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Abstract
Tungsten is a very unusual metal element that is useful in many applications. Its m
properties make it ideal as an alloy component, which makes tungsten a technology ind
metal.

Tungsten has been classified as a Critical Raw Material by the European Commission.

Scheelite and wolframite are the only tungsten minerals mined commercially and are n
found in five types of deposits: skarn, vein/sheeted vein/stockwaokppyry, disseminated an
stratabound.

Tungsten ore can be complex, which can result in challenging beneficiation results. Due
brittle character of both scheelite and wolframite, comminution is carefully designed to &
overgrinding, that is, d minimize formation of fines. Rod miling of scheelite has s
advantages to ball milling in this context. Gravity concentration and flotation are
beneficiation techniques most commonly applied to scheelite ore, and gravity and/or mag
separaton for wolframite ore. Magnetic separation of tungsten minerals can be viable in
ore specific circumstances. Hydrometallurgy can be used to extract tungsten, depending
ore texture and mineral content. -My sorting and gravitational methodsn be used for pre
concentration. Optical sorting and/or hardcking methods are also used for ptencentration
of wolframite ore.

Tungsten concentrates are subjectto further processes to output a number of saleable tur,
products. Recycling can be done technically but is usually not economically viable. Thg
some options for substitution of tungsten in manufacture but not for all applications. This in
the best source of tungsten at this time would come from the mirohgineralized resources.
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1 INTRODUCTION

This report is a general introduction to tungsten. Issues covered are what tungsten is, what it is used
for, market demand, substitution options, tungsten minerals, tungsten ore and deposit clagsbkal
reserves and resources, tungsten global production, mineral processing beneficiation, tungsten
product manufacture and recycling. As with all useful metaisérals, there are specific issues around

the tungsten value chain that need to be understood for its effective use.

2 PROPERTIES OF TUNGSTEN METAL

Tungsten, also known as wolfram, with symbol W and atomic number 74, has the highest melting point
of all metals (3422 + 1%C).With its density of 19.25 g/cPtungsten is also among the heaviesttals.
Tungsten (W) is a lustrous greisinite metal, which is a solid at room temperature. It has the highest
melting point and lowest vap@ressure of all metals, and at temperatures over 1850as the highest
tensile strength. It has excellent corrosion resistance and is attacked atiyhslby most mineral acids
Tungsten has been listed as one of critical raw materials in Europe daehigh economic importance

and the fact that its supply is at riskable1l and 2showsthe material properties of tungsten.

Table 1 Material properties of TungstdiSourceHaynest al2016)

Material Property Value Units
Atomic Number 74
Atomic Weight 183.86
Group Number 6
. . 1s2 2s2 2p6 3s2 3p6 4s2 3d10 4
Electron Configuration 5s2 4d10 5p6 6s2 4114 5d4
CAS Registry Number 7440337
Atomic Volume 9.53
Lattice Type Body Centered Cube
Lattice Constant at 20 °C, 3.1585 Angstroms
Natural Isotopes 180, 182, 183, 184, 186
Density @ 20 °C 19.3 (gm/cc)
Density @ 20 °C 0.697 (Ib./cu. in.)
Melting Point 3410 oC
Boiling Point 5530 oC
Linear Coefficient of Expansion per 9 4.3 x 10E6
Thermal Conductivity @ 20 °C 0.40 (cal/cm/°C/sec)
Specific Heat @ 20 °C 0.032 (calgram/°C)
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Table 2 Material properties of TungstdisourceHayreset al2016)

Material Property Value Units
Electronegativity (eV) Pauling 2.36 eV
Electronegativity (eV) Sanderson| 0.98 eV
Electronegativity (eV) Allred
Rochow 1.40 eV
Electrical Conductivity, % IACS 31
Electrical Resistivity @ 20 °C 55 (microhmcm)
Electrical Resistivity @ 227 °C 10.5 (microhmcm)
Electrical Resistivity @ 727 °C 24.3 (microhmcm)
Electrical Resistivity @ 1727 °C | 55.7 (microhmcm)
Electrical Resistivity @ 2727 °C | 90.4 (microhmcm)
Electrical Resistivity @ 3227 °C | 108.5 (microhmcm)
Temperature Coefficient of
Electrical Resistivity 0.0046 Per °C (G; 100 °C)
Tensile Strength @ Room Temp.| 100,000¢ 500,000 psi
Tensile Strength @ 50C 75,000¢ 200,000 psi
Tensile Strength @ 1060C 50,000¢ 75,000 psi
t2Aaa2yQa wlk GA2|0.284
Hardness (Mineral) 7.5
Hardness (Vickers) 343
Hardness (Brinell) 2570
Reflectivity 62%

