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SUMMARY

Minor Metals embrace a heterogeneous group
of elements, used in much lower amounts than
conventional metals. Some of their uses are situated in
traditional sectors, such as glass, ceramics, catalysts,
alloys, or special metals, others move to the forefront
of electronic, photo-electric, optical, magnetic, green
energy, or aerospace applications.

For several years the price of many minor metals
has been escalating, following that of most other
commodities, including oil, gas, and agricultural
products, as well as major metals and gold. Still, the
case of quite a few minor metals is somewhat peculiar
for a number of reasons, such as scarcity, somewhat
opaque market conditions, rapid development of new
and promising applications, as well as strategic value
and marked geopolitical imbalances. Most minor
metals must be imported into Europe (or Japan),
for refining, conversion and use. The USA, once a
prominent mining state, has lost its leading position,
e.g. in Rare Earth Elements (REE). According to the
US Geological Survey, the USA in 2006 (1992) was
a net importer of 65 (42) mineral commodities; in the
same time period the number of mineral

HISTORICAL EVOLUTION

Metallurgy is as old as mankind. Native gold and
silver were worked very early and easily indeed. In
archeology, the terms Bronze and Iron Age characterize
early, even prehistoric stages of human technical
development. Yet, actual large-scale mining, moving,
and milling enormous masses of ores and extracting
their metal content by beneficiation and eventual
smelting of ores or by hydro-metallurgical extraction
and physicochemical separation methods sustained
striking developments during most of the twentieth
century. The last major metal to be developed, in 1825,
was energy-intensive aluminum. Before electrolytic
processes were developed, the metal was more
expensive even than gold! The last of the minor metals
to be isolated was rhenium in 1925 (John Emsley,
Nature’s Building Blocks, Oxford U. Press, 2001).

Today, the production and markets of base metals,
such as iron, steel, aluminum, copper, lead, nickel, tin,
zinc, and their alloys are regarded conventional and
well-established. These metals have been provided
to the world markets on a basis of global production,
highly competitive pricing, as well as a rising attention

Ni

commodities entirely imported rose from 8 100000 -
to 17.

In numerous cases China comes to be
the largest consumer, the largest producer 190007
(Bi, Sb), or both at the same time (e.g. REE
and cobalt).

Since the end of the colonial era 1000
metallurgical industry in the E.U. has
shifted from ores towards secondary 10.0 4
materials as a feed. As minor metals must
be imported, there is a case to be made for
less dissipation and for more collection and 1.0 -
recycling. Legal E.U. initiatives in the field 9P
of Waste Electric & Electronic Equipment

0.1

(WEEE) or automotive shredder residue
(ASR) may help promoting this trend.
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for developing higher added-value or even niche
markets. Figure 1 shows the evolution of metal use in
modern times using an exponential scale.

- Nonferrous Metals in Europe

Some metals (Au, Ag, Cu, Fe, Pb, Sb, Sn) were
mined, produced and worked since antiquity; other
major (Al, Mg, Ni, Zn) and most minor elements are
more recent creations, following early, yet systematic
research on chemical elements, their nature, structure,
and properties. High purity metal is only required
in electric conductors and in particular applications.
Most mechanical properties of metals are improved
by appropriate alloying; in many cases only traces
of added elements are needed to profoundly alter
the crystalline metal structure and confer the desired
internal constitution to steel, aluminum, etc. Some
minor metals are extensively used in such applications.
Major ferroalloys have mainly Mn and Si/Mn, Al, B,
Ce, Cr, Mg, Mo, Nb, Ni, P, W Si, Ti, V, W as alloying
elements. Improved production, refining, and quality
control methods have given rise to innumerable new
impulses and achievements in the field of material
sciences.

Eurometaux is the voice of non-ferrous metals
industry in Europe (http://www.eurometaux.org/
content/default.asp) in all areas of policy and legislation
that affect this industry. Members’ activities encompass
mining, metallurgy, and downstream processing into
intermediates as well as finished products. The metals
involved include aluminum, copper, lead, nickel, zinc,
high-tech and precious metals. Eurometaux enterprises
contribute 1.1% of the European Union’s GDP, employ
more than 400,000 people directly and another 800,000
indirectly, generating an average annual added value of
91,000 euro per employee.

The London Metal Exchange (http:/www.Ime.
co.uk/) trades contracts for future delivery of exchange
traded metals. It may add futures or a clearance system
for steel, molybdenum, ferrochrome and cobalt to its
exchange, for reducing the risk of volatility of both
price and availability of such critical raw materials.
Contracts imply delivery of physical metal on the
contract’s expiration date. Exchange members may be
producers, trading companies, financial institutions
as well as end-users. It requires the existence of a
warehouse inventory level consistent with maintaining
an orderly market.

- Nonferrous (and minor) metals in Belgium

On the European Continent, Belgium enjoyed early
industrial development, not in the least in metallurgy,
even, during the reign of Napoleon, starting first with
the industrial production of zinc. In 1958, the country
hosted a World Exhibition, while still a colonial nation
with direct access to the natural resources of Congo,
including its rich deposits of e.g. copper, cobalt, coltan
(= columbium or niobium + tantalum), diamonds, gold,
nickel, tin, uranium, vanadium, and the Rare Earth
Elements (REE). Since, it has been largely cut off
from these exclusive and rich resources and surviving
metallurgical industry has successfully shifted from
using ores, re-focusing on recycling residues and
scrap. Originally a mining company (Union Miniére
du Haut Katanga), Umicore (Www.umicore.com) now
regroups former metallurgical enterprises. In Hoboken
it produces17 different metals from int. al. Waste
Electric & Electronic Equipment (WEEE), catalytic
mufflers and scrap batteries, along with conventional
dross, speiss, matte, anode sludges, slag and fly ash.
Metallo-Chimique (www.metallo.com), starting
from a wide range of metal-bearing scrap, waste and
residues, converts these entirely into saleable metals
(Cu, Sn, Pb), dense slag used in civil works, and dust
(crude ZnO). Compagnie M¢étallurgie de la Campine
recycles lead batteries (http://www.campine.be/), buys
antimony (mainly in China), and supplies antimony-
based fire-retardants. Hydrometal (http://www.
hydrometal.be/) treats zinc bearing residues using wet
methods. Sadaci (http://www.sadaci.be/), originally
specializing in calcium carbide and ferroalloys, now
treats molybdenum ores and packs moly-catalysts for
recycling. It is part of the Molymet group (Chile).

