properties) of the irradiated material. Typically,
microwave-irradiated materials of suitable susceptibility and load size are heated
contiguously — that is, "internally" throughout by dielectric heating mechanisms rather
than by conduction from a heated surface in solids or by convection or radiation in

fluids.

In general microwave heating there are numerous mechanisms responsible for
the conversion of electromagnetic energy into thermal energy. However, the principal
mechanisms responsible for microwaves' internal heat generation capability are ionic
conduction, dipole orientation, various magnetic losses, interface polarisation, molecule
twisting and bending, plus a number of resonance phenomena %1%l The initial two of
these are the important mechanisms with respect to domestic and commercial cooking

and heating operations, however, where loads are more complex, the physics and
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chemistry of matter impose their further characteristics (such as changes of state,

density, phase and interface, ef cetera) and other mechanisms become dominant.

Interfacial or Maxwell-Wagner polarisation is optimally important in
heterogeneous dielectric loads, particularly when a fraction of the load is of a
conducting mediuml%l. These conditions are well met by the nature of the
experimental charges encountered in this project. Maxwell-Wagner loss relates to the
charge particle build-up around load particle surfaces and at interfaces of mixed,

heterogeneous dielectrics such that local heating is rapid.

Ideal dielectric materials are electrical insulators, that is, they will not conduct
an electrical charge. However, real dielectric materials (such as the minerals in ores)
under the influence of an applied electromagnetic field undergo electron/atom or
molecular distortion forming networks of dipoles. The dipole moment so created

represents a balance between the internal (atomic) forces and the applied field. When

i
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Figure {4.131: That section of the electromagnetic spectrum indicating the microwave and radio
frequency ranges and showing the important frequencies allocated for industrial,
commercial and domestic heating applications [105],
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Figure {4.1)2: Simple schematic representation showing the classification of materials under microwave
irradiation and indicating behavioural characteristics 2001,
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this force is relaxed — such as when continuously reversed by the alternating current-
switching of the typical microwave oven — then a "quantum" of kinetically stored
electrical energy is released as thermal energy (heat). The electromagnetic field-
induced dipoles reverse their orientation each time the ac field reverses. The conversion
of electromagnetic energy into heat is referred-to as dielectric loss, and materials

exhibiting this as dielectrically "lossy" materials.

The heating mechanisms mentioned above are described in the literature using
specific, well-defined parameters. The dielectric constant (permittivity), €', describes
the capability of a molecule to be polarised by the electric field. The dielectric loss
factor, €", is a measure of the efficiency with which the applied electromagnetic energy
can be converted into thermal energy (heat). Both the dielectric constant, €', and loss
factor, €", are frequency and temperature dependent. The ratio of the dielectric loss to
the dielectric constant defines the dielectric loss tangent, tand, where d is the loss angle
representing the phase retardation of ac current alternation. The dielectric loss tangent,
or dissipation factor, determines the capability of a material to convert electromagnetic

energy into heat within the material (at a given frequency and temperature)®® 1%

g'/g'=tand .................. 4131

To account for losses arising from polarisation due to the influence of a high
frequency field in any real dielectric domain, the dielectric constant requires a complex

formj 8*7 defined as follows [105, 107].

et =¢'-je" ... 4132

Microwave heating requires the conversion of electromagnetic energy into
thermal energy and this is dependent upon the "lossiness" of the material being heated.
In materials for which dielectric loss is very small, insignificant heating will be
induced. Such materials are considered to be framsparent to microwaves — other
properties dependent, it is this group of materials which transmit microwaves, and
which provide the "microwave windows and seals" for applicator systems and the
"microwave refractories" in which high temperature processes are conducted. As

dielectric loss increases, so the dissipation of field energy into the material increases —
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this process is known as attenuation and materials that heat in such a manner are
considered to be absorbent of microwave energy. The other principal material group
important in microwave processing is the non-dielectric conductor group that includes
carbon forms and metallic materials. (On the proviso that their surface area to volume
ratio is not substantial, as it is for fine carbon and metal powders — where a separate
absorption effect governs) conductors reflect microwaves and thus are considered
opaque to microwaves. These three classes of material are figuratively represented in

Figure {4.1}2.

The delivery of energy through the microwave field is divided into two
categories of microwave applicator systems: multi-mode and single-mode applicators.
METAXAS and MEREDITH "% define a multi-mode system as "a cavity, large in
relation to the free wavelength, which allows a number of different standing waves to
be established". Whilst a single-mode system encloses within its cavity an
electromagnetic energy distribution having a specific standing wave pattern being the
interaction product of two or more traveling waves "> 11 In multi-mode cavities, such
as microwave ovens, the electromagnetic field is poorly defined and, by design
intention, the "microwave energy" is dispersed or otherwise distributed throughout the
cavity. In single-mode cavities — often waveguide sections — a well-defined field
distribution can be achieved using tuning devices to focus microwave energy into a
specific, confined region. Single-mode applicators are delivery-specific and are utilised

where energy is to be maximised in a specific region of the specimen under processing.

The microwave ovens and reactors used in this project were resonant multi-
mode systems. Microwaves entering such systems are reflected around the chamber by
the metallic walls until the resulting multi-mode field interacts with the susceptible load
to convert the microwave energy into heat, whilst modifying the chamber's microwave
resonance. Thus, in a multi-resonant system, the utilisation (or conversion) of input
energy is optimised and energy reflected to the magnetron is greatly minimised 1%,
Unavoidably in microwave systems, some energy is always lost to the metallic chamber
or reactor walls (by e-folding or skin depth absorption and the resultant flow of skin

currents). Skin depths in the order of picometres are typical for metals, which are
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generally categorised as reflectors and otherwise considered to be opaque to microwave

radiation.