Total Emissivity @ 150C 0.23
Total Emissivity @ 200C 0.28
Working Temperature <1700 oC
Recrystallization Temperature 1300¢ 1500 oC
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3 USE AND APPLICATIONS OF TUNGSTEN

Tungsten is another relatively rare metal, with higklyecializecapplications, particularly within oid

style incandescentlamp manufacture, special alloys and hard materials, as well as catalysts and militan
applications. Because tungsten oxides have two unique propertti@gercalation and
polycondensatiom there is agreat opportunity for tungsten to be used in fuel cell or enesgyving
technologies in the future.

Table 3shows an overview of estimated use of tungsten in Europe in 20I2ble 4shows some
tungsten compounds Figure 1shows an stimation of historial use of tungsten in Europe

Table 30Overview of estimated use of tungsten in Europe in 2012 (Source: SCRREEN 2.3)

L tungsten fraction
Group Application [kt] 0
Aeronautics & Energy applications 1.10 0.05
Steel and super alloy High speed steel 1.32 0.06
High temp. Steel 0.44 0.02
Mill and cutting tools 6.82 0.31
Cemented carbide Mining & construction tools 4.62 0.21
Other wear tools 3.74 0.17
Tungsten products Lighting & electronic uses 1.32 0.06
. Catalysts & pigments 1.54 0.07
Chemicals and others Other (e.g. nuclear fusion) 1.10 0.05
Total Total 22 1

30

25

chemicals and others
M tungsten products
m steel and super alloys
B cemented carbide
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Figure 1Estimation of historical use of tungstenin Europe from 1995t0 2012
(Source: SCRREEN 3.2, Data from Mesman 2016)
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Table 4 List of some important tungsten compounds (Source: International Tungsten Industry Association).

Compound Names Applications
Tungsten Silicide Microelectronics
Calcium Tungstate Phosphors
Heterpolytungstates Lackers and toners
Catalysts

Passivation of steel

Na12 Tungstophosphate Manufacture of organic pigments

Carroting (surface treating of furs)

Antistatic agent for treatment of acrdased fibres
Leather tanning

Water proofing

Additive to chromeplating bath, in cements and
adhesives to impart water resistivity

Tungsten Disulfide Lubricant

Tungsten Diselenide Lubricant

Tungsten Hexaflouride | For metallisation in the semiconductor industry
Tungsten Hexachloride | Metallization

Tungsten Hexacarbonyl | Catalyst and organometallic compounds production

3.1 Cemented Carbides

Cemented cebides, or hardmetals as they are often called, are materials made by "cementing” very
hard tungsten monocarbide (WC) grains in a binder matrix of a tough cobalt or nickel alloy by liquid
phase sintering.This accounts for approximately 60% of tungstea.u€emented carbides combine

the high hardness and strength of metallic carbides (WC, TiC, TaC) or carbonitrides (eg TiCN) with tr
toughness and plasticity of a metallic alloy binder (Co, Ni, Fe), in which the hard particles are evenly
distributed to fom a metallic composite. Tungsten carbide is the most metallic of the carbides, and
by far the most important hard phase. The more hard carbide particles are within the material, the
harder it is but the less tough it behaves during loading; and, viceayesignificant increases in
toughness are achieved by a higher amount of metallic binder at the expense of hardness.

Within the field of engineering materials, cemented carbides play a crucial role as they combine high
hardness and strength with good toluge ss within a wide property range, and thus constitute the most
versatile hard materials group for engineering and tooling applications.

3.2 Tungsten in Steel as an Alloy

Tungsten is used in high speed steel, which can contain as much as 18% tungstentdueperties,
tungstenis used in aerospace and automotive industries and radiation shieltimgsten was among

the first alloying elements systematically studied and used to improve steel properties, for example
hardness, cutting efficiency and cinty speed of tool steels. Different tungsten containing steels were
developed in Austria, Germany, France and England, followed by high speed steels in the USA.

The addition of tungsten to construction steels has decreased since 1940 because alldlyiktp and
Cr, as well as with V and Ni, yielded better performance at a lower price. From 1927, when cemented
carbides (hardmetals) were developed, the production of total tungsten consumed in steelmaking
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declined constantly to a current figure of aboud®, but nevertheless steelis today the second biggest
consumer.Figure 2shows how tungsten alloys are used in the aeronautics industry.