MINOR METALS

Fifty years ago, even stainless steel was still
considered a very expensive material and its working
into technical equipment a privilege of few construction
companies only. Since then, exotic cladding materials
and metals have widely been introduced, mainly on
behalf of our chemical, oil refining and petrochemical
industries. High temperature creep puts severe
constraints on even refractory metals. Gas turbine
engines powering a plane have an amazing mix of
elements contained in their alloy blades, including
Cobalt, Molybdenum, Tantalum, Tungsten, Chrome,
Titanium, Hafnium, Zirconium, Rhenium and, soon,
Ruthenium with Nickel, Cobalt, or Titanium as a base
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Superalloy metal. New elements that half a century ago
hardly had any significant outlet have since appeared in
numerous and differing electronic, optical, magnetic,
medical and aerospace applications. Many of them are
low in volume but high in value and almost all have
extraordinary and sometimes exclusive properties.

Minor metals are all around now: in mobile phones,
TV screens, computers, or cars. Powerful, yet miniature
magnets require special Rare Earth Elements (REE).
Mundane objects, such as spectacle frames, golf clubs
and tennis rackets, share this inclination towards minor
metals. Hi-tech answers to environmental questions are
also provided by minor metals, such as Germanium,
Gallium or Indium for photovoltaic cells, batteries for
hybrid electric vehicles, or cobalt-catalysts for gas-to-
liquid (GTL) fuel conversion technology. They are,
however, a heterogeneous group of elements, appearing
in the most varied types of applications (http://www.
lipmann.co.uk/).

- Definition of Minor Metals

Minor Metals are a group of over 35 elements
that have rather unlike characteristics. They may be
defined [http://www.resourceinvestor.com/pebble.
asp?relid=37893], e.g. as any primary metal:

1. for which no exchange traded futures contract exists
at a global commodities exchange, e.g. the London
Metal Exchange or NYMEX;

2. not produced in quantities greater than e.g. 150,000
Mg (Mg = metric tonne) per year;

3. for which there are rather few uses;
very difficult to separate from other metals, and
hence has limited availability and uses as pure
metal;

5. produced as a by-product and therefore having very
limited supply elasticity, or

6. defined as such by the Minor Metals Trade
Association of the UK.

The Minor Metals Trade Association (MMTA) is
a worldwide industry association based in London,
whose members are involved in over 35 metals in their
various forms and that are not traded on exchanges.
The MMTA does not host a marketplace for minor
metals or publish price information. The inclusion, or
not, in the scope of the Minor Metals Trade Association
(MMTA) seems based on pragmatism rather than on
some paradigm involving the selected elements, their

20

ammonium )
paratungstate basic grade
ammonium catalystgrade
penrhenate
metal grade
) chinese
antimony
arsenic russian
beryllium
bismuth
cadmium @ 5 1uminothermic @ chinese
calcium .
russian

chromium /.TOSOH /.russian ERX;
electrolytic\. russian EX4\. usa EC g

monoccan russian cham bishi

/.s herritt

balt
;:IIiﬁm \. \. \. \jinchuan

germanium brazilian inco falconbridge
germanium
dioxide
hafnium
indium alloygrade
lithium battery grade
magnesium catalyst grade
manganese
mercury
niobium iridium rhodium
PGM'’s
osmium ruthenium catalystgrade
dysprosium yttrium carbonate
/ cerium

rare earths i @oxide
m etal \. \._<:battery
neodymium oxide lanthanum i o standard

carbonate _netal grades

cis grade
rhenium
. superalloygrade
selenium ) .
polycrystalline silicon
silicon .
. silicon
strontium
tantalum
thallium
titanium
titanium
sponge firstgrade 57%
roasted chinese 51%
molybdenum .
concentrates chinese 57%
firstgrade 65%
ferro chinese 60%
molybdenum )
molybdenum russian 60%
metal chinese
ferro titanium .
russian
chinese
ferro tungsten :
russian

tungsten metal
vanadium pentoxide flake

vanadium

pentoxide vanadium pentoxide powder
firstgrade 80%

ferro russian 50%

vanadium

chinese 50%
russian CP grade
zirconium western CP grade

nioblum -beaning grade

Source: http://www.mmta.eu/norms/individual.aspx

Figure 2a Individual Metal Norms



chinese
antimony
russian
arsenic
bismuth
cadmium

aluminothermic_@)chinese

chromium

russian ERX,
russian EX,

electrolytic

athodes(luilu)
granules (luilu)

granules/fines
(shituru)

rusgiangecamines

cobalt

ZCCM falconbridge
10 ohm/cm

gallium

germanium
50 ohm/cm
germanium dioxide
indium

magnesium
manganese

mercury bodi
rnodium

PGM’s

ruthenium
osmium

selenium
silicon
tellurium
titanium
sponge
firstgrade 57%
chinese 51%

roasted
molybdenum

concentrates .
russian 57%

firstgrade 65%
chinese 60%

russian 60%

ferro molybdenum

ferro titanium
chinese
ferro tungsten
russian

first grade 80%

ferro vanadium russian 50%

chinese 50%

Source: http://www.mmta.eu/norms/sampling.aspx

Figure 2b Sampling and Assaying

uses, position in the Periodic Table of Elements (some
minor metals are, in fact, metalloids!), or other good
technical, scientific, or economic grounds.

Individual minor metals (Ag, Au, Be, Bi, Cd, Co,
Cr, Ga, Ge, Hf, Hg, In, Li, Mg, Mn, Mo, Nb, Re, Ru,
Sb, Se, Ta, Te, Ti, U, V, W, Zr), Rare Earth Elements
(REE), ferro- and super alloys, are synthetically
discussed in Monographs:

http://www.mmta.eu/economicsFacts/
miningJournalReview.aspx and

http://www.mmta.eu/economicsFacts/
metalBulletinMonthly.aspx

To inform traders, consumers and producers in
distant corners of the globe what qualities to expect
when entering a contract, the MMTA provides
standards across a wide range of minor metals (Figure
2a). Professional sampling is as important as the quality
of the ensuing chemical analysis. Sworn samplers
have codes of practice and rules but for most metals
and scraps it is hard determining whether the results
obtained are really fully representative.

The MMTA worked closely with samplers and
assayers to publish some guidance in this field (Figure
2b).

