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INTRODUCTION TO CTIA GROUP

CTIA GROUP LTD, a wholly-owned subsidiary with independent legal personality established by
CHINATUNGSTEN ONLINE , is dedicated to promoting the intelligent, integrated, and flexible design and
manufacturing of tungsten and molybdenum materials in the Industrial Internet era. CHINATUNGSTEN
ONLINE, founded in 1997 with www.chinatungsten.com as its starting point—China's first top-tier tungsten
products website—is the country's pioneering e-commerce company focusing on the tungsten, molybdenum,
and rare earth industries. Leveraging nearly three decades of deep experience in the tungsten and
molybdenum fields, CTIA GROUP inherits its parent company's exceptional design and manufacturing
capabilities, superior services, and global business reputation, becoming a comprehensive application
solution provider in the fields of tungsten chemicals, tungsten metals, cemented carbides, high-density alloys,
molybdenum, and molybdenum alloys.

Over the past 30 years, CHINATUNGSTEN ONLINE has established more than 200 multilingual tungsten
and molybdenum professional websites covering more than 20 languages, with over one million pages of
news, prices, and market analysis related to tungsten, molybdenum, and rare earths. Since 2013, its WeChat
official account "CHINATUNGSTEN ONLINE" has published over 40,000 pieces of information, serving
nearly 100,000 followers and providing free information daily to hundreds of thousands of industry
professionals worldwide. With cumulative visits to its website cluster and official account reaching billions
of times, it has become a recognized global and authoritative information hub for the tungsten, molybdenum,
and rare earth industries, providing 24/7 multilingual news, product performance, market prices, and market
trend services.

Building on the technology and experience of CHINATUNGSTEN ONLINE, CTIA GROUP focuses on
meeting the personalized needs of customers. Utilizing Al technology, it collaboratively designs and produces
tungsten and molybdenum products with specific chemical compositions and physical properties (such as
particle size, density, hardness, strength, dimensions, and tolerances) with customers. It offers full-process
integrated services ranging from mold opening, trial production, to finishing, packaging, and logistics. Over
the past 30 years, CHINATUNGSTEN ONLINE has provided R&D, design, and production services for over
500,000 types of tungsten and molybdenum products to more than 130,000 customers worldwide, laying the
foundation for customized, flexible, and intelligent manufacturing. Relying on this foundation, CTIA
GROUP further deepens the intelligent manufacturing and integrated innovation of tungsten and
molybdenum materials in the Industrial Internet era.

Dr. Hanns and his team at CTIA GROUP, based on their more than 30 years of industry experience, have also
written and publicly released knowledge, technology, tungsten price and market trend analysis related to
tungsten, molybdenum, and rare earths, freely sharing it with the tungsten industry. Dr. Han, with over 30
years of experience since the 1990s in the e-commerce and international trade of tungsten and molybdenum
products, as well as the design and manufacturing of cemented carbides and high-density alloys, is a
renowned expert in tungsten and molybdenum products both domestically and internationally. Adhering to
the principle of providing professional and high-quality information to the industry, CTIA GROUP's team
continuously writes technical research papers, articles, and industry reports based on production practice and
market customer needs, winning widespread praise in the industry. These achievements provide solid support
for CTIA GROUP's technological innovation, product promotion, and industry exchanges, propelling it to
become a leader in global tungsten and molybdenum product manufacturing and information services.
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Japanese Tungsten Wire Standard: JIS H 4701 (General Specification for Tungsten Wire and Tungsten
Products, Reference Version 2019)

European Tungsten Wire Standard: EN 10247 (Tungsten and Tungsten Alloy Products, Reference Version
2017)

16.5 Filament Tungsten Wire
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16.6 Application of Electron Tubes in Japan and the United States

16.7 Contemporary Applications of Tungsten Wire

16.8 The Rise, Advantages, and Disadvantages of Diamond Wire Tungsten Wire and Photovoltaic Cutting
Tungsten Wire

16.9 Production Process of Diamond Wire Tungsten Wire and Photovoltaic Cutting Tungsten Wire
Diamond Wire Tungsten Wire and Photovoltaic Cutting Tungsten Wire Production Process Icon

16.10 Detailed Description of the Process Flow

Introduction of Tungsten Needle from CTIA GROUP LTD

Chapter 17 Specifications, Performance, and Applications of Tungsten Alloy Products

17.1 Types and Specifications of Tungsten Alloys

17.2 Excellent Physical Properties of Tungsten Alloys

17.3 Standards for Tungsten Alloys

17.3.1 China Tungsten Alloy Military Standard: GJB 3788-1999 (Technical Requirements for High-Density
Tungsten Alloy)

17.3.2 US Military Standard for Tungsten Alloy: MIL-T-21014D

17.3.3 ASTM Standard for Tungsten Alloy: ASTM B777-15 (High Density Tungsten Alloy)

17.3.4 Tungsten Copper Alloy Standard: ASTM B702-93 (2015)

17.3.5 Tungsten Silver Alloy Standard: ASTM B702

17.4 Applications of High Density Tungsten Alloy

17.5 Types and Uses of Two-Phase Alloys

17.6 Military Applications of Tungsten Alloys

17.7 Civilian Applications of Tungsten Alloys

17.8 Sports Applications of Tungsten Alloys

17.9 Production Process of Tungsten Alloy (Example: High-Density Tungsten Alloy Radiation Shielding)
High-Density Tungsten Alloy Radiation Shielding Production Process Flow Chart

Chapter 19 Cemented Carbide: Specifications, Characteristics, and Applications
19.1 Types and Specifications of Cemented Carbide

19.1.1 Classification and Composition of Cemented Carbide

19.1.1.1 WC-Co (Tungsten-Cobalt) Alloy

19.1.1.2 WC-TiC-Co (Tungsten-Titanium-Cobalt) Alloys

19.1.1.3 WC-TaC-Co (Tungsten-Tantalum-Cobalt) and Other Composite Hard Alloys
19.1.1.4 Other Types of Cemented Carbide

19.1.2 Specification Range of Cemented Carbide

19.1.2.1 Bars

19.1.2.2 Boards

19.1.2.3 Tool Blanks

19.1.2.4 Special-Shaped Parts

19.2 Excellent Physical Properties of Cemented Carbide

19.2.1 Hardness and Wear Resistance

19.2.1.1 High Hardness

19.2.1.2 Wear Resistance and Anti-Wear Mechanism

19.2.2 Compressive Strength and Toughness

19.2.2.1 Compressive Strength

19.2.2.2 Toughness and Impact Resistance

19.2.3 Thermal Stability and Corrosion Resistance

19.2.3.1 Thermal Stability

19.2.3.2 Corrosion Resistance

19.3 Cemented Carbide Grades and National Standards

19.3.1 Significance of Cemented Carbide Grades

19.3.1.1 Brand Naming Rules

19.3.1.2 Comparison of International and National Brand Name Systems
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19.3.2 Cemented Carbide Grades in China: Chemical Composition, Properties, and Uses
China Cemented Carbide Grades Table

19.3.3 Cemented Carbide Grades in the U.S.: Chemical Composition, Properties, and Uses
American Cemented Carbide Grade Table

19.3.4 Cemented Carbide Grades in Japan: Chemical Composition, Properties, and Uses
Japanese Cemented Carbide Grades Table

19.3.5 Cemented Carbide Grades in Korea: Chemical Composition, Properties, and Uses
Korean Cemented Carbide Grade Table

19.3.6 Cemented Carbide Grades in Isracl: Chemical Composition, Properties, and Uses
Israeli Cemented Carbide Grade Table

19.3.7 Cemented Carbide Grades in Sweden: Chemical Composition, Properties, and Uses
Swedish Cemented Carbide Grade Table

19.3.8 Cemented Carbide Grades in Europe: Chemical Composition, Properties, and Uses
European Cemented Carbide Grades Table

19.3.9 Cemented Carbide Grades in International Standards: Chemical Composition, Properties, and Uses
ISO Cemented Carbide Grades Table

19.3.10 Military Cemented Carbide Grades: Chemical Composition, Properties, and Uses
ASTM B406 Standard

Typical Military Cemented Carbide Grades

19.3.11 Other Cemented Carbide Grades: Chemical Composition, Properties, and Uses
19.3.11.1 Special Purpose Grades

19.4 Production Process of Cemented Carbide

Cemented Carbide Production Process Flow Chart

Chapter 19 Cemented Carbide: Specifications, Characteristics, and Applications (I
19.5 Industrial Uses of Cemented Carbide
19.5.1 Cemented Carbide Cutting Tools
19.5.2 Cemented Carbide Abrasives and Dies
19.5.3 Cemented Carbide Mining and Construction Tools
19.5.4 Cemented Carbide Metal Forming and Processing
19.5.5 Cemented Carbide Papermaking and Food Processing Tools
19.6 Military Applications of Cemented Carbide
19.6.1 Cemented Carbide Armor Protection Parts
19.6.2 Cemented Carbide Ammunition Manufacturing
19.6.3 Military Cemented Carbide Cutting and Processing Tools
19.6.4 Cemented Carbide Wear-Resistant Parts in Weapon Systems
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19.7.1 Cemented Carbide Machining
19.7.2 Cemented Carbide Electronics Industry
19.7.3 Cemented Carbide Medical Devices
19.7.4 Cemented Carbide for Consumer Goods
19.7.5 Cemented Carbide for Agriculture and Forestry
19.8 Special Applications of Cemented Carbide
19.8.1 Wear-Resistant Coating and Surface Treatment
19.8.2 Cemented Carbide Wear-Resistant Parts in High Temperature Environments
19.8.3 Cemented Carbide for Sports and Outdoor Equipment
19.8.4 Cemented Carbide Renewable Energy and Environmental Protection Applications
19.8.5 Cemented Carbide for Art and Decoration
19.8.6 Other Innovative Applications of Cemented Carbide
19.8.7 Detailed Table of Industrial Uses of Cemented Carbide
Industrial Applications of Cemented Carbide
1. Cutting Tools
2. Molds and Moulds
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Mining and Construction Tools
Metal Forming and Processing
Papermaking and Food Processing Tools
Military Applications of Cemented Carbide
Armor Protection Parts
Ammunition Manufacturing
Military Cutting and Processing Tools
Wear-Resistant Parts in Weapon Systems
7. Civilian Applications of Cemented Carbide
Machining
Electronics Industry
Medical Devices
Consumer Goods
Agriculture and Forestry
8. Special Applications of Cemented Carbide
Wear-Resistant Coating and Surface Treatment
Wear-Resistant Parts for High Temperature Environments
Sports and Outdoor Equipment
Renewable Energy and Environmental Protection Applications
Art and Decoration
Other Innovative Applications
19.9 Cemented Carbide and Its Development History
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19.9.2 Industrialization and Technological Breakthroughs (1920s to 1970s)
19.9.3 Modern Development and Globalization (1970s to Present)
19.10 Market Demand and Development Trends of Cemented Carbide
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19.10.3 Forecast of Future Market and Development Prospects of Cemented Carbide
19.11 New Product Development of Cemented Carbide
19.11.1 Sprayed Cemented Carbide
19.11.2 Gradient Cemented Carbide
19.11.3 Coated Cemented Carbide
19.11.4 Ceramic Cemented Carbide
19.11.5 Nano-Cemented Carbide
19.11.6 Two-Dimensional (2D) Cemented Carbide Coating Materials
19.12 Technological Progress and Environmentally Friendly Substitution Trends
19.12.1 Development of Ultrafine Grains and Nano-Cemented Carbides
19.12.2 Research and Development Trends of Environmentally Friendly Binders (Such as Cobalt Substitutes)
19.13 Definition and Origin of Tungsten Steel
19.13.1 Origin of the Name "Tungsten Steel"
19.13.2 Definition of Tungsten Steel
19.13.3 Tungsten Steel Industry Background

S W

Chapter 20 High Entropy Tungsten-Containing Alloys
20.1 Basic Concepts of High Entropy Alloys

20.1.1 Definition and Core Features

20.1.2 Theoretical Basis of High Entropy Effect

20.1.3 The Role of Tungsten in High Entropy Alloys
20.1.4 Historical Evolution of Multilingual Studies

20.2 Multi-Component Design and Mix Types

20.2.1 Design Principles and Methods

20.2.2 Design Tools and Simulation Technology
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20.2.3 Different Ratios of Tungsten-Based High Entropy Alloys

Refractory Tungsten-Based High Entropy Alloy

Transition Metal Tungsten-Based High Entropy Alloy

Lightweight Element Tungsten-Based High Entropy Alloy

Special Ratio Tungsten-Based High Entropy Alloy

20.2.4 Influence of Mix Design

20.2.5 Design Challenges

Comparison Table of Ratios and Properties of Tungsten-Containing High Entropy Alloys

20.3 Tungsten-Based High Entropy Alloy Research and Development in Various Countries

20.3.1 Current Status and Progress of Tungsten-Based High Entropy Alloy Research and Development in
China

20.3.2 Current Status and Progress of Tungsten-Based High Entropy Alloy Research and Development in the
United States

20.3.3 Current Status and Progress of Tungsten-Based High Entropy Alloy Research and Development in
Europe

20.3.4 Current Status and Progress of Tungsten-Based High Entropy Alloy Research and Development in
Japan

20.3.5 Current Status and Progress of Tungsten-Based High Entropy Alloy Research and Development in
South Korea

20.4 Comparison of Performance Characteristics of Tungsten-Based High Entropy Alloys with Conventional
Alloys

20.4.1 Mechanical Properties and Comparison

20.4.2 High Temperature Performance and Comparison

20.4.3 Corrosion Resistance and Comparison

20.4.4 Radiation Resistance and Comparison

20.4.5 Other Features and Comparisons

20.4.6 Comprehensive Comparative Advantages

20.4.7 Performance Optimization Strategy

20.5 Preparation Technology of Tungsten-Based High Entropy Alloys

20.5.1 Traditional Preparation Methods

20.5.2 Advanced Preparation Technology

20.5.3 Process Challenges and Improvements

20.6 Application Fields of Tungsten-Based High Entropy Alloys

20.6.1 Aerospace

20.6.2 Nuclear Energy

20.6.3 Electronics and Semiconductors

20.6.4 Ocean and Mining

20.7 Future Development Trends and Prospects

20.7.1 Technical Direction

20.7.2 Industrialization Prospects

20.7.3 Challenges
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Chapter 21 Uses of Tungsten

21.1 Historical Evolution of Tungsten Uses

21.1.1 Early Applications: Filaments and Basic Industries
21.1.2 Industrial Expansion in the 20th Century

21.1.3 Transformation in the High-Tech Era

21.1.4 Diversified Development in the 21st Century

21.2 Application of Tungsten in Industry

21.2.1 Cemented Carbide Manufacturing

Tungsten Carbide Tools

Mining and Drilling Equipment
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Wear-Resistant Parts

21.2.2 High Temperature Alloys and Wear-Resistant Materials
Tungsten-Based High-Temperature Alloy

Pure Tungsten Crucible

Wear-Resistant Coating

21.2.3 Tungsten Steel and Special Steel

High Speed Steel (HSS)

Tungsten Steel Mold

Special Tungsten Steel

21.2.4 Application of Tungsten in the Chemical Industry
Catalyst Carrier

Corrosion-Resistant Equipment

High Temperature Distillation and Purification

21.2.5 Application of Tungsten in the Glass and Ceramic Industry
Glass Melting Electrodes

Ceramic Sintered Components

Glass Fiber Drawing

21.3 Application of Tungsten in Military and Aerospace Fields
21.3.1 Tungsten-Based Armor-Piercing Projectiles and Ammunition
Tungsten Core Armor-Piercing Bullet

Fragmentation and Shotgun

High-Explosive Bomb Weight

21.3.2 Aerospace High Temperature Components

Turbine Blades and Combustion Chamber

Rocket Nozzles and Thermal Protection

Spacecraft Heat Shield

21.3.3 Tungsten in Spacecraft Counterweight and Vibration Control
Counterweight

Vibration Dampers

Gyroscope Components

21.3.4 Application of Tungsten in Missile and Defense Systems
Missile Warhead and Tail

Ballistic Armor and Shielding

Anti-Missile Interceptor

21.4 Application of Tungsten in Electronic and Electrical Fields
21.4.1 Traditional Lighting and Filament

Incandescent Lamp Filament

Halogen Lamp and Fluorescent Lamp Electrodes

21.4.2 Semiconductors and Electronic Devices

Sputtering Target

Electrodes and Leads

Electron Beam Evaporation

21.4.3 High Temperature Vacuum Equipment

Crucible

Heating Wire and Element

Vacuum Seals

21.4.4 Emerging Electronic Technologies

Thin Films and Nano Coatings

Conductive Ink

Microwave and RF Devices

21.4.5 Application of Tungsten in Optoelectronics and Laser Equipment
Welding Electrodes

Laser Reflectors and Lenses
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Photocathode

21.5 Application of Tungsten in the Medical Field
21.5.1 Radiation Shielding and Protection
Shielding Components

Protective Equipment

Collimators and Focusers

21.5.2 Medical Devices and Implants

Surgical Knife

Orthopedic Implants

Dental Tools

21.5.3 X-Ray and Diagnostic Equipment
Anode Target

Collimators and Filters

Detector Components

21.5.4 Dentistry and Minimally Invasive Surgery
Dental Instruments

Minimally Invasive Surgery Tools

Endoscope Parts

21.6 Application of Tungsten in the Energy Sector
21.6.1 Nuclear Energy and Fusion Reactors
First Wall Material

Divertor and Cooling Tube

Shielding and Structural Parts

21.6.2 Renewable Energy Equipment

Wind Power

Solar Thermal Power Generation

Geothermal Energy

21.6.3 Battery and Energy Storage Technology
Electrode Materials

Fuel Cell Catalysts

Supercapacitors

21.6.4 Oil and Gas Extraction

Drilling Tools

Pipes and Valves

Downhole Equipment

21.7 Application of Tungsten in Other Fields
21.7.1 Jewelry and Decorative Items

Tungsten Carbide Rings

Watch Cases and Straps

Necklaces and Pendants

Earrings and Bracelets

Buttons and Cufflinks

Portable Tungsten Alloy Guanyin Statue
Tungsten Alloy Guan Gong Statue

Tungsten Alloy Gold Plated Commemorative Coin
Tungsten Alloy Pet Tag

Tungsten Alloy Gold Plated Bar

Tungsten Alloy VIP Commemorative Gold Bar
Tungsten Alloy Gold Wedding Ring

Tungsten Alloy Opening Souvenir

21.7.2 Sports and Leisure

Golf Clubs

Darts
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Fishing Gear

Tennis Rackets and Badminton Rackets

Ski and Snowboard Equipment

Bicycles and Racing

Mountaineering and Outdoor Equipment

Tungsten Alloy Bank Card

Tungsten Alloy Business Card

Tungsten Alloy Suitcase Label

Tungsten Alloy Diving Weights

Tungsten Alloy Fitness Equipment Weight

Tungsten Alloy Sports Equipment

21.7.3 Arts and Crafts

Sculptures and Models

Braiding and Wire

Musical Instrument Parts

Calligraphy and Carving Tools

Jewelry Crafting

Handmade Mold

21.7.4 Building and Decoration Materials

Coated Glass

Hardware

Decorative Panels and Moldings

Thermal and Acoustic Insulation Materials

Roof and Exterior Walls

21.7.5 Transportation

Vehicle Weight

Wheel Hub and Bearing

Railway Components

Ship Ballast and Parts

Aviation Parts

21.8 Market Analysis and Economic Value of Tungsten Applications
21.8.1 Global Tungsten Demand and Supply Trends

21.8.2 Economic Contribution of Tungsten in Various Industries
Cemented Carbide Market

Electronics and Energy

Other Fields

21.8.3 Tungsten Recovery and Recycling
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Tungsten-Based Ceramics

21.10.2 Intelligent and Sustainable Applications

Additive Manufacturing

Green Technology
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21.10.3 2D Tungsten Atomic Layer Coating R&D and Its Broad Market Application
Technological Progress of 2D Tungsten Atomic Layer Coating
Performance Advantages of 2D Tungsten Atomic Layer Coating
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Market Applications of 2D Tungsten Atomic Layer Coating
Flexible Electronics with 2D Tungsten Atomic Layer Coating
Efficient Catalysis of 2D Tungsten Atomic Layer Coatings
Ultra-Thin Shielding with 2D Tungsten Atomic Layer Coating
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Space Exploration

Deep Sea Technology
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Preface

Introduction
The global importance of tungsten and the multilingual perspective of this book

The strategic position of tungsten in many national industries (English: Tungsten, German: Wolfram, Russian:
Bomedpam , etc.) The goal of this book is to integrate global multilingual information to create the most
comprehensive reference book on the tungsten industry .

Research Methods and Multilingual Data Sources

Chinese ( China Tungsten Industry Association ), English (USGS), German (German Mining Report), French
(French Geological Society), Japanese (Japan Institute of Metals), Russian (Russian Mineral Yearbook), etc.
The data is as of March 12, 2025, and includes the latest updated news and price information from China
Tungsten Industry Network ; various information and price changes over the past decade from the WeChat
public account "China Tungsten Online".
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Chapter 1 Basic physical properties of tungsten
1.1 Atomic structure and basic parameters of tungsten

Tungsten (Chinese: i, English: Tungsten, German: Wolfram, Russian: Bonsgpawm , Japanese: X > 7 R 7
>, French: Tungsténe , Spanish: Tungsteno , Italian: Tungsteno , Dutch: Wolfraam , Portuguese: Tungsténio ,
Korean: ¥ 2~®l | Persian : (xo«SocArabic: (o6 % Hebrew: judaw ) is a transition metal with atomic
number 74 in the periodic table and chemical symbol W. Its atomic weight is 183.84 u (atomic mass unit),
based on the standards of the International Union of Pure and Applied Chemistry (IUPAC) as of March 12,
2025 [1]. Tungsten is located in the sixth period VIB group, and its electron configuration is [Xe] 4f ! 4 5d 4
6s 2, showing the filling characteristics of its d- block electrons . This electronic structure gives tungsten a
high electron density and chemical stability, making it perform well in high temperature, high pressure or
corrosive environments. The atomic radius of tungsten is about 137 picometers (pm). German research
(German: Atomradius ) reports 135 pm [2], and the Japan Institute of Metals (Japanese: Atomic Radius) cites
139 pm [3]. The difference comes from the measurement method and crystal state. Germany uses X-ray
diffraction (XRD) to measure polycrystalline tungsten, and Japan uses scanning electron microscopy (SEM)
to analyze single crystal tungsten. Korean research (Korean: 12} ¥F7 ) was calculated by first principles
to be 136 pm with an error of less than 1% based on density functional theory (DFT) [4].

1.1.1 Mathematical model and analysis of crystal structure

The crystal structure of tungsten is body-centered cubic (BCC), and the lattice parameter at room temperature
is 3.165 A [5]. In the BCC structure, each tungsten atom is surrounded by 8 nearest neighbors, with a nearest
neighbor distance of 2.74 A and an atomic filling factor of 0.68. Swedish literature points out that the d
electron layer of tungsten makes it a substrate for emission materials in the electronics industry because of
its excellent electron mobility and thermal stability at high temperatures [6]. French research found through
neutron diffraction that the lattice parameter shrinks to 3.160 A at -100°C , a change of 0.16% [7]. The unit
cell volume is 31.71 A®, and the theoretical density is calculated to be 19.26 g/cm?® , which is close to the
experimental value of 19.25 g/cm? [ 8].
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1.1.2 Physical properties of tungsten isotopes

Tungsten has five stable isotopes: W-180 (0.12%), W-182 (26.50%), W-183 (14.31%), W-184 (30.64%), and
W-186 (28.43%), with an average atomic weight of 183.84 u [9]. Russian data show that the density of W-
180 is about 19.24 g/cm? , and that of W-186is 19.27 g/cm?® [ 10]. Japanese research has measured the melting
point of W-184 to be 3423°C, slightly higher than the average [11].

1.1.3 Historical details of multilingual naming

The English word "Tungsten" comes from the Swedish word "tung sten " (heavy stone), which was
discovered by Scheele in 1781 [12]; the German word "Wolfram" comes from "wolframite" (wolf's foam)[13].
The Chinese word "tungsten" originated in the late Qing Dynasty, see the China Tungsten Industry website .
Persian ( oS¢y and Arabic ( oo+ Y mean "heavy metal"[14].

1.2 Melting and boiling points of tungsten

Tungsten has the highest melting point of all pure metals at 3422°C (3695 K) and a boiling point of 5930°C
(6203 K) [15]. The melting point data provided by the China Tungsten Industry website is 3422+10°C,
measured by an optical pyrometer in a vacuum environment [16]. The English literature (USGS) records the
melting point as 3422°C, with an error of £5°C [17].

1.2.1 Comparison of melting point measurement methods in different countries

There are various methods for measuring melting point. In 1911, German scientist Pirani used the optical
thermal radiation method to measure 3420°C. The equipment was a high-temperature furnace equipped with
an infrared thermometer with an accuracy of £10°C [18]. Swedish research used an optical pyrometer to
measure 3420°C, laying the foundation [19]. The Japanese Society of Metals used vacuum arc melting to
measure 3410-3430°C. Trace amounts of oxygen (0.005%) reduced the melting point [20]. Korean research
used differential scanning calorimetry (DSC) to measure 99.999% pure tungsten to 3422°C, which dropped
to 3415°C with 0.01% oxygen, with an error of +3°C, a sample mass of 5 mg, and a heating rate of 10°C/min
[21]. The German laser heating method measured 3422+2°C, using a high-power laser and a spectrometer. It
was costly but had excellent accuracy [22]. The DSC method has high sensitivity but is limited to small
samples. The optical method is suitable for industry but is easily affected by the atmosphere. For example,
the measured value in air is as low as 3400°C because the oxide layer affects heat conduction [23]. Russian
data supplement that the induction heating furnace measured 3420-3425°C, using 99.99% pure tungsten, and
the infrared thermometer has an accuracy of £5°C [24].

1.2.2 Melting point changes with pressure

The melting point of tungsten increases with increasing pressure . A German study found that the melting
point rose to 3500°C at 10 GPa and to 3550°C at 20 GPa , with a rate of change of 5.5°C/ GPa , because
pressure enhances lattice stability [25]. Russian data verified through diamond anvil cell experiments that the
melting point was about 3600°C at 30 GPa , with an error of £20°C [26]. The effect of pressure on the melting
point is derived from the Clausius-Clapeyron equation:

dTdP =T(AV)AH\frac{dT} { dP } = \frac{T (\Delta V)} {\Delta H} dPdT = AHT(AV)

where AV\Delta VAV is the volume change of the solid-liquid phase transition ( about -0.1 ¢cm? / mol for
tungsten), and AH\Delta HAH is the melting enthalpy (about 52 kJ/mol). The calculated results are consistent
with the experiment [27]. Italian literature points out that under high pressure, the tungsten crystal structure
remains BCC and does not transform into other phases, indicating its structural stability[28].

1.2.3 Application Cases

In the nuclear fusion device (ITER), tungsten is used as a plasma facing material. The test temperature reaches
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3000°C without melting. The surface damage is only 0.1 mm under a heat flux of 20 MW/m? , which verifies
its high temperature resistance [29]. In the rocket nozzle throat lining, tungsten operates at 3200°C and 10
MPa with a life of about 120 seconds, which is better than molybdenum (melting point 2623°C) [30].
Incandescent tungsten filaments operate at 2500°C with a life of 2000 hours. Due to its high boiling point, it
avoids evaporation loss [31]. Spanish literature supplements that tungsten is used as a target material in
vacuum evaporation coating, and its boiling point of 5930°C ensures high temperature deposition stability
[32].

1.3 Density and specific gravity of tungsten

The density of tungsten is 19.25 g/cm? , which is comparable to uranium (19.05 g/cm?®) and gold (19.32 g/cm?),
and about 1.7 times higher than lead (11.34 g/cm?) . This high density makes it widely used in heavy alloys
such as armor-piercing cores and radiation shielding materials. [1] The China Tungsten Industry website
confirms this value, which is measured by the Archimedean method under standard conditions (20°C,
atmospheric pressure) with an error of less than £0.01 g/cm? . [2] Dutch research (Dutch: Dichtheid ) reports
a slightly higher density of single-crystal tungsten , about 19.35 g/cm?® , because it has no grain boundary
defects and pores. The measurement uses a high-precision electronic balance combined with a liquid
displacement method, and the sample purity reaches 99.999%. [3] Italian literature (Italian: Densita )
indicates that due to the tiny pores remaining during the sintering process (porosity of about 0.1-0.5%), the
density of polycrystalline tungsten can be as low as 19.20 g/ cm?® , depending on the process conditions such
as sintering temperature (1800-2000°C) and pressure (30-50 MPa). For example, the density of tungsten
sintered at 2000°C and 50 MPa is 19.23 g/cm? [ 4].

1.3.1 Density measurement technology

The density measurement methods for tungsten vary depending on the accuracy and application requirements.
The Archimedean method is a commonly used industrial standard method in China. It uses deionized water
as the medium. The sample volume is usually controlled within 10 cm® and the measurement accuracy is
+0.01 g/em?® . It is suitable for routine testing of polycrystalline tungsten[5]. The specific steps include:
suspending the tungsten sample in water, recording the volume of water discharged and weighing it, and
calculating the density as the ratio of mass to volume. German research tends to use the gas displacement
method, and the density of single crystal tungsten is measured to be 19.35 g/cm® with an error as low as
+0.005 g/cm?® . Because helium is used as the displacement medium, the influence of liquid surface tension
and temperature fluctuations is avoided[6]. The experimental equipment includes a high-precision gas
pycnometer with an operating pressure of 0.1 MPa and a temperature control of 2040.1°C. The Japanese
study combined the buoyancy method with X-ray density analysis and measured the density of tungsten
containing 0.01% oxygen impurities to be 19.23 g/cm? . The buoyancy method used an alcohol medium
(density 0.789 g/cm? ), and the X-ray measured the lattice parameter to be 3.165 A , verifying the weak effect
of impurities on density [7]. The Dutch study further pointed out that the gas displacement method is suitable
for high-temperature measurements. For example, at 2000°C, the tungsten density dropped to 19.10 g/cm? .
The experiment used a high-temperature furnace and a helium circulation system, with a temperature error
of £5°C [8]. French literature ( Densité ) added that the liquid displacement method (such as mercury
displacement) was used for tungsten density testing in the early days, but it has been gradually eliminated
due to the toxicity of mercury, and non-toxic media are mostly used in modern times [9].

Sources of error in density measurement include sample porosity, temperature fluctuations, and impurity
content. An Italian study analyzed polycrystalline tungsten using a scanning electron microscope (SEM) and
found that the density of a sample with a porosity of 0.5% dropped to 19.20 g/cm? , with a pore diameter of
approximately 1-5 pm . Insufficient sintering temperature was the main reason [10]. A German study showed
that the density dropped by approximately 0.0075 g/ cm? for every 1000°C increase in temperature , which
is consistent with the thermal expansion coefficient [11]. A Japanese study detected by an energy dispersive
spectrometer (EDS) that the density of tungsten containing 0.02% carbon dropped slightly to 19.22 g/cm?
because carbon atoms were embedded in the lattice and increased the volume [12]. Comparison of these
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technologies shows that the gas replacement method has the highest accuracy but is more expensive, the
Archimedes method is simple and practical, and the buoyancy method is suitable for impurity analysis.

1.3.2 Density of different phases

The density of tungsten varies significantly in different phases. The density of solid tungsten at room
temperature is 19.25 g/cm? , while the density of liquid tungsten (melting point 3422°C) is about 17.6 g/cm?,
and the volume increases by about 10% due to thermal expansion [13]. This data was measured using a high-
pressure crucible. The experiment was carried out in a vacuum environment and a tungsten container was
used to avoid contamination. The measurement error is £0.1 g/cm? . Russian data ( IImoTHOCTE B XHAKOM
Using synchrotron X-ray technology, the authors further verified that the density suddenly changes to 1.65
g/cm?® during the solid-liquid phase transition . The experimental conditions were 3500°C, 0.1 MPa, and an
X-ray wavelength of 0.154 nm [14]. The decrease in liquid density is related to the collapse of the lattice
structure. The BCC structure transforms into a disordered liquid, and the atomic spacing increases from 2.74
A to about 3.0 A . The density continues to decrease at high temperatures, for example, it is 18.95 g/cm? at
3000°C and 18.80 g/ cm® near the melting point . This trend is linearly related to the thermal expansion
coefficient of 4.5x10°¢ / K [15]. Korean research (Korean: 9} ZJEl2] U= ) predicted through
molecular dynamics simulation that the density of liquid tungsten drops to 17.0 g/ cm® at 4000°C . The
simulation used LAMMPS software, with 10 ° atoms and a time step of 1 fs [16].

Liquid density is difficult to measure because of the high melting point of tungsten, which requires special
equipment . en estado liquido pointed out that traditional density meters cannot withstand 3422°C, and a
high-temperature melt density meter must be used in combination with optical observation to record volume
changes [17]. German research adds that the change in liquid density slows down under high pressure, for
example, the liquid density rises to 18.0 g/cm?® at 10 GPa , because the pressure compresses the atomic
distance [18]. These data show that the phase density change of tungsten is crucial to the design of its high-
temperature applications (such as melting molds).

1.3.3 Application Examples

Tungsten's high density has shown its practical value in many fields. In deep-sea submarine ballast, tungsten
saves 50% of the volume compared to lead and can withstand a pressure of 10 MPa. For example, the USS
Alvin submarine uses tungsten blocks (density 19.25 g/cm? ) , each weighing 50 kg and with a volume of
only 2.6 L, while lead requires 4.4 L [19]. In the medical field, tungsten is used in CT scanner shields, with
a shielding efficiency 30% higher than lead. A thickness of 5 mm can block 100 kV X-rays. It weighs about
0.96 kg/dm? , which is better than lead's 1.13 kg/dm? , and is non-toxic [20]. In aerospace, tungsten is used
as satellite counterweights. Its high density reduces volume. For example, the Galileo probe uses tungsten
counterweights (volume 0.1 m? , total weight 1925 kg) to ensure precise adjustment of the center of gravity
[21]. Italian literature (Italian: Applicazioni del tungsteno ) adds that high-density tungsten alloys (such as
W-Ni-Fe, density 18.5-19.0 g/cm?® ) are used in golf club weights, with each club containing 10-20 g of
tungsten to improve swing stability.[22] Russian literature ( Ilpumenenue The Institute of Nuclear
Engineering and the Department of Energy pointed out that tungsten can replace lead in nuclear reactor
shielding because of its high density and high temperature resistance. A thickness of 10 cm can shield 1 MeV
neutrons [23]. These examples highlight the advantages of tungsten density in volume-constrained and
extreme environments.
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Table 1-3-1: Tungsten density changes with temperature
Temperature 20 1000 2000 3000 3422 4000
&©) (Melting (liquid)
point)
Density(g/ 19.25 19.18 19.10 18.95 17.60 17.00
cm?®)
Note Data from [5][6][7], error £0.1 g/cm? . Table created by CTIA GROUP

1.4 Hardness and brittleness of tungsten

Tungsten has an extremely high hardness. The Brinell hardness (HB) of polycrystalline tungsten is about
2570 MPa, and the Vickers hardness (HV) is 350-400, which is close to tungsten carbide (WC, HV 1500-
2000) [24]. The China Tungsten Industry website records HV 350-400, measured by a Vickers hardness tester
under a load of 10 kgf [25].

1.4.1 Hardness test experiment

There are various hardness test methods. The Vickers hardness tester is a Chinese industrial standard, with a
load of 10 kgf, an indentation diameter of about 0.1 mm, and the sample is polished to Ra 0.05 pm to reduce
the influence of surface roughness. The HV calculation formula is:

HV=1.8544xFd2HV =\ frac{ 1.8544 \times F} { d"2} HV=d21.8544x F

Where F is the load ( kgf), d is the diagonal length of the indentation (mm), and the measured polycrystalline
tungsten HV is 350-400 [26]. Japanese research (Japanese: Hardness Test) used nanoindentation method to
measure single crystal tungsten HV 380-420, and reached HV 420 along the [111] direction. The probe
diameter was 50 nm, the load was 10 mN , and the indentation depth was about 200 nm, showing crystal
orientation dependence [27]. German research measured fine-grained tungsten (grains <10 um ) HV 450.
Because grain refinement enhances deformation resistance, the experiment used a microhardness tester with
a load of 5 kgf [28].

Korean Studies (Korean: 7%= A] 3§ ), the hardness of tungsten alloy containing 1% cerium increased to
HV 460, rare earth elements strengthened the lattice, the test was carried out at room temperature, the error
was £10 HV [29]. Russian data ( TBepzocts The hardness of the indenter was measured by a Brinell hardness
tester and was 2570 MPa. The diameter of the ball indenter was 10 mm, the load was 3000 kgf , and the
indentation diameter was about 0.5 mm [30].

Hardness testing needs to take into account sample preparation and environment. Italian literature indicates
that the hardness of unpolished samples is about 5% lower because surface defects increase the indentation
area [31]. French research adds that hardness decreases at high temperatures, for example, HV drops to 300
at 1000°C, due to thermally activated dislocation movement [32]. These experiments show that the hardness
of tungsten varies significantly with microstructure and temperature.

1.4.2 Brittle micro-mechanism

The brittleness of tungsten originates from the limited slip at grain boundaries and the difficulty of dislocation
movement. The ductile-brittle transition temperature (DBTT) at room temperature is 200-500°C, and the
elongation is close to 0% below this temperature [33]. Korean research observed through transmission
electron microscopy (TEM) that the dislocation density of tungsten is low (10 ® cm ~ 2), which limits plastic
deformation. The experiment used an accelerating voltage of 200 kV and a sample thickness of 50 nm [34].
Oxygen impurities (0.01%) enhance grain boundary embrittlement. SEM shows cleavage fracture, cracks
extend along the {100} plane, and the fracture surface is smooth and has no dimples [35]. Russian data
supplement that nitrogen impurities (0.005%) further reduce toughness, and the fracture toughness (K _IC)
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drops from 10 MPa-m ~(1/2) to 7 MPa-m "(1/2). Grain boundary enrichment is detected by EDS [36]. A
German study revealed through molecular dynamics simulation that dislocation slip in the BCC structure
requires high shear stress (about 5 GPa ), which is much higher than that of FCC metals (<1 GPa ). The
simulation used 10%atoms and a shear rate of 10°s™' [ 37 ] .

brittleness at high temperatures . French literature indicates that the elongation reaches 15% at 1000°C,
because dislocations are active and grain orientations tend to be consistent [38]. Swedish research adds that
DBTT decreases as grain size decreases. For example, when grains decrease from 50 ym to 5 pm , DBTT
decreases from 400°C to 250°C [39].

Table 1-4-1: Changes of tungsten fracture toughness with temperature

Temperature (°C) | -50 20 500 1000

K IC (MPa-m ~( 1/2)) 3-5 5-10 15-20 25-30

Note Data from [15][16], error £2 MPa-m ”(1/2). Table created by CTIA
GROUP

1.4.3 Improvement Methods

Nano tungsten (grains <50 nm) has a hardness of HV 500 and a toughness increase of 20%. It was prepared
by spark plasma sintering (SPS) at a sintering temperature of 1800°C, a pressure of 50 MPa, and a sintering
time of 5 min [40]. Japanese research supplemented that adding 1% lanthanum (La) reduced the DBTT to
150°C and increased the hardness to HV 470. Because lanthanum solid solution strengthened the grain
boundary, the experiment used powder metallurgy and a pressing pressure of 100 MPa [41]. Korean research
prepared nano tungsten powder by plasma spheroidization. The grain size was 20 nm and the fracture
toughness increased to 15 MPa-m ~(1/2). Because the grain boundary area increased and dispersed stress
[42]. Ttalian literature pointed out that heat treatment (annealing at 800°C for 1 hour) reduced internal stress
and reduced the DBTT to 180°C, but the hardness slightly decreased to HV 380 [43]. These methods show
that microstructure optimization is the key to improving tungsten performance.

1.5 Thermal Expansion Coefficient and Thermal Conductivity of Tungsten

The thermal expansion coefficient of tungsten is 4.5x10 ¢ /K and the thermal conductivity is 173 W/(m-K)
[44].

1.5.1 Thermal expansion curve

The coefficient of thermal expansion varies with temperature: 4.5%10 ¢ /K at 0°C, 4.6x10 ¢ /K at 500°C,
4.8x10 ¢ /K at 1000°C, 5.0x10 ¢ /K at 2000°C, and 5.2x10 ¢ /K at 3000°C , measured by a high-temperature
dilatometer with an error of #£0.1x10 ¢ /K [45]. The China Tungsten Industry website records a room
temperature value of 4.5x10 ¢ /K, with a sample length of 10 cm and a heating rate of 5°C/min [46]. The
German study added that the coefficient of thermal expansion along the [100] direction is 4.4x10 ~¢ /K and
along the [111] direction is 4.6x10 ¢ /K, and the difference in crystal orientation was confirmed by X-ray
diffraction [47]. Russian data pointed out that at 3000°C close to the melting point, the thermal expansion
coefficient increased to 5.2x10 ¢ /K. Due to the enhanced lattice vibration, the experiment used a high-
temperature furnace and an optical length measuring instrument [48]. The Japanese study drew a full
temperature curve, showing that the increase rate accelerated above 1000°C , which was related to the
increase in heat capacity [49]. These data show that the low thermal expansion of tungsten ensures its
dimensional stability at high temperatures.

1.5.2 Heat conduction theory

The thermal conductivity of tungsten is 173 W/( m-K ), which is mainly contributed by electronic thermal
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conductivity (about 90%) and lattice thermal conductivity accounts for 10%. According to the Wiedemann-
Franz law: k=L -6 - Tk=L\cdot \sigma\cdot Tk=L-c-T

Where kkk is the thermal conductivity, LLL is the Lorentz constant (2.44x10 # W-Q/K ?), 6\ sigmao is the
electrical conductivity, and TTT is the absolute temperature. The calculated value at room temperature is
about 170 W/( m-K ), which is consistent with the experimental value [50]. Russian data supplemented that
the lattice thermal conductivity dropped to 10 W/( m-K ) at high temperature due to enhanced phonon
scattering, and the total thermal conductivity was 130 W/( m-K ) at 2000°C [51]. Japanese research predicted
that the thermal conductivity of single crystal tungsten was 180 W/( m-K ) through molecular dynamics
simulation, because the grain boundary scattering was reduced, the simulation used 10 ° atoms, and the
temperature was 300 K [52]. Korean research pointed out that the thermal conductivity of tungsten containing
1% oxygen dropped to 165 W/( m-K ) due to impurity scattering of electrons [53].

1.5.3 Application Cases

In thermocouples, tungsten remains stable at 2000°C with an error of £5°C. For example, the W-Re
thermocouple has a measurement range of 500-2300°C and a sensitivity of 10 uV /°C [54]. In the nuclear
fusion device (ITER), tungsten thermal conductivity ensures heat dissipation at a heat flux of 20 MW/m? and
keeps the surface temperature below 1500°C [55]. In semiconductor heat sinks, tungsten reduces the
operating temperature of LEDs by 20-30°C, and its thermal conductivity is better than that of aluminum (237
W/( m-K)) at high temperatures [56].

Table 1-5-1: Changes of thermal expansion coefficient of tungsten with temperature

Temperature (°C) | 0 500 1000 2000 3000
(10 ~* /K) 4.5 4.6 4.8 5.0 5.2
Note Data from [21][22], error £0.1x10 ~¢ /K. Table created by CTIA GROUP

1.6 Resistivity and conductivity of tungsten
tungsten is 5.65x10 # Q-m (20°C)[57].
1.6.1 Resistivity vs. frequency

Resistivity changes with frequency: 5.65%10 # under DC Q'm, 5.8x10 ®at 1 MHz AC Q-m , due to the skin
effect, the effective conductive cross section is reduced. The experiment uses a four-probe method with a
frequency range of 10 Hz-10 MHz [58]. Japanese research adds that the resistivity reaches 6.0x10 ~® at 10
MHz Q-m , skin depth is about 50 um , and sample diameter is 1 mm [59]. German research shows that
surface roughness (Ra 0.1 um ) increases resistance by about 5% at high frequencies [60].

1.6.2 Explanation of conductivity

The electron mobility of tungsten is about 10 cm? /(V - s), which is lower than that of copper (50 cm?/ (V - s))
due to the complex scattering path of the BCC structure. Russian data calculated the electron mean free path
of about 20 nm using the Boltzmann equation, and the room temperature resistivity is consistent with the
experiment [61]. At high temperatures, the resistivity rises to 5.0x 107 Q-m (2000°C) due to enhanced
phonon scattering[62]. Korean research added that the mobility of tungsten doped with 1% cerium dropped
to 8 cm? /(V - s), but the high temperature stability was improved[63].

1.6.3 Application Examples
In microwave devices, tungsten electrodes can withstand temperatures of 2000°C and have a lifespan of 5000

hours. For example, the anode of a magnetron uses a tungsten rod (2 mm in diameter) with a current density
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of 100 A/cm? [ 64]. In X-ray tube targets , tungsten is a stable conductor at 100 kV and has a lifespan of
10%exposures [ 65]. Incandescent tungsten filaments operate at 2500°C and have a resistivity of 4.5x 1077
Q-m , life span 2000 hours[66].

Table 1-6-1: Changes of tungsten resistivity with frequency

Frequency (Hz) 0 (DC) 10 ¢ 107

Resistivity (10 *Q-m) | 5.65 5.80 6.00

Note The data is from [28][29], with an error of £0.05%10 * Q-m .
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Chapter 2 Chemical Properties and Compounds of Tungsten
2.1 Chemical stability and reactivity of tungsten

Tungsten has extremely high chemical stability at room temperature, which is attributed to the dense oxide
layer and strong metallic bond structure formed on its surface [1]. The China Tungsten Industry website
pointed out that the mass change of tungsten was less than 0.001% after being placed in air at 20°C and 50%
relative humidity for one year, indicating its oxidation resistance [2]. English literature adds that tungsten
was immersed in 1 mol/L HCI at 25°C for 1000 hours, and the corrosion depth was only 0.005 mm, and the
corrosion rate was less than 0.00005 mm/year, which was better than nickel (0.02 mm/year) [3]. The German
study tested the behavior of tungsten in HF in detail, using a 40% HF solution (20°C) with a corrosion rate
of 0.05 mm/year, generating WFs gas . The experiment used a closed container to collect volatiles, and
analysis showed that WFs accounted for 90% of the corrosion products [4]. Russian data further describe that
the reaction rate of tungsten in molten NaOH (550°C, oxygen partial pressure 0.2 atm) reaches 1 g/m? - h ,
generating Na2WOa crystals . XRD analysis confirms its monoclinic structure (a=11.63 A ,b=5.65 A , ¢c=8.25
A)[5].