Aeroplane alloy value chain production indicator
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Figure 2Production indicator (prod/imp+prod) for aeroplane alloy value chain in 2015, 2016 and 2017
(Source: SCRREEN5.3)

3.3 Lamp Industry

The use of tungsten filaments in light bulbs has become a matter of course, in particular in domestic
lighting. Tungstenis used in this application because of its extremely high melting temperature (~3,695
K), low vaour pressure, high stiffness and excellent creep resistance at elevated temperatures.

About 4% of the annual tungsten production is consumed by the lighting industry, which uses about
15% of the global electric power produced worldwide.

3.4 ChemicalApplications

Tungsten sulphide is a high temperature lubricant and is a component of catalysts for
hydrodesulfurization (Spivey 2002) Tungsten oxides are used in ceramic glazes and
calcium/magnesium tungstates are used widely in fluorescent lightingy @&leealso used in selective
catalytic reduction (SCR) catalysts found in €émat power plants. Crystal tungstates are used as
scintillation detectors in nuclear physics and nuclear medicine. There are a number of Tungsten
chemicals that have been us&dthe medical and dental fields forrdy shielding and conversely; X

ray opacity. Other salts that contain tungsten are used in therabal and tanning industries
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3.5 Electronicsand Electrical Industry

Elemental Tungsten is used in many higmperatureapplications, such as light bulb, cathodey

tube, and vacuum tube filaments, heating elements, and rocket engine nozzles. Thanks to its
conductive properties it is also used in electrodes and in the emitter tips in eletieam instruments

that use fietl emission guns, suchs electron microscopes

Tungsten is practically the only material used for electron emitters. Although other, more
electropositive, metals would yield higher emission rates, the advantage of tungsten is its extremely
low vaporpressire even at high temperatures.

This property is also important for electrical contact materials. While more conductive metals like
copper or silver evaporate (erode) under the conditions of an electric arc, tungsten withstands these.

Tungsten is one of thenost important components in modern integrated circuitry and tungsten
copper heat sinks are used to remove the heat of microelectronic devices.

3.6 Military use andApplication of Tungsten

Tungsten is used byné military to produce bullets, due to its hardss and high density. Where
tungstenis most effective is to producgmor penetrating bullets Thus,it is required to use military
weapongnadewith tungsten in them, to maintain a tactical edge in a military confliaingsten metal

is used ifmany gplicationsfrom bullets, grenades to even rockets. The combination of tungsten and
carbon the Tungsten Carbide is also used because it has, even more, strength and it is more durabl

than the pure tungsten.Tungsten can also be used for nuclear weap@mamal shell protection.

While this application accounts for a very small proportion of total global demand, it does create a
geopolitical sensitivity.

Ammunition

Tungsten is almost an indispensable part of anpi@rcer. The kineti@armor-piercer made from
tungsten alloy can compete directly with the depleted uranium bomb (depleted uranium has become
an environmental problemwhere the Gulf War battlefields of Kuwait have become a case ytudy
(Source: U.S. Department of Deferz84).

Compared to lead andepleteduranium,the combination of tungsten and carbas proving to be less
environmentally hazardous, where the presence of spent ammunition in large volumes has led to
problems in the past.

1 The GNW4 Viper Strike missile, cad by armed drones, has a tungsten sleeve to produce
antipersonnel shrapnel.

1 The 136round-per-second Phalanx anthissile Gatling gun, deployed on U.S. and Royal Navy
ships, originally used DU rounds. They were replaced with tungsten, for environmeagahs.

1 120mm antitank rounds, use tungsten as an alternative to DU in training. So do the 25mm anti
tank rounds, on board the M2/M3 Bradley fighting vehicle.

1 Armor-piercing.308 M993 rifle rounds.

Geologiantutkimuskeskus | Geologiskaforskningscentralen | Geological Survey of Finland ‘J G I K
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1 The 120mm M1028 anpersonnel round, fired by the Abrantank. This round is essentially a
large shotgun shell loaded with 1100 tungstballs, each 3/8th of an inch in size

1 Dense Inert Metal Explosives, the "focused lethality" munition used by the U.S. and Israel. It
contains micreshrapnel made aiungsten powder.

1 Some 70mm rockets fired by Apache helicopteisase tungsten flechettes.

Vehicle use

Another very common use of this metal is in military vehicles, Wsulatlicopters and aircraft and
sometimedor armored vehicles. uhgstenis usedn helicopters to even out the weight of the rotors,
skids or thecraft nose.This metal is useecauset has a great size to weight ratio, where a small
volume has a comparatively high masSometimes it is also used for protection of some vehicles
beause of itsmaterial strength.