Some elements that share scarcity and numerous
novel applications, yet do not pertain to the scope of
MMTA, are often also considered as minor metals. The
Platinum Group Metals (PGM) consist of 6 elements
sharing scarcity, high cost and high melting point:
ruthenium Ru, rhodium Rh, palladium Pd, osmium Os,
iridium Ir, and platinum Pt. Members of the London
Platinum & Palladium Market include producers,
traders and — not in the least — financial institutions
(http://www.lppm.org.uk/).

A Japanese counterpart of MMTA is the Japan
Society of Newer Metals (JSNM). Its voice is heard
in Europe by the good services of Roskill's Letter
from Japan providing mining & metal information,
translated from Japanese (http://www.roskill.com/).
JSNM monitors the implications of the E.U. Restriction
of Hazardous Substances (RoHS) Directive, e.g. with
respect to Cu-Be alloys in electronics.

Major Minor Metals are also those metals, listed
in China in an open-ended decree, that meet some
or all of the above criteria, and in the production or
processing of which ownership is forbidden to foreign
corporations or individuals. This classification is of
great significance to the Chinese government, due to
the high technology drivers for many minor metals
produced in China, such as tungsten, indium and the
rare earth metals. Another factor of influence is the
limiting quota fixed by China on its exports of strategic
minerals and metals. Such measures sometimes
contribute to creating an artificial scarcity and disrupt
the established equilibrium between offer and demand.
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Figure 3 Specific Abundance in the Terrestrial Crest

- Scarcity and Supply of Minor Metals

Obviously, each element has a specific abundance
in the terrestrial crest (Figure 3). A number of minor
metals are relatively rare; yet others are much more
plentiful than is implicitly assumed, judging from
meager annual production figures or after their name
(REE). The rarest elements on earth are the platinum
group metals, together with Rhenium, Gold, and
Tellurium, as follows from tabulated data

http://en.wikipedia.org/wiki/Abundances of the el
ements_(data_page).

Much more important than scarcity in the terrestrial
crest is the relative abundance of ores that can be
economically mined. For each element, such ores and
their related geological context are quite specific to
the minor metal considered. These are treated in some
detail by the US Geological Service (http://www.usgs.
gov/).

For a number of minor metals, specific ores can
be identified, jointly with their geological context.
These are covered in the aforementioned MMTA-site
Monographs.

Some of these Minor Metals assume considerable
economic, strategic or military importance and, hence,
historically have been stockpiled in the USA or are
increasingly subject to restrictive regulations in China.
Following the collapse of the Soviet Union the USA
started selling military stockpiles and today only
relatively small amounts of beryllium, chromium,

cobalt, ferrochromium and -manganese, germanium,
iridium, tantalum, and tungsten remain (https://www.
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dnsc.dla.mil/) in store.

Many of these elements in recent years have
seen their prices rising in a way to cause concern
regarding safe supply and economic usage. This has
caused disquiet e.g. in Japan, a leading country in
the development of optical, electronic and magnetic
devises.

Remarkably, the US-government assumes a distinct
and diffident attitude, based on the principle that market
forces alone will lead to equilibrating the required
demand/supply balances. Still, in 2007, in a document
“Minerals, Critical Minerals, and the U.S. Economy”
the National Academy of Sciences issued a warning,
discussing concepts of criticality, supply restriction and
associated risks related to mineral resources:

http://www.resourceinvestor.com/MediaLib/
Downloads/critical minerals_final.pdf (Figure 4)
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Figure 4 Criticality for US Industry



Conversely, the US Geological Service, remains at
the level of general concepts in its policy document:

http://pubs.usgs.gov/fs/2007/3109/fs2007-3109.pdf

Past and present supply sources are exposed in
inventories prepared by the US Geological Service.
In his series, Mr. J. Lifton discusses current mining
developments, designed to supply new and desirable
minor metal resources. Nevertheless, developing
mining operations is a complex venture that takes
sometimes decades to complete, at least, when
attempted in the middle of nowhere. In more ‘advanced’
countries, complicated licensing procedures may delay
if not entirely jeopardize such enterprise. Mining is
no longer considered a sustainable activity. It is an apt
target of green activists. Public opposition is always
to be expected and delays projects significantly, often
rendering these even impossible to implement.

In some cases, metals may be mined from historical
tailings or slag, derived from former metallurgical
activities. The now defunct Magnola project produced
magnesium from mining tailings from out-of-use
asbestos quarrying (http://www.metsoc.org/virtualtour/
processes/magnola.asp), while in Uganda and Zambia
copper/cobalt tailings provide feed for around 15-20%
of global cobalt production!

In other and more frequent cases, however, the
minor metal mainly appears as an accompanying
element of a major metal, such as copper, zinc, lead,
or tin, thus emerging only as a by-product at the level
of, e.g., froth flotation schemes, in electrolytic anode
slimes, filter dust, slag, or other side streams.

Economically, this is a complicating factor, insofar
that the increased demand required by a new application
can hardly be met by enlarging the supply, since the
latter is entirely contingent upon the extraction of a
different, major metal, with distinct markets, supplies,
demand, and cost factors. Examples of such elements
(main source) are: molybdenum, rhenium, selenium,
tellurium (copper), cadmium, germanium, thallium
(zinc), bismuth (lead), cobalt, platinum group metals
(copper, nickel), osmium (gold)...

A somewhat similar consideration arises in the
case of joint mining reserves, e.g. gold, combined with
REE. Evaluating the economic feasibility of mining
becomes more complicated, when the future evolution
of a large number of unrelated commodities appears at
the revenue side of a balance sheet.

The distinction between ore scarcity, amount of
ores mined (production) and amount of mineable ores

(reserves) can now be illustrated by some examples:
the total world production of new gallium is only ca.
80 Mg per year. In the earth crust lithium is about as
abundant as gallium (Figure 3). Nevertheless, 21,000
Mg of new lithium, or ca. 250 times more were
produced globally in 2006. Despite its low production
rate, gallium is better represented in the earth crust
than lead, a metal already mined in the Bronze Age.
Nevertheless, even today, worldwide production and
consumption of lead is still increasing, as is the global
inventory of lead in use. The highly organized Roman
Empire extensively exploited lead mines using the
metal in water pipes (cf. http://en.wikipedia.org/wiki/
Lead) and covering temples with lead sheet. Still the
total inventory, accumulated by the Roman Empire is
far less than the total annual lead production of about
8 million tonnes, or roughly 100,000 times that of
the ampler element gallium. About half of this lead is
produced from recycled scrap, mainly batteries. For
gallium, a comparatively new metal, there are as yet no
sizeable secondary sources available for recycling to
draw from.