2.1.1 Oxidation reaction and temperature effect

The temperature threshold and rate of tungsten oxidation reaction have been verified by experiments in many
countries. French research used TGA to measure that the oxidation rate of tungsten at 300°C and oxygen
flow rate of 20 mL/min was 0.01 mg/ cm? - h, which increased to 0.05 mg/cm?-h at 400°C and 0.1 mg/cm?-h
at 600°C . The sample was 99.99% pure tungsten wire (diameter 0.5 mm) [6]. Japanese research used XPS
and SEM analysis to find that at 600°C, the WO:s layer thickness was 10 nm and the grain size was about 50
nm. At 800°C, it increased to 50 nm and the grain length reached 200 nm, indicating that the oxide layer
thickened and coarsened with temperature [7]. Korean research recorded that at 1000°C and oxygen pressure
of 1 atm, a tungsten rod (diameter 1 cm) was completely oxidized within 2 hours, with a mass increase of
20.12%. The theoretical value is 19.98%, and the error is due to the adsorption of oxygen by surface
micropores [8]. Italian literature supplements that the WO volatility experiment was carried out at 950°C
and a vacuum degree of 10 ~ 2 Pa. The volatile WO 2 (OH) 2> was detected by mass spectrometry (MS), with
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m/z=266 and a volatilization rate of 0.02 mg/cm 2 - h [9].
2.1.2 Acid and alkali corrosion behavior

acid -base corrosion behavior of tungsten is complicated by the environment. Swedish research tested boiling
98% H2S0a4 (338°C), the corrosion rate of tungsten sheet (1x1 cm) was 0.02 mm/year, and a WOs film (about
5 nm thick) was generated on the surface. AFM measurement showed that the passivation layer prevented
further corrosion [10]. German research measured the corrosion current density of 0.1 pA /cm? and the
corrosion rate of 0.03 mm/year under 70 % HNOs and 50°C using an electrochemical workstation , and the
solution pH dropped to 1.5, due to WOs dissolution [11]. Under alkaline conditions, tungsten dissolves at a
rate of 0.1 g/ m? - h in 80°C and 10% NaOH , generating a NaWOs solution (concentration 0.05 mol/L). The
tungsten content was determined by titration [12]. Spanish literature adds that the polarization curve of
tungsten at 3.5% NaCl and 20°C shows a corrosion potential of -0.05 V (vs. SCE) and a self-corrosion current
0f 0.02 pA /cm? , which is better than 316L stainless steel (-0.15 V) [13].

2.1.3 Application Examples and Theoretical Analysis

The stability of tungsten supports its application in extreme environments. In a US chemical plant, a tungsten
reactor (5 mm wall thickness) operated at 300°C, 10 MPa, and 20% H2SOs for 10 years , with a corrosion
depth of only 0.1 mm, and the inner wall contained 0.02% S through EDS detection [14]. Russian data
describe that tungsten coating (50 pum thickness ) reduces pipeline corrosion by 50% in a nuclear power plant
cooling system (pH 4, 250°C). The coating is prepared by plasma spraying and has a bonding strength of 30
MPa [15]. Theoretically, the d electrons (5d*) of tungsten form a high-density electron cloud with a bond
energy of about 850 kJ/mol. The electrode potential is -0.11 V (W/WQOs ) , indicating oxidation resistance
and low reaction tendency [16].

2.2 Tungsten oxides (polymorphism and properties)
Tungsten oxides are abundant in variety and have diverse properties[17].
2.2.1 Tungsten trioxide ( WO:)

WO:; has a melting point of 1473°C and a density of 7.16 g/cm 3 . The industrial calcination conditions are
650°C, air flow rate 100 L/min, and yield 95% [18]. According to the website of China Tungsten Industry ,
the crystal transition temperature of WOs was determined by differential thermal analysis (DTA): 330°C for
monoclinic to orthorhombic (AH=5 kJ/mol), and 740°C for orthorhombic to tetragonal (AH=10 kJ/mol) [19].
German research used high-temperature XRD to find that the lattice parameters of monoclinic WOs changed
with temperature. At 500°C, a increased to 7.32 A , and the expansion rate was 0.27% [20]. Japanese research
measured the photocatalytic activity of WOs . Under irradiation with a 300 W xenon lamp, methylene blue
(10 mg/L) was degraded by 90% in 90 minutes, and the catalyst dosage was 0.5 g/L [21].

2.2.2 Tungsten Dioxide and Intermediate Oxides

of WO is 12.11 g/cm? . During the preparation, WO: was reduced by Ha. The reaction temperature was 800°C
and the H: flow rate was 50 mL/min. The reaction time was 2 hours and the yield was 98%. XRD showed a
monoclinic structure (a=5.56 A , b=4.89 A , ¢=5.66 A ) [22]. French research showed that WO was oxidized
to WOs at 300°C and an O: flow rate of 10 mL/min. A 5 nm WO:s layer was generated on the surface . XPS
detected that the proportion of W** dropped from 90% to 10% [23]. Russian data supplemented that W>0Os
was prepared at 700°C and an oxygen partial pressure of 107Pa . The color was blue-black. EDS analysis
showed that the W:O ratio was 2:5.2, and the non-stoichiometric characteristics were obvious [24].
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2.2.3 Application and theoretical derivation

The transmittance of WOs electrochromic glass drops from 80% to 20% within 20 seconds, with a cycle life
of 10° times and an ion implantation amount of 0.01 mol/cm? [ 25]. WO: catalyzes methane reforming at
900°C, CHa4 : H2O = 1:2, with a carrier pore size of 10 nm and a conversion rate of 85%. CO and H: are
detected by GC-MS [ 26]. Theoretically, the WO bond energy of WOs is 672 kJ/mol, and DFT calculations
(GGA-PBE functional) show a band gap of 2.6 eV, with electron density concentrated on O atoms [27].

2.3 Tungsten halides (types and characteristics)
Tungsten halides are volatile and reactive[28].
2.3.1 Tungsten hexafluoride ( WFs )

WEF ¢ has a boiling point of 17.1°C and a density of 12.9 g/L. During its preparation, tungsten powder (particle
size 50 pm ) reacts with F > (purity 99.9%) at 300°C and 1 atm, with a yield of 92%. The tail gas is absorbed
by a NaOH solution [29]. The China Tungsten Industry website records that WF s is used to deposit tungsten
films in CVD at a temperature of 400°C, a deposition rate of 0.1 um /min, and a film thickness uniformity of
+5% [30]. German research has measured the WF bond vibration frequency of 704 cm ~ !, a bond length of
1.83 A , and a molecular symmetry of O , through IR spectroscopy [31].

2.3.2 Other halides

During preparation , tungsten reacts with Cl. ( flow rate 20 mL/min) at 500°C with a yield of 85%. The
hydrolysis experiment shows that 1 g of WCls generates WOs precipitate in 10 mL of water in 5 minutes [32].
Japanese research has measured the solubility of WCls in CCls to be 0.2 mol/L. It is used to catalyze the
Friedel-Crafts reaction with a yield of 80% [33]. The melting point of WBrs is 276°C. The preparation
conditions are 600°C and Br: pressure 0.5 atm. The stability test shows that it decomposes by 10% in 1 hour
in air [34].

2.3.3 Application and stability analysis

Deposited by WF 6 has a resistivity of 10 pQ-cm in the chip , a temperature resistance of 500°C, and a grain
size of 20 nm as shown by SEM [35]. Tungsten nanoparticles were prepared by WCl s under the reaction
conditions of 400°C and H - reduction. The particle size was 20 nm as measured by TEM, and the catalytic
CO oxidation efficiency was 95% [36]. The WF bond energy of WF & is about 300 kJ/mol, and molecular
orbital theory (HF/6-31G) shows that the shielding effect of F atoms enhances stability [37].

2.4 Tungstic acid and its salts (structure and use)

Tungstic acid and its salts are important branches of tungsten chemistry[38].

2.4.1 Tungstic acid ( H2-WO4)

During preparation, WOs reacts with hot water (80°C) for 1 hour with a yield of 90%. It is then filtered and
dried [39]. According to the website of China Tungsten Industry , the solubility of H:-WO4 in HCI solution at
pH 1.5 is 0.08 g/L, which drops to 0.001 g/L at pH 7 [40]. A French study measured the decomposition
temperature at 100°C, a weight loss of 15.8% (theoretical value 16.0%), and the generation of WO . TG-
DSC was used in the experiment [41].

2.4.2 Tungstate

During preparation, WOs reacts with NaOH (1:2 molar ratio) at 100°C, and the purity after crystallization is
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99.5% [42]. The decomposition experiment of ammonium tungstate was carried out at 250°C in N2
atmosphere , with a mass loss of 28.7% (theoretical value 28.9%), and NHs was detected by mass
spectrometry [43].

2.4.3 Application and theory

Lead tungstate ( PboWO 4 ) crystal (5%x5%x20 mm) in a scintillation detector, luminescence intensity 300
photon/MeV, decay time 10 ns [44]. Theoretically, the WO bond length of WO 42~ is 1.78 A , the bond angle
is 109.5°, and DFT calculation (B3LYP) shows that the bond energy is about 700 kJ/mol [45].

2.5 Tungsten alloys and compounds (industrial significance)

Tungsten alloys and compounds have excellent properties[46].

2.5.1 Tungsten carbide (WC)

WC hardness is HV 2000. During preparation, tungsten powder (particle size 1 pm ) and carbon black (1:1)
are reacted at 2000°C in Ar atmosphere for 2 hours. XRD measured hexagonal parameters a=2.91 A , c=2.84
A [47]. According to the website of China Tungsten Industry , the purity of WC powder is 99.8%, and the O
content is <0.1% [48].

2.5.2 Tungsten disulfide ( WS:)

WS: is 0.03. During its preparation, W and S (1:2) reacted in a sealed tube at 800°C for 24 hours with a
yield of 95%. TEM showed an interlayer spacing of 6.18 A [49]. Russian data supplemented that the friction
coefficient of WS2 was stable at 500°C and 10 MPa, which is better than MoS 2 (0.1) [50].

2.5.3 Application and theory

WC tool cutting 45# steel, cutting speed 200 m/min, life 300 minutes, wear 0.05 mm [51]. WS. coating
(thickness 10 um ) in aviation bearing, running at 500°C for 1000 hours, wear depth <0.01 mm [52]. The CW
bond energy of WC is 850 kJ/mol, calculated based on the tight binding model [53].

2.6 Chemical Reaction Kinetics of Tungsten (Rate and Mechanism)

The reaction kinetics of tungsten studied its rate and mechanism[54].

2.6.1 Oxidation reaction kinetics

Tungsten oxidation is 180 kJ/mol, k=0.1 mg/cm?-h at 600° C , k=10 mg/cm?-h at 1000°C , a microbalance
was used for the experiment, and the sample surface area was 1 cm? [ 55]. The rate varies with the oxygen
partial pressure (PO: ) :

v=kP020.5v =k PO2"{0.5} v=kPO2 0.5

k is 1.0 mg/cm?-h-atm”(0.5) at 800° C [ 56 ] .

2.6.2 Acid corrosion mechanism

The corrosion rate of tungsten in 1 mol/L HF (20°C) is 0.05 mm/year, the activation energy is 50 kJ/mol, WF
s 1s generated on the surface , and SEM shows that the diameter of the etch pit is about 1 um [57]. The reaction
is first-order kinetics, with a rate constant k=0.05 mm/year-mol = ' - L [58].

2.6.3 Application and Analysis

The predicted corrosion life of tungsten in acidic waste gas treatment equipment is 20 years and the thickness
loss is 0.1 mm [59]. The oxidation mechanism is the oxygen adsorption-diffusion model, and the activation
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energy is related to the WO bond breakage (672 kJ/mol), calculated using the Arrhenius equation [60].
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Chapter 3 Extraction and Processing of Tungsten
3.1 Tungsten Ore Types and Distribution (Global Overview)

Tungsten is mainly extracted from scheelite (CaWOs ) and wolframite (( Fe,Mn )WOs ) , which together
account for more than 90% of global reserves [1]. The China Tungsten Industry website reports that China
has about 60% of the world's tungsten reserves (3.2 million tons), followed by Russia (250,000 tons), Canada
(120,000 tons) and Bolivia (53,000 tons), based on 2023 United States Geological Survey (USGS) statistics
[2]. English literature indicates that scheelite dominates North America (such as Nevada, USA), with a WO;
content of 70%, while wolframite is dominant in Asia, with a WOs content of 50-60% [3]. A German study
detailed wolframite reserves in the Erzgebirge Mountains, with an average WOs content of 55%, with the ore
mainly in 1-5 mm particles and associated cassiterite ( SnO: ) of about 0.5%, confirmed by X-ray fluorescence
(XRF) analysis [4]. Russian data supplemented that the Fe:Mn ratio of wolframite reserves in the Far East is
3:1, the deposits are buried at a depth of 500-1000 m, and the associated minerals include pyrite ( FeS: ), as
determined by geological drilling [5].

3.1.1 Mineral characteristics

Scheelite is a tetragonal crystal with a density of 5.9-6.1 g/cm® , a Mohs hardness of 4.5-5, a color ranging
from white to gray, and often contains 0.1-0.5% Mo impurities [6]. According to the China Tungsten Industry
website , scheelite emits blue fluorescence under ultraviolet light and is used for preliminary screening of
ore. The experiment uses a 254 nm ultraviolet lamp and a sample size of 5x5 cm [7]. Wolframite is a
monoclinic crystal with a density of 7.1-7.5 g/cm?, a hardness of 5-5.5, a black or brownish black color, and
a weak magnetic property (magnetic susceptibility 10 ° emu/g), as measured by a vibrating sample
magnetometer (VSM) [8]. French research shows that scheelite is easily weathered into powder, with CaCOs
(0.01 mm thick) generated on the surface , which is observed by a scanning electron microscope (SEM) [9].
Japanese research found that the higher the Mn content in wolframite (>20%), the lower the WOs extraction
efficiency by 5%, because the solubility of MnWOs is lower than that of FeWOa4 [ 10 ].
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3.1.2 Global distribution and mining

The reserves of scheelite in Hunan and Jiangxi in China account for 70% of the country's total reserves. For
example, the Dajishan Mine has a WO; grade of 0.8%, an annual output of 5,000 tons of tungsten concentrate ,
and a mining depth of 800 m [11]. The annual output of scheelite in the Russian Far East is 3,000 tons, with
a WOs grade of 0.5-1%. It is mainly open-pit mining and the mining area is 50 km? [ 12]. The Cantung Mine
in Canada is mainly scheelite with a WOs content of 1.2%. The underground mining depth is 400 m, with an
annual output of 2,000 tons and associated copper of 0.2% [13]. The Erzgebirge deposit in Germany has been
discontinued due to its low grade (0.3% WOs ), and the mining cost is about US$80/ton [14]. Korean research
shows that the Sangdong Mine has a scheelite reserve of 100,000 tons, a WOs grade of 0.7%, and a mining
recovery rate of 85%, as determined by flotation experiments [15].

3.1.3 Application and reserve analysis

Tungsten ore is used to produce tungsten powder, alloys, etc. For example, a mine in Hunan produces 1,000
tons of 99.95% pure tungsten powder with a particle size of 2 um per year for cemented carbide
manufacturing[16]. Russian data show that tungsten concentrate (WO3 >65%) in the Far East mining area is
exported, with an annual transaction volume of approximately US$50 million[17]. In theory, the distribution
of reserves is related to mineralization. Scheelite is often associated with granite ( SiO » >70%), while
wolframite is related to pegmatite. The mineralization temperature is 300-500°C, and the calculation is based
on oxygen isotope analysis (8 ! # O=8-12%o)[18].

3.2 Tungsten Ore Beneficiation Technology (Physical and Chemical Methods)
3.2.1 Gravity separation and magnetic separation

Gravity separation utilizes the high density of tungsten ore and uses a shaking table for separation. The feed
size is 0.02-2 mm and the WOs recovery rate is 90%. According to the website of China Tungsten Industry ,
a factory in Jiangxi processed scheelite (WOs 0.5 %) with a shaking table speed of 25 r/min and a water flow
of 10 L/min, and the concentrate grade reached 50% [20]. German research used a centrifugal gravity
separator (3000 rpm) to process wolframite (WOs 0.8 %) with a recovery rate of 92%, a concentrate WOs
content of 60%, and associated sulfides reduced to 0.1% [21]. Magnetic separation of wolframite and quartz
( Si02 ) with a magnetic field strength of 1.5 T and a recovery rate of 85%. The experiment used a wet high-
gradient magnetic separator with a sample size of 500 g [22].

3.2.2 Flotation technology

of scheelite and calcite ( CaCOs ) uses sodium oleate (0.2 kg/t) as a collector, pH 9-10, and a WOs recovery
rate of 88%. Japanese research tested the flotation of wolframite, with the reagent being sodium dodecyl
sulfate (0.1 kg/t), the flotation machine speed being 1200 rpm, the WOs content of the concentrate being 65%,
and the tailings being 0.05% [23]. South Korea experimented with optimizing the flotation of scheelite, with
a bubble diameter of 0.5 mm and a frother pine oil (0.05 kg/t), the recovery rate was increased to 90%, and
the WO: content of the concentrate reached 55% [24]. French research pointed out that with a flotation foam
thickness of 10 cm and a stirring time of 5 minutes, the WOs enrichment ratio reached 10:1 [25].

3.2.3 Application and efficiency analysis

Ore concentrate is used for smelting. For example, a plant in Jiangxi produces 3,000 tons of tungsten
concentrate (WOs >65%) per year for APT (ammonium paratungstate) production[26]. Russian data show
that the combined gravity separation and flotation process can process Russian wolframite with a total
recovery rate of 95% and a cost of about US$20/ton[27]. In theory, gravity separation efficiency is
proportional to the particle density difference ( Ap >2 g/cm * ), and flotation depends on surface
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hydrophobicity. The surface energy is calculated as y=50 mJ /m 2 [28].

3.3 Tungsten smelting process (roasting and leaching)

Tungsten smelting involves roasting and leaching to convert the ore into soluble tungsten compounds[29].
3.3.1 Calcination process

Scheelite was roasted at 650°C and an air flow of 100 L/min to produce Cas ( WO4 ) 2, with a WOs recovery
rate of 95%. The China Tungsten Industry website records that the ore particle size was <5 mm after roasting
in a rotary kiln (2 m in diameter and 20 m in length), and the CaWOs conversion rate was 98% after roasting
for 4 hours [ 30 ]. German research on roasting wolframite (700°C, O: partial pressure 0.2 atm) produced
WOs and Fe:0s , and XRD analysis showed that the WOs grains were 10 pm [31]. The Japanese experiment
was roasted at 800°C and 10% O: atmosphere , and the WOs volatilization loss was <1%, and the tail gas
was absorbed by Ca(OH) 2 [32].

3.3.2 Leaching process

The roasted product was leached with NaOH (10 mol/L, 90°C) to generate Na - WO 4, and the reaction was:
Ca3(W04)2+2NaOH—2Na2WO04+Ca(OH)2Ca 3 (WO 1) 2 + 2NaOH — 2Na > WO 4+ Ca(OH) 2 Ca3 ( WO4
) 2 + 2NaOH—2Na2 W04 + Ca(OH)2

A Korean study measured a leaching rate of 96%, a stirring rate of 300 rpm, a leaching time of 2 hours, and
a solution WOs concentration of 50 g/L [33]. Russian data supplemented that scheelite roasted sand was
treated with HCI leaching (6 mol/L, 80°C) to generate H - WO 4 precipitate with a recovery rate of 93% and
a purity of 98% after filtration [34]. The French experiment optimized leaching with a solid-liquid ratio of
1:10, a Na2WOs. yield of 97%, and a residual Ca content of <0.1% [35] .

3.3.3 Application and theory

For example, a Chinese plant produces 2,000 tons of APT per year with a purity of 99.9% and a crystal size
of 20 um [36]. Theoretically, the leaching kinetics is diffusion controlled, with an activation energy ( Ea ) of
about 40 kJ/mol and a rate equation of:

v=k[OH — ] nv =k [OH”"-]"nv=k[OH — |n

n~1, k=0.05 mol/( L-h) (90°C) [37].

3.4 Tungsten purification technology (solvent extraction and ion exchange)

Purification to separate tungsten from Na:WOs solution[ 38 ] .

3.4.1 Solvent extraction

The China Tungsten Industry website records that the extraction tower is 5 m high, the flow ratio is 1:2, the
WO:; concentration is reduced from 50 g/L to 0.1 g/L, and the extraction time is 10 minutes [39]. Japanese
research optimized the extraction, the temperature was 40°C, NH 4+ OH (2 mol/L) was used for back
extraction , the recovery rate was 99%, and the WOs purity was 99.95% [40]. The German experiment
measured the extraction distribution coefficient D=50 and the extraction level was 3 [41].

3.4.2 Ton exchange

Anion exchange resin (D201) adsorbs WO 4 2 ~, flow rate 2 BV/h, adsorption capacity 100 g/L. China
Tungsten Industry website reported that the resin column diameter is 1 m, height 3 m, WOs recovery rate is

97%, and the eluent is NH 4 Cl (1 mol/L) [42]. South Korea studied the optimization of ion exchange, pH 7,
Mo impurity removal rate 95%, WOs purity 99.98%, and resin regeneration rate 90% [43]. Russian data
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supplemented that the strong alkaline resin treated Si-containing solution with a Si removal rate of 98%, and
500 mL of solution was used in the experiment [44].

3.4.3 Application and theory

Purification of tungsten is used for high-purity tungsten powder. For example, a factory produces 500 tons
0f 99.999% tungsten powder per year with a particle size of 1 pm [45]. The extraction efficiency is related
to the WO 42~ coordination, and the distribution coefficient D is exponentially related to pH:

D=ke —n-pHD =ke"{-n\cdot pH} D =ke —n - pH

k=100, n=~0.5 (pH 2-3) [46].

3.5 Tungsten powder and alloy preparation (reduction and sintering)
Tungsten powder and alloy are the final products of tungsten processing [47].
3.5.1 Hydrogen reduction

APT is reduced in H: ( 800°C, flow rate 50 L/min) to produce tungsten powder with a particle size of 2 pm
and a purity of 99.95%. The China Tungsten Industry website records that the reduction was carried out in a
tubular furnace (diameter 0.5 m, length 3 m) for 4 hours, and the O content was <0.05% [48]. Japanese
research measured a particle size of 1 pm after reduction at 600°C , and TEM showed a grain uniformity of
+10% [49]. German experiments reduced at 1000°C with a yield of 98%, and XRD confirmed the BCC
structure (a=3.165 A ) [50].

3.5.2 Sintering process

Tungsten powder was sintered (2000°C, Ar atmosphere, 50 MPa) to produce tungsten rods with a density of
19.2 g/cm? . The China Tungsten Industry website reported that the hot press furnace (diameter 0.3 m) was

sintered for 2 hours and the grain size was 20 um [51]. Russian data supplemented that W-Ni-Fe alloy (90:7:3)
was sintered (1500°C) with a density of 18.5 g/cm® and a tensile strength of 900 MPa [52]. South Korea

studied the optimization of sintering and added 0.5% La, with a density of 19.23 g/cm? and a hardness of HV

450 [53].

3.5.3 Application and theory

Tungsten rods are used for electrodes, with an annual output of 1,000 tons, a diameter of 5 mm, and resistance
to 2,000°C [54]. The alloy is used in aviation, with an annual output of 500 tons, and is resistant to high
temperature fatigue [55]. The reduction reaction is first-order kinetics, Ea~120 kJ/mol, and the rate is
controlled by the H: partial pressure [56].

3.6 Environmental Impact and Control in Tungsten Processing

Tungsten processing involves environmental issues that need to be controlled[57].

3.6.1 Waste gas and wastewater

Roasting produces SOz ( 100 mg/m? ) , and flotation uses Na.S to generate H=S ( 50 mg/ m* ). According to
the website of China Tungsten Industry , a factory in Jiangxi Province used Ca(OH) 2 to absorb SO: , with
an efficiency of 95% and exhaust gas emissions of <10 mg/m? [ 58]. A German study measured the WOs
content of the leached wastewater to be 0.5 g/L, pH 2, and neutralized it with lime to pH 7, with a WOs

precipitation rate of 98% [59]. The Japanese experiment optimized wastewater treatment, using activated
carbon to adsorb Mo, with an efficiency of 90%, and WOs <0.01 g/L in the effluent [ 60].
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3.6.2 Solid waste treatment

Tailings (WOs 0.05 %) are stored in piles, with an annual output of 100,000 tons. The China Tungsten
Industry website reported that tailings are used to make bricks with a compressive strength of 20 MPa and
an annual processing capacity of 50,000 tons [61]. Russian data supplemented that roasted slag ( FeOs >
50%) is used to recover iron, with an annual output of 1,000 tons and a magnetic separation recovery rate of
90% [62]. South Korea is studying the use of tailings to make cement, with a WOs residue of <0.01% and a
strength of 30 MPa [63].

3.6.3 Control and theory

The cost of waste gas treatment is about US$5/ton of ore, and the wastewater recycling rate reaches 80%
[64]. Theoretically, SO2 adsorption is a surface reaction, Ea~30 kJ/mol, and the treatment efficiency is
proportional to the Ca(OH) » concentration [65].
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Chapter 4 Application and Industrial Value of Tungsten
4.1 Application of tungsten in cemented carbide

Tungsten is widely used in cemented carbide manufacturing in the form of tungsten carbide (WC), and is
highly favored for its high hardness and wear resistance [1]. According to the China Tungsten Industry
website , the global annual production of cemented carbide is about 60,000 tons, of which more than 90%
contains tungsten, and WC accounts for 70-95% [2]. English literature points out that the hardness of WC
(HV 1500-2000) is close to that of diamond (HV 10000), and its wear resistance is 10 times higher than that
of high-speed steel, making it suitable for cutting tools and wear-resistant parts [3]. German research details
that when WC-Co (cobalt content 5-15%) cemented carbide is used to cut 45# steel, the cutting speed can
reach 200 m/min, the tool life is 300 minutes, and the wear is only 0.05 mm, as measured by a wear tester
[4]. Russian data adds that WC-based cemented carbide has a temperature resistance of up to 1000°C and a
thermal expansion coefficient of 5.5x10 ¢ /K, making it suitable for high-temperature processing
environments [5].

4.1.1 Cemented Carbide Preparation and Properties

WC powder (particle size 1-2 pm ) is mixed with Co powder and sintered at 2000°C and 50 MPa to produce
cemented carbide with a density of 14.5-15.0 g/cm?® . According to the website of China Tungsten Industry ,
a certain factory uses a hot pressing sintering furnace (diameter 0.5 m) and sintering for 2 hours. The grain
size is 10-20 um , the hardness is HV 1800, and the bending strength is 3000 MPa [6]. Japanese research
optimizes the WC-Co ratio ( WC:Co = 90:10), sintering at 1500°C, the hardness is HV 1900, the fracture
toughness (K_IC) is 12 MPa-m "(1/2), and the grain uniformity is 5% through XRD and SEM analysis [7].
In a Korean experiment, 0.5% Cr;C: was added to improve corrosion resistance. The corrosion rate was
reduced to 0.01 mm/year in 1 mol/ LH2SOs4 . The test was conducted using an electrochemical workstation[8].
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4.1.2 Cutting and wear-resistant applications

When cutting stainless steel (SUS304) with a carbide tool at a speed of 1000 rpm and a feed rate of 0.1 mm/r,
the tool life is five times longer than that of high-speed steel, and the chip thickness is 0.05 mm. The China
Tungsten Industry website reported that a factory produces 100,000 tools per year, and the blade wear is
<0.02 mm [9]. German research shows that the wear rate of WC-Co wear-resistant coating (thickness 50 um )
used for excavator teeth is 0.03 mm/1000 hours, extending the life by 50%, as measured by a wear tester [10].
Russian data show that WC-based rollers withstand a pressure of 10 MPa in mining equipment and have a
wear life of 5000 hours [11].

4.1.3 Theory and development trend

The performance of cemented carbide comes from the CW bond energy of WC (~850 kJ/mol). According to
DFT (GGA-PBE) calculation, the hardness is inversely proportional to the grain size (Hall-Petch
relationship):

HV=HV0+kd — 1/2HV=HVO0 + kd — 1/2

where HV_0=1500, k=200 MPa-um ~(1/2), and d is the grain size [12]. Future trends include nano WC (<100
nm), which increases the hardness to HV 2500 and the toughness by 20%, which is verified by plasma
sintering (SPS) [13].

4.2 Application of tungsten in high temperature alloys (aviation and energy)

Tungsten is used in high-temperature alloys such as acrospace engine turbine blades due to its high melting
point (3422°C) and strength [14].

4.2.1 High temperature alloy composition and preparation

a tungsten content of 5-10% are sintered at 1500°C and have a density of 17.5-18.0 g/cm® . The China
Tungsten Industry website records that a certain factory uses a vacuum melting furnace (10 ~* Pa) and melts
for 2 hours. The alloy has a tensile strength of 1200 MPa and a yield strength of 900 MPa [15]. Japanese
research optimizes W-Mo alloy (W:Mo=7:3), sintered at 2000°C, and the creep rate is 10 ¢ s ~ ! at 1400°C
and 50 MPa, as determined by high-temperature tensile tests [16]. German experiments added 5% Re, and
the oxidation resistance was increased by 30%. The thickness of the surface oxide layer was only 5 pum at
1500°C , and XPS analysis was used [17].

4.2.2 Aviation and energy applications

W-Ni alloy turbine blades withstand 1600°C and 20 MPa in gas turbines, with a service life of 10 # hours.
The China Tungsten Industry website reported that a factory produces 5,000 blades per year, weighing 50
g/piece, and its thermal fatigue resistance is 30% better than that of pure Ni alloy [18]. Russian data show
that W-Mo alloy is used for nuclear reactor cooling tubes (diameter 20 mm), operating at 2500°C and 10
MPa for 5,000 hours, with a creep amount of <0.1% [19]. Korean research shows that W-based alloys are
corrosion-resistant in molten salt reactors, with a corrosion rate of 0.02 mm/year at 600°C in NaCl- KC1[20].

4.2.3 Theory and prospects

High temperature strength comes from the BCC structure and high melting point of tungsten. The creep
activation energy ( Ea ) is about 300 kJ/mol, calculated based on the Arrhenius equation:

€ '=Aone — Ea/RT € '= Aone — Ea/RT A=10 ®°s !, n=5, R=8.314 J/( mol-K ) [21]. Prospects include W-
Re alloys (Re>10%), with temperature resistance increased to 1800°C, which is being experimentally verified
[22].
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4.3 Application of tungsten in the electronics industry (electrodes and targets)

Tungsten is used as electrodes and sputtering targets in the electronics industry due to its high conductivity
and stability[23].

4.3.1 Electrode preparation and performance

Tungsten rod (2 mm diameter) was drawn into an electrode with a resistivity of 5.65%10 ® Q-m . According
to the website of China Tungsten Industry , a certain factory produces 100,000 electrodes per year, operates
at 2000°C for 5000 hours, and has a current density of 100 A/cm? [ 24]. Japanese research optimized W-
ThO: electrodes ( ThO: 2 %), reduced the ignition voltage by 10%, and achieved a lifespan of 6000 hours, as
measured by vacuum discharge experiments [25]. German experiments measured that the resistivity of W
electrodes at 10 MHz rose to 6.0x 1078 Q-m , surface roughness Ra 0.05 um [26].

4.3.2 Target Application

Tungsten targets ( e.g., a certain product has a diameter of 300 mm and a thickness of 5 mm) are used for
semiconductor sputtering, with a purity of 99.999%. According to the China Tungsten Industry website , a
certain factory produces 5,000 targets per year, with a sputtering rate of 0.5 um /min and a film thickness
uniformity of +5% [27]. South Korea has studied the optimization of W-Ti targets (W:Ti=9:1), with a
resistivity of 10 pQ-cm and a grain size of 20 nm, as measured by SEM and the four-probe method [28].
Russian data show that W targets can withstand 100 kV in an X-ray tube and have a lifespan of 10 * exposures
[29].

4.3.3 Theory and development

The conductivity is due to the high electron mobility of tungsten (~10 cm? /(V - s)), and the resistivity
increases with temperature (5.0x 1077 at 2000°C). Q-m ), calculated based on the Boltzmann equation [30].
Future developments include W-Cu composite targets, which have a 20% increase in conductivity and are
being experimentally verified [31].

4.4 Application of tungsten in medical treatment and protection (shielding and detection)
Tungsten is used in radiation shielding and detectors due to its high density (19.25 g/cm?) .[32]
4.4.1 Radiation Shielding

Tungsten plates (5 mm thick) shield 100 kV X-rays with an attenuation rate of 99%. According to the China
Tungsten Industry website , a certain factory produces 10,000 shielding plates per year, weighing 0.96
kg/dm? , which is 30% more efficient than lead (1.13 kg/dm? ) [33]. German research has measured that a 10
mm tungsten plate shields 1 MeV neutrons with an attenuation rate of 95%, which was verified by Monte
Carlo simulation [34]. Japanese experiments have optimized W-Ni-Fe alloy (density 18.5 g/cm?® ) to shield
gamma rays (0.5 MeV) with an attenuation rate of 98% [35].

4.4.2 Detector Application

Lead tungstate (PbWO 4 ) crystals (5x5%20 mm) are used in scintillation detectors with a luminous efficiency
of 300 photons/MeV. The China Tungsten Industry website reported that a certain factory produces 5,000
crystals per year with a decay time of 10 ns [36]. South Korea has studied the optimization of crystal growth
( Czochralski method), with a transmittance of 80% and impurities <0.01% [37]. Russian data show that
PbWO 4 detects 10 GeV particles in high-energy physics experiments with an energy resolution of 2% [38].

COPYRIGHT AND LEGAL LIABILITY STATEMENT

Copyright© 2024 CTIA All Rights Reserved B1E/TEL: 0086 592 512 9696
AR AS CTIAQCD-MA-E/P 2024 ki CTIAQCD-MA-E/P 2018-2024V
www.ctia.com.cn sales@chinatungsten.com

% 50 71 # 309 ™


https://wiki.ctia.com.cn/2025/03/36294/
http://www.chinatungsten.com/
mailto:sales@chinatungsten.com

4.4.3 Theory and Trend

Shielding capability is related to density and atomic number (Z=74), with an attenuation coefficient of u=0.1
cm ' (100 keV), calculated based on the Beer-Lambert law [39]. Trends include nano -tungsten composites,
which have increased shielding efficiency by 10% [40].

4.5 Application of tungsten in other fields (lubrication and catalysis)
Tungsten is also used in lubrication and catalysis[41].
4.5.1 Lubricating materials

Tungsten disulfide (WS. ) has a friction coefficient of 0.03 and is used for aerospace bearing coatings (10
um ). According to the China Tungsten Industry website , a certain factory produces 5,000 coatings per year,
and the wear is less than 0.01 mm when operated at 500°C and 10 MPa for 1,000 hours [42]. Russian data
show that WS:  is 50% more wear-resistant than MoS : (0.1), as measured by a friction tester [43]. Japanese
research has optimized the WS interlayer spacing (6.18 A ), and TEM has confirmed stability [44].

4.5.2 Catalytic Application

WO:; catalyzes methane reforming (CH4 + H2O — CO + 3H: ), with a conversion rate of 85% at 900°C and
CHa : H20 = 1:2. The China Tungsten Industry website reported that a certain plant produces 100 tons of
catalyst per year, with a pore size of 10 nm, and GC-MS verified the efficiency[45]. A Korean study measured
that WOs has a band gap of 2.6 eV and photocatalytic degradation of methylene blue (10 mg/L) by 90%, with
300 W xenon lamp irradiation for 90 minutes[46].

4.5.3 Theory and Prospects

The lubricity of WS: is due to the weak van der Waals forces between the layers (~10 kJ/mol), and the
catalytic activity of WO:s is related to the WO bond energy (672 kJ/mol) [47]. Prospects include WSz - WC
composite lubricants, with the friction coefficient reduced to 0.02 [48].

4.6 Industrial Value and Economic Analysis of Tungsten

The wide application of tungsten establishes its industrial value[49].

4.6.1 Economic output

The global tungsten market has an annual output value of approximately US$5 billion, with China accounting
for 60%. According to the China Tungsten Industry website , the price of tungsten concentrate in 2023 will
be approximately US$120/ton WO; and US$300/ton APT[50]. German research shows that the annual output
value of cemented carbide tools is US$2 billion, with a growth rate of 5%[51]. Japanese data shows that the
electronic target market is worth US$500 million annually[52].

4.6.2 Strategic significance

Tungsten is a key strategic metal. The United States reserves 5,000 tons, and China’s export quota is 20,000
tons per year.[53] Russian data adds that tungsten is used in armor-piercing shells in the military industry,

with an annual demand of 1,000 tons.[54] South Korean research emphasizes the potential of tungsten in the
field of new energy, such as fuel cell electrodes.[55]
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4.6.3 Theory and future

Tungsten is related to its scarcity (reserve/production ratio < 50 years) and irreplaceability, and economic
models predict that the price will rise to US$150/ton WOs by 2030 [ 56].
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Chapter 5 Exploration and Distribution of Tungsten Deposits
5.1 Types and geological characteristics of tungsten deposits

Tungsten ore is mainly divided into wolframite and scheelite. Its geological characteristics are closely related
to the mineralization environment and are an important basis for exploration and mining [1]. According to
the China Tungsten Industry website , wolframite ( Fe, Mn ) WO 4 is dark brown to black, with a hardness of
5-5.5 and a specific gravity of 7.1-7.5 g/cm * . It is often associated with cassiterite, molybdenite, and pyrite.
The crystals are needle-shaped or plate-shaped, with clear cleavage surfaces under a microscope and a grain
diameter of 0.1-1 mm; scheelite CaWO 4 is white to light yellow, with a hardness of 4.5-5 and a specific
gravity of 5.9-6.1 g/cm * . It is often associated with quartz veins or fluorite and emits blue fluorescence under
ultraviolet light. The mineral characteristics are confirmed by XRD (X-ray diffraction, 26=18.5° peak) and
SEM (scanning electron microscope, magnification 5000 times) analysis [2]. Portuguese literature describes
that tungsten ore ( Minério de tungsténio ) is mostly formed near granite intrusions, accompanied by high-
temperature hydrothermal action, with a vein thickness of 0.5-2 m and a WO; grade of 0.1-0.5%. Taking the
Panasqueira mining area as an example, the mineralized zone is 500 m deep, and the associated minerals
include pyrite (5-10%), arsenopyrite (1-2%) and a small amount of fluorite. The geological profile shows
that the ore body has a dip angle of 20°-40°, which is collected from 50 drill hole data [3]. Persian and Arabic
studies supplement this from the perspective of genesis, revealing the diversity and regional characteristics
of tungsten ore formation.

5.1.1 Wolframite and Scheelite

Wolframite is commonly found in pegmatite and skarn deposits. The Fe/Mn ratio changes (0.2-5) and affects
its color and magnetism. When the Fe content is high, it is black with a magnetic susceptibility of 10 = SI.
When the Mn content is high, it is brown and its magnetism is weakened. According to the website of China
Tungsten Industry , the annual output of wolframite in Dajishan, Jiangxi Province is 5,000 tons of WOs . The
vein is 100-300 m long, 0.5-2 m wide, and has a grade of 0.3%. It is accompanied by Bi (0.05%), Mo (0.02%)
and Sn (0.1%). According to thin section identification (polarizing microscope, magnification 200 times) and
chemical analysis (ICP-MS, accuracy +0.01%), the ore body is buried at a depth of 50-200 m, the mining
depth reaches 300 m, and the mining area is about 20 km? [ 4]. Scheelite is common in contact metamorphic
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zones, and the Ca content is positively correlated with the fluorescence intensity ( fluorescence is strongest
when CaO is 10-15 wt %, with a wavelength of 365 nm). Portuguese research indicates that Panasqueira
scheelite reserves are 100,000 tons, the mineralized belt width is 5-10 m, WO; grade is 0.2%, and associated
fluorite (5-10%), quartz (20-30%) and a small amount of calcite are present. The geological profile measured
the ore body with an inclination of 30°, and the veins are distributed along the NE-SW fault, with a thickness
variation of £20%, which was verified by 50 drill holes (50 m apart) and geochemical analysis (W content
error £5%) [5]. English literature supplements that wolframite is resistant to weathering (weathering rate
<0.01 mm/year), while scheelite is easily decomposed into WOs and CaCO:s ( weathering rate 0.05 mm/year),
which affects the identification of ore bodies during exploration. The experiment used a weathering test
(humidity 80%, temperature 25°C, lasting 90 days, and sample mass loss measurement) [6]. Russian data
( Teomorus Volkswagen (Volkswagen ) further pointed out that wolframite is often associated with low-
temperature hydrothermal fluids (200-300°C), and the ore-forming fluid contains 5-10 wt % NaCl, while
scheelite is associated with high-temperature hydrothermal fluids (350-450°C), and the fluid contains 3-8
wt % KCIl , as determined by fluid inclusions (microthermometer, accuracy +2°C) [7]. Japanese research
(Tangusten Mineral Science) supplemented that the aspect ratio of wolframite crystals is 5:1, while scheelite
is more uniform (1:1-2:1), which affects the efficiency of mineral processing. The experiment used flotation
test (recovery rate 85%) [8].

5.1.2 Research on the Origin of Tungsten Ore in Persian and Arabic

Persian literature ( oxoeS5sshas sl Jd ) analyzed the Chahpalang tungsten mine in Iran and believed
that it was related to intermediate-acidic intrusive rocks ( SiO 2 60-70 wt %, Al 2 O 3 15-20 wt %), with a
mineralization temperature of 300-400°C, a fluid pH of 4-5, a mineralization depth of 2-3 km, and associated
Sn (0.1%), W (0.2%) and trace As (0.01%). The study used isotopic analysis (6 > * S=-5%o to +2%o, 6 ! # O=8-
12%o), indicating that sulfur and oxygen originated from the mixing of magma and the crust. The vein is 0.2-
1.5 m wide and distributed along the NW-SE fault. The ratio of ore body thickness to depth is about 1:8. The
geological survey covers 50 km 2, 10 holes are drilled (depth 500 m), and the measured grade variation is
+10% [9]. Arabic Studies ogrdg sdsszThe study of the Abu Kharif mine in Egypt focused on the tungsten
ore deposited by hydrothermal action, with a WO; grade of 0.15%, associated with Cu (0.5%), Au (0.01 g/t)
and a small amount of Zn (0.05%). The mineralization pressure was 50-100 MPa, the fluid temperature was
250-350°C, and it contained CO:2 5-10 mol%, Hz S 1-3 mol%. The vein is 0.1-1 m thick, distributed along
the edge of the granite, and is about 500 m long. The study was confirmed by fluid inclusions
(microthermometer, accuracy £1°C), core analysis (XRF, W content error £0.02%) and geological mapping
(scale 1:5000, covering 10 km?) . The ore body has a dip of 45° and the associated mineralized belt is 0.5 m
wide [10]. Both emphasize that structural fractures control the distribution of ore veins. Persian research
emphasizes magmatic activity, while Arabic research focuses on hydrothermal circulation. The
mineralization model shows that W concentration is positively correlated with fracture density (R = 0.75).

5.1.3 Theory and geological model

The enthalpy change of wolframite formation is AH~=-500 kJ/mol, and that of scheelite is AH=-300 kJ/mol
(thermodynamic calculation, temperature 400 K, pressure 0.1 MPa). The geological model shows that the
mineralization decays exponentially with the distance from the granite intrusion (e = *, k=0.5km ~ !, x is
the distance). The predicted ore body thickness to depth ratio is 1:10, which is applicable to global tungsten
exploration. French research ( Géologie des gisements de tungsténe ) supplemented that the width of the
mineralized zone is proportional to the fluid flow rate (Q=10 ~° -10 ~ 3 m 3 /s), which was verified by numerical
simulation (COMSOL, mesh 10 “ unit) [11]. German literature ( Geologie von Wolframlagerst & tten ) points
out that wolframite is related to low-temperature mineralization (Fe/Mn ratio>1), scheelite corresponds to
high-temperature Ca enrichment (Ca/W ratio>2), and the mineralization depth is linearly related to pressure
(P=pgh, p=2.7 g/cm?®) . The experiment uses an autoclave simulation (500°C, 100 MPa, for 48 hours) [12].
Theoretical predictions show that pegmatite-type deposits have a higher WOs grade (0.5-1%), and skarn-
type deposits are more widespread (reserves account for 60%), which guides exploration priorities.

5.2 Global tungsten reserves data (statistics by country)
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As of 2025, the global tungsten reserves are about 3.5 million tons (in WOs ) , with a highly concentrated
distribution[13]. According to the China Tungsten Industry website , China's reserves are about 1.7 million
tons (accounting for 48%), with an annual output of 60,000 tons, mainly distributed in Hunan, Jiangxi and
Guangdong. The depth of the deposit is 50-500 m, the length of the vein is 100-1000 m, and the grade is 0.2-
0.5%. The data is based on geological drilling (covering 5000 km? ) and reserve assessment (error £5%)[14].
English literature (USGS) points out that the global reserves will increase by 5% (about 3.3 million tons)
compared with 2023. Due to the advancement of exploration technology and the discovery of deep mines,
Russia and Canada have reserves of about 350,000 tons each (accounting for 10%), Vietnam has 200,000
tons (5%), and Australia has 150,000 tons (4%). The reserve statistics are collected from geological reports
of various countries[15]. Multilingual data further reveals the details of reserves in various countries.

5.2.1 Data from Russia and Spain

Russian materials ( 3anmacer According to the Russian Geological Survey , Russia's reserves are concentrated
in the Far East and Siberia, about 350,000 tons, with an annual output of 5,000 tons. The Khabarovsk mining
area has a reserve of 100,000 tons, a grade of 0.2%, a burial depth of 300 m, a vein width of 1-3 m, and
associated Mo (0.05%) and Sn (0.1%). The mining cost is about US$160/ton WOs . Geological surveys use
drilling (20 holes, 400 m deep) and geochemical sampling (1,000 samples, W content error £0.01%) [16].
Spanish studies ( Reservas de tungsteno ) record that Spain has reserves of about 50,000 tons, mainly in
Galicia and Castile. The Los Santos mine produces 1,000 tons per year, with a WOs grade of 0.1%. The vein
is 0.5-2 m wide and 200-500 m long. The mineralized zone is 100-250 m deep, with associated Cu (0.2%).
The reserve error measured by geological surveys is £10%, which has been verified by 50 drill holes and
gravity measurements (accuracy 0.1 mGal ) [17]. Both countries are dominated by skarn -type deposits. The
Russian mining area is larger in scale, while the Spanish veins are more scattered.

5.2.2 Reserves in other countries

According to the website of China Tungsten Industry , the Phuoc Son mine in Vietnam has a reserve of
200,000 tons, an annual output of 8,000 tons, a grade of 0.4%, a mineralized zone of 1 km long, 5-15 m wide,
and a burial depth of 200-400 m. It is associated with Au (0.02 g/t) and a mining recovery rate of 85%. The
data is based on geological mapping (scale 1:10,000) and drilling (30 holes, 300 m deep) [18]. English
literature points out that Australia has a reserve of 150,000 tons, an annual output of 2,000 tons, a grade of
0.3%, an ore body of 500 m long, and a burial depth of 150 m. It is associated with Mo (0.1%) and Bi (0.05%).
The reserves are estimated by Kriging (grid 50x50 m, error £8%) [19]. The Panasqueira mine in Portugal has
a reserve of 100,000 tons, a grade of 0.2%, an annual output of 1,500 tons, a vein width of 5-10 m, a depth
of 500 m, and associated Sn (0.1%) and As (0.02% ) . The data was verified by geological drilling (40 holes,
a depth of 600 m) and geochemical analysis (W content error £5%) [20]. "] 7%F ) added that the Sangdong
mine in South Korea has a reserve of 80,000 tons, a grade of 0.5%, an annual output of 1,000 tons, and a
burial depth of 200-300 m. The associated Zn (0.3%) was determined by drilling (15 holes, a depth of 400
m) and gravity separation tests (recovery rate of 90%) [21]. The global reserve distribution is related to plate
tectonics. China is dominated by the South China metallogenic belt, with a reserve concentration of more
than 50%.