A common dilemma encountered during the heating of dielectric materials is the
phenomenon of thermal runaway. Thermal runaway occurs at discrete sites and is the
exponential runaway of temperature that interrupts the uniformity of heating in the bulk
load. It is initiated at impurity element or dopant sites (where a dielectric difference
exists across a phase boundary or between phases in intimate proximity) by Maxwell-
Wagner and other complementary effects, and these effects are greatly magnified where
the applied energy is concentrated at the dispersed "dopant" sites of a volumetrically
minimal contaminant. The resultant positive rate of change of the effective loss factor
accompanying the heating effects leads to an uncontrolled temperature rise in the most
susceptible regions of the material being heated by microwave (high frequency) energy
1931 Universally in the literature of communications applications and of bulk heating
applications, thermal runaway is regarded as having detrimental if not catastrophic
consequences — a phenomenon to avoid by avoiding the causal dielectric circumstances.
Nevertheless, thermal runaway was advantageously utilised in the microwave-
stimulated reactions of this project to promote regional concentrations of high
temperature, to attract further microwave energy, to initiate energy-demanding
chemical reactions, to release consequent exothermic energies, and to initiate plasmas —

all desired consequences.

High frequency electromagnetic fields of sufficient strength can divide gases
into their molecular and smaller constituents producing a conducting medium that will
result in an electrical discharge or plasma. Gaseous discharges may be unwanted
impositions in radio frequency (RF) or microwave process — often attacking applicator
parts or the magnetron itself. Alternatively, by design, such compositional break down
and gaseous discharge may be desired in high frequency processes. RF and microwave
plasmas are employed industrially in vapour deposition and chemical reaction

processes.
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Electrode-less discharges such as microwave-induced plasmas have the decided
advantage of being independent of electrode effects and are eminently suitable for a
range of industrial applications '®. At pressures greater than atmospheric, microwave-
stimulated plasmas are of the thermal plasma type whereas, from very low pressures up
to pressures closely approaching atmospheric, microwave plasmas are of the "cold",
non-equilibrium plasma type. More common in industrial undertakings, microwave
processes are operated to take advantage of the maximum difference in electron
temperature to heavy particle temperature ranges — particle parameters that provide
unique ionisation or plasma chemistry conditions most suitable for a range of processes
89361 Tons and excited atoms and molecules have far greater chemical reactivity than

[80]

do their species counterparts in the ground state and so plasma chemistry is a

desirable alternative chemistry for a range of industrially important processes.

Generally, microwave-induced discharges provide a greater degree of ionisation
and dissociation than do other types of discharge. They can be operated over a wide
range of pressures and provide a very high ratio of electron to heavy particle

temperatures 1)

. Almost universally, these parameters provide greater degrees of
freedom in their application to ionisation or plasma chemistry. The theory and
application of microwave plasmas and the chemistry arising out of discharge ionisation

are pursued and expanded in the following sections.

4.2: Microwave-Stimulated and Other Non-Conventional Reduction Technigues

Applied to Refractory Metals Production and Processing.

Whilst the exemplary stability of refractory metal minerals demands intensive
thermochemical intervention in the extractive metallurgy stages of metal production,
this same stability exists for remnant minerals and secondary compounds which are to
be removed utilising similarly rigorous means during the refining stage. Further, and
reciprocally commensurate with their gettering capability, the deleterious effect upon
mechanical properties in refractory metals imbued by any very minor amount of
compound-forming impurity elements requires that extra refining initiative and effort

be invested to produce metals of adequate purity. For refractory metals, the commercial
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grade purities lie at levels that would for most of the common metals indicate very high
purity. High purity in refractory metals is required to ensure ductility and the
consequent fabrication utility required to meet the typical range of applications for
which refractory metals are specified. (Universally, the problem impurity elements are
commonly present in source ores and process refractory materials, and are elsewhere
ever-present in processing environments — in particular, these include the pervasive

light elements oxygen, nitrogen and carbon.)

So, as a consequence of such thermochemical stability of refractory metal
compounds and the impurity intolerance in the reduced metal product, the techniques
utilised in the production of the refractory metals extend into the "non-conventional”
more so than for extraction and refining processes of other common transition metals.
To some extent, the higher end-value of refractory metals permits a greater expenditure
allocation for the extractive, refining and other crucial stages of production. However,
in the reality of everyday commerce, frugal economic management does not allow
unwarranted extravagances where commercial competition exists. The pivotal fact that
marketable refractory metals cannot be produced without these more expensive, extra-
conventional routes is sufficient and necessary justification for their employment. The
high affinity of refractory metals for oxygen, nitrogen, carbon and comparable elements
— and the great thermochemical stability of their compounds — require more chemically-
intensive and/or energetically-intensive reduction solutions. This thermochemical
stability is particularly evident in their ore minerals, minerals which have enduring
chemical fidelity and high to extremely-high thermodynamic stability (thermochemical
obduracy) in their naturally occurring forms (as evidenced by the in situ endurance
which characterises their geological occurrence and the tenacity that accompanies the
devolution of their depositional and environmental history). Accordingly, more
intensive, extra-conventional reduction systems in extractive and refining operations

are imperative to production feasibility — and to overall economic plausibility.

Typically in commercial operations, such "intensive, extra-conventional
reduction systems" constitute operations which are incorporated during the refining
stages of refractory metal production where, because of the demanding nature of these
purification operations, they are generally slow, tedious, low throughput, costly

processes producing metal oxides or chlorides of exacting specification, pre-final
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extraction. This is especially so where final metal of highest purity is required. Non-
conventional reduction and refining procedures for which an intermediate crude metal
product is the feed material include, most commonly, processing techniques
incorporating arc melting (various methods), electron <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>