Very recent (2008) mineral commodity summaries
have been prepared by the USGS: e.g.

http://minerals.er.usgs.gov/minerals/pubs/
mcs/2008/mcs2008.pdf

http://minerals.er.usgs.gov/minerals/pubs/
commodity/vanadium/myb1-2006-vanad.pdf

- Inventories

As more metal ores are mined the available
inventory of metal-in-use is steadily rising, sometimes
even to almost alarming amounts. Some scientists
established methods for material flow analysis and
quantified specific inventories:

http://www.scientificjournals.com/sj/lca/Pdf/
ald/6852.

Prof. Brunner pointed out that the amount of copper
residing in Vienna, the Capital City of a comparatively
small Austria, amounts to some 300,000 Mg! Such
inventories are reassuring when one considers that
these eventually can again be tapped and reused or
recycled, if not as such, at least after re-melting or —
when really required — refining. Fortunately, as far as
some specifications are met, most impure metals can be
reused directly, most likely as an alloy. When required,
sorting at the source may contribute to a grouping into
internally compatible categories of alloys.

Less optimistic was a simulation of the global
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system by Randall and Meadows in their Report to the
Club of Rome, “Limits to Growth”. For sure, humanity
was doomed, since — depending on the hypotheses
and numerical values used — it would disappear, either
because of lack of food and raw materials, following
an explosive growth of population, or maybe even
worse, because of prevailing pollution, generated by
industrial activity, as well as by careless consumption
and dissipation patterns of toxic metals at the end of the
lifetime of commodities and utensils involved.

In such a model, it is clear that the land, the air, as
well as the seven seas end by being polluted beyond
repair since all use entrains some dissipation. Belgium,
the first zinc producer worldwide, grew into a universal
center of competence in cadmium-caused poisoning
and related pathology. Japan likewise was painfully
confronted with mercury discharged in its Minamata
Bay!

- Use of Minor Metals

Minor Metals have an incredible list of applications,
as follows from numerous monographs, cited before.
For the sake of example, a few minor metals are now
briefly highlighted.

A number of minor metals have a very low melting
point, e.g.: Bi, Cd, Ga, Hg, In, Se, Sn, Tl. The five
refractory metals are: Tungsten (W), Molybdenum
(Mo), Niobium (Nb), Tantalum (Ta), and Rhenium (Re).
Also Ru (2,334°C), Ir (2,446°C), and Os (3,033°C)
melt well above 2,000°C.

Bismuth is used in low melting point alloys
for safety fuses, solders for temperature-sensitive
electronic assemblies and as an alloying element in
free-cutting steels, aluminum alloys, and malleable cast
irons. Its low toxicity has boosted its application as a
substitute for lead.

Copper beryllium (CuBe) alloy is used as
conducting spring material in a range of electronic
connectors, IC sockets, switches, relays, and micro
motors.

Cobalt is essential in numerous applications, such
as super alloys for jet engines, rechargeable batteries,
magnets, and pigments. ..

Indium is used to seal electronic assemblies,
scientific instruments and in cryogenics, as exemplified
by its use in body scanner technology, due to its
malleable nature and maintenance of mechanical
strength down to very low temperatures. Other
applications include lead-free solders, batteries, SOX
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lamps, bearings, low melting-point alloys and as a
sacrificial element in cathodic protection systems.

There is a soaring demand for indium metal, as
indium tin oxide coating on flat-panel displays. It is
deposited as a thin layer by sputtering from a target and
acts as a transparent electrode enabling LCDs, PDPs
and OLEDs to be activated. Other applications are in
mobile telephones, navigation devices and displays.
Major consumers in Japan, Korea, Taiwan and China
include LG Philips, Samsung, Sharp and Matsushita.

Niobium is used mainly in HSLA-grade steel
products (pipelines, frames, structural members for
automobiles and trucks) and in a wide variety of
applications, such as aerospace and aircraft turbines,
superconducting wire... A titanium alloy is suitable for
magnetic coils for medical magnetic resonance imagery
(MRI) equipment. Niobium chemicals are used in high-
refractive index lenses, high-dielectric, multilayer
ceramic capacitor formulations; and in the manufacture
of lithium niobate for surface acoustic wave (SAW)
filters for electronic circuitry in cell phones, and for
catalytic conversion of palm oil into biodiesel fuels.
Niobium carbide is used in the manufacture of cutting
tools and in wear-resistant applications.

REE are mainly used (2005) in permanent magnets
and NiMH batteries (hybrid vehicles), catalysts (vehicle
emission controls), polishing powders and phosphors
(LCD and PDP displays), glass additives (digital
cameras, fiber optics). Further uses are in petroleum
fluid cracking catalysts; metallurgical applications; and
television, lighting, and X-ray intensifying phosphors.

Selenium is a semi-conducting metalloid, recovered
as a by-product of electrolytic copper refining.
Major end-uses of selenium are glass manufacturing,
chemicals, pigments, metallurgy (SeO), electronics,
agriculture etc.

Tantalum capacitors are used in electronic circuits
owing to their high capacitance in a small volume,
reliability, and temperature stability. Tantalum is applied
in such products as cell phones, DVD players, personal
computers, digital cameras, gaming platforms, LCD
monitors, wireless devices, telephone switch boards
and computer networks because of its unequalled
capacity to store and release electrical charges. Other
electronics applications are in PC memory chips, igniter
chips for car air bags and other automotive electronics.
In addition, it is used in the manufacture of super
alloys for jet engines, turbines, space vehicles, nuclear
reactors, power plants and chemical equipment due to



its extreme hardness; in the manufacture of carbides for
cutting tools, drill bits, excavator and bulldozer teeth
and the forming of dies; in sputtering targets for use as
optical coatings, memory chips and silicon wafers for
use in micro-compressors; in military and recreational
ammunition and in the manufacture of a variety of
other products such as rayon fibres, heat shields, ink
jet printers, x-ray film, hip and knee replacement
systems (because of its non-corrosive nature) and in the
manufacture of surgical instruments and appliances.

Tellurium is mainly used as an alloying agent with
iron and steel, in catalysts and chemical uses, alloyed
with non-ferrous metals and in a variety of electronic
applications.