5.2.3 Theory and reserve assessment

Reserve estimation is based on geological statistics, using Kriging ( range 500 m, block model 10* unit ),
with an error of <15%. Reserve growth is positively correlated with exploration investment (R? = 0.85), with
an investment of about US$1 billion in 2025 and an additional reserve of 200,000 tons. Russian research
( Omenka zapasov The French literature (Evaluation des ré serves de tungst & ne) pointed out that the
proportion of deep mines (>500 m) has increased to 30%, and they are located by seismic wave exploration
(Vp = 5.5 km/s) [22]. The French literature ( E valuation des ré serves de tungst ¢ ne ) supplemented that
reserve assessment needs to consider mineralization continuity (correlation coefficient p = 0.7) and economic
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exploitability (grade > 0.1%). It is predicted that the reserves will reach 3.8 million tons in 2030. Due to
technological progress and increased exploration depth (1000 m), the model uses Monte Carlo simulation
(10 ° iterations, confidence level 95%) [23]. Theoretical analysis shows that skarn- type deposits account for
60% of the reserves, while pegmatite-type deposits have high grade but small scale (accounting for 20%),
guiding the global reserve development strategy.

5.3 Tungsten ore exploration technology (international technology comparison)

Tungsten ore exploration relies on a variety of technologies, and there are significant differences in methods
and efficiency between countries[24].

5.3.1 Gravity measurement and remote sensing technology

Japanese literature ( exploration technology) describes that Japan uses gravity measurement (accuracy 0.1
m@Gal , instrument Scintrex CG-5) to detect tungsten ore density anomalies ( Ap = 0.5 g/cm?® ) , combined
with Landsat-8 remote sensing (resolution 30 m, band 2.2 pum ) to identify mineralized zones, and
successfully locates the Kyushu mining area. The vein width is 1-3 m, the grade is 0.2%, the exploration area
is 100 km? , the ore body is buried 200 m deep, the gravity anomaly value is 0.5-1 mGal , and the remote
sensing image analysis coverage is 90% [25]. French research (Techniques d'exploration ) pointed out that
France used airborne gravimeters (resolution 0.05 mGal , flight altitude 500 m) to explore Massif Central,
combined with SPOT satellite data (resolution 10 m, band 1.6-2.4 um ), with a detection depth of 200 m, ore
body grade 0.15%, vein length 300-500 m, gravity anomaly 0.3-0.8 mGal , exploration cost about 50
euros/km? , confirmed by 10 flights (total length 1000 km) and ground verification (20 samples), with an
error of £5% [26]. The combination of the two technologies improves exploration efficiency by 20%. Japan
focuses on ground accuracy, while France emphasizes aerial coverage.

5.3.2 Exploration cases in China

In a mining area in Jiangxi, ground gravity measurement (grid 50x50 m, accuracy 0.1 mGal ) and magnetic
method (sensitivity 0.1 nT , instrument GSM-19T) were used to locate wolframite. The ore body was buried
at a depth of 100-300 m, with an annual exploration of 50 km? . A reserve of 50,000 tons was found with a
grade of 0.3%. The vein width was 1-2 m, the gravity anomaly was 0.4-0.9 mGal , the magnetic anomaly
was 50-100 nT , and the drilling verification rate was 90% (20 holes, depth 400 m). In addition, electrical
methods (resistivity change Ap = 100 Q-m , instrument WDJD-4) and seismic waves ( Vp = 5 km/s,
instrument Geode) were used to detect scheelite. The vein was 2 m thick and the resistivity was abnormally
200-300 Q'm . The exploration cost was about 500,000 yuan/year, and the efficiency was 30% higher than
that of traditional drilling . The results were determined by 50 measuring points and 10 seismic wave
reflection tests (covering 20 km? ) [27]. In a case study of a mining area in Hunan, drone remote sensing
(resolution 0.2 m, camera DJI Zenmuse X7) and ground induced polarization (current 50 mA, line length 1
km) were used to discover reserves of 30,000 tons, a grade of 0.4%, and a mineralized belt width of 5 m. The
exploration time was shortened by 20% (6 months), the cost was reduced to 400,000 yuan/year, and the
verification rate was 95% (15 holes, depth 300 m) [28]. Chinese technology combines multiple geophysical
methods to adapt to complex terrain.

5.3.3 Theoretical and Technological Advances

Gravity measurements are based on density comparison ( Ap « g, g=9.8 m/s? ) , and remote sensing uses
spectral features (WOs absorption peak 2.2 um , reflectivity change +£10%). Technological advances include
Al analysis (convolutional neural network CNN, training samples 10* , accuracy improved by 15%) and
drone remote sensing (resolution 0.1 m, coverage of 500 km? / day), supplemented by German research
( Fortschritte in der Wolframerkundung ), 3D modeling (software Surpac , grid 10° units ) to improve ore
body positioning accuracy by 10%, and the experiment used 100 simulated ore bodies (grade 0.2-0.5%) [29].
Spanish literature ( Tecnologias de exploracion ) points out that the detection efficiency of the integrated
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geophysical method (gravity + magnetic + electrical method) is 90%, the exploration depth is 500 m, the cost
is about US$60/km?, and the survey line layout is optimized through Monte Carlo simulation (10 * iterations)
[30]. It is predicted that the exploration depth will reach 1000 m in 2030, and the cost will drop to US$30/ton
of WOs . Al and high-resolution remote sensing (resolution 0.05 m) will dominate the technology
development. Theoretical models show that the exploration success rate has a power law relationship with
the input (P o< 1° - & | T is the input).
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Chapter 6 Tungsten Mining Technology
6.1 Contemporary tungsten mining technology and global status

Tungsten mining technology is divided into two categories: open-pit mining and underground mining . The
selection of tungsten mining technology is affected by the depth, thickness, grade, geological conditions, ore
type and economic benefits of the ore body. It is a key link in the tungsten industry chain [1]. The main types
of tungsten ore include wolframite ( Fe, MnWO 4 ), scheelite (CaWO 4 ), quartz vein type tungsten ore and
skarn type tungsten ore. The mining technology of each type is different due to different mineral composition
and occurrence state. Wolframite has a higher hardness (Mohs hardness 5.5-6) and is often found in quartz
veins with associated Sn and Mo; scheelite has a lower hardness (Mohs hardness 4.5-5) and is often found in
skarn type deposits with associated Mo and Bi; quartz vein type ore bodies are thinner (0.5-5 m) and require
precise mining; skarn type ore bodies are thicker (10-40 m) and are suitable for large-scale operations.
According to data from the United States Geological Survey (USGS) in 2024, the global tungsten production
is 81,000 tons (in terms of WO3 ) , of which China accounts for 82.7% (67,000 tons). Other major producing
countries include Vietnam (2,000 tons), Russia (2,000 tons), Bolivia (1,600 tons), Australia (1,000 tons),
Myanmar (1,000 tons), Portugal (500 tons), etc. The China Tungsten Industry website reported that China
produces about 60,000 tons of WOs annually , of which open-pit mining accounts for 30% (18,000 tons) and
underground mining accounts for 70% (42,000 tons). The data is based on the national tungsten mine
production statistics in 2025 (covering 100 mining areas) and geological exploration reports (a total of 5,000
drill holes with an average depth of 300 m) [2].

Current Situation and Technology of Tungsten Mining in China

China is the world's largest tungsten producer, with an output of 67,000 tons in 2024. The ore body is buried
at a depth of 50-1,000 m and the grade is 0.2-0.5% WOs . Some high-quality mining areas (such as Xihuashan
in Jiangxi ) reach 0.6-0.8%. The main mining areas are concentrated in Jiangxi, Hunan, Henan, Yunnan,
Fujian, Guangdong, Guangxi and other places. Mining methods include blasting (emulsion explosives,
charge 1.5-2 kg/t, hole diameter 50-120 mm) and mechanized mining. Mining efficiency is affected by ore
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hardness (Mohs hardness 5-7) and surrounding rock stability (compressive strength 50-150 MPa). Open-pit
mining is mostly used for shallow wolframite, such as in Dayu, Jiangxi; underground mining is suitable for
deep scheelite or polymetallic ores, such as Shizhuyuan in Hunan . The quota will be increased to 65,650
tons in 2021, and deep mining technology will be optimized in 2024, with the adoption of intelligent
monitoring (drones, with a resolution of 0.1 m; geological radar, with a resolution of 0.5 m) and green
processes (such as wet dust removal, with dust <5 mg/m? ; tailings backfilling, with a recovery rate increased
by 10%)[4][5].

Global Tungsten Mining Technology and Current Status

Underground mining is the main method used in the Russian Far East, with an annual output of 5,000 tons
of WOs . The ore body is buried at a depth of 200-500 m. The room-and-pillar method and the caving method
are used, with a mining efficiency of 70% and a goaf collapse rate of <5%. Stability is verified by stress
monitoring (strain gauges, accuracy +0.1 MPa) and geological radar (resolution 0.5 m), and the mine is
adapted to the cold climate (minimum -30°C) [3]. Vietnam produces 18,000 tons of WO; annually ( 2021
data), accounting for 5% of the world's total. The Nui Phao mine produces 12,000 tons of WOs annually .
The ore body is buried at a depth of 50-300 m, with a grade of 0.2-0.4%. It is a skarn- type wolframite ore
with associated Cu (0.1%), Bi (0.05%), and fluorite (5-7%), with a reserve of 66 million tons[22]; the Thien
Ke mine produces 2,000 tons of WOs annually , with a grade of 0.5-1%, and is a quartz vein type[23]. The
Hermyingyi mine in Myanmar produces 4,000 tons of WOs annually , the Dolphin Mine in Australia produces
2,000 tons of WOs annually , the Hemerdon mine in the UK produces 3,000 tons of WOs annually , and the
Panasqueira mine in Portugal produces 500 tons of WO; annually .

6.1.1 Open pit and underground mining

Open-pit mining
It is suitable for shallow ore bodies with a burial depth of less than 100 m, and is mostly used for wolframite
or mixed ores.

China (Jiangxi)

The output is 33,500 tons, accounting for 50% of the country's total output. It is mainly wolframite and quartz
vein-type, with a burial depth of 50-200 m and a grade of 0.2-0.6% WOs . A certain open-pit mine produces
10,000 tons of WO:s per year . The ore body is 500 m long, 50 m wide, 10-20 m thick, and has a grade of
0.3%. It adopts step mining (step height 10 m, slope angle 45°, working face width 20 m), blasting dosage 2
kg/t (emulsion explosive, hole diameter 100 mm, single blasting volume 2,000 t), mining ratio 5:1, annual
stripping of 500,000 tons of waste rock, dust control below 10 mg/m 3 , drainage volume 60,000 m 3 /year,
with associated Sn (0.05%) and Mo (0.02%). The geological conditions are granite surrounding rock
(compressive strength 80 MPa, thickness 20-30 m) [4].

Xihuashan Tungsten Mine

The annual output is 5,000 tons of WOs . The ore body is buried at a depth of 50-150 m, with a grade of 0.3-
0.8%. It is a quartz vein-type wolframite ore with a step height of 12 m and a slope angle of 48°. 300,000
tons of waste rock are stripped, with associated Sn (0.08%) and Mo (0.05%). The data is based on 12 months
of continuous operation production records (total output of 6,000 tons of WOs ) and geological exploration
(covering an area of 40 km? , 30 drill holes, and a depth of 150 m) [4].

China (Yunnan)

The output is 5,000 tons, mainly a mixture of black and white tungsten , with a burial depth of 50-150 m and
a grade of 0.3-0.5%. The Nanwenhe Tungsten Mine produces 2,000 tons of WOs per year , with a step height
of 10 m, a slope angle of 45°, a mining ratio of 4:1, and 200,000 tons of waste rock stripping, accompanied
by Sn (0.1%) and Mo (0.05%). The geological conditions are granite and sedimentary rock surrounding rock
(compressive strength 90-130 MPa) [7].
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Vietnam (Nui Phao )

The annual output is 12,000 tons of WOs . The ore body is buried at a depth of 50-300 m, with a grade of
0.2-0.4%. It is of skarn type, with a step height of 12 m, a slope angle of 50°, a mining ratio of 2:1, a blasting
amount of 1.8 kg/t (hole diameter of 120 mm, a single blasting amount of 3,000 t), 2 million tons of waste
rock stripping, dust control below 8§ mg/m * , a drainage volume of 200,000 m 3 /year, and associated Cu
(0.1%) and Bi (0.05%). The reserves are 66 million tons[22].

Underground mining
It is suitable for deep ore bodies, mostly used for scheelite or skarn type ores.

China (Hunan)

The output is 20,000 tons, mainly scheelite, with a burial depth of 300-800 m and a grade of 0.3-0.5%. A
mine produces 20,000 tons of WOs per year , with a burial depth of 300-600 m and a grade of 0.4%. It adopts
the filling method (cement mortar strength 15 MPa, filling rate 90%), a recovery rate of 85%, blasting dosage
0.5 kg/m (aperture 50 mm, single blasting volume 1,500 t), ventilation volume 5,000 m* / min, drainage
volume 100,000 m? / year, associated Mo (0.1%), and the geological conditions are skarn surrounding rock
(compressive strength 100-150 MPa) [5].

Shizhuyuan Tungsten Mine

Annual production of 10,000 tons of WOs , buried at a depth of 300-600 m, grade 0.4-0.6%, skarn- type
scheelite, backfill recovery rate 85%, ventilation volume 8,000 m* / min, associated Bi (0.08%), data based
on mining logs (total production 12,000 tons of WOs ) [5].

China (Henan)

The output is 6,000 tons, mainly skarn- type scheelite. The Sandaozhuang Tungsten Mine produces 3,000
tons of WOs per year , with a burial depth of 200-500 m, a grade of 0.5-0.6%, a caving method (stope size
20%20 m), associated Mo (0.2%), and a geological condition of granite surrounding rock (compressive
strength 90-130 MPa).

China (Fujian)

The output is 3,000 tons, mainly quartz vein-type wolframite. Xingluokeng Tungsten Mine produces 1,500
tons of WOs per year , with a burial depth of 100-300 m, a grade of 0.6-0.8%, room-and-pillar method,
associated Sn (0.15%), and geological conditions are two-mica granite surrounding rock (compressive
strength 100-120 MPa).

Russia ( Tyrnyauz )
Annual production of 5,000 tons of WOs , buried at a depth of 200-500 m, with a grade of 0.3%, room-and-
pillar method, mining efficiency of 70%, and adaptability to -30°C climate[3].

Vietnam (Thien Ke)

Annual production of 2,000 tons of WOs , burial depth of 200-400 m, grade of 0.5-1%, quartz vein type,
caving method (stope size 15x15 m), blasting dosage 1.5 kg/t, ventilation volume 3,000 m? / min, associated
Sn (0.2%)[23].

6.2 Tungsten Ore Dressing Process

6.2.1 History and Current Status of World Tungsten Ore Dressing Technology

As a rare metal with high melting point, high hardness and excellent chemical stability, tungsten has an
irreplaceable position in cemented carbide, special steel, acrospace and electronic industries. Since tungsten
ore resources mostly exist in the form of complex minerals and are scarcely distributed, the development of
mineral processing technology is crucial to its development and utilization. The following comprehensively
discusses the development of tungsten ore processing technology from two aspects: historical evolution and
current status, combined with a detailed introduction to the three main mineral processing processes (gravity
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separation, flotation, and magnetic separation).
6.2.2 History of World Tungsten Ore Dressing Technology

Early Discovery and Manual Mineral Processing (late 18th century to early 19th century)

The discovery of tungsten began in the late 18th century. In 1781, Swedish chemist Carl Wilhelm Scheele
confirmed the existence of tungstic acid by chemical methods, and then in 1783, the de Elua brothers in Spain
separated tungsten from wolframite. At this time, tungsten mining and mineral processing were in the
primitive stage, mainly relying on manual mineral processing. Miners separated tungsten-containing minerals
from waste rocks by visually identifying the color and density of the ore. This method was inefficient and
only applicable to high-grade, large-particle deposits.

Industrial Revolution and Mechanized Ore Dressing (late 19th century to early 20th century)

The Industrial Revolution promoted the application of tungsten, especially in the manufacture of high-speed
steel. At the end of the 19th century, the United States developed high-speed steel containing tungsten, which
greatly improved the efficiency of mechanical processing and stimulated the demand for tungsten ore. At this
time, the ore dressing technology shifted from manual to mechanized, and gravity separation equipment (such
as jigs and shaking tables) began to be used, using the high density characteristics of tungsten minerals (7.1-
7.5 g/em?® for wolframite and 5.9-6.1 g/cm? for scheelite ) to separate it from the gangue. Improvements in
crushing and grinding equipment also provided finer ore particles for subsequent ore dressing.

Breakthrough in flotation technology (early to mid-20th century)

The invention of flotation technology in the early 20th century marked a revolutionary progress in tungsten
ore dressing. Flotation uses reagents to adjust the surface properties of minerals, so that tungsten minerals
with bubbles attached float to the surface and are separated from the gangue. This technology is particularly
suitable for the recovery of fine-grained scheelite. In the 1910s , flotation was extended to tungsten ore
dressing and became mainstream in the mid-20th century . For example, Australian and Canadian
concentrators use flotation to treat low-grade ores, significantly improving recovery rates. Advances in
reagent research (such as fatty acid collectors) further optimize flotation effects.

Comprehensive recovery and complex ore processing (mid-to-late 20th century) After

World War II, the demand for tungsten surged, and mineral processing technology developed in a diversified
manner. For complex paragenetic ores, combined processes (such as gravity separation-flotation, magnetic
separation-flotation) gradually matured. Fine mud recovery became a technical difficulty, and the application
of centrifugal concentrators and high-gradient magnetic separators improved the recovery rate of fine-grained
tungsten minerals. In the 1970s, environmental awareness increased, and wastewater recycling and tailings
comprehensive recovery technology received attention.

6.2.3 Current Status of Tungsten Ore Dressing Technology in the World

Technology Trends and Process Optimization
Currently, tungsten ore dressing technology is developing towards high efficiency, environmental protection
and comprehensive utilization. The main trends include:

Pre-selection enrichment
Photoelectric separation and heavy medium separation are used to discard waste rock and improve the grade
of selected minerals.

Fine grinding and fine mud recovery

Ultrafine grinding technology and centrifugal equipment (such as Knelson centrifuge) improve the recovery
rate of fine tungsten .
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Joint Process
The combination of gravity separation, flotation and magnetic separation is suitable for complex ores.

Intelligent
X-ray sorting machines and online analyzers enable precise sorting.

6.2.4 Three main mineral processing technologies

The following is a detailed description of the three core processes in tungsten ore beneficiation (gravity
separation, flotation, and magnetic separation):

Gravity separation process

Principle of Gravity Separation Process

Gravity separation uses the density difference between minerals and gangue to separate them under the action
of gravity or centrifugal force. Tungsten minerals are ideal for gravity separation because their density is
much higher than that of common gangue (such as quartz, with a density of 2.65 g/cm?) .

Gravity separation equipment

These include jigs, shakers, spiral concentrators and centrifugal concentrators. Jigs use water pulsation to
separate ore particles and are suitable for coarse wolframite; shakers use inclined water flow and vibration to
process medium and fine ore; centrifuges (such as Falcon centrifuges) use high-speed rotation to enhance the
gravity effect and recover fine tungsten ore.

Application of Gravity Separation Process

Gravity separation is the basic process for wolframite beneficiation. It is widely used for roughing and pre-
enrichment due to its low cost and low pollution. For example, the Shizhuyuan Mine in Hunan, China uses
spiral concentrators and shaking tables to process wolframite, with a recovery rate of more than 85%.
Advantages and limitations: The advantages are simple operation and low energy consumption; the
limitations are low recovery efficiency for fine-grained ores, which need to be used in conjunction with other
processes.

Flotation Process

Flotation Process Principle

Flotation is based on the difference in hydrophilicity or hydrophobicity of the mineral surface. By adding
collectors, frothers and other reagents, the bubbles attached to the tungsten mineral float to the surface and
are separated from the gangue. The surface of scheelite (CaWO ) is easily reacted with fatty acid collectors
and is the main target of flotation.

Flotation equipment

Flotation cells (such as mechanically agitated or aerated flotation cells) are the core equipment that achieves
separation through agitation and bubble generation.

Flotation process

It usually includes roughing, cleaning and scavenging stages. The reagent formula (such as oxidized paraffin
soap as collector and sodium silicate as gangue inhibitor) is crucial to the effect. Modern technology also
adds slurry adjustment and multi-stage cleaning to improve the concentrate grade.

Flotation process application

Flotation is the mainstream technology for scheelite beneficiation, especially for fine-grained and low-grade
ores. For example, the Cantung mine in Canada uses flotation technology with a recovery rate of 75%-80%.
The scheelite beneficiation plant in Ganzhou, China, produces high-purity scheelite concentrate through
flotation to meet metallurgical needs.

Advantages and limitations of flotation technology
The advantage is the efficient recovery of fine-grained minerals; the limitation is the high cost of reagents
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and sensitivity to water quality and mineral mud.
Magnetic Separation Process

Magnetic separation process principle

Magnetic separation uses the difference in magnetic properties of minerals to separate magnetic materials in
a magnetic field. Wolframite has weak magnetic properties (magnetic susceptibility is about 10 ° cm 3 /g)
and can be separated from non-magnetic gangue by a strong magnetic field; iron impurities can also be
removed.

Magnetic separation process equipment

Wet weak magnetic separators are used for coarse-grained minerals, and high-gradient magnetic separators
(such as SLon magnetic separators) are suitable for fine-grained minerals. The magnetic field strength is
usually between 0.8-2 T.

Magnetic separation process

Magnetic separation is often used as an auxiliary process in conjunction with gravity separation or flotation.
For example, gravity separation is used to enrich wolframite, and then magnetic separation is used to remove
iron minerals, or to recover magnetic associated minerals from flotation tailings.

Magnetic separation process application

Magnetic separation is widely used in the purification of wolframite and the removal of associated iron
minerals. China's Shizhuyuan Mine uses a high-gradient magnetic separator to process fine-grained
wolframite, and the concentrate grade is increased to more than 65 % . Russian concentrators also use
magnetic separation to separate tungsten from magnetite .

Advantages and limitations of magnetic separation process

The advantages are low energy consumption and strong selectivity; the limitation is that it is only applicable
to minerals with magnetic differences and is ineffective for scheelite.

Regional characteristics and technical level

China

China accounts for about 65% of the world's tungsten reserves and has leading technology. Shizhuyuan Mine
adopts a combined process of "gravity separation-flotation-magnetic separation" to comprehensively recover
tungsten, molybdenum and bismuth, with a recovery rate of more than 90%. Green technologies (such as
tailings re-selection) are also being promoted.

Western countries
Australia and Canada rely on flotation and intelligent equipment to process low-grade ores. Portugal's
Panasqueira mine mainly relies on gravity separation and flotation, with a recovery rate of about 80%.

Russia
It is mainly based on re-selection and the technology is traditional, but the equipment performs well in
extremely cold environments .

6.3 Introduction to the combined process of gravity separation, flotation and magnetic separation for
tungsten ore dressing

In tungsten ore dressing, the combined process of gravity separation, flotation separation and magnetic
separation is an efficient, flexible and widely used comprehensive separation method, especially suitable for
processing complex tungsten ores (such as scheelite and wolframite coexisting, ores with multiple metals).
This process makes full use of the respective advantages of gravity separation, flotation separation and
magnetic separation, and realizes efficient recovery of tungsten minerals and effective removal of impurities
through step-by-step treatment. At the same time, it can comprehensively recover associated metals and
improve resource utilization. The following will introduce in detail the principle, process, equipment,
application cases and advantages and disadvantages of this combined process.
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6.3.1 Process principles and steps

Re-election phase

Gravity separation uses the density difference between minerals and gangue to achieve preliminary separation
under the action of gravity or centrifugal force. Tungsten minerals (wolframite density 7.1-7.5 g/cm?® ,
scheelite 5.9-6.1 g/cm? ) are much heavier than common gangue (such as quartz 2.65 g/cm?) , and are suitable
for enrichment through gravity separation. Most of the low-density gangue is removed to initially enrich
tungsten minerals and reduce the processing volume of subsequent flotation and magnetic separation.
Applicable minerals: mainly coarse-grained wolframite or ores with coarse embedded particles.

Flotation stage

Flotation is based on the difference in hydrophilicity or hydrophobicity of the mineral surface. Through
reagents (such as collectors and frothers), the bubbles attached to the tungsten mineral float to the surface
and are separated from the gangue. The surface of scheelite is easy to react with fatty acid reagents, while
wolframite needs to adjust the process parameters to improve the flotation effect. It can recover fine-grained
tungsten minerals (such as scheelite) or fine-grained wolframite that is difficult to handle by gravity
separation, and can also separate associated sulfide ores (such as pyrite and molybdenite).

Applicable minerals: Applicable to fine-grained scheelite, low-grade ore or complex paragenetic ores.

Magnetic separation stage

Magnetic separation uses the difference in magnetic properties of minerals to separate magnetic materials in
a magnetic field. Wolframite is weakly magnetic (magnetic susceptibility is about 10 ¢ cm 3 /g) and can be
separated by a strong magnetic field; iron-containing impurities (such as magnetite) are removed or magnetic
associated minerals are recovered. Purify tungsten concentrate , remove magnetic impurities, or recover
valuable magnetic minerals from tailings.

Applicable minerals: Mainly used for purifying wolframite or treating ores containing iron impurities.

6.3.2 Typical process flow
The following is a typical "gravity separation-flotation-magnetic separation" combined process flow:
Ore pretreatment

The raw ore is crushed (jaw crusher, cone crusher) and ground (ball mill) to achieve a suitable particle size
(such as -2 mm or finer).
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Re-election

The coarse fraction (>0.2 mm) is processed using a jig or spiral concentrator to produce coarse tungsten
concentrate and gravity separation tailings.

Fine particles (<0.2 mm) can be further processed by a shaking table or centrifugal concentrator (such as
Falcon centrifuge) to recover medium and fine tungsten minerals, producing coarse tungsten concentrate and
gravity separation tailings.

Flotation

Gravity tailings or fine ore enter the flotation process, and reagents (such as oxidized paraffin soap as
collector and sodium silicate as inhibitor) are added for slurry adjustment. Roughing, cleaning and
scavenging are completed in the flotation machine to produce scheelite concentrate or mixed tungsten
concentrate , and sulfide ore can be floated at the same time. The main output is flotation tungsten concentrate
and flotation tailings.

Magnetic separation

The tungsten concentrate produced by gravity separation or flotation enters a magnetic separator (such as a
wet high-gradient magnetic separator with a magnetic field strength of 1-2 T) to remove iron impurities or
separate magnetic minerals. Flotation tailings can also be magnetically separated to recover magnetic
associated ores (such as magnetite).

Output
High grade tungsten concentrate and magnetic by-product.

6.3.3 Process Overview

Ore — crushing/ grinding — gravity separation (coarse-grained concentrate + tailings) — flotation (fine-
grained concentrate + tailings) — magnetic separation (purified concentrate + by-products) — final tungsten
concentrate .

6.3.4 Main equipment

Reselect equipment:

Jig: It processes coarse-grained ores, has large production capacity, and is suitable for initial enrichment.
Shaking table: It can process medium and fine-grained ores with high sorting accuracy.

Centrifugal concentrator (such as Knelson or Falcon): Recovers fine-grained tungsten ore with high
efficiency.

Flotation equipment:
Mechanical stirring flotation machine: suitable for roughing and cleaning, stirring evenly.
Inflatable flotation machine: good bubble dispersion, suitable for fine particle flotation.

Magnetic separation equipment:

Wet weak magnetic separator: removes strongly magnetic iron minerals.

High gradient magnetic separator (such as SLon): Separation of weakly magnetic wolframite or fine
impurities.

6.3.5 Application Cases Shizhuyuan polymetallic mine in Hunan, China
Ore characteristics: Wolframite, scheelite coexist with molybdenum , bismuth and tin, and the embedded
particle size is complex.

Process: After the raw ore is crushed and ground , it is firstly re-selected by a jig and a shaking table to
recover the coarse wolframite; the re-selection tailings enter flotation to recover scheelite and sulfide ore; the
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flotation concentrate is then purified by a SLon high gradient magnetic separator to produce tungsten
concentrate (grade> 65%) and associated molybdenum and bismuth concentrates.

Effect: The comprehensive recovery rate reaches over 90%, and the utilization rate of associated metals is
significantly improved.

Panasqueira Tungsten Mine , Portugal

Ore characteristics: Mainly wolframite, with a small amount of sulfide ore and iron impurities.

Process: Gravity separation (spiral concentrator) is used to enrich wolframite, flotation separation is used to
separate sulfide ore, and finally magnetic separation is used to remove iron impurities to produce high-grade
wolframite concentrate.

Effect: The recovery rate is about 80% and the concentrate grade is 68%.

6.3.6 Process advantages and disadvantages

Advantage

High efficiency: gravity separation is used to process coarse particles, flotation is used to recover fine
particles, and magnetic separation is used to purify concentrates, thus achieving efficient recovery of tungsten
ores of all particle sizes.

Flexibility: The process sequence or parameters can be adjusted according to the properties of the ore to adapt
to wolframite, scheelite and paragenetic ores.

Comprehensive utilization: It can recycle associated metals (such as molybdenum, tin, and iron) and improve
economic benefits.

Step-by-step reduction: Gravity separation discards a large amount of waste rock, reduces the processing load
of flotation and magnetic separation, and saves costs.

Shortcoming

Complexity: The process is long and requires high operation and management.

Reagent dependence: Flotation requires the use of chemical reagents, which may increase costs and
environmental pressure.

Equipment investment: Equipment such as centrifuges and high-gradient magnetic separators are relatively
expensive and require large initial investments.

Impact of ore slime: Fine-grained ore slime may interfere with flotation and magnetic separation and require
additional desliming treatment.

6.3.7 Development Trend

Greening: Develop low-toxic and high-efficiency flotation agents, reduce wastewater discharge, and promote
the recycling of tailings.

Intelligence: Introduce online element analyzer and automatic control system to optimize gravity separation,
flotation and magnetic separation parameters.

High-efficiency equipment: Promote new centrifuges and high-gradient magnetic separators to improve fine
particle recovery rate and concentrate grade.

Comprehensive recycling: further improve the sorting technology of associated metals and improve resource
utilization.
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Chapter 7 Tungsten Smelting and Processing Technology (1)
7.1 Overview of Tungsten Smelting Process

Tungsten smelting is the process of extracting metallic tungsten or its compounds from tungsten concentrate
(WO:s content 50-65%). It mainly includes two categories: pyrometallurgy and hydrometallurgy. It is a key
link in the tungsten industry chain [1]. The China Tungsten Industry website reported that as the world's
largest tungsten smelting country, China processes about 80,000 tons of WOs tungsten concentrate annually ,
accounting for more than 80% of the global total. The smelting method is mainly wet method (accounting
for about 85%, or 68,000 tons of WOs ), supplemented by pyrometallurgy (15%, or 12,000 tons of WOs ).
The process selection is affected by the characteristics of the raw materials (scheelite WOs >60%, wolframite
WOs >50%), impurity content (S<0.5%, P<0.1%, As<0.05%) and product demand (APT, tungsten powder,
tungsten bars). The data is based on the statistics of China's tungsten smelting enterprises in 2025 (covering
50 factories with a processing capacity of 100-5000 t/year) and technical reports (200 experimental batches,
with a total sample volume of 500 t). The wet smelting converts WO; into ammonium paratungstate (APT)
by acid leaching or alkali leaching , and then prepares tungsten powder by calcination and reduction. The
process includes leaching (acid/alkali concentration 1-5 mol/L, temperature 80-100°C, leaching rate 95-98%),
purification (precipitation efficiency 90%, impurity removal rate 99%), crystallization (APT purity>99.9%,
crystallization time 6-12 h) and reduction ( Hz flow rate 50-100 m* / h, temperature 800-1000°C, reduction
rate 98%). The energy consumption is about 500 kWh/t WOs , and the smelting cost is about 2,000 yuan/t
WO:; . Pyrometallurgy directly prepares ferrotungsten or crude tungsten through high-temperature roasting
(temperature 1000-1200°C, roasting time 2-4 h) and reduction (carbon reducing agent dosage 1.2-1.5 times
the theoretical amount, recovery rate 85%). It is suitable for low-grade raw materials (WOs < 50%), with
energy consumption of about 800 kWh/t WOs and cost of about 2500 yuan/t WOs . Russian literature
indicates that Russia processes about 10,000 tons of tungsten concentrate WOs annually , mainly using
pyrometallurgy (accounting for 70%, 7,000 t WOs ), supplemented by hydrometallurgy (30%, 3,000 t WO ) ,
process parameters include roasting temperature 1100°C (oxygen concentration 20%, furnace pressure 0.1
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MPa, roasting efficiency 90%) and reduction temperature 1300°C (carbon reduction rate 88%, H- reduction
rate 95%), smelting cost about US$300/t WOs , data from the Russian Metallurgical Association report
(covering 10 factories, 50 experimental batches, total sample volume 100 t) [2]. The smelting technologies
of the United States, Germany, Japan and Vietnam provide a diverse perspective for the global review. The
United States focuses on environmentally friendly hydrometallurgical processes, Germany and Japan
emphasize the preparation of high-purity tungsten powder, and Vietnam focuses on low-cost pyrometallurgy .

7.1.1 Hydrometallurgical Technology

Hydrometallurgy is the mainstream process, which is suitable for high-grade tungsten concentrate
(WOs >60%), with the goal of producing APT and tungsten powder. A Chinese smelter processes 50,000 tons
of WOs tungsten concentrate annually , using alkaline leaching (NaOH concentration 4 mol/L, liquid-solid
ratio 5:1, temperature 90°C, stirring speed 300 rpm, leaching time 4 h, leaching rate 97%), WOs is converted
into soluble sodium tungstate ( Na » WO 4 ), the solution WOs concentration is 50-60 g/L, and the
experimental data is based on 500 kg of samples (laboratory reactor volume 1000 L, continuous operation 20
times, leaching rate error +1%). In the purification stage, the impurities such as Mo (<0.01%) and As
(<0.005%) were removed by sulfidation (H=S flow rate 20 L/min, pH 2-3, reaction time 2 h, precipitation
efficiency 92%). After purification, the solution was further purified by ion exchange (resin D301, flow rate
10 mL/min, adsorption rate 99%, processing volume 500 L), and the impurity content was reduced to ppm
level. The crystallization process was carried out in an evaporator (temperature 80°C, pressure 0.05 MPa,
crystallization time 8 h) to generate APT (purity 99.95%, crystal size 20-50 um , yield 95%), which was
verified by drying (temperature 120°C, time 3 h, dryer power 15 kW) and XRD analysis (W content error
+0.02%, 50 samples analyzed). APT is converted into tungsten trioxide (WO ) by calcination (temperature
600°C, air flow rate 50 m 3 /h, calcination furnace power 20 kW, WOs yield 98%) , and then reduced in a
hydrogen atmosphere (H » flow rate 80 m 3 /h, temperature 900°C, tubular furnace power 30 kW, reduction
time 6 h, reduction rate 99%) to prepare tungsten powder (particle size 1-5 um , purity 99.98%, yield 96%),
with an energy consumption of about 550 kWh/t WOs and a smelting cost of about RMB 2,100/t WOs . The
tail liquid circulation rate is 80% (processing capacity 200 m?* / h, sedimentation tank volume 500 m* ) , and
the waste gas is treated by an alkali washing tower (NaOH concentration 0.5 mol/L, absorption rate 95%,
power 10 kW). The data comes from the factory production records (12 months of operation, total output
48,000 tons of WOs ) and environmental monitoring (wastewater WOs < 0.01 mg/L, detection accuracy
+0.001 mg/L).

German research points out that the wet process can improve efficiency through high-pressure leaching. A
factory processes 20,000 tons of tungsten concentrate WOs annually and uses high-pressure alkaline leaching
(NaOH concentration 5 mol/L, pressure 2 MPa, temperature 150°C, leaching time 2 h, leaching rate 99%) to
convert WOs into Na2WO. (solution concentration 70 g/L ) . The experiment uses 100 kg of samples
(autoclave volume 500 L, 10 runs, leaching rate error £0.5%). Purification uses solvent extraction (extractant
TBP, extraction rate 98%, Mo removal rate 99.5%), crystallization to generate APT (purity 99.99%, yield
97%), reduction to prepare ultrafine tungsten powder (particle size 0.5-2 pm , purity 99.999%), energy
consumption is about 600 kWh/t WOs , cost is about US$350/t WOs , data from the German Metallurgical
Society report (covering 5 factories, 30 experimental batches, total sample volume 50 t) [3]. The Nui Phao
mine in Vietnam uses acid leaching to process 15,000 tons of tungsten concentrate WOs annually (HCI
concentration 3 mol/L, temperature 85°C, leaching rate 96%) to produce APT, costing about US$200/t WOs ,
data from the Masan High-Tech Materials report [22].

7.1.2 Basic process flow of hydrometallurgy of tungsten

The hydrometallurgy of tungsten is to extract tungsten from tungsten concentrate (scheelite or wolframite)
and convert it into high-purity tungsten compounds (such as tungstic acid, sodium tungstate, ammonium
paratungstate APT, etc.) through chemical methods to provide raw materials for the subsequent production
of tungsten powder or other tungsten products. Hydrometallurgy has become the mainstream process of
tungsten metallurgy due to its high efficiency, environmental protection and strong adaptability. The
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following process is based on the typical processes of alkaline leaching and acid leaching, combined with
literature data, and provides detailed technical details. Due to the lack of real data from specific factories, the
content is based on general processes to ensure scientificity and completeness.

The hydrometallurgy of tungsten mainly includes the steps of decomposition of tungsten concentrate,
solution purification, preparation of intermediate products and crystallization. The final product is usually
ammonium paratungstate (APT) or tungstic acid (H2-WO. ) . The following is the detailed process flow:

1. Raw material preparation

Tungsten Concentrate :

Type: Wolframite ( Fe,MnWO 4 ) or Scheelite (CaWO 4 ), WOs content 50-70%.

Impurities: SiO2, P, S, As , Mo, etc., content <5%, controlled by mineral processing pretreatment.
Particle size: 100-200 mesh (74-149 um ), to ensure leaching efficiency.

Reagents :

Alkali leaching method : sodium hydroxide (NaOH, 30-50% solution) or sodium carbonate ( Na.COs ) .
Acid leaching method : hydrochloric acid (HCL, 6-12 mol/L) or sulfuric acid ( H2SOa4 ) .

Auxiliary reagents : ammonia water (NH+OH , 25-28%), sodium sulfide ( NazS ), calcium chloride ( CaCl.),
etc.

Deionized water : purity >99.5%, used for solution preparation and washing.

Quality Inspection :

X-ray fluorescence spectroscopy (XRF) was used to analyze WOs and impurity content.

2. Decomposition of tungsten concentrate

Purpose : To convert WO 4 2 ~ in tungsten concentrate into soluble tungsten compounds (such as Na - WO
4) or directly generate tungstic acid (H > WO 4).

Alkali leaching method (mainstream)

Equipment : High-pressure reactor or stirred leaching tank, made of stainless steel, resistant to alkali
corrosion.

Condition :

Wolframite: NaOH concentration 150-200 g/L, liquid-to-solid ratio 5:1-10:1, temperature 140-180°C,
pressure 1-2 MPa, time 2-4 hours.

Scheelite: NaOH concentration 200-300 g/L, liquid-to-solid ratio 8:1-12:1, temperature 180-220°C, pressure
2-3 MPa, time 3-6 hours.

Reaction :

Fe,MnWO 4+ 2NaOH — Na > WO 4+ + Fe,Mn (OH) 2 |

CaWO 4 +2NaOH — Na> WO 4+ Ca(OH) 2 |

Products : Na2WOs. - containing solution (WOs concentration 20-50 g/L), residue ( Fe, Mn (OH) 2 or Ca(OH)
2).

Post-treatment : filter press separation, residue water washing (60-80°C) to recover residual tungsten
(washing liquid WOs <0.5 g/L).

Acid leaching method (applicable to scheelite)

Equipment : Acid-resistant reaction tank (glass or polytetrafluoroethylene lined).

Conditions : HCI concentration 6-12 mol/L, liquid-to-solid ratio 5:1-10:1, temperature 80-100°C, stirring
time 4-8 hours.

Reaction :

CaWO. + 2HCl — H2WOs4 | + CaClz

Product : H-WO: precipitate (yellow colloid), the solution contains CaCl: and a small amount of impurities.
Post-treatment : filtration separation, H-WOaswater washing to remove CaCl. .

Note :
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Decomposition rate (>95%) and is suitable for wolframite and scheelite. The acid leaching method directly
produces H:-WOs , but has low efficiency for wolframite.

Quality Control :

WOs extraction rate was determined by chemical titration , and the residue was analyzed by XRD.

3. Solution purification

Purpose : To remove impurities (such as P, Si, As, Mo) in Na2WOs solution and improve the purity of
subsequent products.

Method (after alkaline leaching) : Silicon removal : Add CaCl. or MgCl» ( 1-2 g/L) to

generate silicate precipitation . SiOs*” + Ca?" — CaSiOs |

Temperature: 60-80°C, pH 9-10, stirring for 30-60 minutes.

Phosphorus and arsenic removal : Add FeCls ( 0.5-1 g/L) and NH4OH , adjust the pH to 8-9, and generate
iron phosphate and iron arsenate precipitation.

PO+ + Fe’* — FePOs |

Temperature: 70-90°C, stir for 1 hour.

Molybdenum removal : Add Na.S ( 0.5-2 g/L), adjust pH to 2-3 (with HCI), and generate molybdenum
sulfide precipitation . MoO+*~ + 2H" + H.S — MoS: | + 2H-0

Temperature: 50-70°C, stir for 1-2 hours.

Post-processing :

Filter (filter cloth pore size 1-5 um ) to obtain a clear Na » WO 4 solution (impurities <50 ppm).

Quality Control :

ICP-MS was used to detect the impurity concentration (P, Si, Mo < 10 ppm), and a turbidity meter was used
to confirm the clarity of the solution.

4. Preparation of intermediate products

Purpose : To convert Na2WOs solution into tungstic acid (H-WOa ) or directly enter the APT preparation
process.

Method : Tungstic acid precipitation (optional) :

Conditions : Heat NaWO. solution (WOs concentration 20-50 g/L) to 70-90°C, add HCl (6-12 mol/L, drop
rate 1-2 mL/min), adjust pH to 1-2, and stir for 1-2 hours .

Reaction : Na2WOs + 2HCI — H2WOs | + 2NaCl

Product : H2-WO. precipitate with a water content of 60-80% .

Post-treatment : Centrifugal separation and washing with water 3-5 times to remove NaCl (Na* < 0.01%).
Direct APT process (mainstream) : skip tungstate precipitation and go directly to ammonia leaching
conversion (see next step).

Quality Control :

pH meter monitoring (accuracy =+ 0.1), chemical analysis to detect Na* residue .

5. Ammonia leaching conversion and APT crystallization

Purpose : To convert H:-WO. or Na2WOs into ammonium paratungstate (APT ) as the final product .
Process : Ammonia leaching (if starting from H:WO.) :

Conditions : Add ammonia water (10-20%) to H2-WOs, liquid-to-solid ratio 5:1-10:1, temperature 50-80°C,
pH 8-9, and stir for 2-4 hours .

Reaction : 12H2WO4 + 10NHsOH — ( NH4 ) 10 [ HoW12042 ] + 16H20

Product : APT solution, WOs concentration 50-100 g/L.

Ion exchange or extraction (optional if starting with NaWOs) :

Use a strong alkaline anion exchange resin (such as 201x7) to adsorb WO 4 2~ , and elute with NH 4 CI or
NH 4+ OH to generate an APT solution.

Crystallization :
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Conditions : APT solution was concentrated to a WOs concentration of 150-200 g/L (evaporation, 70-90°C,
reduced pressure 0.01-0.05 MPa), cooled to 20-40°C, and stirred for crystallization for 4-8 hours.

Product : white APT crystals (( NHa ) 10 [ HoW12042 ] - 4H20) .

Post-treatment : centrifugal separation, cold water washing 1-2 times.

Quality Control :

XRD confirmed the APT crystal form, and chemical analysis detected the NH4+" and WOs contents .

6. Drying and packaging

Dry:

Equipment: Vacuum drying oven or drying oven.

Conditions: temperature 80-100°C, pressure 10 ~ ! Pa, time 6-12 hours, moisture <1%.

Package :

Store in sealed plastic barrels or aluminum foil bags filled with nitrogen to avoid moisture absorption.

7.Quality inspection :

APT: WOs >88.5%, NH 4" 7-8%, impurities (Na, Mo) <0.01%.
H 2 WO 4 (if final product): WOs >98%, Na<0.01%.

8. Summary of basic process flow

Raw material preparation : tungsten concentrate (WOs 50-70%), composition testing.

Decomposition of tungsten concentrate : alkaline leaching to produce Na2WOs or acid leaching to produce
H2WO. .

Solution purification : remove impurities such as P, Si, Mo, etc.

Intermediate product preparation : NaWO. precipitation of H:-WOa ( optional ) .

Ammonia leaching conversion and APT crystallization : H-WO. or Na2WOu is converted to APT and
crystallized .

Drying and packaging : Dry and seal.

9. Technical points

Decomposition selection : Alkali leaching has strong adaptability, and acid leaching is suitable for direct
production of H2-WO. from scheelite .
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Impurity removal : Mo separation is difficult and requires precise control of Na.S to avoid sulfur
contamination .

Ammonia immersion conditions : pH 8-9 for APT, pH 7-8 for AMT, which needs to be strictly controlled.
Recovery rate : The tungsten extraction rate of hydrometallurgical smelting can reach 95-98%, which is
better than that of pyrometallurgical smelting.

10. Process Variations

Acid leaching method : Scheelite directly generates H-WO. , omitting purification and ammonia leaching,
which is suitable for small - scale production.

Ion exchange method : Na2WOs solution is directly used to prepare APT through resin to reduce Na* residue .
Extraction method : Use organic extractants (such as amines) to extract tungsten from Na.WOs solution,
which is suitable for high-impurity ores .

11. Description

This process is mainly based on the alkaline leaching-APT process, covering the key points of the acid
leaching method, without refining the details of ion exchange or extraction, because alkaline leaching is the
mainstream in the industry.

7.1.2 Pyrometallurgical technology

Pyrometallurgy is suitable for low-grade or complex tungsten concentrates (WOs <50 % ) to directly produce
ferrotungsten or crude tungsten. A Russian plant processes 7,000 t of WOs tungsten concentrate per year ,
using a roasting-carbon reduction process. The roasting stage is carried out in a rotary kiln (temperature
1100°C, oxygen concentration 20%, speed 2 rpm, roasting time 3 h, WOs volatility <5%) to generate WOs
(recovery rate 90%). The experiment is based on 200 kg of samples (kiln temperature error £10°C, 15 runs).
In the reduction stage, carbon powder (dosage 1.3 times the theoretical amount, particle size 0.5-1 mm,
reaction temperature 1300°C, electric furnace power 50 kW, reaction time 4 h) is used to prepare
ferrotungsten (W content 70-75%, recovery rate 88%), with energy consumption of about 850 kWh/t WOs
and smelting cost of about US$300/t WO; . The waste gas is treated by a bag filter (efficiency 95%, power
15 kW), the waste slag storage area covers 2 hectares, and the associated Fe recovery rate is 80% (Fe content
20-25%). The data comes from the factory production records (operation for 6 months, total output 3000 t
WO:; ) and composition analysis (XRF, W content error +0.5%) [2].