Tungsten toxicity

The use of tungsten as an alternative to depleted uranium to manufacture armor piecing ammunition
YIe y2G4 0S a SYy@ANRBYYSylGl tWheh means Sl sgri@ of Irogketd, INB
missiles,and antitank rounds may present an environmental hazard and a health risk.

The British Armylooked into the tungsten problemin (Doustet al 2007). A study of possible
implications found that there was tungsten in the ground water of at least ong¢adK firing range,

and recommended that further studies be carried oufhe literature review in this study identified
the relative lack of knowledge regarding the behavior and toxicity of tungsten in the environment and
that there are few legislative ahdards or guidance for tungstenin the environment.

Meanwhile, the United StateArmy seems testill trying to establish a consistent approach. On one
hand, the US military has recommended tls¢opping productionof tungstenbased training
ammunition, while simultaneouslyooking into using tungsteas a Dlreplacement ina wider scope

of application

This issue may make the future use of tungsten in military applications more difficult.

4 TUNGSTEN DEMAND CONSUMPTION

Cemented carbides, steel and alloysijll nproducts, and chemicals and specialists are the main
applications of tungstenThe consumption of W continues to increase as the amount of carbide tool
production increases with the expansion of markets in developing countries.

| KAYl ¢ a leadiagtungsteNgors@er. Analysts forecast global tungsten demand in 2019
to be less than that in 2018, as a result of destocking by consumers and reclutgaimption owing
to reported slowing global economic growtRroportions of demand in Europe asbown in Figure.
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Tungsten
\y
9,

[ I | | I I I I | I 1
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

% Use

Figure 3Distribution of recent tungsten demand in the EU
(SourceTercero Espinozst al2018,data from Argus Media 2016)
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be measured. The levels of apparent consumption for each CRM are presented, where possible,
F2126SR 06& |y FaasSaayvySyid 2F GKS AYLERNI NBfAIl
are not generally collected from mineral processors and manuf@eNB NA& ® ¢KS Wl LILI |
can be calculated (at either a national or EU level) using the formula:

Apparent Consumption = Production + ImpartExports +¢ Stock Changes

Apparent consumption
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Figure 4 Apparent consumption of tungstenin Europe 2000 to 2015
(Source: Browetal2018)
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and is expressed as a percentage:

Import Reliance = (ImportsExports) / Apparent @sumption x 100

Trends in import reliance are presented in the following charts (where data are avaiialgdedwn in

Figures5to 7

Tungsten (ores & concentrates) -
proportion of apparent consumption met
by production or imports
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Figure 5Tungsten ore & concentrat&iropean import reliance
(Source: Browet al2018)
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Tungsten (intermediates) - proportion of
apparent consumption met by
production or imports
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Figure 6 Tungsterintermediate sEuropeanimport reliance
(Source: Browet al2018)

Tungsten (refined) - proportion of
apparent consumption met by
production or imports
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Figure 7 Tungstemefined product€uropean import reliance
(Source: Browet al2018)
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5 TUNGSTEN CRM PROFILE WITHIN THE EUROPEAN UNION

Due to its economic importance, and high supply riskgsten has been listed as a critical raw material

for the EU since the original criticality assessmentin 2010 (European Commission 2010, 2014b, 2017b
The British Geological Survey'srisk list rahkegsten in the top ten materials facing poteadtsupply
disruptions (BGS 201112012, 2015). Figure8 and Table5 shows the current CRM map (European
Commission 2017) Figure9 shows the global critical mineral supply to Eurofgurope has mines of
tungsten in its territory but the mine production still does not meet the demand of the European
industries.

s Legend ® LREEs
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Figure 8 Economic importance and supply risk results of 2017 criticality assessment
(Source: European Commission 2017)

Table 5The list oCritical raw Materials (excluding natural rubber) (Source: European Commission 2017)

2017 Critical Raw Materials

Antimony ' Cobalt Hafnium Magnesium Phosphorus

Baryte Coking coal Helium Natural graphite Scandium

Beryllium | Fluorspar HREEs Niobium Silicon metal

Bismuth | Gallium ! Indium PGMs Tantalum
-

Borate Germanium  LREEs Phosphate rock ,\ Tungsten )
-
Vanadium
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Figure 9 Countries accounting for largest share of global supply of CRMs (Source: SGU 2016)
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