Glass coloring is a complex theme, the resulting
color varying with the kind of glass, its redox potential,
the identity of the alkaline ions present and numerous
other factors. Relevant elements are in this context:
As, Ce, Cr, Cu, Fe, Mn, Sb, Sn (all of these redox
dependent), further Co, Er, Nd, Ni, Pr (only one
valence), and the pairs Fe/S, Mo/S, Fe/Se, Ce/Ti,
Ce/Pb, Ce/Cu. Dense elements, such as Pb and Ta,
influence upon the refractive index of glass.

- Dissipation

Minor metals are used in numerous applications,
often involving only small amounts of material,
e.g. ferrous and mother-alloys, glass, ceramics,
coatings, colorants, pigments... They are affected
by dissipation, since many applications are based on
only immeasurable amounts of material. Hence they
are diluted beyond repair, once stuck in their final
application. Since most minor metals are applied
only since a short while, their presence is not too well
known by the public. Dissipation will result, unless
they can be collected in each important application and
recycled efficiently. The only effective countermeasure,
advocated already by the Report to the Club of Rome,
is recycling!

Batteries are recovered very intensely in Belgium,
following a threat with a mandatory deposit, formulated
in the context of the ‘Ecotax’ Law. The example since
has spread over more countries (www.rechargebatteries.

org).

- Production

Production of minor metals can be subdivided into
primary production, derived from ores or from mining
tailings that were stockpiled in the past and secondary

production derived from new or obsolete scrap. An
extended series of contributions in Resource Investor
(Mining industry news, reviews and interviews - News
That Trades!), deals with the fate of minor metals
worldwide, analyzing market trends and tendencies
from mainly an investor’s viewpoint, stating the
current status of supply and demand, scrutinizing
either active or still pending projects as well as demand
developments. Their author is Mr. Jack Lifton, a
consultant focusing on the sourcing of nonferrous
strategic metals, minerals, and chemicals. The next
Table 1 is adapted from the first of his series of papers
that can be downloaded freely.

Table 1 Primary Production of Selected Minor Metals

Metal 2006 Mine production (Mg)
Antimony 170,000
Beryllium 130
Bismuth 5,600
Boron 59,500
Cadmium 18,000 (significant recycling)
Cobalt 57,500
Gallium 80,000
Hafnium 610
Indium 480
Lithium 21,000
Mercury 1,400
Molybdenum 180,000
Niobium 45 (market dominated by chemicals)
Rare earths (in total) 123,000
Rhenium 45 (significant recycling)
Ruthenium 30
Selenium 1,390
Tantalum 1,290
Tellurium 168
Titanium 55,000
Tungsten 73,300
Vanadium 62,400
Yttrium 8,900
Zirconium 38,000

(http://www.resourceinvestor.com/pebble.asp?relid=37893)

The metals showing the lowest production
figures are Rhenium and Niobium, totaling an annual
production of only 4.75 Mg and 45 Mg. The first
element is very rare indeed in the earth’s crust (cf.
Figure 3); the second’s scarcity is situated between
those of copper and lead.

- Primary and Secondary Metal Production Technology

Also metallurgical production plays an important
role in the context of minor metals, via its intrinsic
potential of extraction, enrichment and separation
methods, related technology and process flow sheets,

25




each with their own specific selectivity and yield.

Integrated iron & steel industry is relatively
straightforward. Starting with iron ore mining, ore
sintering and/or pelletizing, metallurgical coke,
production quarrying of limestone, it continues with
a fixed sequence involving blast furnaces, convertors,
hot and often cold rolling. Nonferrous metal industry
is much more diversified than steel production. Almost
every plant is unique, adapted to the composition of
specific and often complex ores, or certain ranges of
metal scrap and/or residues. Particular processes and
plant lay-outs are determined by (1) ore composition,
including the amount and nature of its intrinsic
accompanying impurities and their own markets and
value, and (2) the required purity of the resulting
products and other technical or environmental
specifications. Depending on the process principle and
flow sheet, the occurrence of accompanying elements
is either beneficial — since their separation is easy
and their contribution to turnover substantial — or
pernicious, in the opposite case. This leads to highly
diversified flow sheets and operating conditions, in
which some plant recovers a wide range of additional
elements, separating these one by one, and other plant
merely removing these as undesirable impurities, e.g.
in the slag. Such choices are made on the basis of
economic, logistic, as well as technical reasons. The
first evolve constantly with market conditions, at both
the supply (ores, scrap, residues) and demand (metals,
oxides, or salts) side.

Once a choice is made, it can later still be altered;
yet, such changes require substantial investment, as
well as several years to be implemented.

Again, some examples may illustrate these factors.

Copper is a valuable element, and silver even
more so. Yet, during electrolysis silver is precipitated
willfully with the slimes, since it is separated easily,
sold profitably, and moreover its continued presence
lowers the quality of electrolytic copper. Nickel
similarly is highly valuable and yet its presence in a
copper smelter may turn into a real nuisance: when it
appears, it cannot be separated so easily and still must
be sluiced out. The resulting bleed stream co-entrains
quite a bit of copper in order to safeguard copper
standards. Of course, some dedicated smelters operate
schemes that allow separating these two valuable
metals, but these smelters may be situated far away and
not too much interested in custom co-treating such an
occasional mixed Cu/Ni-stream. Getting value for less

26

usual or more complex flows is not so evident and the
picture of offer and demand for such services is often
unfavorable and continuously evolving!

In 1887 the Hoboken plant of Umicore started as a
silver smelter owned and operated by Degussa. Today,
acting as a custom-refiner it is the world’s largest
recycler of platinum group metals. Electronic scrap is
subdivided in richer and leaner streams, a dividing line
roughly situated at a level of 100 g gold-equivalent per
Mg of feedstock. For rich flows Umicore competes
with Nord-Deutsche Affinerie and Boliden in Europe.
The heart of the plant was entirely revamped, applying
Australian ISASMELTTM technology first ever in
this context. Its downstream separation scheme is
worldwide unique.

Lean electronic scrap cannot be treated
economically at Umicore, since the processing fee
would well exceed the value of recovered metals, even
though the efficiency of their recovery is outstanding. A
suitable answer may be provided by a different smelter,
Metallo-Chimique. Scrap, residues, and WEEE,
lean in gold or PGM can be treated there simply and
economically, with wide-ranging reuse of values: the
contained plastics provide fuel, iron acts as a reducing
agent, and glass serves to lower the slag melting point
and economizes supply of sand, otherwise required for
constituting a slag!