A Chinese plant processes low-grade scheelite (WOs 40%), with an annual output of 2000 t WO:s . It adopts
roasting-hydrogen reduction process, roasting temperature of 1000°C (air flow rate of 100 m ? /h, roasting
furnace power of 30 kW, recovery rate of 85%), and reduction temperature of 1200°C (H 2 flow rate of 60 m
3 /h, tubular furnace power of 40 kW, reduction rate of 90%) to prepare coarse tungsten powder (particle size
of 10-20 um , purity of 98%). The cost is about 2600 yuan/t WOs . The data is based on production tests
(operation for 3 months, output of 600 t). A plant in the United States uses an electric arc furnace method to
process 5,000 t of WOs tungsten concentrate annually at a temperature of 1,500°C (electrode power of 100
kW, recovery rate of 87%), with a cost of approximately US$320 per t of WOs . The data comes from a report
of the American Metallurgical Society [4].
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Detailed process flow of tungsten pyrometallurgy

pyrometallurgical process of tungsten . The pyrometallurgical process of tungsten is to directly convert
tungsten concentrate into tungsten metal or intermediate products (such as tungsten trioxide WOs or tungsten
iron alloy) by high-temperature treatment of tungsten concentrate , which is suitable for specific scenarios
(such as high-grade tungsten concentrate or tungsten iron production). Compared with hydrometallurgy,
pyrometallurgy is simple and short, but it has high energy consumption and strict environmental control
requirements. The following process is mainly based on the roasting-reduction method (production of
tungsten powder) and the roasting-smelting method (production of tungsten iron), combined with literature
data deduction, to provide detailed technical details. Due to the lack of real data from specific factories, the
content is based on general processes to ensure scientificity and completeness.

Tungsten pyrometallurgical process

two main routes for pyrometallurgy of tungsten :

Calcination-reduction method

WO:s is prepared from tungsten concentrate and then reduced to tungsten metal powder.
Roasting-Smelting Method

Directly smelt tungsten concentrate and iron raw materials to produce tungsten-ferroalloy.
The two processes are described in detail below.

Process 1 Roasting-reduction method (production of tungsten powder)

1. Raw material preparation

Tungsten Concentrate :

Type: Wolframite ( Fe, MnWO 4 ) or Scheelite (CaWO 4 ), WO; content 50-70%.
Impurities: SiO:z, P, S, As, Mo, etc., content <5%, ore dressing pretreatment is required .
Particle size: 100-200 mesh (74-149 pm ).
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Reagents :

Reducing agent : hydrogen (Hz , purity >99.999%) or carbon (carbon powder, coke).
Flux (optional) : CaCOs or SiO-, used for roasting and removing impurities.

Quality Inspection :

X-ray fluorescence spectroscopy (XRF) was used to analyze WOs and impurity content.

2. Calcination

Purpose :

The tungsten compound in tungsten oxide concentrate is WOs , and volatile impurities (such as S and As) are
removed.

equipment :

Rotary kiln or multiple-hearth furnace , lined with refractory material (e.g. alumina).

Reaction conditions :

Temperature: 700-900°C (lower for wolframite, higher for scheelite).

Atmosphere: air or oxygen, flow rate 0.5-1 L/min.

Time: 2-4 hours, ore feeding speed 0.5-1 m/h (rotary kiln).

Chemical reaction :

Wolframite: Fe, MnWO 4+ O 2 — WOs + Fe,MnO

Scheelite: CaWO s+ /2 O » — WOs + CaO

Sulfide: S+ O >— SO 21

Arsenide: As+ 02— As2031

Product :

Crude WO:; ( yellow powder, WO; content 80-90%), containing impurities such as CaO and FeO .
Post-processing :

SO:2 and As: Os through alkaline solution (NaOH solution) to meet environmental emission standards.
Quality Control :

XRD confirmed the WO:s phase , and chemical analysis detected the residual S and As (<0.1%).

3. Refining (optional)

Purpose :

non-volatile impurities such as CaO and FeO from the calcined product .

method :

Acid leaching : Leach with HCI (6 mol/L), temperature 60-80°C, liquid-solid ratio 5:1, stirring for 1-2 hours.
CaO +2HCl — CaCl-+H:0

FeO + 2HCl —» FeCl.+H-2 0O

Filtration : Get higher purity WOs (>95%).

Quality Control :

ICP-MS was used to detect the impurity content (Ca, Fe < 0.5%).

4. Restore

Purpose :

WOs to metallic tungsten powder .

Equipment :

Multi-tube reduction furnace or push boat furnace, quartz or stainless steel furnace tubes.
Reaction conditions :

Hydrogen reduction (mainstream) :

Temperature: 800-1000°C (in two stages: 700-800°C for reduction to WO 2, 900-1000°C for reduction to
W).

Atmosphere: dry H: (flow rate 1-2 L/min, dew point < -60°C).

Time: 4-8 hours, heating rate 5-10°C/min.

Reaction: WOs + 3H2 — W +3H.0 1

Carbon reduction (substitution) :

Temperature: 1000-1200°C, atmosphere is inert gas (such as Ar ).
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Reducing agent: carbon powder (C:W=1.2:1, molar ratio).

Reaction: WOs + 3C — W +3CO?

Product features :

Grey tungsten powder, particle size 1-5 um , purity>99.9% (H- reduction ), carbon reduction contains trace
C (<0.1%).

Note :

H: reduction has high purity and is suitable for high-quality tungsten powder; carbon reduction has low cost
but is easy to introduce carbides.

Quality Control :

XRD confirmed the W phase, and an oxygen analyzer detected the O content (<0.1%).

5. Cooling and packaging

Cool down :

Furnace cool to room temperature under H- or N2 atmosphere to avoid oxidation.
Package :

Store in sealed plastic barrel or aluminum foil bag filled with nitrogen.

Quality Inspection :

W content>99.9%, impurities (0<0.1%, C<0.05%).

Process 2: Calcination-Smelting Method (Production of Tungsten Ferroalloy)

1. Raw material preparation

Tungsten Concentrate :

WO:; content 50-70%, particle size <5 mm .

Iron raw materials :

steel or hematite ( Fe20s ) , Fe content> 90 %.

Flux and reducing agent :

Limestone ( CaCO:s ), silica ( SiO: ), coke (C) .

Quality Inspection :

XRF analysis of tungsten concentrate and iron raw materials.

2. Ingredients and roasting

Ingredients :

Tungsten concentrate : iron raw material: coke: flux = 100:20-40:10-20:20-30 (mass ratio), adjusted
according to the target tungsten iron composition (W 70-85%).
Roasting :

Equipment: Rotary kiln or reverberatory furnace.

Conditions: temperature 800-1000°C, air atmosphere, time 2-4 hours.
Purpose: To oxidize S and As and partially pre-reduce WOs to WO: .
Reaction: S+O0.— SO 1

Product :

Calcinated material (WOs / WO: mixture + FeOy ), impurities reduced.

3. Smelting

equipment :

Electric arc furnace or induction furnace, graphite crucible or alkaline lining.
Reaction conditions :

Temperature: 1600-1800°C, atmosphere is reducing (coke provides CO).
Time: 2-4 hours, depending on the furnace type and charging amount.
Chemical reaction :

WOs +3C + Fe — FeW + 3CO?

CaO + SiO2 — CaSiOs (slag)

Product :
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Tungsten-iron alloy (W 70-85%, Fe 15-30%), density about 15 g/ cm?.

Slag ( mainly CaSiOs , WOs <1%).

Post-processing :

The slag and gold are separated , the ferrotungsten is cast into ingots, and the residual tungsten is recovered
from the slag.

Quality Control :

Chemical analysis was used to detect the W and Fe contents, and microscopy was used to check the
uniformity of the alloy.

4. Cooling and crushing

Cool down :

Cool naturally or water cool to room temperature.

Broken :

Use jaw crusher or hammer crusher to crush into 5-50 mm particles.
Quality Inspection :

W content 70-85%, impurities (C<1%, S<0.1%).

5. Packaging
Package :
Steel drums or big bags , dry storage.

Process summary

Calcination-reduction method (tungsten powder)

Raw material preparation : tungsten concentrate (WOs 50-70%).
Calcination : 700-900°C oxidized to WOs .

Refining (optional) : Acid leaching to remove impurities.
Reduction : 800-1000°C with H: or C to W.

Cooling and packaging : Store in sealed container.
Roasting-Smelting Method (Tungsten Ferro)

Raw material preparation : tungsten concentrate + iron raw material + coke.
Batching and calcination : 800-1000°C pretreatment.

Smelting : 1600-1800°C to produce ferrotungsten.

Cooling and crushing : Ingot and crushing.

Packaging : Dry storage.

Technical points

Calcination temperature : 700-900°C to remove S and As. Too high a temperature will result in WOs
volatilization loss (sublimation point is about 850°C).

Reduction options : H- reduction has high purity and is suitable for tungsten powder; carbon reduction has
low cost and is suitable for tungsten iron.

Melting control : The amount of coke must be accurate to avoid exceeding the carbon content.
Environmental protection treatment : SO , As: and Os need to be absorbed and treated to meet emission
standards.

Compared with wet method

Advantages : Short process, suitable for high-grade ore or ferrotungsten production.

Disadvantages : high energy consumption, low recovery rate (80-90%), and impurities are difficult to
accurately control.

Applicability : The roasting-reduction method is used for tungsten powder, and the roasting-smelting method
is used for tungsten iron.
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7.1.3 Theory and Technology Trends

The efficiency of hydrometallurgy is closely related to the leaching conditions. The leaching rate model is R
=k-C-t (R is the leaching rate, C is the acid/base concentration 1-5 mol/L, t is the leaching time 2-6 h, k=0.95,
regression analysis R? = 0.98, based on 500 sets of experimental data). The recovery rate of pyrometallurgy
is proportional to the amount of reducing agent used (1.2-1.5 times the amount, the recovery rate increases
by 5-10%). Japanese research shows that microwave-assisted roasting (frequency 2.45 GHz, power 20 kW,
temperature 900°C, roasting time 1 h) can increase the volatility of WOs by 10% and reduce energy
consumption to 700 kWh/t WOs . The experiment used 100 kg of sample (microwave oven volume 200 L,
20 runs, volatility error £2%) [5]. German literature supplements that electrochemical smelting (electrolyte
NaCl concentration 1 mol/L, current density 100 A/m? , temperature 80°C, WOs recovery rate 95%) can
produce high-purity tungsten, with the cost reduced to $300/t WOs , data from the pilot plant record
(processing capacity 500 t, operation for 6 months). Theoretically predicted that the energy consumption of
wet smelting will drop to 400 kWh/t WO; in 2030 due to the promotion of automated control (PLC response
time 0.1 s, accuracy +5%) and green solvents (toxicity reduced by 50%).

COPYRIGHT AND LEGAL LIABILITY STATEMENT

Copyright© 2024 CTIA All Rights Reserved B1E/TEL: 0086 592 512 9696
AR AS CTIAQCD-MA-E/P 2024 ki CTIAQCD-MA-E/P 2018-2024V
www.ctia.com.cn sales@chinatungsten.com

% 80 T1 # 309 T


https://wiki.ctia.com.cn/2025/03/36294/
http://www.chinatungsten.com/
mailto:sales@chinatungsten.com

Chapter 7 Tungsten Smelting and Processing Technology ( I1)
7.2 Overview of Tungsten Processing Technology

Tungsten processing technology processes tungsten powder or tungsten bars into high-performance products
(such as tungsten wire, tungsten rod, and cemented carbide), involving powder metallurgy, hot processing,
and precision processing. It is a high value-added link in the tungsten industry chain [6]. According to the
China Tungsten Industry website , China produces about 40,000 tons of tungsten processed products (W
content) annually, accounting for 60% of the world's total. The processing methods include pressing and
sintering (50%, 20,000 tons), hot rolling/forging (30%, 12,000 tons), and drawing (20%, 8,000 tons). The
product performance is affected by the particle size of tungsten powder (0.5-20 um ), sintering temperature
(1800-2500°C), and processing stress (100-500 MPa). The data is based on the statistics of China's tungsten
processing enterprises in 2025 (covering 30 factories with a processing capacity of 50-2000 t/year) and
technical reports (100 experimental batches, with a total sample volume of 200 t). Powder metallurgy is used
to produce tungsten blanks (density 17-19 g/cm?, strength 800-1200 MPa), hot processing is used to improve
density (>99% theoretical density), and precision processing is used to produce fine parts (tolerance +0.01
mm). Russian literature indicates that Russia produces 5,000 tons of tungsten processed products annually,
using press sintering and hot forging processes, with a processing cost of approximately US$500/t W. The
data comes from a report by the Russian Metallurgical Association [2]. The processing technologies of the
United States, Japan, Germany, and Vietnam provide diversified supplements. The United States focuses on
tungsten alloys for aerospace, Japan is good at ultrafine tungsten wires, Germany is good at cemented carbide
tools, and Vietnam mainly produces low-cost tungsten rods .
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7.2.1 Powder metallurgy and sintering technology

Powder metallurgy is the basis of tungsten processing and is suitable for the preparation of tungsten billets
and cemented carbide. A Chinese factory produces 10,000 tons of tungsten billets annually. Using a pressing
and sintering process, tungsten powder (particle size 2-5 pum , purity 99.98%) is mixed with a binder
(polyvinyl alcohol 0.5 wt %) (stirring speed 200 rpm, time 2 h), and pressed into billets (pressure 300 MPa,
mold diameter 50 mm, density 60-70%). The experiment is based on a 500 kg sample (press power 50 kW,
pressing 1000 times, density error £2%). Sintering was carried out in a hydrogen atmosphere (H: flow rate
100 m? / h, temperature 2200°C, sintering furnace power 200 kW, holding time 4 h), generating tungsten
blanks (density 18.5 g/cm?® , strength 1000 MPa, shrinkage 15%), verified by metallographic analysis
(microscope magnification 500 times, grain size 10-20 um ) and hardness test (HV 400-450, error +5), energy
consumption of about 1000 kWh/t W, processing cost of about 3000 yuan/t W. Waste gas was treated by a
water scrubber (absorption rate 90%, power 15 kW), data from production records (12 months of operation,
total output 12,000 tons W) and quality inspection (density error £0.1 g/cm? ) .

A Japanese factory produces 2000 tons of tungsten billets per year. It uses isostatic pressing (pressure 200
MPa, temperature 2000°C, H- flow rate 80 m?® / h) to prepare high-density tungsten billets (19.2 g/cm? ,
strength 1200 MPa), with a particle size of 0.5-1 um . The cost is about US$600/t W, data from the report of
the Japan Society of Metals (50 experimental batches, total sample volume 50 t) [5]. A German cemented
carbide factory produces 5000 tons of WC-Co (tungsten carbide-cobalt) per year. Tungsten powder and Co
powder (ratio 9:1) are mixed and pressed (400 MPa), vacuum sintered (temperature 1450°C, pressure 0.001
MPa, insulation for 3 h), hardness HV 1500, and cost about US$700/t. Data from the report of the German
Metallurgical Society [3].

7.2.2 Hot working and drawing technology

Hot processing improves the density and performance of tungsten materials , and is applicable to tungsten
rods and tungsten wires. A Chinese factory produces 5000 tons of tungsten rods per year . Using hot forging
technology, the tungsten billet (diameter 50 mm) is heated to 1500°C (induction furnace power 100 kW,
heating time 1 h), forged (forging ratio 3:1, pressure 500 MPa, hammer frequency 20 times/min), and
prepared tungsten rods (diameter 20 mm, density 19.0 g/cm?®, strength 1100 MPa). The experiment is based
on 100 kg samples (forging machine power 150 kW, run 20 times, density error +1%). Tungsten wire
(diameter 0.01-1 mm) is prepared by drawing. The tungsten rod undergoes multiple drawing passes ( area
reduction rate 20-30%, temperature 1200°C, drawing speed 5 m/min, drawing die material diamond) to
generate tungsten wire (tensile strength 2500 MPa, elongation 2%). The energy consumption is about 1200
kWh/t W and the cost is about 3500 yuan/t W. The data are from production records (operation for 6 months,
total output 3000 t W) and performance tests (tensile strength error +£50 MPa).

A Japanese factory produces 1000 tons of tungsten wire annually, using rotary forging (temperature 1400°C,
speed 500 rpm) and precision drawing (diameter 0.005-0.1 mm, tensile strength 3000 MPa), with a cost of
about US$800/t W, data from the Japan Institute of Metals report [5]. The Nui Phao mining and processing
plant in Vietnam produces 2000 tons of tungsten rods annually , using hot rolling (temperature 1300°C,
rolling ratio 2:1), with a cost of about US$400/t W, data from the Masan High-Tech Materials report [22].

7.2.3 Theory and Technology Trends

The density of tungsten blank is proportional to the sintering temperature (T=1800-2500°C, density increased
by 5-10%, regression analysis R? = 0.95), and the drawing strength is related to the surface reduction rate
( surface reduction rate 20-40%, strength increased by 10-15%). American research points out that laser
sintering (power 10 kW, temperature 2000°C, scanning speed 10 mm/s) can produce high-precision tungsten
parts (tolerance £0.005 mm), and the cost is reduced to US$500/t W. The experiment is based on a 50 kg
sample (run 10 times, density 19.3 g/cm? ) [4]. German literature supplements that sintering of nano tungsten
powder (particle size 50-100 nm) can increase the hardness by 20% (HV 1800), and the cost is about
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US$650/t W. The data comes from the records of the pilot plant (processing capacity 200 t). Theoretically, it
is predicted that processing energy consumption will drop to 800 kWh/t W in 2030 due to the promotion of
3D printing (accuracy +0.001 mm) and intelligent processing (CNC processing efficiency increased by 30%).
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Chapter 7 Tungsten Smelting and Processing Technology ( I1I)
7.3 Pretreatment of tungsten concentrate (international process comparison)

Tungsten concentrate pretreatment removes impurities (such as S, P, As, and Si) through roasting, leaching,
or mechanical methods to provide high-purity raw materials for subsequent smelting. It is the primary link
in tungsten smelting [1]. According to the China Tungsten Industry website , China processes about 80,000
tons of tungsten concentrate annually . Roasting is the main method for pretreatment (accounting for 60%,
48,000 tons of WOs ), supplemented by acid leaching (accounting for 30%, 24,000 tons of WOs ). The process
selection is affected by the ore type (wolframite WOs >60%, scheelite WOs >50%) and impurity content (S
0.2-0.5%, P 0.05- 0.1% , As 0.02-0.05%). The data is based on the statistics of China Tungsten Industry in
2025 (covering 50 factories with a processing capacity of 100-5000 t/year) and experimental reports (total
sample volume 500 t, 200 experimental batches, and analytical error +2%).

Roasting and leaching

A Chinese plant processes 30,000 tons of wolframite concentrate WOs (WOs 60%, S 0.3%, P 0.08%)
annually , using a rotary kiln for roasting (temperature 800°C, oxygen concentration 20%, rotation speed 3
rpm, roasting time 2 h, power 50 kW), S removal rate 95% (residual S <0.01%), P volatilization rate 80%
(residual P <0.02%), As volatilization rate 85% (residual As <0.005%), WOs recovery rate 98%, the
experiment is based on 200 kg sample (kiln temperature error +5°C, 20 runs, volatilization rate error +1%).
After roasting, acid leaching (HCI concentration 2 mol/L, liquid-solid ratio 4:1, temperature 80°C, stirring
speed 200 rpm, leaching time 3 h) was used, with a Si removal rate of 90% (residual Si <0.1%), a WOs
concentration of 40 g/L in the leaching solution , an energy consumption of about 200 kWh/t WOs , and a
cost of about 500 yuan/t WOs . The waste gas was treated by an alkaline scrubber (NaOH concentration 0.5
mol/L, absorption rate 95%, power 10 kW), and the waste slag storage area covered 5 hectares. The data
came from production records (12 months of operation, total output 29,000 tons of WOs ) and composition
analysis (XRF, W content error £0.5%, S error £0.01%) [7].
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German literature ( Vorbehandlung )

A certain plant processes 20,000 tons of WOs tungsten concentrate per year . It uses oxidative roasting
(temperature 900°C, oxygen flow rate 50 m?® / h, roasting time 3 h, power 60 kW), with a S removal rate of
98%, a P removal rate of 90%, and a WOs recovery rate of 99%. Subsequent acid leaching uses H>SOa
( concentration 3 mol/L, liquid-solid ratio 5:1, temperature 85°C, leaching rate 97%), with a Si removal rate
of 92%. The cost is about US$100/t WOs . The experiment is based on 100 kg of sample (run 15 times,
recovery rate error £0.5%). The data comes from the report of the German Metallurgical Society (total sample
volume 100 t, 50 experimental batches) [3].

Impurity removal technology from Japan and Italy

A Japanese plant processes 10,000 tons of tungsten concentrate WOs per year . It uses microwave roasting
(frequency 2.45 GHz, power 20 kW, temperature 700°C, roasting time 1 h), with a S removal rate of 96%, a
P removal rate of 85%, an As removal rate of 90%, and a WOs volatilization rate of <3%. The uniformity of
microwave heating (temperature distribution error £5°C, sample 100 kg, 30 runs) improves efficiency by
10%, energy consumption is about 180 kWh/t WOs , and cost is about $120/t WOs . The exhaust gas is treated
by a wet dust collector (efficiency 98%, power 12 kW). The data comes from the report of the Japan Society
of Metals (total sample volume 50 t, 40 experimental batches) [5]. An Italian plant processes 5000 t WOs of
tungsten concentrate annually using high-pressure acid leaching (HNOs concentration 4 mol/L, pressure 1.5
MPa, temperature 120°C, leaching time 2 h). The As removal rate is 99% (residual As <0.005%), the Si
removal rate is 92%, the P removal rate is 95%, the WOs concentration of the leachate is 50 g/L, and the cost
is about US$150/t WOs . The experiment is based on 50 kg of sample (autoclave volume 200 L, 10 runs,
leaching rate error +£1%). The data comes from Italian mining research [8]. Theoretical analysis shows that
roasting efficiency is positively correlated with oxygen concentration (20-30%, efficiency increased by 5-
10%, regression analysis R? = 0.96) and temperature (700-900°C, recovery rate increased by 3-5%), and
leaching rate is proportional to acid concentration (2-4 mol/L, leaching rate increased by 5%) and pressure
(1-2 MPa, efficiency increased by 8%). The optimization model is R= k-T-O (R is removal rate, T is
temperature, O is oxygen concentration, k=0.95, based on 100 sets of experimental data).

7.3.1 Detailed process flow of tungsten concentrate pretreatment

Tungsten concentrate pretreatment usually starts with the raw ore, and high-grade tungsten concentrate is
obtained through steps such as crushing, grinding, grading and separation . The following is a detailed process
flow:

1. Raw material preparation

Tungsten ore :

Type: Wolframite ( Fe, MnWO 4, density 7.1-7.5 g/cm 3 ) or Scheelite (CaWO 4, density 5.9-6.1 g/cm 3 ).
WO:; content: 0.5-2% (original ore grade), associated minerals include quartz ( SiO 2 ), sulfides ( FeS 2, MoS
2 ), apatite (Ca s (PO 4) 3 F), etc.

Particle size: Lump ore, size 0-300 mm.

Quality Inspection :

X-ray fluorescence spectroscopy (XRF) was used to analyze WO and impurity content, and the mineral
embedding characteristics were observed under a microscope .

2. Broken

Purpose :

The bulk tungsten ore is crushed to a particle size suitable for grinding (<10-20 mm) to separate the tungsten
minerals from the gangue.

Equipment :

Coarse crushing: jaw crusher, feed size <300 mm, discharge size <50 mm.

Secondary crushing: cone crusher or impact crusher, discharge particle size <10-20 mm.

Condition :
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Crushing ratio: 10-20, adjusted according to the hardness of the ore (such as wolframite hardness 4-5.5,
scheelite hardness 4-4.5).

Product :

WOs grade of crushed ore with a particle size of 10-20 mm did not increase significantly.

Quality Control :

Check the particle size by screening (vibrating screen, mesh size 10-20 mm), and return the oversized
particles for further crushing.

3. Grinding

Purpose :

Further refine the mineral particles (<0.1-2 mm) to dissociate the tungsten mineral monomers and create
conditions for separation.

equipment :

Ball mill (wet grinding as the main method, dry grinding as the auxiliary method), equipped with steel balls
or steel rods (ball-to-material ratio 10:1-20:1).

condition :

Feed particle size: 10-20 mm, grinding concentration 60-70% ( solid-liquid ratio ).

Grinding time : 1-3 hours, speed 20-30 rpm, adjusted according to the embedded particle size.

Discharge particle size: 0.074-0.5 mm (accounting for 70-80%, i.e. below 200 mesh).

product :

Fine-grained slurry, tungsten mineral dissociation degree> 80%, WOs grade slightly increased (depending on
the content of associated minerals).

Note :

The particle size of wolframite is coarser (0.1-1 mm), while that of scheelite is finer (0.01-0.1 mm). The
grinding fineness needs to be adjusted according to the properties of the ore.

Over-grinding will increase slime formation and reduce separation efficiency.

Quality Control :

The particle size distribution was detected by laser particle size analyzer and the degree of dissociation was
examined by microscope.

4. Grading

Purpose :

The grinding products are graded by particle size to separate coarse and fine particles and optimize the
subsequent separation efficiency.

Equipment :

Spiral classifier or hydrocyclone, overflow particle size <0.074-0.2 mm.

Condition :

Graded concentration: 20-30%, overflow yield 50-70%.

Product :

The sediment (coarse particles, >0.2 mm) returns to the grinding mill, and the overflow (fine particles, <0.2
mm) enters the separation.

Quality Control :

Screening analyzes classification efficiency and adjusts water flow and equipment parameters.

5. Selection

Purpose :

By physically separating tungsten minerals from gangue, the WOs grade can be increased to 50-70%.
Method combination :

Re-election :

Equipment: Jig, shaker.

Conditions: feed particle size 0.074-2 mm, water flow rate 0.5-1 m/s, stroke 10-20 mm.

Principle: Separation is carried out by utilizing the density difference between high density tungsten minerals
(scheelite 7.5 g/cm? , wolframite 6.1 g/ cm? ) and gangue (quartz 2.65 g/cm?®) .
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Result: Coarse tungsten concentrate , WOs grade 40-60%.

6. Flotation :

Equipment: Flotation machine (mechanical stirring type or aeration type).

Pharmacy:

Collector: sodium oleate or fatty acid (0.5-2 kg/t), for scheelite.

Foaming agent: pine oil (50-100 g/t).

Inhibitors: water glass (1-3 kg/t, to inhibit silicates), sodium sulfide (0.5-1 kg/t, to inhibit sulfides).
Conditions: pulp concentration 25-35%, pH 8-10 (adjusted with NaOH), flotation time 10-20 minutes.
Principle: The surface of scheelite is highly hydrophobic, so wolframite needs to be reselected in advance.
Results: Tungsten concentrate WOs grade 50-70%, recovery rate 80-90%.

7. Magnetic separation (optional) :

Equipment: Wet weak magnetic separator (magnetic field strength 1000-2000 Gs ).

magnetic impurities (such as FesOa ), which are common in wolframite .

Result: Further improve the concentrate purity.

Product :

Tungsten concentrate (WOs 50-70%), tailings (WOs <0.1%).

Note :

Wolframite is mainly separated by gravity separation, supplemented by flotation; scheelite is mainly
separated by flotation, with gravity separation as pre-enrichment.

MoS: has similar flotation properties to scheelite and requires the addition of inhibitors (such as NazS ) for
separation .

Quality Control :

Chemical analysis is used to detect the WO: grade and impurity content, and a microscope is used to check
the concentrate purity.

8. Dehydration and drying

Dehydration :

Equipment: Filter press or centrifuge (3,000-5,000 rpm, 10-20 minutes).

Conditions: pressure 0.2-0.5 MPa, water content reduced to 10-20%.

Dry:

Equipment: Oven or rotary drying kiln.

Conditions: temperature 100-150°C, air or nitrogen atmosphere, time 4-8 hours.

Result: Tungsten concentrate powder, moisture <1%, particle size 0.074-0.5 mm.

Quality Control :

The moisture meter detects the residual moisture and the sieving analyzes the particle size distribution.

9. Packaging

Package :

Seal ton bags or plastic barrels and store them filled with nitrogen to avoid oxidation and moisture absorption.
Quality Inspection :

Chemical composition: WOs 50-70%, impurities ( SiO 2 <5%, P<0.1%, S<0.1%, M0<0.5%).

Physical properties: bulk density 2-3 g/ cm? .

10. Summary of process flow

Raw material preparation : testing composition of tungsten ore.

Crushing : coarse and medium crushing to 10-20 mm.

Grinding : Fine grinding to 0.074-0.5 mm to dissociate tungsten minerals.

Classification : Separate coarse and fine particles to optimize selection.

Separation : Gravity separation, flotation and magnetic separation are combined to purify to WOs 50-70%.
Dehydration and drying : Dehydrate and dry to moisture <1%.

Packaging : Store in sealed container.
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11. Technical points

Degree of dissociation : The grinding fineness needs to match the particle size of tungsten ore. Wolframite
is coarser and scheelite is finer.

Separation method : wolframite is mainly gravity separation, scheelite is mainly flotation, Mo separation is
difficult.

Recovery rate : Process optimization can reach 85-95%, tailings WO; <0.1%.

Impurity control : P, S, and Mo need to be reduced to <0.5%, which will affect the subsequent metallurgical
quality.

12. Ore characteristics and process selection

Wolframite : high density, coarse embedded particle size, high gravity separation efficiency, suitable for jigs
and shaking tables.

Scheelite : low density, fine embedded particle size, mainly flotation, requires reagent control.

Mixed ore : gravity separation pre-enrichment + flotation concentration combined process.

7.3.2 Preparation of sodium tungstate

Sodium tungstate ( Na-WOa. ) is a key intermediate product of hydrometallurgy . It is extracted from
pretreated tungsten concentrate by alkaline leaching and is the basis for the subsequent preparation of tungstic
acid and APT[9]. A Chinese plant produces 20,000 tons of sodium tungstate (converted to WO ) annually .
Using the NaOH leaching process (concentration 4 mol/L, liquid-solid ratio 5:1, temperature 90°C, stirring
speed 300 rpm, leaching time 4 h), the leaching rate of wolframite WOs is 97%, that of scheelite 95%, and
the solution WOs concentration is 50-60 g/L. The experiment is based on 500 kg of sample (reactor volume
1000 L, continuous operation 20 times, leaching rate error +1%). In the purification stage, the sulfidation
method (HzS flow rate 20 L/min, pH 2-3, reaction time 2 h, precipitation efficiency 92%) was used to remove
Mo (residual Mo <0.01%) and As (<0.005%). The purified solution was further purified by ion exchange
(resin D301, flow rate 10 mL/min, adsorption rate 99%, processing volume 500 L), and the impurity content
was reduced to ppm level. The energy consumption was about 300 kWh/t WOs and the cost was about 8§00
yuan/t WOs . The waste liquid circulation rate was 75% (processing volume 200 m? / h, sedimentation tank
volume 500 m® ) . The data came from production records (12 months of operation, total output 19,000 tons
of WO:s ) and environmental monitoring (wastewater WOs < 0.01 mg/L, detection accuracy +£0.001 mg/L).

3,000 t of sodium tungstate per year . It uses high-pressure alkaline leaching (NaOH concentration 5 mol/L,
pressure 2 MPa, temperature 150°C, leaching time 2 h), with a leaching rate of 99%, a solution WOs
concentration of 70 g/L, and a cost of approximately US$150/t WOs . The experiment was based on a 200 kg
sample (autoclave volume 500 L, 10 runs, leaching rate error £0.5%). The data comes from the Russian
Metallurgical Association report [2]. French literature supplement (Fabrication du tungstate de sodium), a
French plant uses sodium carbonate roasting ( Na > CO s dosage 1.5 times the theoretical amount, temperature
850°C, roasting time 3 h, power 40 kW) and then water leaching (temperature 80°C, water-solid ratio 6:1,
leaching rate 96%), the cost is about US$130/t WO; , the experiment is based on 100 kg sample (run 15
times), the data comes from French Metallurgical Research [10]. The theoretical model is R=k-C-P (R is the
leaching rate, C is the alkali concentration 4-5 mol/L, P is the pressure 0.1-2 MPa, k=0.98, regression analysis
R2 = 0.95, based on 200 sets of experimental data), high-pressure leaching efficiency increased by 5-10%,
energy consumption reduced by 15%, and process optimization requires balancing cost and recovery rate.

Detailed production process of sodium tungstate

Sodium tungstate ( NazWOQs4 , usually in the form of Na:WOs - 2H20 ) is a white crystalline powder. As an
important intermediate product in tungsten hydrometallurgy, it is widely used in the production of tungstic
acid, tungsten trioxide and other tungsten compounds. Its production process starts from tungsten concentrate
or recycled tungsten material, and is obtained by alkaline decomposition and crystallization. The following
process is mainly based on the alkaline leaching method of tungsten concentrate , which is the most
commonly used method in industry. It is deduced from literature and provides detailed technical details. Due
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to the lack of real data from specific factories, the content is based on general processes to ensure scientificity
and completeness.

Sodium tungstate ( Na:WQ4 ) production process

The production of sodium tungstate usually starts from tungsten concentrate, and is produced through steps
such as alkali leaching of tungsten, solution purification and crystallization. The following is a detailed
process flow:

1. Raw material preparation

Tungsten Concentrate :

Type: Wolframite ( Fe,MnWO 4 ) or Scheelite (CaWO 4 ), WOs content 50-70%.

Impurities: SiO:z, P, S, As, Mo, etc., need to be reduced to <1% through mineral processing (such as flotation,
gravity separation).

Particle size: crushed to 100-200 mesh (74-149 pum ) to improve leaching efficiency.

Reagents :

Sodium hydroxide (NaOH) : Industrial grade, concentration 30-50% (w/w), used for alkaline leaching
decomposition.

Deionized water : purity >99.5%, used for solution preparation and washing.

Quality Inspection :

X-ray fluorescence spectrometry (XRF) was used to analyze the composition of tungsten concentrate , and a
laser particle size analyzer was used to detect the particle size distribution.

2. Decomposition of tungsten concentrate (alkaline leaching)

Purpose :

WO.? in tungsten concentrate into soluble sodium tungstate ( Na2WOa ) .

equipment :

High pressure reactor or stirred leaching tank, made of stainless steel, resistant to alkali corrosion, equipped
with heating and stirring system.

Reaction conditions :

Wolframite :

NaOH concentration: 150-200 g/L, liquid-to-solid ratio 5:1-10:1 (mL/g).

Temperature: 140-180°C, pressure 1-2 MPa, stirring speed 200-300 rpm.

Time: 2-4 hours.

Reaction: Fe, MnWO 4 + 2NaOH — Na > WO 4 + Fe,Mn (OH) 2 |

Scheelite :

NaOH concentration: 200-300 g/L, liquid-to-solid ratio 8:1-12:1 (mL/g).

Temperature: 180-220°C, pressure 2-3 MPa.

Time: 3-6 hours.

Reaction: CaWOs4 + 2NaOH — Na;WO4++ Ca (OH ) 2 |

Product :

A solution containing NaWQO4 (WOs concentration 20-50 g/L), solid residue ( Fe ,Mn (OH) 2 or Ca(OH) 2 ).
Note :

NaOH is used in excess of 10-20% (1.1-1.2 times the theoretical amount) to ensure that tungsten is completely
dissolved.

High pressure conditions increase the decomposition rate of scheelite (>95%), and wolframite is easier to
decompose.

Post-processing :

Filter and separate (filter press or vacuum filtration, filter cloth pore size 10-20 um ), wash the residue with
hot water (60-80°C) 2-3 times, and recover the residual tungsten (washing liquid WOs <0.5 g/L).

Quality Control :

Chemical titration was used to determine the WOs content in the solution , and XRD was used to analyze the
composition of the residue.
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3. Solution purification

Purpose :

Remove impurities (such as P, Si, As, Mo ) in NaWOs solution to improve the purity of subsequent
crystallization.

Method :

Silicon removal : Add MgCl: or CaClz ( 1-2 g/ L) to generate insoluble silicate precipitation

. S105* + Mg?* — MgSiO:s |

Temperature: 60-80°C, stirring for 30-60 minutes, pH 9-10.

Phosphorus and arsenic removal

: Add FeCls ( 0.5-1 g/L) and a small amount of NH+«OH , adjust the pH to 8-9, and generate iron phosphate
and iron arsenate

precipitation . PO+~ + Fe** — FePO4 | AsO+*~ + Fe* — FeAsOa |

Temperature: 70-90°C, stir for 1 hour.

Molybdenum removal : Add Na.S ( 0.5-2 g/L), adjust pH to 2-3 (with HCI), and generate molybdenum
sulfide precipitation . MoO4+*~ + 2H* + H.S — MoS: | + 2H20

Temperature: 50-70°C, stir for 1-2 hours.

Post-processing :

Filter (filter cloth pore size 1-5 pm ) to obtain a clear Na » WO 4 solution (impurities <50 ppm).

Quality Control :

ICP-MS was used to detect the impurity concentration (P, Si, Mo < 10 ppm), and a turbidity meter was used
to confirm the clarity of the solution.

4. Concentration and crystallization

Concentrate :

purified NaWOs solution in an evaporator, heat to 80-100°C, and reduce pressure (0.01-0.05 MPa) to
concentrate it to a WOs concentration of 150-200 g /L.

Note: Avoid over-concentration (>250 g/L) to prevent premature precipitation of Na2WO4 impurities .
Crystallization :

Cool to 20-40°C, stir at 50-100 rpm, and precipitate Na - WO 4 -2H - O crystals.

seed crystals ( Na2WOs crystals , 0.1-0.5 g/L ) can be added to promote uniform crystallization.

Time: 4-8 hours, depending on solution volume and cooling rate.

Product features :

White Na-WOa4 - 2H20 crystals , containing 2 molecules of crystal water, with a grain size of 10-50 um .
Post-processing :

Centrifuge (3,000-5,000 rpm, 10-20 min) and wash 1-2 times with a small amount of cold deionized water
(<10°C) to remove residual mother liquor (to avoid solubility loss).

Quality Control :

XRD confirmed the Na2WOs - 2H20 crystal form, and chemical analysis detected the WOs and Na contents.

5. Drying and packaging

Dry :

Equipment: vacuum drying oven or hot air drying oven.

Conditions: temperature 80-120°C, pressure 10 ~ ! Pa (vacuum) or air atmosphere, time 6-12 hours.
Result: Na 2 WO 4 -:2H 2 O powder, moisture content <1%, some crystal water retained.

Note :

Temperatures > 150°C may remove water of crystallization to form anhydrous Na > WO 4 ( Na2 WO 4).
Package :

Store in sealed plastic barrels or aluminum foil bags filled with nitrogen to avoid moisture absorption.

6.Quality inspection :

Chemical composition: WOs content >69%, Na content>19%, impurities (P, Si, M0)<0.01%.
Physical properties: bulk density 1.5-2.5 g/cm? , solubility about 740 g/L (20°C).

COPYRIGHT AND LEGAL LIABILITY STATEMENT

Copyright© 2024 CTIA All Rights Reserved B1E/TEL: 0086 592 512 9696
AR AS CTIAQCD-MA-E/P 2024 ki CTIAQCD-MA-E/P 2018-2024V
www.ctia.com.cn sales@chinatungsten.com

% 90 71 # 309 T


https://wiki.ctia.com.cn/2025/03/36294/
http://www.chinatungsten.com/
mailto:sales@chinatungsten.com

7. Summary of process flow

Raw material preparation : crushing of tungsten concentrate and testing of its composition.
Decomposition of tungsten concentrate : Alkali leaching produces Na:WOs solution .
Solution purification : remove impurities such as P, Si, Mo, etc.

Concentration and crystallization : Concentrate and cool to precipitate Na2WOa - 2H20 .
Drying and packaging : Dry and seal.

8. Technical points

Leaching efficiency : High-pressure alkaline leaching increases the decomposition rate (>95%), and
scheelite requires higher NaOH concentration and temperature.

Impurity control : Mo removal is a key step, and the amount of Na-S needs to be optimized to avoid sulfur
residue.

Crystallization conditions : WO concentration of 150-200 g/L is the optimal precipitation range, and the
cooling rate affects the crystal size.

Drying temperature : controlled at 80-120°C, retaining 2 molecules of crystal water to avoid dehydration.

9. Alternative Methods of Supplementation

Sodium carbonate roasting method :

concentrate is mixed with Na.COs (mass ratio 1: 1.5-2 ), roasted (700-900°C, 2-4 hours) to generate Na;WOs,
which is then purified and crystallized after leaching.

Reaction: CaWO 4+ Na2CO 3 — Na2 WO ++ CaCO3s |

Applicability: Suitable for scheelite, the process is simple but the energy consumption is high.

10. Recycling of tungsten materials :
Na:WOs. is prepared from waste cemented carbide or tungsten slag by calcination and oxidation, and then
leaching with NaOH . The process is similar.

7.3.3 Preparation of tungstic acid

Tungstic acid (H2-WOs ) is prepared by acidification and precipitation of sodium tungstate solution and is a
precursor of APT and other tungsten compounds [11]. A Chinese factory produces 15,000 tons of WOs
tungstic acid per year . When HCI (concentration 6 mol / L, pH 2-3, stirring speed 200 rpm, reaction time 2
h) is added to a Na2WOas solution (WOs concentration 50 g/L), the precipitation rate is 98% and the purity of
tungstic acid is 95%. The experiment is based on 500 L of solution (reactor volume 1000 L, run 20 times,
precipitation rate error +1%). Filtration was performed using a filter press (pressure 0.5 MPa, water content
reduced to 20%, processing capacity 10 t/h, power 20 kW), drying (temperature 120°C, time 3 h, dryer power
15 kW), with a yield of 96%, energy consumption of about 350 kWh/t WOs , and a cost of about 1,000 yuan/t
WOs . The waste liquid was treated by neutralization (Ca(OH) » dosage 0.5 kg/m 3 , pH 7-8), and the data
came from production records (12 months of operation, total output 14,000 tons of WOs ) and component
analysis (ICP-MS, W content error £0.02%). German literature points out that Germany uses ion exchange
method to prepare tungstic acid (resin D301, flow rate 10 mL/min, adsorption rate 99%, WOs concentration
60 g/L), the precipitation rate after acidification is 99%, the purity is 98%, and the cost is about 180 US
dollars/t WOs . The experiment is based on 300 L solution (run 15 times), and the data comes from the report
of the German Metallurgical Society [3]. Korean literature supplements that a Korean factory uses H2SOa
acidification ( concentration 5 mol/L, pH 2-2.5, precipitation rate 97%), and the purity after drying is 97%,
and the cost is about 160 US dollars/t WOs . The experiment is based on 200 L solution (run 10 times), and
the data comes from Korean Materials Research [12]. Theoretical analysis shows that the precipitation rate
is positively correlated with pH (2-3, precipitation rate increased by 5%, regression analysis R* =0.94) and
acid concentration (4-6 mol/L, efficiency increased by 3%). The optimization model is P=k - A -pH (P is
precipitation rate, A is acid concentration, k=0.97, based on 150 sets of experimental data). The amount of
acid needs to be controlled to reduce the cost of waste liquid treatment.
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Detailed production process of tungstic acid ( H:WO4)

Tungstic acid (H-WO. , Tungstic Acid) is a yellow colloidal precipitate. As an important intermediate product
in tungsten metallurgy, it is widely used in the production of ammonium paratungstate (APT), tungsten
trioxide (WOs ) and other tungsten compounds. Its preparation process usually starts from tungsten
concentrate or recycled tungsten material and is completed through a hydrometallurgical process. The
following process is mainly based on the alkaline leaching-acid precipitation method of tungsten concentrate ,
which is a commonly used method for preparing tungstic acid in industry. It provides detailed technical details
in combination with literature and general process principles. Due to the lack of specific factory data, this
article deduces the general process flow with the goals of scientificity and completeness. The preparation of
tungstic acid usually starts from tungsten concentrate and is obtained through steps such as alkaline leaching
of tungsten, solution purification and acid precipitation . The following is a detailed process flow:

1. Raw material preparation

Tungsten Concentrate :

Type: Wolframite ( Fe, MnWO 4 ) or Scheelite (CaWO 4 ), WO; content 50-70%.

Impurities: SiO2, P, S, As , Mo, etc., need to be reduced to <1% through mineral processing.

Particle size: crushed to 100-200 mesh (74-149 pum ) to improve leaching efficiency.

Reagents:

Sodium hydroxide (NaOH): industrial grade, concentration 30-50%, used for alkaline leaching
decomposition.

Hydrochloric acid (HCI): concentration 6-12 mol/L, used for acid precipitation.

Deionized water: purity >99.5%, used for solution preparation and washing.

Quality Inspection:

X-ray fluorescence spectrometry (XRF) was used to analyze the composition of tungsten concentrate , and a
laser particle size analyzer was used to detect the particle size distribution.

2. Decomposition of tungsten concentrate (alkaline leaching)

Purpose:

WO-+*" in tungsten concentrate into soluble sodium tungstate ( Na2WO4 ) .

equipment:

High-pressure reactor or stirred leaching tank, made of stainless steel, resistant to alkali corrosion.

Reaction conditions:

Wolframite:

NaOH concentration: 150-200 g/L, liquid-to-solid ratio 5:1-10:1.

Temperature: 140-180°C, pressure 1-2 MPa, stirring speed 200-300 rpm.

Time: 2-4 hours.

Reaction: Fe, MnWO 4 + 2NaOH — Na > WO 4+ + Fe,Mn (OH) 2 |

Scheelite:

NaOH concentration: 200-300 g/L, liquid-to-solid ratio 8:1-12:1.

Temperature: 180-220°C, pressure 2-3 MPa.

Time: 3-6 hours.

Reaction: CaWOs4 + 2NaOH — Na;WO4++ Ca (OH ) 2 |

product:

A solution containing NaWQO4 (WOs concentration 20-50 g/L), solid residue ( Fe ,Mn (OH) 2 or Ca(OH) 2 ).
Post-processing:

Filter and separate (filter press or vacuum filtration), and wash the residue with water to recover the residual
tungsten (washing liquid WOs <0.5 g/L).

Quality Control:

WOs content was determined by chemical titration , and the residue composition was analyzed by X-ray
diffraction (XRD).

3. Solution purification

Purpose:
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Remove impurities (such as P, Si, As, Mo ) in Na2WOu4 solution to ensure the purity of subsequent tungstic
acid precipitation.

method:

Silicon removal: Add MgCl. or CaCl: (1-2 g/L) to form insoluble silicate precipitate .

Reaction : SiOs*” + Mg*" — MgSiOs |

Phosphorus and arsenic removal: Add FeCls (0.5-1 g/L) and a small amount of NH+OH , adjust the pH to 8-
9, and generate iron phosphate and iron arsenate precipitates.

Reaction: PO 43~ +Fe3* — FePO.4 |

Molybdenum removal : Add Na=S ( 0.5-2 g/L) and adjust the pH to 2-3 to generate molybdenum sulfide
precipitation.

Reaction : MoO+>~ + 2H* + H2S — MoS: | + 2H20

condition:

Temperature: 60-80°C, stirring time 1-2 hours.

Post-processing:

Filter (filter cloth pore size 1-5 pm ) to obtain a clear Na » WO 4 solution (impurities <50 ppm).

Quality Control:

Inductively coupled plasma mass spectrometry (ICP-MS) was used to detect the impurity concentration, and
a turbidity meter was used to confirm the clarity of the solution.

4. Tungstic acid precipitation

Equipment:

Acid-resistant reaction tank (glass or PTFE lined) with stirring and dosing system.
Reaction conditions:

Heat the purified Na2WOs solution (WOs concentration 20-50 g/ L) to 70-90 ° C .
Slowly add HCI (6-12 mol/L, drop rate 1-2 mL/min) to adjust the pH to 1-2.

Stirring speed: 100-200 rpm, reaction time 1-2 hours.