- Limits to Recycling

The same example also illustrates possible
distinctions and a potential dilemma between economy
and ecology. Metallo-Chimique is quite capable
tackling WEEE, treating it in an almost optimal way,
while recovering almost all copper, lead, and tin in its
process feed. Zinc and cadmium concentrate in the filter
dust, whereas precious metals emerge as anode slimes
during electrolysis. Even indium is sluiced out after
a proprietary treatment. This unique enterprise thus
takes nondescript residues and converts these entirely
into marketable products, since slimes, filter dust, slag
... all is sold. One major limitation exists at the entry:
the content of organics is restricted in its operating
permits, in-line with the prevention of emissions that
— technically speaking — can perfectly be managed by
providing post-combustion and adsorption of dioxins
and Polycyclic Aromatic Hydrocarbons on Activated
Carbon prior to the filter.

Nevertheless, recycling has its limits. Even though
collection efficiency may be optimized for almost all



base metals treated, there will likely be exceptions,
albeit in the domain of minor metals!

Metallo-Chimique absorbs Cathode Ray Tubes
(CRT) after negligible pretreatment, recovering the lead
contained in Pb-rich glass and using the balance as an
easily melting slag. Yet, perfectionists in Green Parties
or Government will argue that some other elements,
i.e. the REE used as phosphors (transition metal or
rare earth compounds of various types, used in CRT
displays and fluorescent lights) on the CRT-screens
are lost in the slag, preferring a costly mechanical
pre-separation of Pb-glass, Ba-glass, and coatings. A
feasible option, yet destroying value!

This example illustrates the tension field between
industrialists and green parties. Industry will argue
that the Rare Earth Elements are perhaps not all that
rare, that the profits of further recovery of REE — given
the minute amounts involved — do not weigh against
the extra cost of developing, testing and employing
supplemental separating methods and that anyway the
classical CRT is in the process of being replaced by flat
screens with different characteristics and composition.

- Required Purity and Other Specifications

Minor metals show some particular characteristics
that are different from those of the more usual metals
and render them more specific. Some are used as a
metal, others more as oxides or salts. A few are rather
to be classified as metalloids. Some are really scarce, or
difficult to separate and produce under a pure form and
— whenever possible — used as a mixture. A classical
example is the group of Rare Earth Elements (REE), a
group of lanthanides, which were isolated only one after
another, starting historically from common ore bodies.
One of their trade forms is mischmetal, referring to
the German for mixed metal and containing various
lanthanides roughly in their original proportions. As
for other ores, such proportions vary geographically
with substantial differences in composition and hence
commercial value. For particular applications a few
of these are required in a pure form, which creates
a high demand for a number of REE, unmatched by
that for others. As a consequence, there has been an
incongruent situation with some elements in short
supply, while there is a surfeit of others. Neodymium
is driving the REE-market at present, whereas cerium
must still be stockpiled.

- Ethical Considerations

Another example of an often common occurrence
and difficult separation is Coltan, an ore originating in
some part at the center of fighting in Eastern Congo
and hence associated with ethical issues regarding its
procurement. Belgium is similarly confronted with
blood diamonds, arising in Sierra Leone.

ECONOMIC CONSIDERATIONS
- Basic Principles

In a free market economy, the cost of commodities
is in the first place determined by factors such as offer
& demand and their expected evolution, scarcity,
perceived value, marketing efforts, etc. The cost of
production is composed of fixed and variable cost
factors and needs to remain lower than the selling price,
in order to generate gross margin. Before creating net
profit, depreciation and taxes must still be deducted.

- Trading - Prices

Minor metals are traded in much smaller amounts
than the traditional metals and often the number of
potential suppliers and users is rather limited. Users
cover a great proportion of their needs via long-
term contracts, leaving only smaller amounts to be
purchased via spot markets. Some buyers tend to
stockpile materials during price dips or because of
uncertain or lengthy supplies. Sometimes it is quite
difficult to establish or identify a published market
value, e.g. if the spot market is very small. Examples
of such elements without clearly defined market value
are, e.g.: tantalum, uranium and certain individual rare
earths.

Some enterprises pursue a vertically-integrated
approach to production, others limit their ambition to
the role of refining, whether as a custom-refiner or for
their own account.

Pricing scarce and non-renewable commodities
shows specific features. Most industrial activities
are repetitive in nature: an integrated pulp & paper
operation uses trees that are renewable and renewed
after a number of years. After an ore is mined, it is
depleted and will never return to the mine. In a highly
cyclic context of prices and with historically decreasing
mineral and metal values a suit-able compensation
should still be provided for the considerable financial
risks to be taken while scouting ore deposits and
developing a mine. Still, in a global context there is
little pricing power at the mining level. Smelters often
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operate on the basis of a refining premium. Integrated
mining-smelter-refiner enterprise is not widespread in
the E.U.

The evolution of cost, uses and other important
factors affecting price (historical values until 1998)
has been compiled for numerous metals, together with
other relevant information in:

http://minerals.usgs.gov/minerals/pubs/metal
prices/metal prices1998.pdf

Much more recent information is to be found in the
Monographs cited earlier.

Trading may also be hampered by all kinds of
restrictions: Chinese producers are using limited
tonnage allocation to export higher valued rare earths,
thus restricting supplies of lower-price materials
like cerium and lanthanum, which are critical to the
production of automotive emission control catalytic
converters and of nickel metal hydride batteries.

Within the minor metals sector some prices recently
have escalated spectacularly, e.g. that of indium: in
January 2003 indium was selling for around $60 per
kilogram, whereas in August 2006 it was valued at
over $1,000 per kilogram. The selenium price has also
performed spectacularly, increasing from US$ 2.5/1b
in early 2000 to US$ 50/1b in mid-2005 as a result of
demand exceeding supply by a substantial margin.
This reflects increased world demand for glass in
construction projects, for electronic devices and, in
particular, new uses in solar cells. Also an increase in
production of manganese resulted in higher selenium
demand, since it is used to increase the yield of
manganese during electrolytic refining.

- Supply and Demand

The supply side is determined either by the output
of operating mines, or by available production or
refining capacities. In case the metal is won as a by-
product of a major metal, supply is less flexible. In
some cases primary production can be completed by
secondary production, from either prompt or obsolete
scrap.

Demand for minor metals is a particularly complex
topic and can only be tackled for each individual metal
and each application separately. For a more detailed
discussion it is referred to the aforementioned MMTA
monographs. In numerous cases, some particular minor
metal is really an unrivaled choice, and difficult to
substitute in particular applications due to its unique
chemico-physical properties. When only marginal
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amounts of metal are required to satisfy the existing
demand, it will be the choice of excellence. In other
cases, when there are alternatives, it can at times be
substituted by cheaper competitors, so that a trade-off
arises between the needs and the cost to fulfill these.
Example: during 2004-2006 the amount of cobalt in
nickel metal hydride batteries (NiMH) was reduced
from 15% to 5% and replaced by cheaper manganese
and nickel.

Minor metals often play an essential role in high-
range and demanding applications, however requiring
only minimal amounts, yet of exceptionally high purity
or other particular requirements or specifications. No
mineral is more widespread than silica sand, yet in
its reduced form of elementary silicon and satisfying
demanding specifications it may command astronomical
prices when in short supply. The amounts consumed in
lower ranking or even trivial applications may be much
larger. Zircon sand, compared to the metal, is such a
commodity.

Some metals, such as tantalum or titanium are that
expensive that they are mainly used as a cladding,
rather than as massive metal.

Some minor metals are so unique in their physical
characteristics that there is simply no conventional
alternative. This applies in particular to a number of
magnetic and optical properties. For some of these
markets open competition may be curtailed by patent
restrictions or commercial agreements. Neo Materials
Technologies Inc. is a producer, processor and
developer of Neopowders, rare earths and zirconium
based engineered materials and applications through
its Magnaquench and Performance Materials business
divisions. It is the dominant company in neodymium-
boron-iron magnets, although with the expiration of
patents, other firms soon will be producing them.

Successful substitutes have always been devised
in times of need and proposed throughout our history,
from the beet sugar developed during the Continental
Blockade of Napoleonic Europe to the numerous
German Ersatz products sustaining daily life during
World War II.

- Substitution

Substitutes will be tracked and researched, as
soon as some commodities are rare, expensive and
their sustained supply no longer guaranteed. With a
combination of new markets, intrinsic scarcity and
falling primary supply, the tellurium price is predicted



to increase significantly in the long term. Tellurium
can, however, be substituted in most of its applications,
which may happen if the price rises to a level that
makes substitution attractive. In its major end-use, as an
alloying agent with steel, tellurium can be substituted
by bismuth, calcium, phosphorus, lead, sulfur or
selenium. Other catalysts can replace tellurium-based
catalysts in chemical processing, and selenium or
sulfur can perform as vulcanizing agents in rubber
compounding. However, this is usually accompanied
by a loss of performance or production efficiency.

- Labor Cost Considerations — Geographical Moves

In the affluent part of the world, social protection
has developed tremendously, so much that hard and
dirty work is no longer of interest to the lower trained
or less inspired fraction of our Community, which
remains permanently unemployed. On the one hand,
there was also a massive influx of foreign workers
with lower skills and also initial requirements; on the
other hand manual work and alas also much spirit of
initiative — given factual conditions - migrated to low-
cost countries. The largest reservoirs of cheap labor
have been China and India.

- Economy of Scale

Since the Korean War, the price of commodities has
continuously spiraled downwards, until this nefarious
tendency was reversed only few years ago. To survive
in a context of high labor cost and dwindling access
to ores, industry in Europe, the USA and Japan had
to reorganize its operations, taking distance from
basic ore resources and moving to operations offering
considerable flexibility, as well as economies of scale,
and/or to find refuge in rather exclusive niche markets,
such as sophisticated, specialized and high-tech
products.

China is an important source of mineral resources,
especially REE. The literature cited draws attention
to its roles as a major source and industrial sink of
numerous minor metals. Often, the Chinese industrial
mining and metallurgical picture still seems much
fragmented. Between 130 and 160 REE firms in China
currently exist, but within 10 years this figure would
likely shrink to around five or six major companies plus
around 15-20 specialized companies. A frequent reason
for closure or revamping of operations is no different
from elsewhere: environmental problems!

- Environmental Issues

Mining industry historically has had a poor record
of creating lunar landscapes and of spreading pollution
all over the place, including air, soil and water.
Environmental issues associated with mining (storage
of burden, retention of water, avoiding the spreading
of dust and of contaminated water, landscaping and
eventual rehabilitation...), crushing & milling (power
consumption), ore beneficiation, smelting... (air
pollution) are another factor of rising importance.

Industrial operations must take these factors fully
into account. Pollution considerations also require
using an appropriate abatement technology, taking
to account that purely preventive measures are
rather difficult while operating flexible and versatile
recycling processes. Cleaning off-gases containing
mercury, thallium, arsenic... demands appropriate
dust collection, scrubbing, or sorption technology; its
absence will limit the range of ores, concentrates or
scrap and residues that can be treated within an ethical
framework, as well as that of operating permits. Today,
trespassers are rapidly identified: earlier in 2008 for
several days a cloud containing mercury was identified
over Brussels (Belgium), before its origins were traced
to a small operator recovering batteries, apparently
after deficient sorting at the source!

Thermal metallurgical techniques are also almost
often afflicted by the generation of dioxins and other
Products of Incomplete Combustion (PICs), such as
Polycyclic Aromatic Hydrocarbons (PAH), and by that
of fine particles and aerosols. These must be corrected
by appropriate preventive and curative measures,
requiring continuous monitoring, as well as periodic
inspection.

Certain minor metals have been blacklisted
because of inherent toxicological and environmental
issues. The RoHS-Directive closely associated with
the WEEE-Directive targets a number of toxic and
otherwise hazardous compounds and elements, such
as Cd, Hg, Pb. This has created a specific context, in
which substitutes need to be developed. Numerous
specific outlets of these elements are banned, yet others
exempted from such ostracism, including Ni/Cd- and
lead batteries, suitable alternatives still failing. Of
course, also other elements are hazardous, e.g. thallium
and osmium. Conversely, some essential elements are
added to animal fodder supplements, e.g. Mo, Se, Zn.

An unusual yet somewhat similar issue is the
presence of radioactive elements, such as thorium, in
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some ores and accompanying the elements desired.
This occurrence has caused the closure of mining
operations at the Molycorp Mountain Pass rare earth
mines, shut down due to environmental concerns over
naturally occurring radioactive thorium residues being
produced and stored on site during ore concentration.
At the Umicore Olen plant, complex residues of early
radium treatment are still stored in a local landfill.
Belgium used to be a huge producer of phosphoric acid.
The Rupel Chemie plant features our sole production of
uranium, separated from crude acid by organic solvent
extraction.

RECYCLING — THE PROPER ANSWER?
- Recycling

Recycling is as old as humanity.