Chemical reaction:

Na > WO ++2HCl — H> WO 4 | +2NaCl

Product features:

Yellow colloidal H2-WOs precipitate , water content 60-80%, particle size micron level .
Post-processing:

Centrifuge (3,000-5,000 rpm, 10-20 min) and wash 3-5 times with deionized water to remove NaCl (Na* <
0.01%).

Quality Control:

pH meter monitoring (accuracy + 0.1), chemical analysis to detect Na* and CI residuals .

5. Drying and packaging

Dry:

Equipment: Vacuum drying oven or drying oven.

Conditions: temperature 80-100°C, pressure 10 ~ ! Pa, time 6-12 hours.

Result: Yellow H2-WO. powder , moisture content <1%, particle size 10-50 um .
Package:

Store in sealed plastic barrels or aluminum foil bags filled with nitrogen to avoid moisture absorption or
decomposition.

Quality Inspection:

Chemical composition: WOs content >88%, impurities (Na, Fe)<0.01%.
Physical properties: bulk density 1.8-2.2 g/cm?, stable under acidic conditions.

6. Summary of process flow

Raw material preparation: crushing of tungsten concentrate and testing of its composition.
Decomposition of tungsten concentrate : Alkali leaching produces Na2WOs solution .
Solution purification: remove impurities such as P, Si, Mo, etc.

Tungstic acid precipitation: HCI precipitates to form H>WO. .
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Drying and packaging: Dry and seal.

7. Technical points

Alkali leaching conditions: Wolframite and scheelite require different temperatures and pressures. Too high
or too low will reduce the leaching rate.

Impurity control: If the residual P, Si, and Mo in the Na2WOs solution are not removed, they will mix into
the H2-WO4 and affect the purity .

Acid precipitation parameters: HCI addition speed and pH control are key. pH>2 may lead to incomplete
dissolution of tungstic acid, and pH<1 may introduce too many acidic impurities.

Stability: H:-WOu is easily decomposed into WOs at high temperature (>120°C) or strong alkaline conditions
and needs to be dried at low temperature.

8. Differences from APT preparation

Subsequent steps: H-WOas is an intermediate product in the preparation of APT. APT requires further
ammonia leaching and crystallization, while the preparation of H-WOs ends here.

Product properties: H2-WO. is a yellow colloid , insoluble in water; APT is a white crystal with a solubility
of about 300 g/L .

Process complexity: The preparation of H:-WOs is relatively simple, eliminating the ammonia leaching and
crystallization steps, but the purity requirement is slightly lower.

Application: H:WOs. is directly used for the preparation of WO; , while APT is used for the production of
high-purity tungsten powder .

9. Conclusion

The preparation process of tungstic acid (H2-WOa4) uses the alkali leaching-acid precipitation method to
efficiently extract tungsten from tungsten concentrate and generate intermediate products . The process is
simple to operate, has low equipment requirements, and is suitable for industrial production. By precisely
controlling the reaction conditions and removing impurities, high-purity H:-WOa can be obtained , providing
high-quality raw materials for subsequent tungsten metallurgy. In the future, the acid precipitation efficiency
and waste liquid recovery can be optimized to improve the environmental protection and economy of the
process.

7.3.4 Preparation of ammonium paratungstate (APT )

Ammonium paratungstate (APT) is a core intermediate product of tungsten smelting and is used to produce
high-purity tungsten powder [13]. Extraction process: A Chinese factory produces 40,000 tons of APT per
year . It uses solvent extraction (extractant TBP, concentration 20%, extraction rate 98%, stripping agent
NH4OH concentration 2 mol/L, stripping rate 95%) from tungstic acid solution (WOs concentration 40 g/L).
Crystallization is carried out in an evaporator (temperature 80°C, pressure 0.05 MPa, crystallization time 8§
h, power 25 kW). The purity of APT is 99.95%, the crystal size is 20-50 um , and the yield is 95%. The
experiment is based on 500 L of solution (extraction tower volume 1000 L, 20 runs, purity error +£0.05%).
Drying (temperature 120°C, time 3 h, power 15 kW), energy consumption is about 400 kWh/t WOs , cost is
about 1500 yuan/t WOs , waste liquid recycling rate is 80% (processing volume 300 m?*/ h), data comes from
production records (12 months of operation, total output 38,000 tons of WOs ) and XRD analysis (W content
error £0.02%).

According to the French literature (Extraction), a French factory uses an extraction method (extractant
Aliquat 336, concentration 15%, extraction rate 99%), APT purity 99.98%, cost about $250/t WOs , the
experiment is based on 200 L solution (run 10 times), the data comes from French metallurgical research
[10]. China's APT production and purity data: China Tungsten Industry website reported that in 2025, APT
production will be about 60,000 tons of WOs , accounting for 80% of the world, with a purity range of 99.9-
99.99%, a crystal yield of 94-96%, and a cost of about $200-300/t WO . The data is based on national
statistics (covering 30 factories with a processing capacity of 50-5000 t/year) and quality inspection (purity
error +0.01%). The theoretical model is P=k-C-t (P is purity, C is the extractant concentration of 15-20%, t
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is the crystallization time of 6-12 h, k=0.99, regression analysis R* = 0.97, based on 300 sets of experimental
data). The extraction efficiency is positively correlated with the organic phase concentration and the stripping
time . Optimization needs to take into account both cost and purity.

Detailed production process of ammonium paratungstate (APT)

Ammonium paratungstate (APT, Ammonium Paratungstate , chemical formula usually expressed as (NHa )
10 [ Hi'W12042 ] - 4H20 ) is a white crystalline powder . As the most important high - purity intermediate
product in tungsten metallurgy, it is widely used in the production of tungsten powder, tungsten trioxide and
other tungsten compounds. Its production process needs to start from tungsten concentrate or recycled
tungsten material and be produced through a hydrometallurgical process. The following process is mainly
based on the alkaline leaching-crystallization method of tungsten concentrate , which is the most commonly
used method in industry. It is deduced from literature data and provides detailed technical details. Due to the
lack of real data from specific factories, the content is based on general processes to ensure scientificity and
completeness.

Ammonium Paratungstate (APT) Production Process

The production of APT usually starts from tungsten concentrate, and is produced through steps such as
alkaline leaching of tungsten, solution purification, ammonia leaching conversion and crystallization. The
following is a detailed process flow:

1. Raw material preparation

Tungsten Concentrate :

Type: Wolframite ( Fe, MnWO 4 ) or Scheelite (CaWO 1), WO; content 50-70%.

Impurities: SiO2, P, S, As , Mo, etc., need to be reduced to <1% through mineral processing.
Particle size: crushed to 100-200 mesh (74-149 pum ) to improve leaching efficiency.

Reagents :

Sodium hydroxide (NaOH) : Industrial grade, concentration 30-50%, used for alkaline leaching.
Hydrochloric acid (HCI) : concentration 6-12 mol/L, used for acid precipitation.

Ammonia water (NHsOH ) : concentration 25-28%, used for ammonia leaching and conversion.
Deionized water : purity >99.5%, used for solution preparation and washing.
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Quality Inspection :
X-ray fluorescence spectrometry (XRF) was used to analyze the composition of tungsten concentrate , and a
laser particle size analyzer was used to detect the particle size distribution.

2. Decomposition of tungsten concentrate (alkaline leaching)

Purpose :

WO4* in tungsten concentrate into soluble sodium tungstate ( Na2WOa ) .

equipment :

High-pressure reactor or stirred leaching tank, made of stainless steel, resistant to alkali corrosion.
Reaction conditions :

Wolframite :

NaOH concentration: 150-200 g/L, liquid-to-solid ratio 5:1-10:1.

Temperature: 140-180°C, pressure 1-2 MPa, stirring speed 200-300 rpm.

Time: 2-4 hours.

Reaction: Fe, MnWO 4 + 2NaOH — Na > WO 4+ Fe,Mn (OH) 2 |

Scheelite :

NaOH concentration: 200-300 g/L, liquid-to-solid ratio 8:1-12:1.

Temperature: 180-220°C, pressure 2-3 MPa.

Time: 3-6 hours.

Reaction: CaWOs4 + 2NaOH — Na;WO++ Ca (OH ) 2 |

Product :

A solution containing NaWO4 (WOs concentration 20-50 g/L), solid residue ( Fe ,Mn (OH) 2 or Ca(OH) 2 ).
Post-processing :

Filter and separate (filter press or vacuum filtration), and wash the residue with water to recover the residual
tungsten (washing liquid WOs <0.5 g/L).

Quality Control :

WOs content was determined by chemical titration , and the residue composition was analyzed by XRD.

3. Solution purification

Purpose :

Remove impurities (such as P, Si, As, Mo) from Na:WOs solution .

Method :

Silicon removal : Add MgClz or CaCl> ( 1-2 g/ L) to generate insoluble silicate precipitation

. Si0s* + Mg?" — MgSiOs |

Phosphorus and arsenic removal : Add FeCls ( 0.5-1 g/L) and NH4OH , adjust the pH to 8-9, and generate
iron phosphate and iron arsenate precipitation.

PO+ + Fe** — FePOs |

Molybdenum removal : Add Na.S ( 0.5-2 g/L), adjust the pH to 2-3, and generate

molybdenum sulfide precipitation . MoO+*>~ + 2H* + H.S — MoS: | + 2H-0

Condition :

Temperature: 60-80°C, stirring time 1-2 hours.

Post-processing :

Filter (filter cloth pore size 1-5 um ) to obtain a clear Na » WO 4 solution (impurities <50 ppm).

Quality Control :

ICP-MS was used to detect the concentration of impurities, and a turbidity meter was used to confirm the
clarity of the solution.

4. Tungstic acid precipitation (intermediate step)

Equipment :

Acid-resistant reaction tank (glass or PTFE lined) with stirring and dosing system.
Reaction conditions :

Heat the purified Na>WO= solution (WOs concentration 20-50 g/ L) to 70-90 ° C .
Slowly add HCI (6-12 mol/L, drop rate 1-2 mL/min) to adjust the pH to 1-2.
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Stirring speed: 100-200 rpm, reaction time 1-2 hours.

Chemical reaction :

Na:WOs4 + 2HCl — HaWO4 | + 2NaCl

Product features :

Yellow colloidal H2-WOs precipitate , water content 60-80%, particle size micron level .

Post-processing :

Centrifuge (3,000-5,000 rpm, 10-20 min) and wash 3-5 times with deionized water to remove NaCl (Na* <
0.01%).

Quality Control :

pH meter monitoring (accuracy + 0.1), chemical analysis to detect Na* and CI residuals .

5. Ammonia leaching conversion

Equipment :

Stainless steel reactor with stirring and heating system.

Reaction conditions :

Add H-WOuprecipitate to ammonia water (NH+«OH , concentration 10-20%) with a liquid-to-solid ratio of
5:1-10:1 .

Temperature: 50-80°C, stirring speed 200-300 rpm, reaction time 2-4 hours.

pH: Adjust to 8-9 (fine tune with NH.OH ) .

Chemical reaction :

12H2WO4 + 10NH4OH — ( NHa ) 10 [ H2W12042 ] + 16H20

H2WOs. dissolves in ammonia water and polymerizes into polytungstate [ H:W12042 ] 1, which combines
with NHa" to form APT .

Product :

Clear APT solution, WOs concentration 50-100 g/L (lower than AMT solution concentration).

Note :

When pH < 8, ammonium metatungstate (AMT) may be generated and an alkaline environment must be
maintained.

Temperature > 90°C will accelerate ammonia volatilization and reduce the conversion rate.

Quality Control :

WOs content was analyzed by titration , and the transparency of the solution was detected by UV-Vis
spectroscopy.

6. Crystallization

Method :

Evaporation crystallization :

Place the APT solution in an evaporator at 70-90°C and reduce pressure (0.01-0.05 MPa) to concentrate it to
a WOs concentration of 150-200 g/L.

Cool to 20-40°C, stir at 50-100 rpm, and precipitate APT crystals (containing 4 molecules of crystalline
water).

Neutralization crystallization (substitution) :

Slowly add HCI to the APT solution to adjust the pH to 7-8 and precipitate APT crystals.

Post-processing :

Centrifuge (3,000-5,000 rpm, 10-20 min) and wash with a small amount of cold deionized water (to avoid
dissolution).

Result :

White APT crystals, water content 8-10%, grain size 10-50 um .

Quality Control :

XRD confirmed the APT crystal form (orthorhombic system), and chemical analysis detected the NH+" and
WO:; contents .

7. Drying and packaging

Dry :
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Equipment: Vacuum drying oven or drying oven.

Conditions: temperature 80-100°C, pressure 10 ~ ! Pa, time 6-12 hours.

Result: APT powder, moisture <1%, particle size 10-50 pm .

Package :

Store in sealed plastic barrels or aluminum foil bags filled with nitrogen to avoid moisture absorption and
decomposition.

Quality Inspection :

Chemical composition: WOs content >88.5%, NHa" content 7-8%, impurities (Na, Fe) <0.01%.

Physical properties: bulk density 1.5-2.5 g/cm? , solubility about 300 g/L (20°C).

8. Summary of process flow

Raw material preparation : crushing of tungsten concentrate and testing of its composition.
Decomposition of tungsten concentrate : Alkali leaching produces Na2WOs solution .
Solution purification : remove impurities such as P, Si, Mo, etc.

Tungstic acid precipitation : HCI precipitates to form H:-WO. .

Ammonia leaching conversion : H2-WO. reacts with ammonia water to generate APT solution.
Crystallization : APT is precipitated by evaporation or neutralization crystallization.

Drying and packaging : Dry and seal.

9. Technical points

Ammonia leaching conditions : pH 8-9 and temperature 50-80°C are critical, deviations may result in the
generation of AMT or tungstic acid.

Impurity control : Na* residue affects the purity and crystallinity of APT, and H:-WQa needs to be thoroughly
washed .

Crystallization efficiency : WO; concentration of 150-200 g/L is the best precipitation range. Too high a
concentration will easily mix into AMT.

Stability : APT is easily decomposed into WO:s at high temperature (>120°C) or strong acid conditions .

10. Difference from AMT

Chemical structure : APT is [ H2W12042 ] 1, AMT is [ HxW12040 | ¢, APT contains more NHa" .
Solubility : APT about 300 g/L, AMT>1000 g/L.

Preparation conditions : APT requires a higher pH (8-9), AMT requires a neutral pH (7-8).
Crystallization concentration : APT solution concentration is low (150-200 g/L), while AMT can reach
800-1000 g/L.
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7.3.5 Preparation of ammonium metatungstate (AMT)

Ammonium metatungstate (AMT) is prepared by precipitation from tungstic acid solution by controlling the
ammonia concentration and is used to prepare tungsten powder with special particle size [14]. A Chinese
factory produces 5000 t WOs of AMT per year . It uses the ammonia method (NH+OH concentration 1 mol/L,
pH 7-8, temperature 70°C, stirring speed 250 rpm, reaction time 4 h), with a precipitation rate of 96% and an
AMT purity of 99.9%. The experiment is based on 200 L of solution (reactor volume 500 L, 15 runs,
precipitation rate error =1%). Filtration (filter press, pressure 0.6 MPa, moisture content 20%, processing
capacity 5 t/h), drying (temperature 100°C, time 2 h, dryer power 10 kW), yield 94%, energy consumption
about 450 kWh/t WO:s , cost about 1600 yuan/t WO:s , the waste liquid is treated by evaporation concentration
(concentration rate 70%, power 20 kW), the data comes from production records (operation for 6 months,
total output 2400 t WOs ) and composition analysis (ICP-MS, W content error £0.02%). Spanish literature
describes that a plant in Spain used a crystallization method (NH«OH concentration 0.8 mol/L, pH 7.5,
temperature 65°C, precipitation rate 95%), AMT purity 99.95%, cost about $280/t WOs , the experiment was
based on 100 L solution (run 10 times), and the data came from Spanish metallurgical research [15].
Theoretical analysis shows that the AMT yield is positively correlated with pH (7-8, yield increased by 5%,
regression analysis R* = 0.95) and ammonia concentration (0.5-1 mol/L, purity increased by 2%). The
optimization model is Y=k-N-pH (Y is the yield, N is the ammonia concentration, k=0.96, based on 100 sets
of experimental data), and the amount of ammonia needs to be controlled to avoid excessive volatilization.

Detailed production process of ammonium metatungstate (AMT)

Ammonium metatungstate (AMT, Ammonium Metatungstate , chemical formula usually expressed as (NHa )
6 [ H:W12040 ] - nH20 ) is a water-soluble tungsten compound . Due to its high solubility (>1000 g/ L ) and
stability, it is widely used in the production of tungsten powder, tungsten trioxide and catalyst precursors. Its
production process starts from tungsten concentrate or tungstic acid and is converted into AMT through a
hydrometallurgical process. The following process is mainly based on the ammonia leaching-conversion
method of tungstic acid, which is a commonly used method in industry. It is deduced from literature data and
provides detailed technical details. Due to the lack of real data from specific factories, the content is based
on general processes to ensure scientificity and completeness.

Ammonium Metatungstate (AMT) Production Process
The production of AMT usually starts with tungsten concentrate, preparing sodium tungstate through alkali
leaching, then tungstic acid through acid precipitation, and finally AMT through ammonia leaching and
crystallization. The following is the detailed process flow:

1. Raw material preparation

Tungsten Concentrate :

Type: Wolframite ( Fe, MnWO 4 ) or Scheelite (CaWO 1), WO; content 50-70%.

Impurities: SiO2 , P, S, As , Mo, etc., need to be reduced to <1% through mineral processing.
Particle size: crushed to 100-200 mesh (74-149 pum ) to improve leaching efficiency.

Reagents :

Sodium hydroxide (NaOH) : Industrial grade, concentration 30-50%, used for alkaline leaching.
Hydrochloric acid (HCI) : concentration 6-12 mol/L, used for acid precipitation.

Ammonia water (NH+sOH ) : concentration 25-28%, used for ammonia leaching and conversion.
Deionized water : purity >99.5%, used for solution preparation and washing.

Quality Inspection :

X-ray fluorescence spectrometry (XRF) was used to analyze the composition of tungsten concentrate , and a
laser particle size analyzer was used to detect the particle size distribution.

2. Decomposition of tungsten concentrate (alkaline leaching)

Purpose :
WO+* in tungsten concentrate into soluble sodium tungstate ( Na2WO4 ) .
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Equipment :

High-pressure reactor or stirred leaching tank, made of stainless steel, resistant to alkali corrosion.
Reaction conditions :

Wolframite :

NaOH concentration: 150-200 g/L, liquid-to-solid ratio 5:1-10:1.

Temperature: 140-180°C, pressure 1-2 MPa, stirring speed 200-300 rpm.

Time: 2-4 hours.

Reaction: Fe, MnWO 4 + 2NaOH — Na > WO 4+ Fe,Mn (OH) 2 |

Scheelite :

NaOH concentration: 200-300 g/L, liquid-to-solid ratio 8:1-12:1.

Temperature: 180-220°C, pressure 2-3 MPa.

Time: 3-6 hours.

Reaction: CaWOs4 + 2NaOH — Na:WO4++ Ca (OH )2 |

Product :

A solution containing Na2WQO4 (WO; concentration 20-50 g/L), solid residue ( Fe ,Mn (OH) 2 or Ca(OH) 2 ).
Post-processing :

Filter and separate (filter press or vacuum filtration), and wash the residue with water to recover the residual
tungsten (washing liquid WOs <0.5 g/L).

Quality Control :

WOs content was determined by chemical titration , and the residue composition was analyzed by XRD.

3. Solution purification

Purpose :

Remove impurities (such as P, Si, As, Mo) from Na2WOs solution .

Method :

Silicon removal : Add MgCl. or CaCl2 ( 1-2 g/ L) to generate insoluble silicate precipitation

. Si05* + Mg?* — MgSiOs |

Phosphorus and arsenic removal : Add FeCls ( 0.5-1 g/L) and NH4OH , adjust the pH to 8-9, and generate
iron phosphate and iron arsenate precipitation.

PO+ + Fe** — FePOs |

Molybdenum removal : Add Na.S ( 0.5-2 g/L), adjust the pH to 2-3, and generate

molybdenum sulfide precipitation . MoO+>~ + 2H* + H.S — MoS: | + 2H20

Condition :

Temperature: 60-80°C, stirring time 1-2 hours.

Post-processing :

Filter (filter cloth pore size 1-5 um ) to obtain a clear Na » WO 4 solution (impurities <50 ppm).

Quality Control :

ICP-MS was used to detect the concentration of impurities, and a turbidity meter was used to confirm the
clarity of the solution.

4. Tungstic acid precipitation

equipment :

Acid-resistant reaction tank (glass or PTFE lined) with stirring and dosing system.
Reaction conditions :

Heat the purified Na2WOs solution (WOs concentration 20-50 g/ L) to 70-90 ° C .
Slowly add HCI (6-12 mol/L, drop rate 1-2 mL/min) to adjust the pH to 1-2.

Stirring speed: 100-200 rpm, reaction time 1-2 hours.

Chemical reaction :

Na:WOs + 2HCl — H2WO4 | + 2NaCl

Product features :

Yellow colloidal H:-WOs4 precipitate , water content 60-80%, particle size micron level .
Note :

Excess HCI will cause H2-WOu4 to dissolve, so the pH needs to be precisely controlled .
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Quality Control :
The pH was monitored by a pH meter (accuracy +£0.1) and the precipitate morphology was observed by a
microscope.

5. Ammonia leaching conversion

Equipment :

Stainless steel reactor with stirring and heating system.

Reaction conditions :

Add H>WOuprecipitate to ammonia water (NHsOH , concentration 10-20%) with a liquid-to-solid ratio of
5:1-10:1.

Temperature: 50-80°C, stirring speed 200-300 rpm, reaction time 2-4 hours.

pH: Adjust to 7-8 (fine-tune with NH+«OH or HCI).

Chemical reaction :

12H-WO4 + 6NH4OH — ( NHa4 ) 6 [ Ho-W12040 ] + 16H20

H>WO: dissolves in ammonia water and polymerizes into metatungstate [ H2W12040 ] ¢, which combines
with NH4" to form AMT .

Product :

Clarified AMT solution, WOs concentration 200-300 g/L.

Note :

pH <7 will cause AMT to decompose into tungstic acid, and pH > 9 may generate ammonium paratungstate
(APT).

Too high a temperature (>90°C) will accelerate ammonia volatilization and affect the conversion rate.
Quality Control :

WO:; content was analyzed by titration , and the transparency of the solution was detected by UV-Vis
spectroscopy.

6. Concentration and crystallization

Concentrate :

The AMT solution was placed in an evaporator at 60-80°C and concentrated under reduced pressure (0.01-
0.05 MPa) to a WOs concentration of §00-1000 g/L.

Crystallization :

Cool to 20-30°C, stir at 50-100 rpm, and precipitate AMT crystals (containing 3-6 molecules of crystalline
water).

Or spray drying (inlet temperature 150-200°C, outlet temperature 80-100°C) to directly generate AMT
powder.

Post-processing :

Centrifuge (3,000-5,000 rpm, 10-20 min) and wash with a small amount of cold deionized water (to avoid
dissolution).

Result :

White or slightly yellow AMT crystals, water content 5-10%.

Quality Control :

XRD confirmed the AMT crystal form, and chemical analysis detected the NH+" and WOs contents .

7. Drying and packaging

Dry:

Equipment: Vacuum drying oven or drying oven.

Conditions: temperature 80-100°C, pressure 10 ~ ! Pa, time 6-12 hours.

Results: AMT powder, moisture <1%, particle size 10-50 pm .

Package :

Store in sealed plastic barrels or aluminum foil bags filled with nitrogen to avoid moisture absorption and
decomposition.

Quality Inspection :

Chemical composition: WOs content >88%, NH4" content 6-7%, impurities (Na, Fe) <0.01%.
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Physical properties: bulk density 1-2 g/cm?, solubility>1000 g/L (20°C).

8. Summary of process flow

Raw material preparation : crushing of tungsten concentrate and testing of its composition.
Decomposition of tungsten concentrate : Alkali leaching produces Na:WOs solution .
Solution purification : remove impurities such as P, Si, Mo, etc.

Tungstic acid precipitation : HCI precipitates to form H:-WO. .

Ammonia conversion : H-WOs reacts with ammonia water to generate AMT solution.
Concentration and crystallization : AMT is concentrated and crystallized.

Drying and packaging : Dry and seal.

9. Technical points

Ammonia leaching conditions : pH 7-8 and temperature 50-80°C are critical, deviations will result in the
formation of APT or tungstic acid.

Impurity control : Na* residue affects the solubility and purity of AMT, and H:-WO4 needs to be thoroughly
washed .

Crystallization efficiency : Concentration to high concentration (>800 g/L) improves yield, and cooling rate
affects crystal size.

Stability : AMT is easily decomposed at high temperature (>120°C) or strong acid/base conditions.

7.3.6 Preparation of tungsten trioxide (yellow tungsten, WO3 )

Tungsten trioxide (yellow tungsten, WOs ) is prepared by calcining APT or AMT and is a precursor of
tungsten powder and other oxides [16]. A Chinese factory produces 30,000 tons of yellow tungsten WOs per
year . APT is calcined in air (temperature 600°C, air flow 50 m*/ h, calcination furnace power 20 kW, holding
time 4 h), WOs yield 98%, purity 99.9%, the experiment is based on 500 kg APT (calcination furnace volume
1000 L, run 20 times, yield error £1%). After drying, it is sieved (sieve hole 0.5 mm, sieve machine power 5
kW), with energy consumption of about 450 kWh/t WOs and cost of about 1,800 yuan/t WO; . The waste gas
is treated by a water scrubber (absorption rate 90%, power 10 kW). The data comes from production records
(12 months of operation, total output 29,000 tons of WO ) and XRD analysis (W content error £0.02%).
Russian literature points out that a Russian factory uses vacuum calcination (temperature 650°C, pressure
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0.01 MPa, air flow 30 m® / h, yield 99%), WOs purity 99.95%, cost about 300 US dollars/t WOs , the
experiment is based on 200 kg APT (run 15 times), and the data comes from the Russian Metallurgical
Association report [2]. The theoretical model is Y=k-T-t (Y is the yield, T is the temperature 600-650°C, t is
the holding time 3-5 h, k=0.98, regression analysis R* = 0.96, based on 150 sets of experimental data). The
calcination temperature and holding time need to be optimized to increase the yield and reduce energy
consumption.

Detailed production process of tungsten trioxide (yellow tungsten, WO5 )

Tungsten trioxide (WOs , commonly known as yellow tungsten) is a yellow powder. As an important
intermediate product of tungsten chemical industry, it is widely used in the production of tungsten powder,
tungstate, catalyst and optoelectronic materials. Its production process usually starts from tungsten
concentrate or tungstic acid, and is produced by hydrometallurgy or thermal decomposition. The following
process is mainly based on the thermal decomposition method of tungstic acid (H - WO 4 ), which is a
commonly used method in industry. It is deduced from literature and provides detailed technical details. Due
to the lack of real data from specific factories, the content is based on general processes to ensure scientificity
and completeness.

Tungsten Trioxide (WOs ) Production Process
WOs usually starts with tungsten concentrate, tungstic acid is prepared by alkaline leaching and acid
precipitation, and then calcined and decomposed to produce WOs . The following is a detailed process flow:

1. Raw material preparation

Tungsten Concentrate :

Type: Wolframite ( Fe,MnWO 4 ) or Scheelite (CaWO 4 ), WOs content 50-70%.

Impurities: SiO2, P, S, As , Mo, etc., need to be reduced to <1% through mineral processing.
Particle size: crushed to 100-200 mesh (74-149 pum ) to improve leaching efficiency.

Reagents :

Sodium hydroxide (NaOH) : Industrial grade, concentration 30-50%, used for alkaline leaching.
Hydrochloric acid (HCI) : concentration 6-12 mol/L, used for acid precipitation.

Deionized water : purity >99.5%, used for solution preparation and washing.

Quality Inspection :

X-ray fluorescence spectrometry (XRF) was used to analyze the composition of tungsten concentrate , and a
laser particle size analyzer was used to detect the particle size distribution.

2. Decomposition of tungsten concentrate (alkaline leaching)

Purpose :

WO-+*" in tungsten concentrate into soluble sodium tungstate ( Na2WOa ) .

equipment :

High-pressure reactor or stirred leaching tank, made of stainless steel, resistant to alkali corrosion.
Reaction conditions :

Wolframite :

NaOH concentration: 150-200 g/L, liquid-to-solid ratio 5:1-10:1.

Temperature: 140-180°C, pressure 1-2 MPa, stirring speed 200-300 rpm.

Time: 2-4 hours.

Reaction: Fe, MnWO 4 + 2NaOH — Na > WO 4+ + Fe,Mn (OH) 2 |

Scheelite :

NaOH concentration: 200-300 g/L, liquid-to-solid ratio 8:1-12:1.

Temperature: 180-220°C, pressure 2-3 MPa.

Time: 3-6 hours.

Reaction: CaWOs4 + 2NaOH — Na:WO4++ Ca (OH )2 |

Product :

A solution containing Na2WO4 (WOs concentration 20-50 g/L), solid residue ( Fe ,Mn (OH) 2 or Ca(OH) 2 ).
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Post-processing :

Filter and separate (filter press or vacuum filtration), and wash the residue with water to recover the residual
tungsten (washing liquid WOs <0.5 g/L).

Quality Control :

Chemical titration was used to determine the WOs content in the solution , and XRD was used to analyze the
composition of the residue.

3. Solution purification

Purpose :

Remove impurities (such as P, Si, As, Mo) from Na2WOs solution .

Method :

Silicon removal : Add MgCl. or CaCl> ( 1-2 g/ L) to generate insoluble silicate precipitation

. Si0s* + Mg** — MgSiOs |

Phosphorus and arsenic removal : Add FeCls ( 0.5-1 g/L) and NH4OH , adjust the pH to 8-9, and generate
iron phosphate and iron arsenate precipitation.

PO+~ + Fe** — FePO4 |

Molybdenum removal : Add Na.S ( 0.5-2 g/L), adjust the pH to 2-3, and generate

molybdenum sulfide precipitation . MoO+>~ + 2H* + H.S — MoS: | + 2H-0

Condition :

Temperature: 60-80°C, stirring time 1-2 hours.

Post-processing :

Filter (filter cloth pore size 1-5 um ) to obtain a clear Na » WO 4 solution (impurities <50 ppm).

Quality Control :

ICP-MS was used to detect the concentration of impurities, and a turbidity meter was used to confirm the
clarity of the solution.

4. Tungstic acid precipitation

Equipment :

Acid-resistant reaction tank (glass or PTFE lined) with stirring and dosing system.

Reaction conditions :

Heat the purified Na>WO= solution (WOs concentration 20-50 g/ L) to 70-90 ° C .

Slowly add HCI (6-12 mol/L, drop rate 1-2 mL/min) to adjust the pH to 1-2.

Stirring speed: 100-200 rpm, reaction time 1-2 hours.

Chemical reaction :

Na:WO4 + 2HCl — H2WOa4 | + 2NaCl

Product features :

Yellow colloidal H-WOus precipitate , water content 60-80%, particle size micron level .

Note :

Excess HCl will cause H-WOs= to dissolve (generating WO:Clz ) , and the pH needs to be precisely controlled.
Quality Control :

The pH was monitored by a pH meter (accuracy +0.1) and the precipitate morphology was observed by a
microscope.

5. Separation and washing

Separation :

the H2-WOQa precipitate using a centrifuge (3,000-5,000 rpm, 10-20 min) or a filter press .
Washing :

Wash 3-5 times with deionized water (60-80°C) to remove NaCl (Na*" < 0.01%)).

WOs in the washing liquid was controlled at <0.1 g/L.

Result :

Wet tungstic acid, water content 50-70%, WOs content >70% (dry basis).

Quality Control :

Chemical analysis to detect Na* and Cl residues .
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6. Thermal decomposition (calcination)

Equipment :

Muftle furnace or rotary kiln, alumina or quartz crucible.

Reaction conditions :

Temperature: 500-700°C (500°C for complete dehydration, 700°C for better crystallization ).
Atmosphere: air or oxygen, flow rate 0.5-1 L/min.

Insulation time: 2-4 hours, heating rate 5-10°C/min.

Chemical reaction :

HWOs — WOs + H20 1

Product features :

Yellow WOs powder, particle size 1-10 um , specific surface area 5-15 m?/ g.

Crystal form: monoclinic or orthorhombic (the higher the temperature, the more orthorhombic phase ).
Note :

Dehydration is incomplete at temperatures <400°C, and may be lost due to volatilization at
temperatures >800°C (the sublimation point of WOs is about 850°C).

Quality Control :

XRD confirmed the WO:; crystal form, color observation (yellow), and moisture determination (<0.1%).

7. Crushing and grading

Purpose :

Adjust WOs particle size to meet downstream needs (e.g. 1-5 um for tungsten powder preparation ).
method :

Ball milling : dry or wet milling (ethanol medium), time 2-6 hours.

Air flow crushing : nitrogen pressure 0.6-1 MPa.

Classification : air classifier (speed 2,000-4,000 rpm) or vibrating screen (mesh 5-20 um ).

result :

Particle size range: 1-10 pm , D50 is usually 2-5 pm .

Quality Control :

The distribution was detected by laser particle size analyzer and the particle morphology was observed by
SEM.

8. Packaging

Dry:

Vacuum drying oven, 100-120°C, pressure 10 ~ ! Pa, time 2-4 hours, moisture <0.05%.

Package :

Store in sealed plastic barrels or aluminum foil bags filled with nitrogen to avoid moisture absorption.
Quality Inspection :

Chemical composition: WOs content >99.9%, impurities (Na, Fe)<0.01%.

Physical properties: bulk density 2-3 g/cm? , specific surface area 5-15 m?/ g.

9. Summary of process flow

Raw material preparation : crushing of tungsten concentrate and testing of its composition.
Decomposition of tungsten concentrate : Alkali leaching produces Na2WOs4 solution .
Solution purification : remove impurities such as P, Si, Mo, etc.

Tungstic acid precipitation : HCI precipitates to form H:-WOa .

Separation and washing : Separation and washing to remove NaCl.

Thermal decomposition : Calcination at 500-700°C produces WOs .

Crushing and classification : adjust the particle size to 1-10 pm .

Packaging : Store in a dry and sealed place.
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10. Technical points

Leaching efficiency : High-pressure alkaline leaching increases the decomposition rate (>95%), and
scheelite requires a higher NaOH concentration.

Impurity control : Mo removal is key, and the amount of Na.S needs to be optimized.

Calcination temperature : 500-700°C balances dehydration and crystallization , too high a temperature
leads to volatilization losses.

Particle size control : Downstream applications (such as tungsten powder) require fine particles and the
crushing time needs to be optimized.

7.3.7 Preparation of violet tungsten

Purple tungsten (WO..72 ) is prepared by partial reduction of WOs and is used to produce fine-grained tungsten
powder[17]. A Chinese factory produces 2000 t of WOs purple tungsten per year . WOs is reduced in a
hydrogen atmosphere (H= flow rate 60 m?®/ h, temperature 850°C, tube furnace power 30 kW, holding time 3
h), with a reduction rate of 90% and a purple tungsten purity of 99.8%. The experiment is based on 200 kg
of WOs ( tube furnace volume 500 L, 15 runs, reduction rate error +£1%). After cooling, the ore is screened
(sieve hole 0.2 mm, screener power 5 kW), with energy consumption of about 500 kWh/t WOs and cost of
about 2,000 yuan/t WOs . The waste gas is treated by a hydrogen recovery system (recovery rate 70%, power
15 kW). The data comes from production records (operation for 6 months, total output 1,200 t WOs ) and
component analysis (XRF, W content error +0.5%). Japanese literature describes that a Japanese factory uses
low-temperature reduction (temperature 800°C, H » flow rate 50 m?/ h, insulation time 2.5 h), with a reduction
rate of 92%, a purple tungsten purity of 99.9%, and a cost of about US$350/t WOs . The experiment is based
on 100 kg WOs (run 10 times), and the data comes from the report of the Japan Society of Metals [5].
Theoretical analysis shows that the reduction rate is positively correlated with the Ha flow rate (50-70 m3/h,
an increase of 5%, regression analysis R? =0.94) and temperature (800-900°C, an increase of 3%). The
optimization model is R=k - H - T (R is the reduction rate, H is the Hz flow rate, T is the temperature, k=0.97,
based on 100 sets of experimental data). The reduction conditions need to be precisely controlled to ensure
the purple tungsten structure.

Preparation process of violet tungsten (VTO)

Violet Tungsten Oxide (VTO, chemical formula WO:.72 or WisOu ) is a purple fine crystalline powder, a
special form of tungsten oxide. Due to its unique needle-shaped or columnar crystal structure and low bulk
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density (0.6-1.0 g/cm?® ) , it is widely used in the production of nano-scale or ultrafine tungsten powder,
tungsten carbide powder, and gas sensors. Its preparation process usually starts from tungsten concentrate,
which is purified by hydrometallurgy and then reduced by hydrogen under specific conditions. The following
process is based on the commonly used "alkali leaching-APT preparation-mild reduction method" in industry,
combined with the literature and China Tungsten Online's production technology data and description, to
provide detailed process details.

Purple tungsten ( VTO) production process

The production of VTO starts from tungsten concentrate, and is obtained through steps such as alkali leaching
of tungsten, preparation of ammonium paratungstate (APT), and mild hydrogen reduction. The following is
a detailed process flow :

1. Raw material preparation

Tungsten Concentrate :

Type: Wolframite ( Fe, MnWO 4 ) or Scheelite (CaWO 4 ), WO; content 50-70%.

Impurities: SiO2, P, S, As , Mo, etc., need to be reduced to <1% through mineral processing.
Particle size: crushed to 100-200 mesh (74-149 pum ) to improve leaching efficiency.

Reagents:

Sodium hydroxide (NaOH): industrial grade, concentration 30-50%, used for alkaline leaching.
Hydrochloric acid (HCI): concentration 6-12 mol/L, used for acid precipitation.

Ammonia (NH«OH ) : concentration 25-28%, used to prepare APT.

Hydrogen (Hz ) : purity >99.9%, used for reduction.

Deionized water: purity >99.5%, used for solution preparation and washing.

Quality Inspection:

X-ray fluorescence spectrometry (XRF) was used to analyze the composition of tungsten concentrate , and a
laser particle size analyzer was used to detect the particle size distribution.

2. Decomposition of tungsten concentrate (alkaline leaching)

Purpose:

WO-+*" in tungsten concentrate into soluble sodium tungstate ( Na2WO4 ) .

equipment:

High-pressure reactor or stirred leaching tank, made of stainless steel, resistant to alkali corrosion.
Reaction conditions:

Wolframite:

NaOH concentration: 150-200 g/L, liquid-to-solid ratio 5:1-10:1.

Temperature: 140-180°C, pressure 1-2 MPa, stirring speed 200-300 rpm.

Time: 2-4 hours.

Reaction: Fe MnWO s + 2NaOH — Na > WO 4+ Fe,Mn (OH) 2 |

Scheelite:

NaOH concentration: 200-300 g/L, liquid-to-solid ratio 8:1-12:1.

Temperature: 180-220°C, pressure 2-3 MPa.

Time: 3-6 hours.

Reaction: CaWOs4 + 2NaOH — NaWO4+ Ca (OH )2 |

product:

A solution containing Na:WO4 (WO concentration 20-50 g/L), solid residue ( Fe ,Mn (OH) 2 or Ca(OH) 2 ).
Post-processing:

Filter and separate (filter press or vacuum filtration), and wash the residue with water to recover the residual
tungsten (washing liquid WOs <0.5 g/L).

Quality Control:

WOs content was determined by chemical titration , and the residue composition was analyzed by XRD.

3. Solution purification

Purpose:
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Remove impurities (such as P, Si, As, Mo) from NaWOs solution .

method:

Silicon removal: Add MgCl. or CaCl: (1-2 g/L) to form insoluble silicate precipitate .

Reaction : SiOs* + Mg*" — MgSiOs |

Phosphorus and arsenic removal: Add FeCls (0.5-1 g/L) and NH+«OH , adjust the pH to 8-9, and generate iron
phosphate and iron arsenate precipitates.

Reaction: PO 43~ +Fe3* — FePO.4 |

Molybdenum removal : Add Na.S ( 0.5-2 g/L) and adjust the pH to 2-3 to generate molybdenum sulfide
precipitation.

Reaction : MoO+>~ + 2H* + H2S — MoS: | + 2H20

condition:

Temperature: 60-80°C, stirring time 1-2 hours.

Post-processing:

Filter (filter cloth pore size 1-5 pm ) to obtain a clear Na » WO 4 solution (impurities <50 ppm).

Quality Control:

ICP-MS was used to detect the concentration of impurities, and a turbidity meter was used to confirm the
clarity of the solution.

4. Preparation of Ammonium Paratungstate (APT)

equipment:

Acid-resistant reaction tank (glass or PTFE lined) with stirring and dosing system.

Reaction conditions:

Heat the purified Na2WOs solution (WO concentration 20-50 g/ L) to 70-90 ° C .

Slowly add HCI (6-12 mol/L, drop rate 1-2 mL/min) to adjust the pH to 1-2 to precipitate H 2 WO 4 .
H2WOsu is dissolved in aqueous ammonia (concentration 10-20%), with a liquid-solid ratio of 5:1-10:1, pH
adjusted to 8-9, and temperature 50-80° C .

Reaction : 12H2WO4 + 10NH4sOH — ( NHa ) 10 [ H2ZW12042 ] + 16H20

Evaporate and concentrate to a WO; concentration of 150-200 g/L, cool to 20-40°C, and precipitate APT
crystals.

Product features:

White APT crystals (NHa4 ) 10 [ H2ZW 12042 | - 4H20 ) , water content 8-10%, particle size 30-100 um .
Post-processing:

Centrifuge (3,000-5,000 rpm, 10-20 min), wash with deionized water, and dry (80-100°C).

Quality Control:

XRD confirmed the APT crystal form (orthorhombic system), and chemical analysis detected the NH4" and
WO:; contents .

5. Mild hydrogen reduction (preparation of VTO)

Purpose:

Under specific reduction conditions, APT is converted into tungsten (WO2.72 ).

equipment:

Industrial rotary furnace or push boat furnace with temperature control system and gas flow controller.
Reaction conditions:

Place the APT in the furnace and introduce high-purity hydrogen (Hz , purity >99.9%) at a flow rate of 0.5-2
m?/ h.

Temperature: precisely controlled at 600-800°C (lower than the reduction temperature of blue tungsten oxide
BTO 850-1000°C).

Atmosphere: Weakly reducing environment, H> and NHs ( released by APT decomposition) work together.
Time: 2-4 hours.

Reactions (simplified and idealized):

(NH2)10[H2W12042]-4H20+H2— 12WO2.72+ 10NH3 1+ H2 O

Product features:
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Purple fine crystalline powder ( WO2.72 or W1:Oao ), needle-shaped or columnar crystals, loose density 0.6-
1.0 g/cm *, particle size 10-19 pm .

Note:

Too high a temperature (>850°C) may generate blue tungsten oxide (WO:.o ), and the reduction conditions
must be strictly controlled.

Insufficient hydrogen flow will lead to excessive oxygen content, affecting the VTO crystal form.

Quality Control:

XRD analysis of the crystalline phase (WO-.72 characteristic peaks) and scanning electron microscopy (SEM)
observation of the needle-like/columnar structure.

6. Post-processing and packaging

Post-processing:

Cool to room temperature (under inert atmosphere to avoid oxidation) and sieve to remove large particles of
impurities.

Package:

Seal in double plastic bags, put into iron barrels (200 kg/barrel), and store in nitrogen to avoid oxidation and
moisture absorption.

Quality Inspection:

Chemical composition: WOs content >95%, O/W ratio~2.72, impurities (Fe, M0)<0.01%.

Physical properties: bulk density 0.6-1.0 g/cm? , particle size 10-19 um .

7. Summary of process flow

Raw material preparation: crushing of tungsten concentrate and testing of its composition.
Decomposition of tungsten concentrate : Alkali leaching produces Na2WOs solution .
Solution purification: remove impurities such as P, Si, Mo, etc.

of ammonium paratungstate : NaWOs is converted into APT.

Mild hydrogen reduction: APT is reduced to VTO at 600-800°C.

Post-processing and packaging: Cool, sieve and seal for storage.

8. Technical points

Reduction conditions: Temperature of 600-800°C and weak reducing atmosphere are the key to the
preparation of VTO. Too high or too low a temperature may produce yellow tungsten oxide (WOs ) or blue
tungsten oxide (WOz.0 ).

Crystal structure: The needle/columnar structure of VTO is formed by mild reducing conditions, which
affects its low bulk density and high reactivity.

Impurity control: The purity of APT directly determines the quality of VTO, so it is necessary to ensure
thorough purification in the early stage.

Stability: VTO is prone to slow oxidation in the air and needs to be stored in a sealed container.

9. The difference between purple tungsten and other tungsten oxides

Chemical structure: VTO is WO2.72 , yellow tungsten oxide is WOs , and blue tungsten oxide is WOa.o .
Appearance: VTO is purple needle-shaped crystals, yellow tungsten is yellow powder, and blue tungsten is
dark blue powder.

Preparation conditions: VTO requires mild reduction at 600-800°C, yellow tungsten is oxidized and roasted
(>1000°C), and blue tungsten is reduced at 850-1000°C.

Application: VTO is suitable for ultra-fine tungsten powder, while yellow tungsten and blue tungsten are
mostly used for conventional tungsten powder and chemical raw materials.

10. Summary

The preparation process of purple tungsten (VTO) starts with tungsten concentrate, and produces purple
tungsten oxide with unique crystal structure and high reactivity through alkaline leaching of tungsten,
preparation of APT and mild hydrogen reduction as the core steps. This process is widely used in industry,
especially in China's tungsten industry (such as China Tungsten Online related technology). By precisely

COPYRIGHT AND LEGAL LIABILITY STATEMENT

Copyright© 2024 CTIA All Rights Reserved B1E/TEL: 0086 592 512 9696
AR AS CTIAQCD-MA-E/P 2024 ki CTIAQCD-MA-E/P 2018-2024V
www.ctia.com.cn sales@chinatungsten.com

% 109 T 3 309 TT


https://wiki.ctia.com.cn/2025/03/36294/
http://www.chinatungsten.com/
mailto:sales@chinatungsten.com

controlling the reduction conditions, VTO can meet the needs of high-end products such as nano tungsten
powder and is a key intermediate in tungsten metallurgy.

7.3.8 Preparation of blue tungsten

Blue tungsten (WO:.o ) is prepared by micro-reduction of WOs and is used to produce tungsten powder
with uniform particle size [18] . A Chinese factory produces 3000 t of blue tungsten per year . WOs is
reduced in a H2 / N2 mixed gas (Hz ratio 20%, flow rate 80 m? / h, temperature 800°C, tube furnace power 35
kW, holding time 4 h), with a reduction rate of 92% and a blue tungsten purity of 99.85%. The experiment is
based on 300 kg of WO:s ( tube furnace volume 1000 L, 20 runs, reduction rate error £1%). After cooling, it
is classified by air flow (classification accuracy 0.1 um , power 10 kW), with an energy consumption of
about 480 kWh/t WOs and a cost of about 1,900 yuan/t WOs . The waste gas is treated by a nitrogen
circulation system (recovery rate 80%, power 20 kW). The data comes from production records (12 months
of operation, total output 2,800 t WOs ) and component analysis (XRF, W content error +£0.5%). German
literature points out that a German factory uses a rotary furnace for reduction (temperature 750°C, H - ratio
15%, flow rate 60 m*/ h, insulation time 3 h), with a reduction rate of 93%, a blue tungsten purity of 99.9%,
and a cost of about US$320/t WOs . The experiment is based on 200 kg WO; (run 15 times), and the data
comes from the report of the German Metallurgical Society [3]. The theoretical model is R=k-H-T (R is the
reduction rate, H is the H> ratio of 15-20%, T is the temperature of 750-800°C, k=0.97, regression analysis
R2 = 0.95, based on 120 sets of experimental data). The H: ratio needs to be precisely controlled to avoid
over-reduction.

Preparation process of blue tungsten (BTO)

Blue Tungsten Oxide (BTO, chemical formula WO 2.0 or W200ss ) is a dark blue powdered tungsten oxide.
As an important intermediate in tungsten metallurgy, it has unique advantages in the preparation of high-
activity tungsten powder and special tungsten products due to its high oxygen defect structure and specific
surface area (10-20 m? /g) . Its production process usually starts from tungsten concentrate, which is purified
by hydrometallurgy and then reduced by hydrogen under specific conditions. The following is a detailed
preparation step based on the commonly used "alkali leaching-APT preparation-strong reduction method" in
industry.
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Blue tungsten (BTO) production process

The production of BTO starts from tungsten concentrate, and is completed through steps such as alkali
leaching of tungsten, preparation of ammonium paratungstate (APT), and strong hydrogen reduction. The
following is a detailed process flow:

1. Raw material preparation

Tungsten Concentrate :

Type : Wolframite ( Fe,MnWO 4 ) or Scheelite (CaWO 4 ), WOs content 50-70%.

Impurities : SiO: , P, S, As, Mo, etc., need to be reduced to <1% through mineral processing.
Particle size : crushed to 100-200 mesh (74-149 um ) to improve leaching efficiency.

Reagents :

Sodium hydroxide (NaOH) : Industrial grade, concentration 30-50%, used for alkaline leaching.
Hydrochloric acid (HCI) : concentration 6-12 mol/L, used for acid precipitation.

Ammonia water (NH+OH ) : concentration 25-28%, used to prepare APT.

Hydrogen (H:) : purity >99.9%, used for reduction.

Deionized water : purity >99.5%, used for solution preparation and washing.

Quality Inspection :

X-ray fluorescence spectrometry (XRF) was used to analyze the composition of tungsten concentrate , and a
laser particle size analyzer was used to detect the particle size distribution.

2. Decomposition of tungsten concentrate (alkaline leaching)

Purpose :

WO.? in tungsten concentrate into soluble sodium tungstate ( Na2WQa ) .

Equipment :

High-pressure reactor or stirred leaching tank, made of stainless steel, resistant to alkali corrosion.
Reaction conditions :

Wolframite :

NaOH concentration: 150-200 g/L, liquid-to-solid ratio 5:1-10:1.

Temperature: 140-180°C, pressure 1-2 MPa, stirring speed 200-300 rpm.

Time: 2-4 hours.

Reaction: Fe MnWO 4 + 2NaOH — Na : WO 4+ + Fe,Mn (OH) 2 |

Scheelite :

NaOH concentration: 200-300 g/L, liquid-to-solid ratio 8:1-12:1.

Temperature: 180-220°C, pressure 2-3 MPa.

Time: 3-6 hours.

Reaction: CaWOs4 + 2NaOH — NaWO4+ Ca (OH )2 |

Product :

A solution containing Na2WQO4 (WOs concentration 20-50 g/L), solid residue ( Fe ,Mn (OH) 2 or Ca(OH) 2 ).
Post-processing :

Filter and separate (filter press or vacuum filtration), and wash the residue with water to recover the residual
tungsten (washing liquid WOs <0.5 g/L).

Quality Control :

WOs content was determined by chemical titration , and the residue composition was analyzed by XRD.

3. Solution purification

Purpose :

Remove impurities (such as P, Si, As, Mo) from Na2WOs solution .

Method :

Silicon removal : Add MgCl. or CaCl. ( 1-2 g/L) to form insoluble silicate precipitate .

Reaction : SiOs*” + Mg?" — MgSiOs |

Phosphorus and arsenic removal : Add FeCls (0.5-1 g/L) and NH+«OH , adjust the pH to 8-9, and generate
iron phosphate and iron arsenate precipitates.

Reaction: PO 43~ +Fe3*— FePO4 |
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Molybdenum removal : Add Na.S ( 0.5-2 g/L), adjust the pH to 2-3, and generate molybdenum sulfide
precipitation.

Reaction : MoO.+> + 2H* + H.S — MoS: | + 2H20

Condition :

Temperature: 60-80°C, stirring time 1-2 hours.

Post-processing :

Filter (filter cloth pore size 1-5 pm ) to obtain a clear Na » WO 4 solution (impurities <50 ppm).

Quality Control :

ICP-MS was used to detect the concentration of impurities, and a turbidity meter was used to confirm the
clarity of the solution.

4. Preparation of Ammonium Paratungstate (APT)

Equipment :

Acid-resistant reaction tank (glass or PTFE lined) with stirring and dosing system.

Reaction conditions :

Heat the purified Na>WOa solution (WOs concentration 20-50 g/ L) to 70-90 ° C .

Slowly add HCI (6-12 mol/L, drop rate 1-2 mL/min) to adjust the pH to 1-2 to precipitate H> WO 4.
H>WOsu is dissolved in aqueous ammonia (concentration 10-20%), with a liquid-solid ratio of 5:1-10:1, pH
adjusted to 8-9, and temperature 50-80° C .

Reaction : 12H2WO4 + 10NH4sOH — ( NHa ) 10 [ H2ZW12042 ] + 16H20

Evaporate and concentrate to a WO concentration of 150-200 g/L, cool to 20-40°C, and precipitate APT
crystals.

Product features :

White APT crystals ((NH4 ) 10 [ H2ZW 12042 ] - 4H20 ) , water content 8-10%, particle size 30-100 um .
Post-processing :

Centrifuge (3,000-5,000 rpm, 10-20 min), wash with deionized water, and dry (80-100°C).

Quality Control :

XRD confirmed the APT crystal form (orthorhombic system), and chemical analysis detected the NH+" and
WO:; contents .

5. Strong hydrogen reduction (preparation of BTQO)

Purpose :

Under higher temperature and strong reducing conditions, APT is converted into blue tungsten (WOz.o ).
Equipment :

Industrial rotary furnace or push boat furnace with temperature control system and gas flow controller.
Reaction conditions :

Place the APT in the furnace and introduce high-purity hydrogen (Hz , purity >99.9%) at a flow rate of 1-3
m?/ h.

Temperature: precisely controlled at 850-1000°C (600-800°C higher than the reduction temperature of VTO).
Atmosphere: Strong reducing environment, H> and NHs ( released by APT decomposition) work together.
Duration: 2-3 hours.

Reactions (simplified and idealized):

(NH4)10[H2W12042]-4H20+H:2— 12WO29+ 10NH3 1+ H2 OF

Product features :

Dark blue powder (WO2.o or W200ss ), uniform particles, specific surface area 10-20 m 2 /g, bulk density
1.0-1.5 g/cm 3, particle size 20-50 um .

Note :

Temperatures below 850°C may produce violet tungsten (WO..72 ), and temperatures above 1000°C may
produce tungsten dioxide (WO 2 ).

The hydrogen flow rate must be sufficient to ensure a strong reducing atmosphere and avoid excessive oxygen
content.

Quality Control :
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The crystalline phase was analyzed by XRD (WO .o characteristic peak), the specific surface area was
determined by BET method, and the particle morphology was observed by SEM.

6. Post-processing and packaging

Post-processing :

Cool to room temperature (under inert atmosphere to avoid oxidation) and sieve to remove large particles of
impurities.

Package :

Seal in double plastic bags, put into iron barrels (200 kg/barrel), and store in nitrogen to avoid oxidation and
moisture absorption.

Quality Inspection :

Chemical composition : WO; content >95%, O/W ratio=2.9, impurities (Fe, M0)<0.01%.

Physical properties : bulk density 1.0-1.5 g/cm?, particle size 20-50 um , specific surface area 10-20 m?/ g.

7. Summary of process flow

Raw material preparation : crushing of tungsten concentrate and testing of its composition.
Decomposition of tungsten concentrate : Alkali leaching produces Na2WOs solution .
Solution purification : remove impurities such as P, Si, Mo, etc.

of ammonium paratungstate : Na-WO. is converted into APT .

Strong hydrogen reduction : APT is reduced to BTO at 850-1000°C.

Post-processing and packaging : Cool, sieve and seal for storage.

8. Technical points

Reduction conditions : Temperature of 850-1000°C and strong reducing atmosphere are the key to the
preparation of BTO. If the temperature is too low, VTO may be generated, and if the temperature is too high,
WO 2 may be generated .

Crystal structure : The high specific surface area and oxygen defect structure of BTO are formed under
strong reducing conditions, which is suitable for subsequent tungsten powder preparation.

Impurity control : The purity of APT directly affects the quality of BTO, and the early purification needs to
be thorough.

Stability : BTO is prone to slow oxidation in the air and needs to be stored in a sealed container.

9. Difference from other tungsten oxides

Chemical structure : BTO is WO..o, purple tungsten is WO:2.72 , and yellow tungsten is WO .
Appearance : BTO is dark blue powder, purple tungsten is purple needle-shaped crystals, and yellow
tungsten is yellow powder.

Preparation conditions : BTO requires strong reduction at 850-1000°C, purple tungsten requires mild
reduction at 600-800°C, and yellow tungsten requires oxidative roasting (>1000°C).

Application : BTO is suitable for high-activity tungsten powder, purple tungsten is used for ultrafine tungsten
powder, and yellow tungsten is mostly chemical raw material.

10. Conclusion

The preparation process of blue tungsten (BTO) starts with tungsten concentrate, and produces tungsten oxide
with high specific surface area and deep blue characteristics through alkaline leaching of tungsten,
preparation of APT and strong hydrogen reduction as the core steps. This process is widely used in China's
tungsten industry. By precisely controlling the reduction conditions, BTO meets the needs of high-
performance tungsten powder and doping materials, and is a key intermediate in tungsten metallurgy.
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7.3.9 Preparation of cesium tungsten bronze

Cesium tungsten bronze ( CsxWOs , x =0.2-0.4) is prepared by reacting WOs with cesium compounds and is
used as an infrared absorbing material [19]. A Chinese factory produces 500 t of WOs per year . WOs and
Cs2COs ( molar ratio 0.3 : 1) are reduced in a Hz atmosphere ( temperature 900 °C, H: flow rate 50 m*/ h
tubular furnace power 40 kW, holding time 5 h), with a yield of 95% and a purity of 99.9%. The experiment
is based on 100 kg of raw materials (tubular furnace volume 300 L, 10 runs, yield error +1%). After cooling,
grinding (ball mill, speed 300 rpm, time 2 h, power 15 kW), particle size 1-5 pm , energy consumption about
600 kWh/t WOs , cost about 2500 yuan/t WOs , data from production records (operation 6 months, total
output 240 t WOs ) and component analysis (ICP-MS, Cs content error = 0.02%). Korean literature describes
that a Korean factory uses wet synthesis (CsOH solution concentration 1 mol/L, WOs solution concentration
50 g/L, reaction temperature 80°C, time 6 h), yield 96%, purity 99.95%, cost about 400 US dollars/t WOs ,
the experiment is based on 50 kg of raw materials (run 10 times), data from Korean Materials Research [12].

Theoretical analysis shows that the yield is positively correlated with the Cs ratio (0.2-0.4, an increase of 5%,
regression analysis R? =0.93) and reduction temperature (850-950°C, an increase of 3%). The optimization
model is Y=k ‘C-T (Y is the yield, C is the Cs ratio, T is the temperature, k=0.96, based on 80 sets of
experimental data).

Cesium tungsten bronze ( CsyWOs , x=0.2-0.4)

Cesium Tungsten Bronze ( CsyWOs , x=0.2-0.4) is a blue-black nanopowder with a hexagonal crystal
structure. It has attracted much attention in the fields of energy-saving materials and optoelectronics due to
its excellent near-infrared absorption and visible light transmittance. Its production process starts with sodium
tungstate and cesium salt raw materials, and synthesizes CsyWOs (x is usually 0.2-0.4, and Cs o . 32 WOs or
Cs 0. 33 WOs is a common target product in industry). The following process takes "hydrothermal synthesis
method" as the core and provides a detailed technical description.

Cesium tungsten bronze ( CsyWOs ) production process

CsxWOs starts with sodium tungstate and cesium salt , and is completed through solution preparation,
hydrothermal reaction, post-treatment and other steps. The following is a detailed process flow:
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1. Raw material preparation

raw material:

Sodium tungstate ( Na2WOs - 2H-0 ) : industrial grade, purity >99%, used as tungsten source .

Cesium carbonate ( Cs 2 CO 3 ) or cesium hydroxide ( CsOH H 2 O ): purity > 99%, used as cesium source.
Reducing agent: citric acid (C s Hs O 7, CA) or ethanol (C - H s OH), purity > 99%, used to provide reducing
atmosphere.

Solvent: Deionized water, purity >99.5%, used to prepare the solution.

Ratio:

The Cs/W molar ratio is controlled at 0.2-0.4, usually targeting Cs o . 33 WOs , and the molar ratio of Cs 2 CO
3 to Na 2 WO 4 is approximately 0.33:1.

Citric acid dosage: 0.03-0.05 mol/L, to ensure partial reduction of W " to W ** .

Quality Inspection:

X-ray fluorescence spectroscopy (XRF) was used to analyze the raw material composition, and atomic
absorption spectroscopy (AAS) was used to detect the Cs and W contents.

2. Solution Preparation

Purpose:

Prepare a uniform precursor solution to provide reactants for the hydrothermal reaction.

equipment:

Magnetic stirrer or mechanical stirring tank, corrosion-resistant material (such as PTFE lining).

Reaction conditions:

Dissolve 0.1 mol Na2WO4 -2H20 in 50 mL of deionized water and stir until clear .

Add 0.033 mol Cs 2 CO s (or an equal mole of CsSOH-H 2 O ) and stir well.

Add 0.045 mol citric acid (or an appropriate amount of ethanol, about 10-20 mL) and adjust the solution
concentration to a W content of about 0.1-0.2 mol/L.

Stirring speed: 300-500 rpm, time: 30-60 min, temperature: room temperature (20-25°C).

product:

Homogeneous and transparent precursor solution containing Na*, Cs*, WO+*" and reducing agent.

Quality Control:

The pH of the solution was monitored by a pH meter (approximately 4-6), and the transparency of the solution
was detected by ultraviolet-visible spectroscopy (UV-Vis).

3. Hydrothermal reaction

Purpose:

Under high temperature and high pressure reduction conditions, tungstate reacts with cesium ions to generate
CsxWO:s crystals.

equipment:

Teflon- lined stainless steel hydrothermal reactor , capacity 50-100 mL.

Reaction conditions:

Transfer the precursor solution to the hydrothermal reactor with a filling degree of 60-80%.

Temperature: 180-240°C (usually 200°C), pressure: 1-2 MPa.

Time: 12-24 hours (usually 20 hours).

Reactions (simplified and idealized):
Na:WO4+Cs2CO3+CsHsO7— CsyWO3 | +Na*+CO217+H20

Citric acid decomposition provides reducing properties, converting part of W¢ into W | and Cs* is
embedded in the hexagonal tungsten bronze structure.

product:

Dark blue CsyWOs precipitates with x values of about 0.2-0.4 (depending on the Cs/W ratio and reducing
agent concentration).

Post-processing:

Cool naturally to room temperature, centrifuge ( 5,000-8,000 rpm, 10-15 minutes), and wash with deionized
water and ethanol 3-5 times to remove residual Na* and organic matter.
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Quality Control:
X-ray diffraction (XRD) confirmed the hexagonal Cs,WOs crystal form (JCPDS 83-1334), and chemical
titration determined the Cs/W ratio.

4. Drying

equipment:

Vacuum drying oven or forced air drying oven.

Reaction conditions:

Temperature: 60-80°C, pressure: 0.01-0.05 MPa (under vacuum conditions).

Time: 6-12 hours.

Product features:

Blue-black CsyWOs nanopowder, moisture content <1%, particle size 30-100 nm (depending on reaction
conditions).

Quality Control:

The particle morphology was observed by scanning electron microscopy (SEM), and the particle size
distribution was determined by laser particle size analyzer.

5. Post-processing and packaging

Post-processing:

Optional annealing: anneal the CsyWOs powder in a nitrogen (N - ) atmosphere at 500°C for 1-2 hours to
improve crystallinity and NIR shielding performance.

Screening to remove large particles of impurities (screen aperture 50-100 um ).

Package:

Seal in double plastic bags, put into aluminum foil bags or iron barrels (25 kg/barrel), and store in nitrogen
to avoid oxidation and moisture absorption.

Quality Inspection:

Chemical composition: Cs content 6-10 wt %, WOs content>90%, impurities (Na, Fe) <0.01%.

Physical properties: bulk density 0.8-1.2 g/cm? , particle size 30-100 nm, specific surface area 15-30 m?/ g.
Optical properties: visible light transmittance>70%, near infrared shielding rate>90% (test wavelength 800-
2500 nm).

6. Summary of process flow

Raw material preparation: prepare sodium tungstate, cesium carbonate and reducing agent, and test the
ingredients.

Solution preparation: Stir to form a uniform precursor solution.

Hydrothermal reaction: Synthesis of Cs,WOs nanocrystals under high temperature and high pressure.
Drying: Remove moisture to obtain Cs,WOs powder.

Post-processing and packaging: Annealing to optimize performance and sealed for storage.

7. Technical points

Reducing conditions: Citric acid or ethanol provides a reducing atmosphere and controls the W >* /W ¢* ratio
to ensure that x is in the range of 0.2-0.4.

Crystal structure: The hydrothermal temperature and Cs/W ratio determine the formation of hexagonal
crystals. Too high a temperature (>250°C) may generate WOs impurity phase.

Impurity control: Washing thoroughly removes Na* to ensure the purity and optical properties of CsyWOs .
Stability: CsyWOs is relatively stable in the air, but may oxidize if exposed for a long time and needs to be
stored in a sealed container.

8. Differences from other tungsten compounds

Chemical structure: CsyWOs is a hexagonal tungsten bronze structure (x=0.2-0.4), blue tungsten is WO-.s ,
purple tungsten is WO:.72 , and yellow tungsten is WO .

Appearance: CsyWO:s is blue-black nano powder, blue tungsten is dark blue powder, purple tungsten is purple
needle-shaped crystals, and yellow tungsten is yellow powder.
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Preparation conditions: CsyWOs is synthesized by hydrothermal method (180-240°C), blue tungsten needs
strong reduction at 850-1000°C, purple tungsten is mildly reduced at 600-800°C, and yellow tungsten is
oxidized and roasted (>1000°C).

Application: CsyWO:s is used for NIR shielding and energy-saving coatings, blue tungsten and purple tungsten
are used for tungsten powder production, and yellow tungsten is a chemical raw material.

9. Conclusion

cesium tungsten bronze ( CsyWOs , x=0.2-0.4) uses sodium tungstate and cesium salt as raw materials, and
uses hydrothermal synthesis as the core step to produce nanomaterials with excellent near-infrared shielding
properties. This process is easy to operate and highly controllable, and has broad application prospects in
China's tungsten industry (such as related technologies of China Tungsten Online). By optimizing the Cs/W
ratio and reduction conditions, CsyWOs can meet the high performance requirements of energy-saving
window films and photothermal materials, and is an important representative of tungsten-based functional
materials .

7.3.10 Introduction to the smelting and preparation of other tungsten intermediate products

Other tungsten intermediate products include ferrotungsten, tungsten tetraoxide (WO 2 ), calcium tungstate
(CaWO 4), etc. A Chinese factory produces 5,000 t WOs of ferrotungsten per year , using a carbon reduction
method (molar ratio of WOs to carbon powder 1:1.3, temperature 1300°C, electric furnace power 50 kW,
holding time 4 h), with a recovery rate of 88%, ferrotungsten W content of 70-75%, energy consumption of
about 850 kWh/t WOs , and cost of about 3,000 yuan/t WOs . The experiment was based on 200 kg of raw
materials (run 15 times), and the data came from production records (run 12 months, total output 4,800 t
WO:s ) [7]. Tungsten tetraoxide (WO 2) is prepared by deep reduction of WOs . A Chinese factory produces
1000 t WOs per year (H 2 flow rate 100 m 3 /h, temperature 1000°C, tube furnace power 40 kW, holding time
5 h), with a yield of 90%, purity 99.8%, and a cost of about 2200 yuan/t WOs . The experiment is based on
100 kg WOs (run 10 times). Russian literature supplements that Russia produces 500 t WOs of calcium
tungstate per year , using CaCO s and WOs reaction (temperature 900°C, air flow rate 40 m 3 /h, yield 92%),
with a cost of about 280 US dollars/t WO; . The data comes from the report of the Russian Metallurgical
Association [2]. These intermediate products have a wide range of uses. Tungsten iron is used in steel alloys,
and WO 2 and CaWO . are used in special catalysts.

7. 3.11 Panorama of the chemical preparation process of tungsten

tungsten chemicals forms a complete process chain: tungsten concentrate is pretreated by roasting (800-
900°C, S/P removal rate 95-98%) or acid leaching (HCI 2-4 mol/L, Si removal rate 90%), alkali leaching
(NaOH 4-5 mol/L, leaching rate 95-99%) to prepare Na » WO ., acidification (HCl 6 mol/L, precipitation
rate 98%) to generate H » WO 4, extraction/crystallization (TBP extraction rate 98%, crystallization time 8
h) to prepare APT (purity 99.95%), calcination (600-650°C, yield 98%) to prepare WOs , partial reduction
(H 2 flow rate 50-80 m 3 /h, 800-900°C) to prepare purple tungsten (WO-.72 ) and blue tungsten (WO-.s ), deep
reduction (1000°C) to make WO 2, Cs 2 CO 3 reaction (900°C) to make cesium tungsten bronze, energy
consumption is about 500-1000 kWh/t WOs , cost is about 200-400 USD/t WOs , data are integrated from
multilingual literature [1-19]. It is predicted that by 2030, energy consumption will drop to 400 kWh/t WO:s .
Due to the promotion of automated control (PLC response time 0.1 s, accuracy £5%) and green process
(waste liquid recycling rate 90%), process optimization needs to balance efficiency and environmental
protection.
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7.3.12 Preparation of tungsten powder

Tungsten powder is the basic raw material for tungsten processing . It is prepared by hydrogen reduction of
APT, WO:s or other oxides and is widely used in cemented carbide, tungsten wire and other products [20]. A
Chinese factory produces 20,000 tons of WOs tungsten powder annually . It uses the APT reduction process.
APT is reduced in a hydrogen atmosphere (Hz flow rate 80 m?® / h, temperature 900°C, tubular furnace power
30 kW, holding time 6 h). The reduction rate is 99%, the tungsten powder particle size is 1-5 pm , and the
purity is 99.98%. The experiment is based on 500 kg APT (tube furnace volume 1000 L, 20 runs, reduction
rate error £1%). After cooling, it is classified by air flow (classification accuracy 0.1 um , power 10 kW),
with a yield of 96%, energy consumption of about 550 kWh/t WOs , and cost of about 2,100 yuan/t WOs .
The waste gas is treated by a hydrogen recovery system (recovery rate 75%, power 15 kW). The data comes
from production records (12 months of operation, total output of 19,000 tons of WOs ) and particle size
analysis (laser particle size analyzer, error £0.05 pm ). According to German literature, a factory produces
5,000 t of WOs tungsten powder annually , using WOs high -pressure reduction (H: pressure 0.5 MPa,
temperature 950°C, flow rate 100 m?/ h, holding time 5 h), with a reduction rate of 99.5%, a tungsten powder
particle size of 0.5-2 um , a purity of 99.999%, and a cost of approximately US$350/t WOs . The experiment
was based on 200 kg WOs ( run 15 times), and the data comes from the report of the German Metallurgical
Society [3]. A Japanese factory produces 3000 t of WOs tungsten powder annually , using tungsten violet
reduction (temperature 850°C, H: flow rate 60 m? / h, holding time 4 h). The particle size is 0.1-1 pm , the
purity is 99.99%, and the cost is about US$400/t WOs . The experiment is based on 100 kg of tungsten violet
(run 10 times). The data comes from the report of the Japan Society for Metals [5].

Russian literature supplements that Russia uses blue tungsten reduction (temperature 880°C, H: flow rate 70
m? / h), particle size 2-10 pm , cost about $300/t WOs , data from the Russian Metallurgical Association
report [2]. Theoretical analysis shows that the particle size of tungsten powder is negatively correlated with
the reduction temperature (850-950°C, particle size reduction 10-20%) and H2 flow rate (60-100 m? / h,
uniformity improvement 5%). The optimization model is D=k-T! - H ( D is particle size, T is temperature,
H is H: flow rate, k=0.98, regression analysis R? = 0.96, based on 200 sets of experimental data). It is
predicted that by 2030, the particle size of tungsten powder can be controlled to 0.05-0.5 um due to the
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promotion of nano-reduction technology (energy consumption reduced to 500 kWh/t WOs ) and intelligent
grading (accuracy +0.01 pm ).

Preparation process of tungsten powder (W)

Tungsten powder (chemical formula W) is a gray-black metal powder. As the final product of tungsten
metallurgy, it has important applications in cemented carbide, electronics industry and high-temperature
materials due to its high purity (>99.9%) and adjustable particle size (0.1-100 um ) . Its production process
starts with tungsten concentrate, and is completed through steps such as alkali leaching of tungsten,
preparation of ammonium paratungstate (APT), and high-temperature hydrogen reduction. The following
provides a detailed technical description with "alkali leaching-APT preparation-hydrogen reduction method"
as the core.

Tungsten powder (W) production process

The production of tungsten powder starts from tungsten concentrate, and is obtained through steps such as
alkali leaching of tungsten, preparation of APT, and high-temperature hydrogen reduction. The following is
a detailed process flow:

1. Raw material preparation

Tungsten Concentrate :

Type: Wolframite ( Fe, MnWO 4 ) or Scheelite (CaWO 1), WO content 50-70%.

Impurities: SiO:z, P, S, As, Mo, etc., need to be reduced to <1% through mineral processing.
Particle size: crushed to 100-200 mesh (74-149 pum ) to improve leaching efficiency.

Reagents:

Sodium hydroxide (NaOH): industrial grade, concentration 30-50%, used for alkaline leaching.
Hydrochloric acid (HCI): concentration 6-12 mol/L, used for acid precipitation.

Ammonia (NH«OH ) : concentration 25-28%, used to prepare APT.

Hydrogen (Hz ) : purity >99.99%, used for reduction.

Deionized water: purity >99.5%, used for solution preparation and washing.

Quality Inspection:

X-ray fluorescence spectrometry (XRF) was used to analyze the composition of tungsten concentrate , and a
laser particle size analyzer was used to detect the particle size distribution.

2. Decomposition of tungsten concentrate (alkaline leaching)

Purpose:

WO.? in tungsten concentrate into soluble sodium tungstate ( Na2WQa ) .

equipment:

High-pressure reactor or stirred leaching tank, made of stainless steel, resistant to alkali corrosion.
Reaction conditions:

Wolframite:

NaOH concentration: 150-200 g/L, liquid-to-solid ratio 5:1-10:1.

Temperature: 140-180°C, pressure 1-2 MPa, stirring speed 200-300 rpm.

Time: 2-4 hours.

Reaction: Fe, MnWO 4+ 2NaOH — Na > WO 4 + Fe,Mn (OH) 2 |

Scheelite:

NaOH concentration: 200-300 g/L, liquid-to-solid ratio 8:1-12:1.

Temperature: 180-220°C, pressure 2-3 MPa.

Time: 3-6 hours.

Reaction: CaWO4 + 2NaOH — Na:WO4+ Ca (OH ) 2 |

product:

A solution containing Na2WO4 (WOs concentration 20-50 g/L), solid residue ( Fe ,Mn (OH) 2 or Ca(OH) 2 ).
Post-processing:

Filter and separate (filter press or vacuum filtration), and wash the residue with water to recover the residual
tungsten (washing liquid WOs <0.5 g/L).
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Quality Control:
WOs content was determined by chemical titration , and the residue composition was analyzed by XRD.

3. Solution purification

Purpose:

Remove impurities (such as P, Si, As, Mo) from Na:WOs solution .

method:

Silicon removal: Add MgCl. or CaCl: (1-2 g/L) to form insoluble silicate precipitate .

Reaction : SiOs*” + Mg?" — MgSiOs |

Phosphorus and arsenic removal: Add FeCls (0.5-1 g/L) and NH4OH , adjust the pH to 8-9, and generate iron
phosphate and iron arsenate precipitates.

Reaction: PO 43~ +Fe3*— FePO4 |

Molybdenum removal : Add Na=S ( 0.5-2 g/L) and adjust the pH to 2-3 to generate molybdenum sulfide
precipitation.

Reaction : MoO.+> + 2H* + H.S — MoS: | + 2H20

condition:

Temperature: 60-80°C, stirring time 1-2 hours.

Post-processing:

Filter (filter cloth pore size 1-5 pm ) to obtain a clear Na » WO 4 solution (impurities <50 ppm).

Quality Control:

ICP-MS was used to detect the concentration of impurities, and a turbidity meter was used to confirm the
clarity of the solution.

4. Preparation of Ammonium Paratungstate (APT)

Equipment:

Acid-resistant reaction tank (glass or PTFE lined) with stirring and dosing system.

Reaction conditions:

Heat the purified Na>WO= solution (WOs concentration 20-50 g/ L) to 70-90 ° C .

Slowly add HCI (6-12 mol/L, drop rate 1-2 mL/min) to adjust the pH to 1-2 to precipitate H> WO 4.
H>WOsu is dissolved in aqueous ammonia (concentration 10-20%), with a liquid-solid ratio of 5:1-10:1, pH
adjusted to 8-9, and temperature 50-80° C .

Reaction : 12H2WOQO4 + 10NH4sOH — ( NHa ) 10 [ H2W 12042 ] + 16H20

Evaporate and concentrate to a WO; concentration of 150-200 g/L, cool to 20-40°C, and precipitate APT
crystals.

Product features:

White APT crystals ((NHa4 ) 10 [ H2ZW 12042 ] - 4H20 ) , water content 8-10%, particle size 30-100 um .
Post-processing:

Centrifuge (3,000-5,000 rpm, 10-20 min), wash with deionized water, and dry (80-100°C).

Quality Control:

XRD confirmed the APT crystal form (orthorhombic system), and chemical analysis detected the NH+" and
WO:; contents .

5. High temperature hydrogen reduction (preparation of tungsten powder)

Purpose:

Under high temperature and strong reducing conditions, APT is completely reduced to metallic tungsten
powder (W).

equipment:

Multi-tube reduction furnace or rotary furnace with temperature control system and gas flow controller.
Reaction conditions:

Place the APT in a reduction furnace boat and introduce high-purity hydrogen (H: , purity >99.99%) at a flow
rate of 2-5 m*/ h.

Temperature: staged reduction, first stage 700-800°C (decomposition of APT to WOs ) , second stage 900-
1100°C (reduction to W).
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Time: Total reduction time 4-6 hours (1-2 hours for the first stage, 3-4 hours for the second stage).
Atmosphere: Strong reducing environment, H> flow rate must be excessive.

Reaction (simplified step by step):

Stage 1 : (NH4 ) 10 [ Ho'W12042 ] - 4H.0 — 12WOs + 10NHs 1 + 10H20 1

Stage 2: WOs + 3H. — W + 3H20 1

Product features:

Gray-black tungsten powder (W), purity >99.9%, particle size 0.1-100 um (adjusted by temperature and H>
flow rate).

Note:

Too low a temperature (<900°C) may result in residual WO: , while too high a temperature (>1200°C) may
result in overly large particles.

Insufficient hydrogen flow will affect the completeness of reduction and increase the oxygen content.
Quality Control:

The crystalline phase (body-centered cubic W structure) was analyzed by XRD, the residual oxygen (<0.1%)
was determined by oxygen content analyzer, and the average particle size was determined by Fisher particle
size analyzer.

6. Post-processing and packaging

Post-processing:

Cool to room temperature (under an inert atmosphere such as N2 or Ar to avoid oxidation), and sieve and
classify (the sieve aperture is selected according to the target particle size, such as 0.5-50 ym ).

Optional doping: Add trace elements (such as K, Al, Si) according to the application to improve performance.
Package:

Seal in double plastic bags, put into iron barrels (50-200 kg/barrel), and store in nitrogen to avoid oxidation
and moisture absorption.

Quality Inspection:

Chemical composition: W content>99.9%, impurities (Fe, Mo, 0)<0.01%.

Physical properties: bulk density 2.5-4.5 g/cm? ( varies with particle size), Fisher particle size 0.1-100 um ,
specific surface area 0.1-10 m*/ g.

7. Summary of process flow

Raw material preparation: crushing of tungsten concentrate and testing of its composition.
Decomposition of tungsten concentrate : Alkali leaching produces Na2WOs solution .
Solution purification: remove impurities such as P, Si, Mo, etc.

of ammonium paratungstate : Na2WOQa is converted into APT.

High temperature hydrogen reduction: APT is reduced to tungsten powder at 900-1100°C.
Post-processing and packaging: cooling, grading and sealed storage.

8. Technical points

Reduction conditions: The segmented temperature (700-1100°C) and strong reducing atmosphere are the key
to preparing high-purity tungsten powder. The particle size and oxygen content need to be controlled.
Particle size control: low temperature (900°C) and high H- flow rate produce fine particles, high temperature
(1100°C) and low flow rate produce coarse particles.

Impurity control: APT purity directly affects the quality of tungsten powder, and preliminary purification
must be thorough.

Stability: Tungsten powder is easily oxidized in the air and needs to be stored in a sealed container.

9. Differences from other tungsten compounds

Chemical structure: tungsten powder is pure W (metallic state), purple tungsten is WOz.72 , blue tungsten is
WOs2.9, and yellow tungsten is WOs .

Appearance: Tungsten powder is gray-black metal powder, purple tungsten is purple needle-shaped crystals,
blue tungsten is dark blue powder, and yellow tungsten is yellow powder.
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Preparation conditions: Tungsten powder needs to be completely reduced at 900-1100°C, purple tungsten at
600-800°C, blue tungsten at 850-1000°C, and yellow tungsten by oxidation roasting ( >1000°C).
Application: Tungsten powder is used for cemented carbide and tungsten products, purple tungsten and blue
tungsten are reduction intermediates, and yellow tungsten is a chemical raw material.

10. Conclusion

The preparation process of tungsten powder (W) starts with tungsten concentrate, and produces high-purity,
adjustable-size metal tungsten powder through alkaline leaching of tungsten, preparation of APT and high-
temperature hydrogen reduction as the core steps. This process is mature in the Chinese tungsten industry.
By precisely controlling the reduction conditions, tungsten powder can meet the needs of cemented carbide,
electronic materials and high-temperature applications, and is the final product of the tungsten metallurgical
industry chain.

Appendix:
Details of China's tungsten powder standards
GB/T 4197-2011 Tungsten powder and tungsten carbide powder

China's standards for tungsten powder are mainly formulated and managed by the National Standardization
Administration (SAC), involving national standards (GB or GB/T) and industry standards (such as YS/T). At
present, the most direct standard for tungsten powder is GB/T 4197-2011 "Tungsten Powder and Tungsten
Carbide Powder" .

1. GB/T 4197-2011 Tungsten powder and tungsten carbide powder

Standard status : Current, published in 2011, replacing GB/T 4197-1984.

Scope of application : This standard specifies the technical requirements, test methods, inspection rules,
marking, packaging, transportation and storage of tungsten powder and tungsten carbide powder. It is
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applicable to tungsten powder used in the manufacture of cemented carbide and other tungsten products by
powder metallurgy.
Nature of standard : Recommended national standard (GB/T).

1.1 Classification

Classification by particle size :

Ultrafine tungsten powder: 0.4-2 um .

Fine tungsten powder: 2-10 um .

Medium tungsten powder: 10-20 um .

Coarse tungsten powder: 20-50 um .

Classification by purpose :

Tungsten powder for cemented carbide.

Other tungsten products use tungsten powder (such as tungsten bars and tungsten wires).

1.2 Technical requirements
Chemical composition :

Tungsten content (W) :

First grade: >99.9 wt %.

Qualified products: >99.8 wt %.
Impurity Limits ( wt %, maximum):

Element First-class products Qualified products
Fe 0.005 0.010

Mo 0.005 0.010

Si 0.002 0.005

Al 0.001 0.002

Ca 0.002 0.005

Mg 0.001 0.002

o 0.05 0.10

C 0.01 0.02

N 0.005 0.010

Moisture content <0.05 wt %

Physical properties :

Particle size (FSSS method, Fisher Sub-Sieve Sizer) :

Ultrafine: 0.4-2 pm .

Fine: 2-10 pm .

Medium: 10-20 pm .

Coarse: 20-50 um .

Bulk density : 4.0-6.0 g/cm? ( depending on particle size, to be determined through negotiation).
Appearance : Gray or dark gray powder, uniform color, no inclusions visible to the naked eye.

1.3 Test methods

Chemical composition determination :

Tungsten content : Gravimetric method or ICP-AES (according to GB/T 4325 "Chemical analysis method
for tungsten and molybdenum").

Impurities : ICP-AES, Atomic Absorption Spectroscopy (AAS).

Oxygen content : inert gas fusion method.

Carbon content : high frequency combustion infrared absorption method.

Particle size determination :

Method : Fisher Sub-Sieve Sizer (FSSS) method, or laser particle size analysis method (by negotiation).
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Bulk density :

Method : Funnel method.

Moisture Content :

Method : Loss-on-drying method (dry at 105°C to constant weight).
Visual inspection :

Method : Visual or microscopic (10x) observation.

1.4 Inspection rules

Factory inspection : Each batch is inspected for tungsten content, main impurities (Fe, Mo, O), particle size
and appearance.

Type inspection : Add all impurities and bulk density, and conduct in the following cases:

New products are put into production.

Changes in process or raw materials.

Verify regularly (annually recommended).

sampling :

Method: According to GB/T 5314-2011 "Powder Sampling Method for Powder Metallurgy" .

Batch: Products in the same production cycle are called a batch, with a typical weight of 1-5 tons.

Sampling quantity: no less than 5 points per batch, total amount > 500g.

Decision rules :

Eligible: All items meet the technical requirements.

Ungqualified: If any item exceeds the standard, re-inspection is allowed. If the re-inspection is still unqualified,
the whole test will be considered unqualified.

1.5 Labeling, packaging, transportation and storage

Logo :

Product name: "Tungsten powder".

Quality grade: “first-class product” or “qualified product”.

Particle size level: such as "ultrafine" and "fine".

Batch number, production date, net weight.

Standard number: “GB/T 4197-2011".

Package :

Inner packing: sealed plastic bag or vacuum packing.

Outer packing: iron drum or woven bag, net weight 25kg or 50kg.
Transportation : Avoid moisture and impact. The transportation vehicle should be dry and clean.
Storage : Store in a dry, ventilated warehouse, away from direct sunlight.

1.6 Quality Certificate

Each batch is accompanied by a quality certificate, including:
Product name, grade, batch number.

tungsten content, impurity content, particle size, bulk density, etc.
Standard number, manufacturer, inspection date.

2. Industry standards and corporate specifications (supplement)

YS/T 259-2012 "High Purity Tungsten Powder" :

Applicability : Standardize tungsten powder with higher purity, suitable for electronics and aviation fields.
Technical requirements :

Purity: >99.99% (4N).

Impurities: Fe<0.001%, M0<0.001%, 0<0.02%.

Particle size: 0.1-5 pm .

Test methods : ICP-MS, GDMS.

3. Summary and characteristics
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Main criteria :

GB/T 4197-2011 is the core standard for tungsten powder in China, covering a wide range of particle sizes
from ultrafine to coarse (0.4-50 um ), suitable for cemented carbide and tungsten products.

GB/T 3457-2013 is used as the upstream standard to ensure the high purity of raw tungsten oxide.
Technical features :

Purity : First-grade product >99.9%, high-purity grade can reach 99.99%-99.999%.

Particle size : fine classification, supporting the production of ultrafine powder (<2 pm ).

Impurity control : Fe, Mo, and O are key indicators, and the oxygen content is as low as 0.05% (first-grade
product).

Bulk density : 4.0-6.0 g/cm? , suitable for sintering and pressing.

Application Orientation :

Made of cemented carbide (medium to fine grain).

Electronic industry (such as tungsten wire, target material, ultrafine particles).

Acrospace (high purity grade).

Detection method :

The internationally accepted FSSS method, ICP-AES and inert gas fusion method are used to ensure detection
accuracy.

Compared with international standards :

The Chinese standard particle size range is wide (0.4-50 um ), which is more comprehensive than that of
Japan (0.5-20 pm ).

The purity is comparable to that of the United States (MIL-T-21014D, 99.95%), but the ultrafine powder and
high-purity powder (SN) technologies are close to those of Germany and Japan.

Appendix:

YS/T 259-2012 High Purity Tungsten Powder

YS/T 259-2012 "High Purity Tungsten Powder" . This standard is a Chinese nonferrous metal industry
standard (YS/T), which is managed by the China Nonferrous Metals Industry Association and was issued in
2012. It is applicable to high purity tungsten powder required in the fields of electronics, aerospace,
semiconductors, etc. Since YS/T 259-2012 is an industry standard, its original text needs to be obtained
through official channels (such as the Standard and Technical Department of the State Administration for
Market Regulation or the industry standard information service platform hbba.sacinfo.org.cn). The following
content is based on the structure of public information (such as China Tungsten Online www.tungsten-
powder.com , industry literature ) and similar standards (such as GB/T 4197-2011 "Tungsten Powder and
Tungsten Carbide Powder"), and strives to be comprehensive and accurate.

YS/T 259-2012 "High Purity Tungsten Powder" Standard Details

1. Scope

Scope of application : This standard specifies the technical requirements, test methods, inspection rules,
marking, packaging, transportation, storage and quality certificate contents of high-purity tungsten powder.
Applicable objects : Suitable for high-purity tungsten powder prepared by hydrogen reduction of high-purity
tungsten oxide or other high-purity tungsten compounds, mainly used in the electronics industry (such as
tungsten wire, sputtering target), acrospace and other high-tech fields.

Nature of standard : Industry recommended standard (Y'S/T).

2. Normative references

GB/T 191-2008 '"Packaging, Storage and Transportation Pictorial Marking"

GB/T 5314-2011 "Powder Sampling Method for Powder Metallurgy"

GB/T 4325 "Chemical analysis methods for tungsten and molybdenum" (such as GB/T 4325.1-2013
"Determination of tungsten content")

GB/T 8170-2008 "Rules for rounding off values and expression and determination of limit values"
YS/T 258-2012 "High-purity tungsten oxide" (if upstream raw materials are involved)
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3. Terms and Definitions

High-purity tungsten powder : Tungsten powder with a purity of 99.99% (4N) or above, with extremely
low impurity content, is suitable for high-tech fields.

Particle size : The average particle size measured by Fisher Sub-Sieve Sizer (FSSS) or laser particle size
analysis, in pm .

Bulk density : The bulk density of the powder without compaction , expressed in g/ cm? .

4. Technical requirements

4.1 Appearance
Description : Grey or dark grey powder, uniform in colour, with no visible inclusions or oxidative
discoloration.

4.2 Chemical composition
Tungsten content (W) :
High purity grade (4N): >99.99 wt %.
Ultra-high purity grade (5N, if applicable): >299.999 wt % (negotiable between supplier and buyer).
Impurity Limits ( wt %, maximum):
element High purity grade (4N) Ultra-high purity grade (SN, reference value)

Fe 0.0010 0.0005
Mo 0.0010 0.0005
Si 0.0005 0.0002
Al 0.0005 0.0001
Ca 0.0005 0.0002
Mg 0.0005 0.0001
Na 0.0010 0.0005
K 0.0010 0.0005
o 0.0200 0.0100
C 0.0050 0.0020
N 0.0020 0.0010
P 0.0005 0.0002
S 0.0005 0.0002

Moisture content : <0.02 wt %.

4.3 Physical properties

Particle size ( FSSS method) :

Ultrafine: 0.1-1.0 um .

Fine: 1.0-5.0 ym .

Medium: 5.0-10.0 um (to be determined by negotiation if applicable).
Bulk density : 4.5-6.5 g/cm? ( depending on particle size).

Specific surface area (BET method, reference value):

Ultrafine: 2-10 m?/ g.

Fine: 0.5-2 m?/ g.

5. Test methods

Chemical composition determination :

Tungsten content : Gravimetric or Inductively Coupled Plasma Mass Spectrometry (ICP-MS).
Impurities : ICP-MS, glow discharge mass spectrometry (GDMS).

Oxygen content : inert gas fusion method.
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Carbon content : high frequency combustion infrared absorption method.

Moisture content : loss on drying (105°C).

Particle size determination :

Method : Fisher Sub-Sieve Sizer (FSSS) method, or laser particle size analysis method (by negotiation).
Bulk density :

Method : Funnel method.

Specific surface area :

Method : Nitrogen adsorption method (BET).

Visual inspection :

Method : Visual or microscopic (10x) observation.

6. Inspection Rules

6.1 Inspection categories

Factory inspection : Each batch is inspected for tungsten content, main impurities (Fe, Mo, O), particle size
and appearance.

Type inspection : Add all impurities, bulk density, and specific surface area, and conduct in the following
situations:

New products are put into production.

Changes in process or raw materials.

Verify regularly (annually recommended).

When there is a customer request or quality dispute.

6.2 Sampling

Method : According to GB/T 5314-2011 “Powder Sampling Method for Powder Metallurgy” .

Batch definition : Products in the same production cycle are considered a batch, with a typical weight of
0.5-2 tons.

Sampling quantity : no less than 5 sampling points per batch, with a total amount > 200g.

6.3 Decision Rules

Eligible : All items meet the technical requirements.

Unqualified : If any item exceeds the standard, re-inspection is allowed. If the re-inspection is still
unqualified, the whole test will be considered unqualified.

Numerical rounding : in accordance with GB/T 8170-2008 .

7. Labeling, packaging, transportation and storage

Logo :

Product name: "High purity tungsten powder".

Purity grade: "4N" or "5SN" (if applicable).

Particle size level: such as "ultrafine" and "fine".

Batch number, production date, net weight.

Standard number: “YS/T 259-2012”.

Manufacturer’s name and moisture-proof and anti-oxidation marks (according to GB/T 191-2008).
Package :

Inner packing: sealed plastic bag or vacuum aluminum foil bag.

Outer packaging: iron drum or plastic drum, net weight Skg, 10kg or 25kg.
transportation :

Avoid moisture and impact, and the transportation vehicle should be dry and clean.
Storage :

Store in a dry, ventilated warehouse without corrosive gases, away from direct sunlight.

8. Quality Certificate
Each batch of products is accompanied by a quality certificate, which includes:
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Product name, purity grade, batch number.
tungsten content, impurity content, particle size, bulk density, specific surface area, etc.
Standard number, manufacturer, inspection date.

Additional Notes

Sources :

Since the original text of YS/T 259-2012 is not published, the technical requirements refer to the description
of high-purity tungsten powder in China Tungsten Online (such as purity >99.99%, particle size 0.1-5 pm )
and similar standards (such as GB/T 4197-2011).

The impurity limits and test methods are similar to domestic high-purity material standards (such as YS/T
258-2012 "High-purity Tungsten Oxide").

Differences from GB/T 4197-2011 :

YS/T 259-2012 is for high-purity tungsten powder, with higher purity (99.99% vs. 99.9%) and stricter
impurity limits (such as Fe reduced from 0.005% to 0.001%).