In the USA (Washington, D.C.) the Institute of
Scrap Recycling Industries, Inc. (ISRI), a private, non-
profit trade association, represents more than 1,350
private, for-profit companies that process, broker, and
industrially consume scrap commodities, including
ferrous and nonferrous metals, paper, electronics,
rubber, plastics, glass, and textiles (http://www.isri.
org/Content/NavigationMenu/AboutISRI/default.htm).
Its Brussels counterpart is the Bureau International de
la Récupération. http://www.bir.org/

A number of interesting recycling papers appeared
as a U.S.Geological Survey Circular, e.g.:

- Antimony Recycling in the United States in 2000:
http://pubs.usgs.gov/circ/c1196q/c1196q.pdf

- Beryllium Recycling in the United States in 2000:
http://pubs.usgs.gov/circ/c1196p/c1196p.pdf

- Tungsten Recycling in the United States in 2000:
http://pubs.usgs.gov/0f/2005/1028/2005-1028.pdf

The International Association of Electronics
Recyclers is interested in all phases of activity
associated with the recycling and reuse of electronics
products, parts, and materials. http://www.iaer.org/

RECHARGE represent the interests of Members,
who are manufacturers of portable rechargeable
batteries (PRB: Pb-acid, Ni-Cd, Ni-MH, Li-lon, new
systems...), original equipment manufacturers (OEMs),
recyclers, and raw materials suppliers to the battery
industry.

http://www.rechargebatteries.org/Microsoft
PowerPoint - WIAUX JP WEEE BD Syn
Exp June 25 .pdf

Relevant literature treats numerous examples
of recycling of production waste, arising e.g. in the
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production of magnets. The actual recycling processes
and yields of batteries are less well documented. A
positive example is to be found in:
http://www.arnoldmagnetics.com/mtc/tech
presentations.htm
http://www.arnoldmagnetics.com/mtc/pdf/
WEEE ROHS 060113a.pdf

- Waste Electrical and Electronic Equipment (WEEE)

Directives 2002/95/EC on the Restriction of
the use of certain Hazardous Substances (RoHS) in
electrical and electronic equipment and 2002/96/EC
on waste electrical and electronic equipment (WEEE)
are designed to tackle a fast increasing waste stream.
Recycling of WEEE will limit the total quantity of
waste going to landfill. Producers are responsible for
taking back and recycling, thus providing incentives
to design electrical and electronic equipment in an
environmentally efficient way, without shifting the
burden of waste management to the consumers. These
may return their equipment free of charge. Directive
2002/95/EC requires the substitution of various heavy
metals (lead, mercury, cadmium, and hexavalent
chromium) and of brominated flame retardants in
new equipment. Exemptions, still are numerous and
far reaching, e.g. for Ni/Cd-batteries. As a supplier of
electronic and optical equipment, Japanese corporations
have monitored this development from the start. The
implementation of the WEEE Directive has been
uneven in the E.U., as discussed in numerous reports,
e.g.

http://www.us.tuv.com/downloads/Perchardsrepo
rt November05.pdf, including exemptions from the
requirements of Article 4(1) on the use of hazardous
elements, e.g.

http://www.epa.ie/downloads/advice/waste/rohs/
rohs%?20exemptions%2010-2006.pdf

Almost all electronics contain lead and tin (as
solder) and copper, as wire and Printed Circuit Board
(PCB) tracks. The use of lead-free solder is spreading
rapidly and has been covered in patent and technical
literature:

http://www.balverzinn.com/downloads/Solder-
SN100C-SN100Ce_en.pdf

WEEE contains major elements (aluminum, copper,
carbon, iron, lead, silicon, and tin) as well as a host of
minor metals: americium, antimony, arsenic, barium,
beryllium, bismuth, boron, cadmium, cobalt, europium,
gallium, germanium, gold, indium, lithium, manganese,



mercury, nickel, niobium, palladium, platinum,

rhodium, ruthenium, selenium, silver, tantalum,

terbium, thallium, thorium, titanium, vanadium, and
yttrium. Typical uses for these elements are:

- Aluminum: heat sinks, electrolytic capacitors.

- Americium: smoke alarms (radioactive source).

- Antimony: a flame retardant, used alone or in
combination with brominated compounds.

- Beryllium oxide: filler in thermal interface materials,
thermal grease on heat sinks for CPUs and power
transistors, X-ray-transparent ceramic windows,
heat transfer fins in vacuum tubes and gas lasers,
magnetrons.

- Cadmium: Ni/Cd-batteries, corrosion resistant alloys
for marine environment, light-sensitive resistors.

- Carbon: steel, plastics, resistors.

- Copper: wire, printed circuit board tracks, component
leads.

- Germanium: 1950s—1960s transistorized electronics
(bipolar junction transistors)

- Gold: connector plating, primarily in computer
equipment

- Indium is part of LCD TVs. Combined with gallium
it is a key component of futuristic solar panels.

- Iron: steel chassis, cases and fixings.

- Lead: solder, lead in glass CRT monitors, acid
batteries.

- Lithium: lithium-ion and lithium-polymer battery.

- Mercury: fluorescent tubes (numerous applications);
tilt switches (pinball games, thermostats).

- Nickel: nickel-cadmium batteries.

- Silicon: in glass, transistors, ICs, printed circuit
boards.

- Tantalum: in cell phones.

- Tin: solder, coatings on component leads.

- Zinc: plating for steel parts.

Non-metal components include the most various
plastics (including epoxy resins, polyvinyl chloride and
thermosetting plastics) and fiberglass. Polychlorinated
biphenyls (PCBs) occur in almost all 1930s—-1970s
equipment including capacitors, transformers, wiring
insulation, paints, inks, and flexible sealants.

OUTLOOK

A rapid surge in consumption of specific minor
metals is not always balanced by an appropriate and
proportional rise in supply. Hence, price escalation was
inevitable and lasting higher price levels may well be
expected. However, as fast as prices rise in moments of

scarcity, they return to more reasonable levels once that
threats of further regular supply being interrupted are
receding.

Some minor metals are essential in new electronic,
optical, and magnetic applications; others play an
important role in more conventional markets, such
as glass, ceramics, or specialty metals. In both cases
stable sources of supply, development of cheaper,
yet performing substitutes and alternatives are
pursued and evaluated. A comprehensive treatment
is precluded by the complexity of the situation, the
number of individual minor metals and that of their
various and often very different applications. For this
reason, numerous sources are cited, giving access to
more detailed Data Sheets, facts, and their relentless
evolution.
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