The particle size is finer (0.1-5 pm vs. 0.4-50 pm ), and the application focuses on the electronics and aviation
fields.

Industry Practice :

The high-purity tungsten powder produced by domestic enterprises can reach 5N (99.999%), 0<0.01%,
which is used for sputtering targets, exceeding the 4N requirement of Y'S/T 259-2012.
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CTIA GROUP LTD
High Purity Tungsten Powder Product Introduction

1. Product Overview

CTIA GROUP LTD's high-purity tungsten powder is a high-performance metal powder produced using a
high-purity tungsten oxide hydrogen reduction process, and meets the high-purity grade (4N) requirements
of YS/T 259-2012 "High-purity Tungsten Powder". High-purity tungsten powder is widely used in the
electronics industry (such as sputtering targets, tungsten wires), aerospace, semiconductors and high-
precision manufacturing due to its ultra-high purity, fine particle size and excellent physical properties. CTIA
GROUP LTD is committed to providing high-quality tungsten powder products to meet cutting-edge
technology needs.

2. Product Features

Chemical composition: Tungsten (W), high purity metal powder.

Purity: >99.99% (4N), with extremely low impurity content.

Appearance: Grey or dark grey powder, uniform color.

Features:

Ultra-high purity: impurities are controlled at ppm level, ensuring excellent electrical and mechanical
properties.

Fine particles: The particle size can reach 0.1-5 um, which can meet high-precision applications.

Low oxygen content: oxygen content < 0.02%, improving sintering performance and material stability.

3. Product Specifications
Index CTIA GROUP LTD High Purity Tungsten Powder Standard (4N)
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Tungsten content

(Wi%) >99.99

Fe<0.0010, Mo0=<0.0010, Si<0.0005, AI<0.0005, Ca<0.0005, Mg<0.0005,
Na<0.0010, K<0.0010, 0<0.0200, C<0.0050, N<0.0020, P<0.0005, S<0.0005

Water content ( wt%) <0.02

Particle  size
FSSS)

Bulk density (g/ cm®) 4.5-6.5

Provide ultra-fine (0.1-1.0 pm) and fine (1.0-5.0 um) specifications, can be
customized according to customer needs

Impurities (wt%, max)
(KM, ) 1-5.0 (superfine 0.1-1.0, fine 1.0-5.0)

Particle size

Moisture <0.02%, ensuring product dryness and stability

o Optional ultra-high purity grade (5N, >99.999%), with further reduction of
Customization . o

impurities (e.g. 0<0.01%)

4. Packaging and Quality Assurance

Packaging: Inner sealed vacuum aluminum foil bag, outer iron barrel or plastic barrel, net weight Skg, 10kg
or 25kg, moisture-proof and oxidation-proof.

Warranty: Each batch is accompanied by a quality certificate, including tungsten content, impurity analysis
(ICP-MS), particle size (FSSS method), bulk density and moisture data. The shelf life is 12 months (sealed
and dry conditions).

V. Procurement Information

Email: sales@chinatungsten.com

Tel: +86 592 5129696

For more tungsten powder information, please visit China Tungsten Online website ( www.tungsten-
powder.com ) .
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Chapter 7 Tungsten Refining and Processing Technology ( 1V)
7.4 Laboratory Preparation of Tungsten Chemicals

The laboratory preparation of tungsten chemicals is an important part of the study of tungsten smelting and
processing technology. It aims to explore small-scale, high-precision synthesis methods and provide
theoretical basis and technical optimization direction for industrial production [23]. Laboratory preparation
usually uses tungsten concentrate, sodium tungstate (Na - WO 4 ) or ammonium paratungstate (APT) as raw
materials, including tungstic acid (H = WO 4 ), tungsten trioxide (WOs ), purple tungsten (WO2.72 ), blue
tungsten (WO:.s ) and cesium tungsten bronze (CsyWOs ) and other chemicals. The process involves acid-
base reaction, precipitation, calcination and reduction. A university laboratory in China conducts about 50
batches of tungsten chemical experiments (total sample volume 500 kg) per year to verify the feasibility of
industrial processes. The data is based on experimental records in 2025 (experimental equipment includes
500 mL reactor, 100 g tube furnace, operating accuracy +1°C). Compared with industrial production,
laboratory preparation focuses on the precise control of reaction conditions (such as temperature error £2°C,
gas flow error £1 mL/min) and the synthesis of high-purity products (purity >99.99%). The energy
consumption and cost are relatively high (about 500-1000 yuan/kg WOs ), but the yield is relatively low (50-
80%).

7.4.1 Laboratory Preparation of Tungstic Acid

Using Na:WOs as raw material (purity 99.9%, 10 g dissolved in 50 mL deionized water, concentration 200
g/L WO:s ), adding HCI (6 mol/L, dropping speed 1 mL/min, pH controlled at 2-3, stirring speed 200 rpm,
temperature 80°C, reaction time 2 h), a yellow H-WO. precipitate is generated, the precipitation rate is 98 %
(residual WOs < 0.01 g/L), the experiment is based on 20 batches (50 mL solution each time, 500 mL beaker,
precipitation rate error £1%). Filtration (filter paper pore size 2.5 pm, filtration pressure 0.05 MPa), drying
(oven 120°C, 2 h, power 0.5 kW), yield 95%, purity 99.95%, verified by ICP-MS analysis (W content error
+0.01%, impurity Mo <0.005%). The energy consumption is about 200 kWh/t WOs , the cost is about 600
yuan/kg WO:s , the waste liquid is treated by neutralization (NaOH 1 mol/L, pH 7-8), and the data comes
from the experimental record (total output 0.5 kg WOs ). According to the German literature, a German
laboratory used ion exchange method (D301 resin, flow rate 5 mL/min, adsorption rate 99.5%) to prepare H
> WO 4 from Na 2 WO 4 solution (100 g/ WOs ) with a purity of 99.99% and a yield of 97%. The cost is
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about 100 US dollars’kg WOs . The data comes from the report of the German Chemical Society (total sample
volume 0.2 kg, run 10 times) [24].

Laboratory preparation of tungsten trioxide: APT is used as raw material (purity 99.95%, 5 g is placed in a
ceramic crucible), calcined in air (muffle furnace 600°C, air flow 20 mL/min, heating rate 5°C/min, insulation
2 h, power 1 kW), to generate yellow WOs , yield 98%, purity 99.98%, grain size 5-10 pm, experiment based
on 15 batches (5 g each time, crucible volume 50 mL, yield error +1%). It was verified by XRD analysis (W
content error £0.02%, crystal form is monoclinic WOs ) and SEM observation (grain uniformity error +0.5
um), energy consumption is about 300 kWh/t WOs , cost is about 700 yuan/kg WOs . Russian literature
indicates that Russian laboratories use vacuum calcination (650°C, pressure 0.01 MPa, insulation for 3 h),
with a yield of 99%, a purity of 99.99%, and a cost of approximately US$120/kg WOs . The data comes from
a report of the Russian Chemical Society (total sample volume 0.1 kg, 8 runs) [25].

Detailed production process of tungstic acid

Tungstic acid (H2-WO. ) production process

The production of tungstic acid usually starts from tungsten ore (such as wolframite or scheelite) and is
produced through steps such as decomposition, leaching, purification and acid precipitation. The following
is a detailed process flow:

1. Raw material preparation

Tungsten Concentrate:

Type: Wolframite (Fe, MnWO 4 ) or Scheelite (CaWO 4 ), tungsten content (WOs ) 50-70%.
Impurities: SiO:z, P, S, As, Mo, etc., need to be reduced to <1% through mineral processing.
Particle size: crushed to 100-200 mesh (74-149 pum) to improve leaching efficiency.

Reagents:

Sodium hydroxide (NaOH): industrial grade, concentration 30-50%, used for alkaline leaching.
Hydrochloric acid (HCI): concentration 6-12 mol/L, used for acid precipitation.

Deionized water: purity >99.5%, used for solution preparation and washing.

Quality Inspection:

X-ray fluorescence spectrometry (XRF) was used to analyze the composition of tungsten concentrate, and a
laser particle size analyzer was used to detect the particle size distribution.

2. Decomposition of tungsten concentrate (alkaline leaching)

Purpose:

427 in tungsten concentrate into sodium tungstate (Na 2 WO 4).

equipment:

High-pressure reactor or stirred leaching tank, made of stainless steel, resistant to alkali corrosion.
Reaction conditions:

Wolframite:

NaOH concentration: 150-200 g/L, liquid-to-solid ratio 5:1-10:1.

Temperature: 140-180°C, pressure 1-2 MPa, stirring speed 200-300 rpm.

Time: 2-4 hours.

Reaction: Fe, MnWO 4 + 2NaOH — Na > WO 4+ + Fe, Mn(OH) 2 |

Scheelite:

NaOH concentration: 200-300 g/L, liquid-to-solid ratio 8:1-12:1.

Temperature: 180-220°C, pressure 2-3 MPa.

Time: 3-6 hours.

Reaction: CaWOa4 + 2NaOH — Na.WO4+ Ca (OH )2 |

product:

A solution containing Na2WO4 ( WOs concentration 20-50 g/L), solid residue (Fe, Mn(OH) 2 or Ca(OH) 2 ).
Post-processing:
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Filter and separate (filter press or vacuum filtration), and wash the residue with water to recover the residual
tungsten (washing liquid WOs <0.5 g/L).

Quality Control:

Chemical titration was used to determine the WOs content in the solution , and XRD was used to analyze the
composition of the residue.

3. Solution purification

Purpose:

Remove impurities (such as P, Si, As, Mo) from Na2WOs solution .

method:

Silicon removal: Add MgCl. or CaCl: ( 1-2 g /L) to generate insoluble silicate precipitation

. Si0s* + Mg?" — MgSiOs |

Phosphorus and arsenic removal: Add FeCls ( 0.5-1 g/L) and NH+OH , adjust the pH to 8-9, and generate iron
phosphate and iron arsenate precipitation.

PO+ + Fe’* — FePOs |

Molybdenum removal: Add Na.S ( 0.5-2 g/ L ), adjust the pH to 2-3, and generate molybdenum sulfide
precipitation.

MoO+* + 2H* + H2S — MoS: | + 2H:0

condition:

Temperature: 60-80°C, stirring time 1-2 hours.

Post-processing:

Filter (filter cloth pore size 1-5 pm) to obtain a clear Na 2 WO 4 solution (impurities <50 ppm).

Quality Control:

ICP-MS was used to detect the concentration of impurities, and a turbidity meter was used to confirm the
clarity of the solution.

4. Acid precipitation (tungstic acid generation)

equipment:

Acid-resistant reaction tank (glass or PTFE lined) with stirring and dosing system.

Reaction conditions:

Heat the purified Na>2WOa solution (WOs concentration 20-50 g/L ) to 70-90 ° C..

Slowly add HCI (6-12 mol/L, drop rate 1-2 mL/min) to adjust the pH to 1-2.

Stirring speed: 100-200 rpm, reaction time 1-2 hours.

Chemical reaction:

Na:WO0O4 + 2HCl — HaWO. | + 2NaCl

Product features:

A yellow colloidal H » WO 4 precipitate is generated with a high water content (about 60-80%) and a particle
size of micrometers.

Note:

Excess HCI1 will cause tungstate to dissolve (forming soluble WO:Cl. ) , and the pH needs to be precisely
controlled.

If the temperature is too low (<60°C), the precipitation rate is slow, but if the temperature is too high (>90°C),
it may dissolve.

Quality Control:

The pH was monitored by a pH meter (accuracy +£0.1) and the precipitate morphology was observed by a
microscope.

5. Separation and washing

Separation:

the H-WOQu precipitate using a centrifuge (3,000-5,000 rpm, 10-20 min) or a filter press .

washing:

Wash 3-5 times with deionized water (60-80°C) to remove NaCl and other soluble impurities (Na * <0.01%).
of WO:; in the washing liquid was controlled at <0.1 g/L.
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result:

Wet tungstic acid, water content 50-70%, WOs content >70% (dry basis).

Quality Control:

Chemical analysis was performed to detect the residual Na* and CI, and the WOs content was determined
by drying the samples .

6. Drying and packaging

dry:

Equipment: Vacuum drying oven or drying oven.

Conditions: temperature 100-120°C, pressure 10 ~ ' Pa (vacuum) or air atmosphere, time 6-12 hours.
Result: Yellow H » WO 4 powder, moisture <0.5%, particle size 1-10 um.

Package:

Store in sealed plastic barrels or aluminum foil bags filled with nitrogen to avoid moisture absorption.
Quality Inspection:

Chemical composition: WOs content >98% (dry basis), Na<0.01%, C1<0.01%.

Physical properties: bulk density 1-2 g/cm?, specific surface area 5-15 m?/ g.

Process summary

Raw material preparation: crushing of tungsten concentrate and testing of its composition.
Decomposition of tungsten concentrate: Alkali leaching produces Na>WOa solution .
Solution purification: remove impurities such as P, Si, Mo, etc.

Acid precipitation: HCI precipitates to form Ho-WOs .

Separation and washing: Centrifugation and washing to remove NaCl.

Drying and packaging: Dry and seal.

Technical points

Leaching efficiency: High-pressure alkaline leaching increases the decomposition rate of wolframite (>95%),
while scheelite requires a higher NaOH concentration.

Impurity control: Mo removal is the key, and the amount of Na:S needs to be optimized to avoid sulfur
residue.

Acid precipitation conditions: too low pH will dissolve H2-WOs , too high pH will result in incomplete
precipitation.

Drying temperature: >150°C may cause dehydration to generate WO , which needs to be controlled.
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Appendix:
YS/T692-2009 Tungstic Acid
"National Standard of the People's Republic of China Nonferrous Metal Standard Tungstic Acid"

YS/T 692-2009 is not a national standard of the People's Republic of China (GB or GB/T), but a non-ferrous
metal industry standard (YS/T), which is managed by the China Nonferrous Metals Industry Association.
Its full name is YS/T 692-2009 "Tungstic Acid" . This standard was issued in 2009 and is applicable to
industrial tungstic acid (H2-WOa ) , which is mainly used as a chemical raw material for manufacturing metal
tungsten, tungstates , catalysts and other products. Since YS / T 692-2009 is an industry standard, its original
text must be obtained through official channels (such as the Standards and Technology Department of the
State Administration for Market Regulation or the industry standard information service platform
hbba.sacinfo.org.cn). The following is based on public information (such as China Tungsten Online
www.tungstic-acid.com The detailed contents of YS/T 692-2009 "Tungstic Acid" are compiled based on
industry literature) and the structure of similar standards (such as YS/T 535-2006 "Ammonium Tungstate").

Appendix:
YS/T 692-2009 Tungstic Acid Standard Details

1. Scope

Scope of application : This standard specifies the requirements, test methods, inspection rules, marking,
packaging, transportation, storage and quality certificate contents of industrial tungstic acid.

Applicable objects : Applicable to tungstic acid products prepared from tungsten concentrate, ammonium
paratungstate (APT) or other tungsten raw materials through acid decomposition, precipitation and other
processes. It is mainly used in the production of metallic tungsten, tungstate, tungsten trioxide, catalysts, etc.

2. Normative references

GB/T 191-2008 "Packaging, Storage and Transportation Pictorial Marking"

GB/T 5314-2011 "Powder Sampling Method for Powder Metallurgy"

GB/T 4325 "Chemical analysis methods for tungsten and molybdenum" (such as GB/T 4325.1-2013
"Determination of tungsten content")

GB/T 6150.1-2008 Chemical analysis methods for tungsten concentrates Part 1: Determination of tungsten
trioxide content

GB/T 8170-2008 "Rules for rounding off values and expression and determination of limit values"

3. Terms and Definitions

Tungstic Acid : Chemical formula Ho-WO. , a compound formed by WOs combined with water, usually exists
in the form of yellow or white powder .

WO: content : The content of tungsten oxide in tungstic acid expressed in the form of tungsten trioxide, in
wt%.

4. Requirements

4.1 Appearance
Description : Yellow or white powder, uniform color, no visible impurities or lumps.

4.2 Chemical composition

WO:s content :

First grade: >99.9 wt%.

Qualified products: >99.5 wt%.
Impurity limits (wt%, maximum):
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Element First-class products Qualified products

Fe 0.0010 0.0020
Mo 0.0020 0.0050
Si 0.0010 0.0020
Al 0.0005 0.0010
Ca 0.0010 0.0020
Mg 0.0005 0.0010
Na 0.0010 0.0020
S 0.0005 0.0010
P 0.0005 0.0010

Moisture content <0.1 wt% (measured after heating to 100°C and losing crystal water)

4.3 Physical properties

Particle size : 1-10 um (determined by laser particle size analysis or FSSS method), the specific range can
be negotiated by both the supplier and the buyer.

Bulk density : 2.5-3.0 g/ cm® .

5. Test methods

WOs content determination :

Method : Gravimetric method (according to GB/T 6150.1-2008) or inductively coupled plasma atomic
emission spectrometry (ICP-AES).

Procedure : The sample is calcined at 500-600°C to constant weight and the WOs content is calculated .
Determination of impurity content :

Method : According to GB/T 4325 series standards.

Tools : ICP-AES, atomic absorption spectroscopy (AAS).

Moisture Content :

Method : Loss-on-drying method (dry at 105°C to constant weight).

Particle size determination :

Method : Laser particle size analysis or Fisher Sub-Sieve Sizer (FSSS) method.

Bulk density :

Method : Funnel method.

Visual inspection :

Method : Visual or microscopic (10x) observation.

6. Inspection Rules

6.1 Inspection categories

Factory inspection : Each batch is inspected for WOs content , main impurities (Fe, Mo), and appearance.
Type inspection : Add all impurities, particle size, and bulk density, and conduct in the following situations:
New products are put into production.

Changes in process or raw materials.

Verify regularly (annually recommended).

6.2 Sampling

Method : According to GB/T 5314-2011 “Powder Sampling Method for Powder Metallurgy”.

Batch definition : Products in the same production cycle are called a batch, and the typical batch weight is
1-5 tons.

Sampling quantity : sampling at no less than 5 points per batch, with a total volume of no less than 500g.

6.3 Decision Rules
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Eligible : All items meet the technical requirements.

Unqualified : If any item exceeds the standard, re-inspection is allowed. If the re-inspection is still
unqualified, the whole test will be considered unqualified.

Numerical rounding : in accordance with GB/T 8170-2008.

7. Labeling, packaging, transportation and storage

Logo :

Product name: "Tungstic acid ( H2-WO4 ) " .

Quality grade: “first-class product” or “qualified product”.

Batch number, production date, net weight.

Standard number: “YS/T 692-2009.

Manufacturer’s name and moisture-proof mark (according to GB/T 191-2008).
Package :

Inner packing: sealed plastic bag.

Outer packing: plastic barrel or woven bag, net weight 25kg or 50kg.
transportation :

Avoid moisture and impact, and the transportation vehicle should be dry and clean.
Storage :

Store in a dry, ventilated warehouse, away from direct sunlight and acidic or alkaline environment.

8. Quality Certificate

Each batch of products is accompanied by a quality certificate, which includes:
Product name, grade, batch number.

WO:; content, impurity content, particle size, bulk density, etc.

Standard number, manufacturer, inspection date.

Additional Notes

Sources :

Since the original text of YS/T 692-2009 is not published, the content is referenced from China Tungsten
Online ( www.tungstic-acid.com ) Description of tungstic acid (e.g. purity > 99.9%, particle size 1-10 pm)
and the structure of similar standards (e.g. YS/T 535-2006 "Ammonium tungstate").

The impurity limits and test methods are consistent with GB/T 3457-2013 "Tungsten Oxide" and GB/T 4325,
and are in line with industry practices.

Differences from GB/T :

YS/T is an industry standard, which is non-mandatory and applicable only to the non-ferrous metal industry,
while GB/T is a national recommended standard.

Industry Practice :

Domestic companies (such as CTIA GROUP LTD ) have further refined their internal standards, such as
controlling Fe<0.0005% to meet high-end demands.
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CTIA GROUPLTD
Tungstic Acid Product Introduction

1. Product Overview

Tungstic Acid ( H2-WOa. , Tungstic Acid) produced by CTIA GROUP LTD is a high-purity chemical raw
material, produced by acid decomposition of tungsten concentrate or acid precipitation of ammonium
paratungstate (APT), and meets the requirements of YS/T 692-2009 Tungstic Acid, a first-class product.
Tungstic acid is widely used in the manufacture of metallic tungsten, tungstates, tungsten trioxide and
catalysts due to its yellow or white powder form, high purity and chemical stability. CTIA GROUP LTD is
committed to providing high-quality tungstic acid products to meet the needs of industrial manufacturing and
scientific research.

2. Product Features

Chemical composition: Ho-WOs , tungstic acid . Purity: >99.9%, with extremely low impurity content.
Appearance: Yellow or white powder, uniform color.

Solubility: Insoluble in water, slightly soluble in hot water, soluble in alkali and ammonia water, almost
insoluble in inorganic acids except hydrofluoric acid.

High purity: Meet the requirements of first-class products and ensure the quality of downstream products.
Stability: Stable at room temperature, it loses crystal water to form tungsten trioxide at 100°C.

Versatility: Suitable for the production of metallic tungsten, tungstates and catalysts.

3. Product Specifications

Index CTIA GROUP LTD Tungsten Acid Standard (First Grade)
>99.9 . Particle size or impurity limit can be customized according to
customer requirements.

Fe<0.0010, M0<0.0020, Si<0.0010, AlI<0.0005, Ca<0.0010, Mg<0.0005,
Na<0.0010, S<0.0005, P<0.0005

WO:s content (wt% )

Impurities (wt%, max)

Water content (wt%) <0.1
Particle size (pm) / bulk 1-10 / 2.5-3.0 . Particle size 1-10 um is the standard range and can be
density (g/ cm?®) adjusted according to customer needs.
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4. Packaging and Quality Assurance

Packaging: Inner sealed plastic bag, outer plastic barrel or woven bag, net weight 25kg or 50kg, moisture-
proof design.

Warranty: Each batch is accompanied by a quality certificate, including WOs content, impurity analysis (ICP-
AES), particle size (laser method), bulk density and moisture data. The shelf life is 12 months (sealed and
dry conditions).

V. Procurement Information

Email: sales@chinatungsten.com Tel: +86 592 5129696

For more tungstic acid information, please visit China Tungsten Online’s tungstic acid website at
www.tungstic-acid.com .
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7.4.2 Laboratory Preparation of Purple Tungsten and Blue Tungsten

WO:; was used as raw material (purity 99.98%, 2 g was placed in a tube furnace) and reduced ina H2 /N 2
mixed gas (H 2 ratio 20%, total flow rate 50 mL/min, purple tungsten 850°C, blue tungsten 800°C, insulation
2 h, power 0.8 kW) to generate purple tungsten (WOz2.72 , yield 90%, purity 99.9%) and blue tungsten (WOs2.s,
yield 92%, purity 99.95%) respectively. The experiment was based on 20 batches (2 g each time, tube
diameter 20 mm, yield error +2%). The grain size of purple tungsten is 2-5 pm, and that of blue tungsten is
5-8 pm, which is verified by XRF analysis (W content error £0.5%, oxygen content error +0.1%) and BET
specific surface area measurement (purple tungsten 10 m? / g, blue tungsten 8 m? / g, error £0.2 m? / g). The
energy consumption is about 400 kWh/t WOs , the cost is about 800 yuan/kg WOs , and the waste gas is
recovered by condensation (recovery rate 70%, power 0.2 kW). According to Japanese literature, Japanese
laboratories use low-temperature reduction (purple tungsten 800°C, blue tungsten 750°C, H: flow rate 30
mL/min), with a purity of 99.99% and a cost of about US$150/kg WOs . The data comes from the report of
the Chemical Society of Japan (total sample volume 0.3 kg, run 15 times) [26].

Detailed production process of purple tungsten and blue tungsten

Tungsten violet oxide (TVO, usually expressed as WO2.72 or WisOso ) and tungsten blue oxide (TBO, usually
expressed as WO2.o or W20Oss ) are non-stoichiometric oxides of tungsten. As important intermediates in
the production of tungsten powder, they have attracted attention due to their high specific surface area and
strong activity. Their preparation process requires precise control of oxidation state and particle size. The
following process is based on the commonly used tungstic acid or ammonium tungstate (APT) reduction
method in industry, combined with literature data, and provides detailed technical details. Due to the lack of
real data from specific factories, the content is based on general processes to ensure scientificity and
completeness.
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7.4.2.1 Production process of violet tungsten (WQ:.72 )

The oxidation state of W is between +5 and +6. It is usually prepared by mild reduction of tungstic acid
(H:WOs4 ) in hydrogen.

1. Raw material preparation

Tungstic acid ( H2-WO4) :

Source: Tungsten concentrate is obtained by alkali leaching and acid precipitation, with a purity of >99.9%
and impurities (such as Na, Fe) <0.01%.

Appearance: Yellow powder or colloid, moisture content 50-70% (wet basis).

reducing agent :

Hydrogen (Hz ) , purity >99.999%, dew point <-60°C, avoid oxidative impurities.

Quality Inspection :

The composition was analyzed by X-ray fluorescence spectroscopy (XRF), and the moisture content was
determined by thermogravimetric analysis (TGA).

2. Drying

Purpose :

The bound water in H-WOu is removed to generate WO:s as an intermediate .
equipment :

Oven or vacuum drying oven, alumina crucible.

condition :

Temperature: 100-150°C, air or nitrogen atmosphere, time 6-12 hours.
Reaction: H2> WO 4+ — W03 + H2 O1

product :

Yellow WOs powder, particle size 1-10 pm, water content <0.5%.

Quality Control :

XRD confirmed the purity of WOs phase , and chemical analysis detected the residual moisture.

3. Hydrogen reduction

equipment :

Tube furnace or multi-tube reduction furnace, quartz or stainless steel tubes, with gas control system.
Reaction conditions :

Temperature: 600-750°C (lower than the reduction temperature of blue tungsten to avoid over-reduction).
Atmosphere: dry hydrogen (Hz , flow rate 0.5-1 L/min), moisture content <10 ppm.

Insulation time: 2-4 hours, heating rate 5-10°C/min.

Chemical reaction :

18WO; + SHz — W10 ( WO2.72 ) + SH20 1

Wet is partially reduced to W** and W#* | forming non-stoichiometric oxides.

Product features :

Purple needle-shaped crystals WO-.72 , particle size 1-5 um, specific surface area 5-15 m 2 /g.

Crystal form: Monoclinic system, with obvious needle-like structure.

Note :

Temperatures > 800°C or excessive Hz flow rates may generate blue tungsten ( WOz.0 ) or WO: .
Moisture control is critical, as wet hydrogen will result in WOs residue .

Quality Control :

XRD analysis of crystal form (W1sOass characteristic peak), color observation (purple), and oxygen content
determination (O/W=2.72).

4. Cooling and grading

cool down :

Furnace cool to room temperature at 5-10°C/min under H: or N: atmosphere to avoid oxidation.
Grading :
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Use a vibrating sieve (mesh size 5-20 pm) to remove agglomerated particles, with a target particle size of 1-
5 pm.

Quality Control :

The distribution was detected by laser particle size analyzer and the needle-like morphology was observed
by SEM.

5. Packaging

Dry:

Vacuum drying oven, 100-120°C, pressure 10 ~ ! Pa, time 2-4 hours, moisture <0.05%.

Package :

Store in sealed plastic barrels or aluminum foil bags filled with nitrogen to avoid oxidation and moisture
absorption.

Quality Inspection :

WO:s content: 88-89%, O / W ratio =~2.72, impurities <0.01%.

7.4.2.2 Blue Tungsten (WO 2.5 ) Production Process

Blue tungsten is a dark blue powder. The oxidation state of W is close to +6, slightly lower than WOs . It is
usually prepared by reducing ammonium tungstate (APT) in wet hydrogen or mildly reducing WOs .

1. Raw material preparation

Tungstate (APT, (NHa4) :WQ4) :

Purity >99.95%, impurities (such as Na, Fe) <0.01%, grain size 10-50 pm.

Reducing agent :

Hydrogen (H2 ) , purity >99.999%, may contain trace amounts of water (wet hydrogen).

Quality Inspection :

XRF was used to analyze the composition, and TGA was used to determine the moisture and volatiles.

2. Pretreatment (optional drying)

Purpose :

Remove some of the moisture in APT, maintain a certain humidity and ammonia content, and promote the
formation of blue tungsten.

Condition :

Temperature: 100-200°C, air or nitrogen atmosphere, time 2-4 hours.

Result: Partially dehydrated APT, water content 5-10%.

Alternative :

Wet APT can be used directly to proceed to the reduction step.

3. Hydrogen reduction

Equipment :

Multi-tube reduction furnace or rotary furnace, quartz or stainless steel.

Reaction conditions :

Temperature: 750-850°C (higher than the reduction temperature of tungsten).

Atmosphere: Wet hydrogen (H: containing water vapor, dew point -20 to 0°C, humidity 5-20%), flow rate
0.5-2 L/min.

Insulation time: 2-6 hours, heating rate 5-10°C/min.

Chemical reaction :

20 (NHa ) 2WO4 + 8H2 — W200ss ( WO2.9 ) + 40NHs 1 + 28H20 1

or : 20WOs + 2Hz2 — W200ss + 2H20 1

APT decomposes and reduces, and wet hydrogen adjusts the oxidation state to avoid over-reduction to WO2
or W.

Product features :

Dark blue WO:.o powder, particle size 1-10 pm, specific surface area 10-20 m 2 /g.
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Crystal form: mixed phase (including WOs , WO-.0, etc.), without obvious needle-like structure.

Note :

The moisture content of wet hydrogen needs to be optimized. If it is too dry, purple tungsten will be generated,
and if it is too wet, WOs will remain .

Temperatures > 900°C may generate WO - .

Quality Control :

XRD analysis of phase composition (mainly W200ss ), color observation (dark blue), and oxygen content
determination (O/W = 2.9).

4. Cooling and grading

Cool down :

Furnace cool to room temperature at 5-10°C/min under H: or N2 atmosphere to avoid oxidation.

Grading :

Use an air classifier (speed 2,000-4,000 rpm) or a vibrating screen to separate the particles, with a target
particle size of 1-10 um.

Quality Control :

The distribution was detected by laser particle size analyzer and the particle morphology was observed by
SEM.

5. Packaging

Dry:

Vacuum drying oven, 100-120°C, pressure 10 ~ ! Pa, time 2-4 hours, moisture <0.05%.

Package :

Store in sealed plastic barrels or aluminum foil bags filled with nitrogen to avoid oxidation and moisture
absorption.

Quality Inspection :

WO:; content: 90-91%, O / W ratio =2.9, impurities <0.01%.

Process comparison and summary

Purple tungsten (WO:.72)

Raw material preparation : H:-WO. , purity testing .

Drying : 100-150°C to generate WO: .

Hydrogen reduction : 600-750°C, dry H: generates WO: . 72 .
Cooling and classification : adjust the particle size to 1-5 pum.
Packaging : Store in a dry and sealed place.

Blue Tungsten (WO:.o)

Raw material preparation : APT, purity testing.
Pretreatment : Partial dehydration at 100-200°C (optional).
Hydrogen reduction : 750-850°C, wet H> generates WO . o .
Cooling and classification : adjust the particle size to 1-10 um.
Packaging : Store in a dry and sealed place.

Technical points

Reduction conditions :

Purple tungsten: Low temperature (600-750°C), dry H2 , generates needle - shaped WOz.72 .

Blue tungsten: High temperature (750-850°C), wet Hz , generates powdery WOx.o .

Moisture Control :

Purple tungsten requires dry H> ( moisture <10 ppm), and blue tungsten requires wet H> ( humidity 5-20%).
Temperature control : too high will generate WO - or W, too low will leave residual WOs .
Morphological differences : Purple tungsten is needle-shaped and highly active; blue tungsten is powdery
and has good stability.
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Ilustrate

This process is mainly based on the H:-WOa (purple tungsten) and APT (blue tungsten) reduction method,
and does not involve other methods (such as plasma method to prepare nano-scale products) because the
reduction method is the mainstream in the industry .

7.4.3 Laboratory Preparation of Cesium Tungsten Bronze

Using WOs and Cs » CO 3 as raw materials (molar ratio 0.3:1, WOs 2 g, Cs 2 CO 3 0.84 g, purity 99.9%),
mixed and ground (mortar speed 100 rpm, time 1 h), reduced in H 2 atmosphere (900°C, H 2 flow rate 40
mL/min, insulation 3 h, power 1 kW) to generate Cs o . s WO: with a yield of 95%, a purity of 99.98%, and
a particle size of 1-3 um. The experiment was based on 10 batches (2.84 g each time, tube diameter 20 mm,
yield error +£1%). The infrared absorption performance was verified by ICP-MS (Cs content error +£0.02%,
W error £0.01%) and UV-Vis spectroscopy (infrared absorption peak 850 nm, error +5 nm), with an energy
consumption of about 500 kWh/t WOs and a cost of about 1000 yuan/kg WOs . Korean literature supplements
that Korean laboratories use a wet synthesis method (CsOH solution 1 mol/L, WOs solution 50 g/L, 80°C, 6
h), with a yield of 96%, a purity of 99.99%, and a cost of about US$180/kg WOs . The data comes from the
report of the Korean Society for Materials Science (total sample volume 0.2 kg, 10 runs) [27].

Theoretical analysis and trends

The laboratory preparation efficiency is positively correlated with temperature (600-900°C, yield increased
by 5-10%), gas flow rate (20-50 mL/min, purity increased by 2-5%) and raw material purity (99.9-99.99%,
impurities reduced by 50%). The optimization model is Y=k-T-F-P (Y is yield, T is temperature, F is flow
rate, P is purity, k=0.97, R> = 0.95, based on 100 sets of data). It is predicted that by 2030, laboratory energy
consumption can be reduced to 300 kWh/t WOs . Due to the application of microreactors (volume 50 mL,
accuracy +0.5°C) and nanotechnology (particle size control to 0.1-1 um), the cost is expected to drop to 500
yuan/kg WOs .
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Appendix:

China National Standard GB/T 3457-2013 Tungsten Oxide

Details of Blue Tungsten (WQ:.o )

1. Scope

Scope of application: This standard specifies the classification, technical requirements, test methods,
inspection rules, marking, packaging, transportation and storage of tungsten oxide used in the production of
tungsten powder.

Applicable objects: including yellow tungsten (WOs ) and blue tungsten (WOs-.s ), suitable for tungsten oxide
prepared from tungsten concentrate or ammonium paratungstate (APT), mainly used for reduction to prepare
tungsten powder.

2. Classification

type:

Yellow tungsten (WO:s ): light yellow crystalline powder.

Blue tungsten (WOs-.s ): dark blue or blue-black crystalline powder.

Note: Blue tungsten is a non-stoichiometric compound. Its actual composition may include WOs , WO2.s and
a small amount of other low-valent oxides (such as WO-.72 ). The specific composition is affected by the
production process.

3. Technical requirements
3.1 Appearance

Blue tungsten requirements: dark blue or blue-black crystal powder, uniform color, no inclusions visible to
the naked eye.
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3.2 Chemical composition
for WOs content and impurity content (maximum value, wt%) of blue tungsten product standards :

Element First-class products Qualified products

WO:s content (converted to

> 0
e o) WOs content >99.95 wt%

80.00%-80.80 wt% (calculated based on WOs-.s , theoretical W content is

Wi Comiznt () 82.13 wt%, actual content is slightly lower)

Fe 0.0010 0.0015
Mo 0.0020 0.0030
Si 0.0010 0.0015
Al 0.0005 0.0010
Ca 0.0010 0.0015
Mg 0.0005 0.0010
K 0.0010 0.0015
Na 0.0010 0.0015
S 0.0005 0.0010
P 0.0005 0.0010
Moisture content <0.05 wt%

3.3 Physical properties

Particle size: 10-25 pum (FSSS, measured by Fisher Sub-Sieve Sizer method), the specific range can be
negotiated by both the supplier and the buyer.

Bulk density: 1.5-2.2 g/ cm? .

Crystal form: WO s octahedral structure containing oxygen defects. XRD detection shows that the main phase
is WO2..

4. Test methods

WOs content determination:

Method: Gravimetric or ICP-AES (Inductively Coupled Plasma Atomic Emission Spectroscopy).
Steps: Weigh the sample after burning, or determine the tungsten content after dissolving.
Determination of impurity content:

Method: According to GB/T 4325 “Chemical analysis method of tungsten and molybdenum”.
Tools: ICP-AES, atomic absorption spectroscopy.

Moisture Content:

Method: Loss-in-drying method (dry at 105°C to constant weight).

Particle size determination:

Method: FSSS method or laser particle size analysis method.

Bulk density:

Method: Funnel method.

Visual inspection:

Method: Visual or microscopic (10x) observation.

V. Inspection Rules

5.1 Inspection categories

Factory inspection: Each batch is inspected for WOs content , main impurities (Fe, Mo), and appearance.
Type inspection: Add all impurities, particle size, and bulk density, and conduct in the following situations:
New products are put into production.

Changes in process or raw materials.
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Verify regularly (annually recommended).

5.2 Sampling

Method: According to GB/T 5314-2011 “Powder Sampling Method for Powder Metallurgy”.

Batch definition: Products in the same production cycle are considered a batch, with a typical batch weight
of 1-5 tons.

Sampling quantity: No less than 5 sampling points per batch, with a total amount of no less than 500g.

5.3 Decision Rules

Eligible: All items meet the technical requirements.

Unqualified: If any item exceeds the standard, re-inspection is allowed. If the re-inspection is still unqualified,
the whole test will be considered unqualified.

VI. Marking, packaging, transportation and storage

Logo:

Product name: "Blue Tungsten (WO2.o )".

Quality grade: “first-class product” or “qualified product”.

Batch number, production date, net weight.

Standard number: “GB/T 3457-2013".

Manufacturer's name and moisture-proof mark.

Package:

Inner packing: sealed plastic bag.

Outer packing: iron drum or woven bag, net weight 50kg or 100kg.
transportation:

Avoid moisture and impact, and the transportation vehicle should be dry and clean.
Storage:

Store in a dry, ventilated warehouse, away from direct sunlight.

VII. Quality Certificate

Each batch of products is accompanied by a quality certificate, which includes:
Product name, grade, batch number.

WO:s content, impurity content, particle size, bulk density and other test results.
Standard number, manufacturer, inspection date.

Additional Notes

Standard basis:

GB/T 3457-2013 is the current tungsten oxide standard in China. The WOs content (>99.95%) and impurity
limits of blue tungsten are based on the first-grade product requirements of this standard.

The particle size (10-25 um) and bulk density (1.5-2.2 g/cm? ) refer to industry data (such as China Tungsten
Online), because blue tungsten is mostly used in tungsten powder production.

Compared with yellow tungsten:

WOs content of blue tungsten is slightly lower than that of yellow tungsten (theoretical value of yellow
tungsten is 100%), but the tungsten content (W) is higher than that of yellow tungsten (blue tungsten 82.13%
vs. yellow tungsten 79.30%).

Blue tungsten is easier to reduce to fine-grained tungsten powder because of its oxygen defects (W >* /W ¢*
mixed valence state).
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Appendix:

China National Standard GB/T 3457-2013 Tungsten Oxide
GB/T 3457-2013 Tungsten Oxide Details

1. Scope

Scope of application: This standard specifies the classification, technical requirements, test methods,
inspection rules, marking, packaging, transportation and storage of tungsten oxide used in the production of
tungsten powder.

Applicable objects: Applicable to tungsten oxide prepared from tungsten concentrate or ammonium
paratungstate (APT) by roasting or reduction process, including:

(WOs).

Blue tungsten (WOs-.s , Blue Tungsten Oxide, BTO).

Violet Tungsten (WO2.72, Violet Tungsten Oxide, VTO).

Application: Mainly used for reduction and preparation of tungsten powder, used in powder metallurgy,
cemented carbide and other tungsten product production.

2. Normative references

The following documents are the basis for the implementation of this standard (if the version is updated, the
latest version shall prevail):

GB/T 191-2008 "Packaging, Storage and Transportation Pictorial Marking"

GB/T 5314-2011 "Powder Sampling Method for Powder Metallurgy"
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GB/T 4325 Chemical Analysis Methods for Tungsten and Molybdenum (multi-part standard, such as GB/T
4325.1-2013 Determination of Tungsten Content)

GB/T 6150.1-2008 Chemical analysis methods for tungsten concentrates Part 1: Determination of tungsten
trioxide content

GB/T 8170-2008 "Rules for rounding off values and expression and determination of limit values"

3. Terms and Definitions

Tungsten oxide: A compound with tungsten and oxygen as the main components, including yellow tungsten
(WOs ), blue tungsten (WOx.s ), and purple tungsten (WO2.72 ).

WOs content: The total amount of tungsten oxide expressed in the form of tungsten trioxide, in wt%.

Bulk density: The bulk density of the powder without compaction, expressed in g/ cm? .

4. Classification

By type:

Yellow tungsten (WO:s ): light yellow crystalline powder.

Blue tungsten (WOs-.o ): dark blue or blue-black crystalline powder.

Purple tungsten (WO:.2 ): purple or dark purple needle-shaped crystal powder.
Classification by quality level:

First grade: high purity, low impurities.

Qualified products: meet basic industrial requirements.

5. Technical requirements

5.1 Appearance

Yellow tungsten: light yellow powder, uniform color, no inclusions visible to the naked eye.

Blue tungsten: dark blue or blue-black powder, uniform color, no inclusions visible to the naked eye.

Purple tungsten: Purple or dark purple needle-shaped crystal powder, uniform color, no inclusions visible to
the naked eye.

5.2 Chemical composition

WO:; content (in terms of tungsten trioxide):

Yellow tungsten: >99.95 wt% (first-grade product), >99.90 wt% (qualified product).
Blue tungsten: >99.95 wt% (first-class product), >99.90 wt% (qualified product).
Purple tungsten: >99.95 wt% (first-grade product), >99.90 wt% (qualified product).
Impurity content (maximum value, wt%):

Element First-class products Qualified products
Fe 0.0010 0.0015
Mo 0.0020 0.0030
Si 0.0010 0.0015
Al 0.0005 0.0010
Ca 0.0010 0.0015
Mg 0.0005 0.0010
K 0.0010 0.0015
Na 0.0010 0.0015
S 0.0005 0.0010
P 0.0005 0.0010

Moisture content <0.05 wt% (for all types).
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5.3 Physical properties

Particle size (determined by FSSS method):

Yellow tungsten: 1-10 pm.

Blue tungsten: 10-25 pum.

Violet tungsten: 1-25 um.

The specific scope can be negotiated by the supply and demand parties.
Bulk density:

Yellow tungsten: 2.0-2.5 g/ cm® .

Blue tungsten: 1.5-2.2 g/ cm® .

Purple tungsten: 0.8-1.2 g/ cm? .

Crystal form:

Yellow tungsten: monoclinic or orthorhombic crystal system.

s octahedral structure containing oxygen defects .

Purple tungsten: monoclinic system, needle-shaped/rod-shaped crystals.

6. Test methods

WO:; content determination:

Method: Gravimetric method (according to GB/T 6150.1-2008) or ICP-AES.

Steps: The sample is burned to remove moisture and then weighed, or dissolved and the tungsten content is
determined.

Determination of impurity content:

Method: According to GB/T 4325 series standards.

Tools: ICP-AES, atomic absorption spectroscopy.

Moisture Content:

Method: Loss-in-drying method (dry at 105°C to constant weight).

Particle size determination:

Method: Fisher Sub-Sieve Sizer (FSSS) method or laser particle size analysis method.

Bulk density:

Method: Funnel method.

Crystal form analysis:

Method: X-ray diffraction (XRD) was used to confirm the characteristic peaks of each type.
Visual inspection:

Method: Visual observation or observation under a microscope (10x).

7. Inspection Rules

7.1 Inspection categories

Factory inspection: Each batch is inspected for WOs content , main impurities (Fe, Mo), and appearance.
Type inspection: Add all impurities, particle size, and bulk density, and conduct in the following situations:
New products are put into production.

Changes in process or raw materials.

Verify regularly (annually recommended).

Quality disputes.

7.2 Sampling

Method: According to GB/T 5314-2011.

Batch definition: Products with the same production cycle or process conditions are considered a batch, with
a typical batch weight of 1-5 tons.

Sampling quantity: No less than 5 sampling points per batch, with a total amount of no less than 500g.

7.3 Decision Rules
Eligible: All items meet the technical requirements.
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Unqualified: If any item exceeds the standard, re-inspection is allowed. If the re-inspection is still unqualified,
the whole test will be considered unqualified.
Numerical rounding: in accordance with GB/T 8170-2008.

8. Labeling, packaging, transportation and storage

Logo:

Product name: such as "yellow tungsten (WOs )", "blue tungsten (WO-. )", "purple tungsten (WO2.72 )".
Quality grade: “first-class product” or “qualified product”.

Batch number, production date, net weight.

Standard number: “GB/T 3457-2013".

Manufacturer’s name and moisture-proof mark (according to GB/T 191-2008).
Package:

Inner packaging: sealed plastic bag to prevent moisture absorption.

Outer packing: iron drum or woven bag, net weight 50kg or 100kg (negotiable).
transportation:

Avoid moisture and impact, and the transportation vehicle should be dry and clean.
Storage:

Store in a dry, ventilated warehouse, away from direct sunlight.

Recommended shelf life: 12 months (under sealed conditions).

9. Quality Certificate

Each batch of products is accompanied by a quality certificate, which includes:
Product name, type, grade, batch number.

WO:; content, impurity content, particle size, bulk density, etc.

Standard number, manufacturer, inspection date.

Additional Notes

Standard Features:

Purity requirement: WOs content >99.95% (first-grade product), suitable for the production of high-purity
tungsten powder.

Impurity control: Strict limits for Fe and Mo ensure the quality of downstream products.

Physical properties: The differences in particle size and bulk density between blue tungsten and purple
tungsten reflect their uses (blue tungsten is suitable for conventional tungsten powder, and purple tungsten is
suitable for ultrafine tungsten powder).

Compared with industry practice:

Enterprises (such as CTIA GROUP LTD) may further refine their internal standards, such as blue tungsten
particle size 12-19 um, purple tungsten 5-15 um, and M0<0.0015% to meet high-end demands.

Update changes:

Compared with GB/T 3457-1998, the 2013 version adds specific requirements for particle size and bulk
density, and the test methods are more modern (such as ICP-AES replacing some traditional chemical
methods).
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CTIA GROUP LTD
Tungsten trioxide ( YTO, yellow tungsten, WOs , Yellow Tungsten Trioxide)

1. Product Overview

CTIA GROUP LTD's tungsten trioxide (referred to as yellow tungsten) is a high-performance tungsten oxide
produced by high-temperature calcination of ammonium paratungstate, which meets the requirements of
GB/T 3457-2013 "Tungsten Oxide" Grade 1. WOs is widely used in the preparation of tungsten powder,
cemented carbide, tungsten wire and ceramic colorant due to its light yellow crystalline powder form, high
purity and chemical stability. CTIA GROUP LTD is committed to providing high-quality yellow tungsten
products to meet the needs of powder metallurgy and industrial manufacturing.

2. Product Features

Chemical composition: WOs , tungsten trioxide.

Purity: >299.95%, with extremely low impurity content.
Appearance: Light yellow crystalline powder, uniform color.

Crystal form: Monoclinic (most common at room temperature), space group P21/n.
Features:

High stability: stable in air, insoluble in water and inorganic acids except hydrofluoric acid.
Reactivity: Can be reduced to tungsten powder by hydrogen (>650°C) or carbon (1000-1100°C).
Uniformity: Particles are evenly distributed and suitable for downstream processing.

3. Product Specifications
Index CTIA GROUP LTD Yellow Tungsten Grade One Standard
WO:s content (Wt% )  >99.95

Fe<0.0010, Mo0<0.0020, Si<0.0010, Al<0.0005, Ca<0.0010, Mg<0.0005,
K<0.0010, Na<0.0010, S<0.0005, P<0.0005

Water content (wt%) <0.05

Impurities ( wt%, max)

Particle size 1-10 (um, FSSS)
Bulk density 2.0-2.5 (g/ cm?)
Ny Particle size or impurity limit can be customized according to customer
Customization .
requirements

4. Packaging and Quality Assurance

Packaging: Inner sealed plastic bag, outer iron drum or woven bag, net weight 50kg or 100kg, moisture-proof
design.

Warranty: Each batch is accompanied by a quality certificate, including WOs content, impurity analysis,

particle size (FSSS method), bulk density and moisture data. The shelf life is 12 months (sealed and dry
conditions).

V. Procurement Information
Email: sales@chinatungsten.com
Tel: +86 592 5129696

For more information of tungsten trioxide, please visit Chinatungsten Online at www.tungsten-powder.com
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CTIA GROUP LTD
Violet Tungsten Oxide, VTO, WQO:2.7: or W1sO4) Introduction

1. Product Overview

Produced by CTIA GROUP LTD is a high-performance tungsten oxide produced by advanced reduction
technology and meets the testing requirements of GB/T 36080-2018 "Characterization of Nanoparticles in
Nanotechnology". WO-.72 is widely used in the preparation of ultrafine tungsten powder and tungsten carbide
powder due to its unique needle-like or rod-like crystal structure, low bulk density and high reactivity. CTIA
GROUP LTD is committed to providing high-purity and excellent performance violet tungsten products to
meet the needs of powder metallurgy and high-end manufacturing.

2. Product Features

Chemical composition : WO:.72 (or WisOuo ), purple tungsten oxide.

Purity : >99.9%, extremely low impurity content.

Appearance : Purple or dark purple fine needle-shaped crystal powder.

Crystal form : Monoclinic system, needle-shaped/rod-shaped particles form loose aggregates.

High reactivity : Unique crystal structure with abundant internal cracks, which is conducive to hydrogen
reduction.

Low bulk density : 0.8-1.2 g/cm?®, convenient for preparing ultrafine tungsten powder.

Controllable particle size : from micron to nanometer, to meet diverse needs.

3. Product Specifications

Particle .. Bulk Specific Oxygen ..

. Purity . Impurities
Type size W% density surface area content Color Wi%. max

Mm G/cm®* M?/g Wt% ’ ’
Micro-meter | & S999 0809 2030 265275 LM Ee0001, Mo<0.002
level purple
Standard 5 15 2999 09-10 1525 26.5-27.5 Purple Fe<0.001, M0<0.002
micron
Coarse Dark

. 15-25 2999 1.0-1.1 1.0-2.0 26.5-27.5 Fe<0.001, M0<0.002

micron Purple
Nanoscale  0.05-0.1 >99.951.0-1.2 10-15 26.8-27.5 PDl?II'-}l)(le Fe<0.0005, M0<0.001

Micrometer level (1-5 um): suitable for the preparation of ultrafine tungsten powder (<0.5
pm).

Standard micron grade (5-15 pm): Industrial conventional specifications, widely used in
tungsten powder and tungsten carbide production.

Particle size Coarse micron grade (15-25 pm): suitable for large particle tungsten powder or special

purposes.
Nanoscale (50-100 nm): High surface area, suitable for high-precision applications (such as
catalyst precursors).
Oxygen The theoretical value is 27.2 wt%, and the actual control is 26.5-27.5 wt%, which is slightly
content higher at the nanoscale due to the increase in surface adsorbed oxygen.
As the particle size increases, it changes from light purple to dark purple, reflecting the
Color . . . L
differences in crystal size and oxidation state.
i Fe and Mo are key control elements, and the requirements at the nano level are more
Impurities .
stringent.
Specific It increases significantly with decreasing particle size, reaching up to 10-15 m? / g at the

surface area

Copyright© 2024 CTIA All Rights Reserved
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Particle size, purity, specific surface area or impurity limit can be customized according to

Customizable
customer needs.

4. Packaging and Quality Assurance

Packaging : Sealed plastic bottle or vacuum aluminum foil bag, net weight 100g, 500g or 1kg, moisture-
proof and oxidation-proof.

Quality assurance : Each batch is accompanied by a quality certificate, including purity, particle size
distribution (laser method), crystal form (XRD), bulk density and oxygen content data, and the shelf life is
12 months (sealed and dry conditions).

5. Procurement Information
Email : sales@chinatungsten.com Tel : +86 592 5129696
For more information on violet tungsten, please visit China Tungsten Online ( www.tungsten-oxide.com ).
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CTIA GROUP LTD
Blue Tungsten Oxide ( BTO ) Product Introduction

1. Product Overview

Tungsten Oxide (BTO) produced by CTIA GROUP LTD is a high-performance tungsten oxide produced by
advanced hydrogen reduction process and meets the testing requirements of GB/T 36080-2018
"Characterization of Nanoparticles in Nanotechnology". WO-.s is widely used in the preparation of tungsten
powder, cemented carbide and high-density tungsten alloy due to its dark blue powder crystals, mixed valence
(W=*and W ¢") and high reactivity. CTIA GROUP LTD is committed to providing high - purity and excellent
performance blue tungsten products to meet the needs of powder metallurgy and high-end manufacturing.

2. Product Features

Chemical composition: WO2.o (or W200ss ), blue tungsten oxide.

Purity: >99.95%, with extremely low impurity content.

Appearance: Dark blue or blue-black fine crystalline powder.

Crystal form: WO s octahedral structure, containing oxygen defects.

High reactivity: mixed valence structure, conducive to hydrogen reduction to prepare fine particle tungsten
powder.

Uniformity: Particles are evenly distributed and the bulk density is moderate.

Stability: Chemically stable under dry conditions.

3. Product Specifications

Type Particle size Purity Bulk density (g/ Oxygen content Impurities (wt%,
yp (nm) (Wt%) cm?) (Wt%) max)

1 - < <
MEOTHITEET R >99.95 1.5-1.8 29.0-29.5 i = Dl mo =
level 0.002

< <
ST 15-20 >09.95  1.8-2.0 29.0-29.5 IS = QTN 100D
micron 0.002

< <
Coarse micron 20-25 >99.95 2.0-2.2 29.0-29.5 geooz DL, i

10-25 pum range is optional, 15-20 pum is the conventional industrial specification, suitable
for standard tungsten powder production

Oxygen content Theoretical value: 29.03 wt% (wo:2.0 ), actual control: 29.0-29.5 wt%

1.5-2.2 g/em?® , slightly increasing with increasing particle size, optimizing reduction
efficiency

Particle size

Bulk density

Impurities Fe and mo are key control elements, strictly complying with high purity requirements

Customizable  Particle size, purity or bulk density can be customized according to customer needs

4. Packaging and Quality Assurance

Packaging: Sealed plastic bottle or vacuum aluminum foil bag, net weight 100g, 500g or 1kg, moisture-proof
and oxidation-proof.

Quality assurance: Each batch is accompanied by a quality certificate, including purity, particle size
distribution (laser method), crystal form (XRD) and oxygen content data, and the shelf life is 12 months
(sealed and dry conditions).

5. Procurement Information

Email: sales@chinatungsten.com

Tel: +86 592 5129696

For more information about blue tungsten, please visit the China Tungsten Online website ( www.tungsten-

powder.com ).
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7.4.3.1 Detailed production process of cesium tungsten bronze

Cesium Tungsten Bronze (usually expressed as CsxWOs , 0 <x < 1) is a functional nanomaterial. Due to its
excellent near-infrared absorption performance and visible light transmittance, it is widely used in thermal
insulation coatings, smart window films, and photothermal materials. Its production process requires precise
control of the cesium ( Cs) doping amount, particle size (usually nanometer scale) and crystal structure. The
following process is mainly based on wet chemical method combined with high-temperature reduction
method, which is a commonly used method in laboratories and industries. It is deduced from literature and
provides detailed technical details. Due to the lack of real data from specific factories, the content is based
on general processes to ensure scientificity and completeness.

Cesium tungsten bronze (Cs,WOs ) production process

The preparation methods of cesium tungsten bronze include wet chemical method (solvothermal method),
solid phase reaction method and gas phase method, etc. The following describes the process in detail with
the solvothermal method combined with subsequent reduction as the main line and the solid phase method
as the supplement.

1. Raw material preparation

Tungsten source :

Sodium tungstate (Na:WO. - 2H20 ) : Commonly used starting material, purity >99.9% , impurities
(such as Fe, Mo) <0.01% .

Tungsten hexachloride (WCl s ) : Alternative choice, purity >99.9%, suitable for organic solvent system.
Cesium source :

Cesium hydroxide (CsOH-H:O ) : purity >99.9%, providing Cs* ions .

Cesium carbonate (Cs » CO 3 ) : Alternative option, purity >99.9%.

Solvent :

Deionized water, ethanol or mixed solvents (such as ethylene glycol), purity > 99.5%.

reducing agent :

Hydrogen (Hz , purity >99.999%) or ethanol (as solvent and weak reducing agent).

Quality Inspection :

X-ray fluorescence spectroscopy (XRF) was used to analyze the composition of tungsten and cesium sources,
and ion chromatography was used to detect impurity ions (such as Na*) .

2. Precursor Solution Preparation

method :

Dissolve sodium tungstate (0.1-0.5 mol/L) in deionized water and stir until clear (200-300 rpm, 30 minutes).
Cesium hydroxide is added at a Cs:W molar ratio (usually 0.3-0.5, such as Cs o . 32 WOs ) to adjust the solution
concentration.

pH adjustment : Use dilute HCI or citric acid (0.1-1 mol/L) to adjust the pH to 4-6 to promote precursor
formation.

Reaction :

Na:WO0O4 + CsOH — CsNa:«WOa ( intermediate ) + H.O

Condition :

Temperature: 20-40°C, avoid too high a temperature which may cause premature precipitation of grains.
Quality Control :

The pH meter was used for monitoring (accuracy +0.1), and the turbidity meter was used to detect the
uniformity of the solution.

3. Solvothermal reaction

Equipment :
High-pressure reactor (stainless steel shell, polytetrafluoroethylene lining, volume 50-200 mL).
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Reaction conditions :

The precursor solution is mixed with ethanol (volume ratio 1:1-1:3), and the ethanol serves as both a solvent
and a weak reducing agent.

Filling degree: 50-70%, temperature 180-220°C, pressure 1-3 MPa, insulation 12-24 hours.

Surfactants (such as PVP, 0.01-0.05 g/mL) can be added to control particle size and morphology.

Reaction process :

Under high temperature and pressure, WO4*>" is partially reduced and combines with Cs* to form CsyWOs
nanoparticles .

Possible simplified reaction (ethanol reduction):
Na:WO++CsOH+C2HsOH — CsxsW0O3+Na0+CO:217+H:20

Product features :

A dark blue or green CsyWOs suspension is generated with a particle size of 20-50 nm and a hexagonal crystal
structure.

Post-processing :

Cool to room temperature, centrifuge (8,000-12,000 rpm, 15 min), wash 3-5 times with ethanol and water to
remove Na* ( residue < 0.01%), and dry (80°C, 6-12 h).

Quality Control :

TEM was used to observe the particle size and morphology, and XRD was used to preliminarily analyze the
crystal form.

4. High temperature reduction (optimization of crystal structure)

Purpose :

Enhance the reduction degree and near-infrared absorption performance of Cs,WOs .

Equipment :

Tube furnace, quartz tube, with gas control system.

Condition :

Atmosphere: Hydrogen (H: , flow rate 0.5-1 L/min) or H> / Ar mixed gas (H: ratio 5-20%).

Temperature: 500-700°C (low temperature maintains nanometer size, high temperature promotes
crystallization).

Insulation time: 2-4 hours, heating rate 5-10°C/min.

Reaction :

CsxWOs (partially oxidized) + H 2 — CsyWOs (reduced) + H2 O1

Reduction converts part of W¢" into W** , forming oxygen vacancies and enhancing infrared absorption.
Product features :

Dark blue CsyWOs powder, particle size 20-100 nm, specific surface area 10-30 m?/ g.

Note :

Temperatures > 800°C can lead to grain agglomeration or decomposition (Cs volatilization).

Quality Control :

XRD confirmed the hexagonal structure, and UV-Vis-NIR spectroscopy detected the infrared absorption peak
(about 1000-2000 nm).

5. Crushing and grading

Purpose :

Disperse agglomerated particles to ensure nano-scale uniformity.

Method :

Ultrasonic dispersion : Place CsyWOs in ethanol and treat with ultrasound (power 100-200 W, frequency
20-40 kHz, 30-60 min).

Air flow milling : nitrogen pressure 0.6-1 MPa, suitable for dry powder.

Classification : Air flow classifier (speed 3,000-6,000 rpm) separates the target particle size (D50=20-50

nm).
Result :
Particle size range: 20-100 nm, narrow distribution (D90<150 nm).
Quality Control :
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Dynamic light scattering (DLS) was used to detect the particle size distribution, and the specific surface area
was determined by the BET method.

6. Post-processing and packaging

Cleaning :

Wash with deionized water and ethanol 3-5 times to remove residual Na* or other impurities, and dry (80-
100°C, nitrogen atmosphere).

Dry:

Vacuum drying oven, temperature 100-120°C, pressure 10 ~ ! Pa, time 4-8 hours, moisture <0.05%.
Package :

Seal the product in a plastic bottle or aluminum foil bag and store it in nitrogen to avoid oxidation and
moisture absorption.

Quality Inspection :

Chemical composition: Cs content 8-15% (x=0.3-0.5), W content 65-70%, O content 15-20%.

Physical properties: particle size 20-100 nm, specific surface area 10-30 m? / g, bulk density 0.5-1 g/ cm? .
Optical properties: Near infrared transmittance <10% (1000-2500 nm), visible light transmittance >70%
(400-700 nm).

Process summary

Raw material preparation : sodium tungstate and cesium hydroxide, purity testing.
Precursor solution preparation : Mix and adjust pH to generate precursor.
Solvothermal reaction : Synthesis of nano-Cs,WOs at 180-220°C .

High temperature reduction : 500-700°C optimizes crystal structure and properties.
Crushing and classification : Disperse and separate uniform nanoparticles.
Post-processing and packaging : clean, dry, and seal for storage.

Technical points

Cesium doping amount (x) : Infrared absorption is best when x=0.32-0.33, and the Cs:W ratio needs to be
precisely controlled.

Particle size control : Solvothermal temperature and reduction conditions determine nanosize (<200°C for
<50 nm).

Degree of reduction : H: concentration and temperature affect the W**/ W¢" ratio , and over-reduction may
destroy the crystal structure.

Purity requirement : Na* residue affects optical properties and requires multiple washings.

Solid phase method supplement

Method :

WOs and Cs 2 CO 3 in proportion (Cs:W=0.3-0.5) and grind evenly.

In Hz / Ar atmosphere, the temperature is 800-1000°C and kept warm for 6-12 hours.
Reaction :

xCs2C05 + 2WO0s + H2 — 2Cs,WOs + xCO2 T + H20 1

Result : Micron-sized CsyWOs , which needs to be crushed to nanometer size.
Limitations : The grains are large and not suitable for direct preparation of nanomaterials.
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CTIA GROUP LTD
Cesium Tungsten Bronze (CsyWOs , Cesium Tungsten Bronze) Introduction

1. Product Overview

CTIA GROUP LTD Cesium Tungsten Bronze (CsxWOs ) is prepared by advanced solid phase reaction
method or solvothermal method. CsyWOs is widely used in smart window coatings, architectural glass
thermal insulation and optoelectronic devices due to its excellent near-infrared shielding performance, high
visible light transmittance and thermal stability.

2. Product Features

Purity: >99.9%, extremely low impurity content.

Appearance and crystal form: dark blue or black powder, nanoscale characteristics ; hexagonal phase (such
as Cs o .32 WO3), layered structure.

Features: Highly efficient infrared shielding: Near infrared shielding rate >95% (780-2500 nm).

High light transmittance: Visible light transmittance >70%, suitable for optical applications.

Heat resistance: Stable working temperature can reach above 400°C.

3. Product Specifications
According to the inspection data of CTIA GROUP LTD, the specific specifications are as follows:

Particle Near infrared . . . . Specific
. . Cs content . .. Visible light
Type size Purity (wt%) (o= el shielding rate mitneelos) surface area
(nm) (%) Y (m?/g)
CsyWOs nano 20-30 3999 0.32-033 >95  (950-1400 >70 (550 nm) 40-50
powder nm)
CSWOs nano 35 55 >99 9 032033 =2 30149075 550mm)  30-50
powder nm)
CsxWOs nano 80-100 >99.9 0.32-0 33 >90  (950-1400 >75 (550 nm) 20-30
powder nm)
CsxWO:s >09.9  (solid >95  (950-1400
dispersion 30-100° 0 tent 20%) 0.32-0.33 nm) 275 (550 nm) )

The range of 20-100 nm is optional to meet the dispersion requirements of different coatings.

It e Sl Small particle sizes (such as 20-30 nm) have lower haze.
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Cs content The x value is usually 0.32-0.33, which optimizes the near-infrared absorption performance.

Optical The coating addition amount is about 1.3-2 g/m? , the near-infrared shielding rate can be
performance  >90%-95%, the visible light transmittance can be >70%-75%, and the haze can be <0.5%.

Parameters such as particle size, cs content, dispersion concentration (such as solid content

Ui 10%-30%) can be customized according to customer needs.

4. Packaging and Quality Assurance

Powder: sealed plastic bottle or vacuum aluminum foil bag, net weight 50g, 100g or 500g.

Dispersion: Sealed glass bottle, net weight 100ml or 500ml, moisture and light proof.

Quality Assurance: Each batch comes with a quality certificate, including data on purity, particle size
distribution (laser method), crystal form (XRD), specific surface area (BET method) and optical properties
(UV-Vis-NIR).

5. Procurement Information

Email: sales@chinatungsten.com

Tel: +86 592 5129696

For more information about cesium tungsten bronze, please visit the website of CTIA GROUP LTD
( www.ctia.com.cn ).
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Chapter 7 Tungsten Smelting and Processing Technology (V)
7.5 Production Process of Special Tungsten Chemicals

Special tungsten chemicals such as tungsten fluoride (WFs ) , tungsten sulfide (WS: ) and their derivatives
have important applications in the fields of semiconductors, lubricating materials and catalysts. Their
production process is different from conventional tungsten chemicals due to the harsh reaction conditions
and high product purity requirements [28]. Both laboratory and industrial preparations use high-purity
tungsten powder (W), tungsten trioxide (WOs ) or tungstic acid (H2-WQ. ) as raw materials, involving gas
phase reactions, solid phase synthesis or wet chemical processes. A research institute in China produces about
100 kg (converted to WOs ) of special tungsten chemicals annually for laboratory verification and industrial
trial production. The data is based on production records in 2025 (equipment includes sealed reactors, vacuum
furnaces, and operating accuracy of £2°C). Compared with APT or WOs preparation , the special tungsten
chemical process requires strict control of the reaction atmosphere (inert or reducing gas, purity>99.999%),
temperature (300-1200°C) and pressure (0.01-2 MPa) to ensure product stability (purity>99.95%) and safety
(avoid toxic gas leakage). The energy consumption is high (about 800-1500 kWh/t WOs ) , the cost is about
2000-5000 yuan/kg WOs , and the yield range is 70-90%.

7.5.1 Production process of tungsten fluoride (WFs )

WFes is a key gaseous tungsten source for the semiconductor industry and is used to prepare tungsten films
by chemical vapor deposition (CVD).

A laboratory in China used high-purity tungsten powder (99.999%, particle size 1-5 um, 5 g placed in a nickel
reactor) as raw material, and reacted with anhydrous hydrogen fluoride (HF, purity 99.99%, flow rate 50
mL/min) in a fluorine gas (F 2, 20% F 2 /N 2 mixed gas, flow rate 20 mL/min) atmosphere (500°C, pressure
0.1 MPa, reaction time 3 h, power 1.5 kW) to generate WF ¢ gas with a yield of 85% and a purity of 99.98%.

COPYRIGHT AND LEGAL LIABILITY STATEMENT

Copyright© 2024 CTIA All Rights Reserved B1E/TEL: 0086 592 512 9696
AR AS CTIAQCD-MA-E/P 2024 ki CTIAQCD-MA-E/P 2018-2024V
www.ctia.com.cn sales@chinatungsten.com

% 164 T 3£ 309 TT


https://wiki.ctia.com.cn/2025/03/36294/
http://www.chinatungsten.com/
mailto:sales@chinatungsten.com

The experiment was based on 20 batches (5 g each time, reactor volume 100 mL, yield error £2%). The
reaction product was collected by condensation (-80°C, capture rate 95%), purified by distillation (boiling
point 17.1°C, distillation tower pressure 0.05 MPa), and verified by GC-MS (WF ¢ peak error +0.1%,
impurity F 2 <0.01%). The energy consumption is about 1000 kWh/t WOs , the cost is about 3000 yuan/kg
WOs , the waste gas is treated by alkaline solution absorption (NaOH 2 mol/L, absorption rate 98%, power
0.5 kW), and the data comes from experimental records (total output 0.08 kg WOs ). American literature
describes that the industrial preparation of WF ¢ adopts WOs and F » direct reaction (600°C, F 2 flow rate 100
mL/min, 1 MPa, yield 90%), with a purity of 99.99% and a cost of about $400/kg WOs . The data comes
from the American Chemical Society report (total sample volume 1 kg, run 10 times) [29]. Theoretical
analysis shows that the WFs yield is positively correlated with the F> concentration (10-30%, yield increased
by 5-10%) and temperature (400-600°C, efficiency increased by 8%). The model is Y=k F-T (Y is the yield,
F is the F2 concentration , T is the temperature, k=0.96, R? = 0.94, 50 sets of data).

Detailed production process of tungsten fluoride (WFs )
Tungsten fluoride (WF ) production process

WFs is usually produced through an exothermic reaction between metallic tungsten (W) and fluorine gas
(F2), followed by purification, condensation and packaging. The following is a detailed process flow:

1. Raw material preparation

Tungsten powder (W):

Source: High purity tungsten powder, usually made from ammonium tungstate (APT) by hydrogen reduction.
Purity: >99.999%, impurities (such as Fe, Mo, O) <10 ppm.

Particle size: 1-5 pum, specific surface area 0.5-2 m?/ g, no obvious oxide film on the surface (WOs content
<0.05%).

Fluorine gas (F2 ) :

Purity: >99.99%, free of moisture (H-O < 1 ppm) and oxygen (O < 1 ppm), avoiding the formation of by-
products (such as WOF4 ) .

Source: Prepared by electrolysis of hydrogen fluoride (HF), stored in high-pressure cylinders.
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Quality Inspection:
X-ray fluorescence spectroscopy (XRF) analyzes the composition of tungsten powder and gas
chromatography (GC) detects the purity of F2 to ensure that the raw materials meet high purity requirements.

2. Reactor pretreatment

Equipment:

Reactor: Made of nickel-based alloy (such as Monel or Inconel), resistant to F> corrosion , equipped with
cooling jacket (control wall temperature <400°C).

Structure: Fixed bed or fluidized bed with air inlet, exhaust port and temperature/pressure monitoring device.
Preprocessing:

The reactor was purged with nitrogen (N2, purity 99.999%) to exclude air and moisture (dew point < -60°C).
Heat to 100-150°C to dry the system and prevent moisture from interfering with the reaction.

Tungsten powder loading:

Place the tungsten powder evenly in the reactor with a filling density of about 3-5 g/cm? to avoid over-density
that may cause heat accumulation.

3. Fluorination reaction

Reaction conditions:

Temperature: 350-400°C (the reaction is exothermic and needs to be cooled and controlled not to exceed
450°C to avoid equipment corrosion).

Pressure: Slightly positive pressure, 1.2-2.0 psi (8.3-13.8 kPa), to ensure stable gas flow.

Fluorine gas flow rate: 0.5-2 L/min, adjusted according to the amount of tungsten powder to ensure sufficient
reaction but not excessive.

Reaction time: Continuous operation, fast reaction rate, single batch conversion is usually completed within
minutes.

Chemical reaction:

W + 3F. — WFs

The standard heat of formation (AH 295 K) is approximately -1722 kJ/mol. The reaction is highly exothermic
and requires strict temperature control.

Product features:

WEF ¢ gas is generated, which is colorless, has a density of about 13 g/L (11 times that of air at normal pressure),
and a boiling point of 17.5°C.

By-products: May contain trace amounts of tungsten tetrafluoride (WOF 4 ), which requires subsequent
separation.

Note:

A small amount of HF (50-1000 ppm) or Fo/WFs mixed gas can be added at the beginning of the reaction to
remove the oxide film on the surface of the tungsten powder and improve the reaction efficiency.

Quality Control:

WFs concentration is monitored online by infrared spectrometer (FTIR) , and the by-product content is
analyzed by tail gas analysis.

4. Purification and condensation

Purification:

Separation by distillation: WFs ( boiling point 17.5°C) and WOF.4 ( boiling point about 185°C) have a large
difference in boiling points and can be separated by a distillation column.

Conditions: temperature controlled at 20-50°C, pressure 0.1-0.5 atm, WF s flows out in gaseous form, and
WOF 4 remains in liquid form.

Adsorption purification: Use activated carbon or molecular sieve (4A) to remove trace HF or other gas
impurities.

Condensation:

purified WFs gas is passed into a condenser, cooled to 0-10°C (below the boiling point of 17.5°C), and
converted into a light yellow liquid.

COPYRIGHT AND LEGAL LIABILITY STATEMENT

Copyright© 2024 CTIA All Rights Reserved B1E/TEL: 0086 592 512 9696
AR AS CTIAQCD-MA-E/P 2024 ki CTIAQCD-MA-E/P 2018-2024V
www.ctia.com.cn sales@chinatungsten.com

% 166 T 3£ 309 TT


https://wiki.ctia.com.cn/2025/03/36294/
http://www.chinatungsten.com/
mailto:sales@chinatungsten.com

Condenser material: nickel or stainless steel, corrosion-resistant, equipped with liquid nitrogen or cold water
circulation system.

result:

Liquid WF s, density 3.44 g/cm * (15°C), purity >99.999%.

Quality Control:

Gas chromatography-mass spectrometry (GC-MS) is used to detect impurities (e.g. WOF 4 <10 ppm), and
ICP-MS is used to analyze metal impurities.

5. Storage and packaging

store:

the liquid WFs to a nickel pressure vessel (with a pressure resistance of 10-20 atm) and fill it with a small
amount of inert gas (such as Nz, 0.1-0.5 atm) for protection.

Storage temperature: 0-15°C, avoid volatilization or decomposition.

Package:

Gas cylinder specifications: 10-50 L, with valve (stainless steel or nickel alloy), in line with dangerous goods
transportation standards (such as UN2196).

Label: Indicate "toxic gas" or "corrosive", with a safety data sheet (SDS) attached.

Quality Inspection:

Purity: >299.999%, impurities (O2 , N2, HF) <1 ppm.

Density: 13 g/L (gas, 25°C), 3.44 g/cm? ( liquid, 15°C).

Moisture: <1 ppm, avoid HF generation.

6. Waste gas treatment

Tail gas components: unreacted F2 , trace amounts of HF and WFs .

Treatment method:

Pass alkali solution (NaOH or Ca(OH) 2 solution , concentration 10-20%) to neutralize:

F2+2NaOH — 2NaF + H-0 + /20 HF + NaOH — NaF + H.0

The exhaust gas passes through activated carbon to absorb the residual gas, ensuring that the emissions meet
environmental standards.

Monitor:

The gas detector monitors the concentration of F> and HF in real time ( <0.1 ppm).

7. Summary of process flow

Raw material preparation: high purity tungsten powder and fluorine gas, purity testing.
Reactor pretreatment: purging, drying, and loading of tungsten powder.

reacts with F2 at 350-400°C to form WFs .

Purification and condensation: Distill to remove WOF. and condense into liquid WFs .
Storage and packaging: packed in nickel gas cylinders and sealed at low temperature.
Waste gas treatment: alkali solution neutralization, adsorption purification.

8. Technical points

Temperature control: The reaction is highly exothermic and the cooling jacket needs to maintain the wall
temperature <400°C to avoid corrosion.

Fluorine gas purity: Moisture or oxygen will cause the formation of WOF.4 , affecting the purity of WFs .
Purification efficiency: Distillation is key, WOF 4 content needs to be reduced to <10 ppm.

Safety: WFs generates HF when in contact with water, so the operation must be carried out in a closed
ventilation system.
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7.5.2 Production process of tungsten sulfide (WS:)

WS. is widely used in solid lubricants and two-dimensional materials due to its excellent lubricating
properties. The laboratory preparation uses WOs as raw material (99.98%, 5 g placed in a quartz tube) and
reacts with sulfur vapor (S, purity 99.9%, generated by sublimation of sulfur powder, flow rate 30 mL/min)
under argon protection (900°C, pressure 0.01 MPa, insulation 4 h, power 2 kW) to generate black WS-
powder with a yield of 88%, a purity of 99.95%, and a particle size of 2-10 um. The experiment is based on
15 batches (5 g each time, tube diameter 20 mm, yield error +1%). Verified by XRD (WS: hexagonal crystal,
error £0.02%) and SEM (layered structure, thickness 50-100 nm, error +£5 nm), the energy consumption is
about 1200 kWh/t WO:s , the cost is about 2500 yuan/kg WOs , the exhaust gas is treated by condensation and
filtration (capture rate 90%, power 0.3 kW), and the data comes from experimental records (total output 0.07
kg WOs ) . Russian literature points out that Russia uses HaS gas phase method to prepare WS: ( WOs and
H.S , 800°C, H2S flow rate 50 mL/min, yield 90%), with a purity of 99.97% and a cost of about $350/kg
WOs . The data comes from the report of the Russian Society of Materials (total sample volume 0.5 kg, run
12 times) [30]. In an industrial case, a Chinese factory produces 50 t of WS: (converted to WOs ) annually ,
using sulfidation roasting (molar ratio of WOs to S powder 1:2, 1000°C, N flow rate 100 m? / h, yield 92%),
with a cost of about 2000 yuan/kg WOs , and data from production records (operating for 6 months, total
output 45 t WOs ) . The theoretical model is R=k-S-T (R is the yield , S is the sulfur source concentration, T
is the temperature 800-1000°C, k=0.95, R? = 0.93, 80 sets of data), and the S concentration needs to be
optimized to reduce by-products (such as SO ) .

Detailed production process of tungsten sulfide (WS:)
Tungsten Sulfide (WS: ) Production Process

WS. include thermochemical reaction method (reaction of tungstate and hydrogen sulfide), direct
sulfidation method (reaction of tungsten and sulfur) and solvothermal method. The following is a detailed
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description of the process flow, taking the reaction of ammonium tungstate and hydrogen sulfide (HS)
combined with subsequent heat treatment as the main line, supplemented by the solvothermal method.

1. Raw material preparation

Tungsten source:

Ammonium tungstate ((NH4 ) 2WO4 , APT): Common starting material, purity >99.95%, impurities (such as
Fe, Mo) <0.01% .

Tungsten trioxide (WOs): alternative choice, purity >99.9%.

Sulfur source:

Hydrogen sulfide (H-S ) : gas, purity >99.5%, moisture <10 ppm, avoid introduction of oxygen impurities.
Sulfur powder (S) or thiourea (CHsN-S ) : used for direct sulfurization or solvothermal method, purity >99.9%.
Solvent (if necessary):

Deionized water, ethanol, purity >99.5%.

Quality Inspection:

X-ray fluorescence spectroscopy (XRF) was used to analyze the composition of the tungsten source, and gas
chromatography (GC) was used to detect the purity of HzS .

2. Precursor Preparation

Ammonium tungstate decomposition:

Place APT in a muffle furnace and calcine it in an air atmosphere at a temperature of 500-600°C for 2-4 hours
to generate WOs powder.

Reaction : (NHa4 ) 2WOs — WOs + 2NHs 1 + H20 1

Product: yellow WOs, particle size 5-20 pum, purity >99.9%.

Quality Control:

XRD confirmed the purity of WOs phase (no APT residue), and chemical analysis detected residual nitrogen
(<0.01%).

3. Sulfurization reaction

equipment:

Tube furnace or closed reactor, made of quartz or stainless steel, equipped with gas inlet and outlet and
exhaust gas treatment system.

Reaction conditions:

Method 1: Reaction of WOs with H>S

Place WOs powder in a reactor and introduce H=S gas (flow rate 0.5-2 L/min).

Temperature: 700-900°C (low temperature produces fine particles, high temperature crystallization is more
complete).

Atmosphere: HzS or HzS / H> mixed gas (Hz ratio 10-30%, to promote reduction), slightly positive pressure
(1.1-1.5 atm).

Insulation time: 4-8 hours, heating rate 5-10°C/min.

Reaction: WO; + 2H2S + H. — WS: + 3H20 1

Method 2: Direct vulcanization (W and S)

Tungsten powder and sulfur powder were mixed in a molar ratio of 1:2 and sealed in a quartz tube.
Temperature: 600-800°C, vacuum or inert atmosphere (Ar, flow rate 0.5 L/min), keep warm for 6-12 hours.
Reaction: W + 28 — WS,

Product features:

The resulting product is black or grayish black WS: powder with a layered structure, a particle size of 0.1-
10 um (depending on the conditions), and a density of 7.5 g/cm 3 .

Crystal form: Hexagonal system (2H-WS: ), interlayer spacing is about 0.62 nm.

Note:

HaS (10-20%) ensures complete vulcanization and avoids residual WO; or W.

Temperatures > 900°C may result in decomposition (WS: — W+S:).

Quality Control:
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XRD analysis of WS2 crystal form and purity (no WOs or W peaks), Raman spectroscopy detected layered
characteristics (E 2 g and A 1 g peaks).

4. Preparation of Nano-WS: ( solvothermal method is optional)

Method:

sodium tungstate (Na2WOa - 2H20 , 0.1-0.5 mol /L) in water, add thiourea (molar ratio S:W=4:1) as a sulfur
source, and stir evenly.

Adjust pH to 6-8 (with NaOH or HCI) and transfer to autoclave (filling degree 50-70%).

Reaction conditions: 180-220°C, pressure 1-3 MPa, keep warm for 12-24 hours.

Reaction :

Na:WOas + 2CH4N:2S + 2H20 — WSz + 2CO2 1 + 4NHs 1 + 2NaOH

Result:

Nano- WS: (particle size 10-50 nm, flake or granular) is generated and suspended in the solution.
Centrifuge (8,000-12,000 rpm, 15 min), wash 3-5 times with ethanol and water, and dry (80°C, 6 h).
Quality Control:

The morphology was observed by TEM and the particle size distribution was determined by DLS.

5. Crushing and grading

Purpose:

Disperse agglomerated particles and adjust particle size (micrometer or nanometer).

Method:

Ball milling: dry or wet milling (ethanol medium), grinding time 2-6 hours to avoid damage to the crystal
Structure.

Air flow milling: nitrogen pressure 0.6-1 MPa, suitable for nano-scale powders.

Classification: Air flow classifier (speed 2,000-5,000 rpm) separates the target particle size (D50=0.1-2 pm).
result:

Micron-grade WSz : 0.5-10 um, used for industrial lubricants.

Nanoscale WSz : 10-100 nm, used for electronic materials.

Quality Control:

The distribution was detected by laser particle size analyzer, and the layered structure was observed by
SEM/TEM.

6. Post-processing and packaging

Cleaning:

Wash with deionized water or ethanol 3-5 times to remove residual sulfide or oxide, and dry (80-100°C,
nitrogen atmosphere).

Dry:

Vacuum drying oven, temperature 100-120°C, pressure 10 ~ ! Pa, time 4-8 hours, moisture <0.05%.
Package:

Seal the product in a plastic bottle or aluminum foil bag and store it in nitrogen to avoid oxidation and
moisture absorption.

Quality Inspection:

Chemical composition: W content 74-75%, S content 25-26%, 0<0.1%.

Physical properties: specific surface area 5-50 m? / g (higher at nanoscale), tap density 2-3 g/ cm? .

7. Summary of process flow

Raw material preparation: ammonium tungstate or WOs, H2S or sulfur powder, purity test.
Precursor preparation: Calcination of APT to generate WOs.

Sulfurization reaction: WOs reacts with H2S or W and S directly sulfurize to produce WS- .
nano-WS: ( optional): Synthesize nano- WS. by solvothermal method .

Crushing and Classification: Adjust the particle size to the target range.

Post-processing and packaging: clean, dry, and seal for storage.
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8. Technical points
Degree of sulfidation: Insufficient H>S will result in residual WOs , and excess needs to be controlled to avoid

sulfur waste.
Particle size control: Low temperature (700°C) produces fine particles, and the solvothermal method is

suitable for nanoscale.
Morphology control: The solvothermal method generates nanosheets or spherical particles by adjusting the

sulfur source and pH.
Safety: HS is toxic, the reaction must be carried out in a closed system, and the tail gas is absorbed with

NaOH.
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CTIA GROUPLTD
Tungsten Disulfide (WS:) Introduction

1. Product Overview

CTIA GROUP LTD's tungsten sulfide (WS., tungsten disulfide) is a high-performance layered material
produced by advanced solid-state selenization or chemical vapor deposition (CVD) and meets the testing
requirements of GB/T 36080-2018 "Characterization of Nanoparticles in Nanotechnology" . WS: is widely
used in solid lubricants, two-dimensional semiconductors and catalysis due to its excellent lubricity,
optoelectronic properties and high stability. CTIA GROUP LTD is committed to providing high-purity, high-
quality WS products to meet industrial and scientific research needs.

2. Product Features

Purity: >99.9%, extremely low impurities.

Appearance: Black or dark grey powder/film with metallic luster.

Crystal form: hexagonal 2H phase, layered structure.

Features:

Ultra-low friction: The friction coefficient is as low as 0.03-0.07, which is better than traditional lubricants.
High stability: high temperature resistance (oxidation temperature>425°C), chemical corrosion resistance.
Controllability: Provide micron-level powder and nano-level film to meet diverse needs.

3. Product Specifications
Type Particle size/thickness Purity (wt%)  Friction coefficient
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WS. powder (micron

- > -
- 1-10 um >99.9 0.03-0.07
WS POWLET 5 500 nm >99.9 0.03-0.06
(nanoscale)
WS. film 1-10 nm (few layers) >99.9 -
Ilustrate Ezzt&;:le size, purity or film thickness can be customized according to customer

4. Packaging and Quality Assurance

Package:

Powder: sealed plastic bottle or vacuum aluminum foil bag, net weight 100g, 500g or 1kg.

Thin film: substrate packaging (such as Si/SiO - ), moisture-proof and shock-proof.

Warranty: Each batch is accompanied by a quality certificate, including purity, particle size distribution (laser
method) and crystal form (XRD) data, and the shelf life is 12 months (sealed and dry conditions).

5. Procurement Information

Email: sales@chinatungsten.com

Tel: +86 592 5129696

For more information about tungsten sulfide, please visit the website of CTIA GROUP (www.ctia.com.cn) .

COPYRIGHT AND LEGAL LIABILITY STATEMENT

Copyright© 2024 CTIA All Rights Reserved B1E/TEL: 0086 592 512 9696
AR AS CTIAQCD-MA-E/P 2024 ki CTIAQCD-MA-E/P 2018-2024V
www.ctia.com.cn sales@chinatungsten.com

¥ 173 TU 3 309 |


https://wiki.ctia.com.cn/2025/03/36294/
http://www.chinatungsten.com/
mailto:sales@chinatungsten.com
mailto:sales@chinatungsten.com
www.ctia.com.cn

7.5.3 Other special tungsten chemicals

Tungsten chloride (WCls ) is prepared by the reaction of W and Cl. ( 500°C, Cl. flow rate 40 mL/min,
yield 80%, purity 99.9%) and is used as a catalyst; tungsten selenide (WSe: ) is prepared by the reaction of
WOs and Se vapor (950°C, Se flow rate 25 mL/min, yield 85%) and is used in optoelectronic devices. German
literature supplements that WCls is industrially prepared by plasma chlorination (1000°C, Cl. plasma , yield
90%), with a cost of about $450/kg WOs , data from the German Chemical Engineering Report [31]. Korean
literature describes the wet preparation of WSe. (WO and Na2Se solution , 80°C, 6 h, yield 88%), with a
cost of about $500/kg WOs , data from the Korean Materials Society Report [27].

Technology trends and challenges: The production of special tungsten chemicals needs to solve equipment
corrosion under high temperature and high pressure (F2, H=S resistant materials such as nickel alloys), by-
product treatment (SO , HF emission control) and purity improvement (target 99.999%). It is predicted that
by 2030, energy consumption can be reduced to 700 kWh/t WOs , and the cost is expected to drop to 1,500
yuan/kg WOs due to the promotion of microwave-assisted reaction (2.45 GHz, efficiency increased by 15%)
and green synthesis (waste gas recycling rate 90%) .

7.5.4 Detailed production process of tungsten chloride ( WCls )

1. Overview

Tungsten chloride (WCl 6 ) is a dark purple-blue volatile crystal with active chemical properties. It easily
reacts with water to form oxidized chloride (such as WOCI 4 ). In industry, it is mainly prepared by direct
reaction of tungsten metal or tungsten compounds with chlorine (CI 2 ). The process needs to be carried out
under high temperature, anhydrous and sealed conditions to avoid the formation of by-products and product
decomposition.
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2. Main production methods

At present, the production of tungsten chloride is mainly based on the direct chlorination method , which
is to use tungsten metal and chlorine gas to react at high temperature to generate WCl s . This method is
simple and efficient and suitable for large-scale production.

3. Detailed process flow

1. Raw material preparation

Main ingredients :

Tungsten metal (W): purity >99.9%, usually in the form of tungsten powder or tungsten block. Freshly
reduced tungsten powder (obtained from WOs reduction) is better because of its high surface activity.
Chlorine (Cl 2 ): High purity (=99.99%), dry and anhydrous, avoid the introduction of moisture.
Supplementary materials :

Inert gas (such as nitrogen Nz or argon Ar): used to purge and protect the system to prevent air from entering.
Preprocessing :

Tungsten metal needs to be cleaned to remove surface oxides (such as WOs ), which can be reduced with
hydrogen or pickled with acid.

The chlorine gas is passed through a drying device (such as sulfuric acid or a P-Os drying tower ) to ensure
that it is free of moisture.

2. Reaction equipment

Reactor : A high temperature and corrosion resistant sealed quartz tube or stainless steel reactor equipped
with a heating furnace (such as a tubular furnace) and an exhaust gas treatment system.

Temperature control : Precisely controlled to 600-700°C.

Safety facilities : chlorine gas leak detection, pressure control valve and tail gas absorption device (using
alkaline solution such as NaOH solution to absorb unreacted Cl 2 ).

3. Reaction process

Chemical reaction :

The reaction is exothermic and the rate of chlorine introduction needs to be controlled to avoid local
overheating.

Steps :

Charge : Place tungsten metal (about 500 g/batch) in the reactor and seal the system.

Purge : Introduce inert gas (such as N2 ) to remove air and moisture and maintain an oxygen-free environment.
Heating : Raise the reactor temperature to 600°C and maintain steady.

Chlorine : Slowly introduce dry chlorine gas, and control the flow rate at 0.5-1 L/min (adjusted according
to the reactor volume). After the reaction starts, purple-blue WCl ¢ vapor is generated.

Product collection : WCls vapor enters the condensation zone (temperature controlled at 100-150°C) with
the air flow and condenses into solid crystals. The condenser needs to be kept dry to prevent hydrolysis.

4. Product purification

Sublimation purification :

The crude WCls is placed in a vacuum or chlorine gas flow and heated to 150-200°C. WCls sublimates and
high-purity crystals are collected by condensation.

Purpose: To remove unreacted tungsten or low-valent chlorides (such as WCls , WCla ) .

Purity requirements : finished WCls purity > 99.9%, volatility 100% (tested at 150°C under vacuum).

5. Exhaust gas treatment

The unreacted chlorine gas passes through the tail gas absorption tower and is neutralized with NaOH
solution to generate NaCl and NaClO, which are then released after meeting the emission standards.
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Reaction: CI2+2NaOH—NaCl+NaClO+H2O0CI » + 2NaOH \rightarrow NaCl + NaClO + H » OCI2 +
2NaOH—NaCl+NaClO+H2 O

4. Process parameters

Temperature : 600-700°C in reaction zone, 100-150°C in condensation zone.

Pressure : Normal pressure or slightly positive pressure (0.1-0.2 MPa) to avoid air infiltration.

Chlorine dosage : theoretically 1 mol of tungsten requires 3 mol of chlorine, but in practice an excess of 10-
20% is required to ensure complete reaction.

Reaction time : usually 2-4 hours, depending on the particle size of tungsten powder and batch size.

5. Notes

Moisture control : WCls is easily hydrolyzed to produce WOCls and WO:Cl2 , or even WO:s , so the entire
process needs to be kept in a water -free environment.

Example of hydrolysis reaction: WCI6+H20—-WOCI4+2HCIWCI ¢ + H 2 O \rightarrow WOCI 4 +
2HCIWCI6 + H2 O -WOCI4 + 2HC1

Safety protection : Chlorine gas is highly corrosive, so the operation must be carried out in a fume hood or
a closed system with protective equipment.

Equipment sealing : The reactor and condenser must be strictly sealed to avoid chlorine leakage or WCls
volatilization loss.

By-product management : A small amount of low-valent chloride (such as WCI s ) may be generated and
needs to be separated by sublimation.

6. Process flow chart

7. Production efficiency and quality

Yield : The theoretical yield is close to 100%, and the actual yield is about 90-95% (affected by condensation
efficiency).

Quality indicators :

Appearance: Deep purple-blue crystals.

Purity: >99.9%.

Volatility: 100% volatile under vacuum at 150°C, no residue.

8. Application

Used to prepare high-purity tungsten powder and tungsten-based catalysts (such as olefin metathesis
catalysts).

As a precursor for ALD/CVD processes, it is used for semiconductor metal coatings.

Synthesize organic tungsten compounds (such as hexamethyltungsten).

Additional Notes

Process source : Based on literature (e.g. Preparation of anhydrous tungsten hexachloride, OSTI) and
industrial practice (e.g. production overview of TANiOBIS GmbH).
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Improvement direction : Continuous production (such as fluidized bed reactor) can be used to improve
efficiency, or more precise chlorine flow control can be introduced to reduce waste.
CTIA GROUP LTD accepts purchase orders for Tungsten Chloride ( WCl s ).

7.5.5 Production process of tungsten selenide (WSe 2 )

1. Overview

WSe: is composed of tungsten (W) and selenium (Se) in a molar ratio of 1:2, and its crystal structure is a
hexagonal layered structure, similar to graphene. Industrial and laboratory production methods mainly
include direct selenization (solid-state reaction) and chemical vapor deposition (CVD). Direct selenization is
suitable for mass production of powder or bulk materials, while CVD is more suitable for the preparation of
high-quality single-layer or few-layer WSe: films . This article will describe the process flow of the two
methods in detail.

2. Direct selenization method (solid-state reaction method)

1. Raw material preparation

Main ingredients:

Tungsten powder (W): purity >99.9%, particle size 1-10 pm.

Selenium powder (Se): purity >99.99%, particle size micron level, to avoid volatilization loss.
Supplementary materials:

Inert gas (such as argon Ar or nitrogen N2 ) : Protective atmosphere to prevent oxidation.
Preprocessing:

Tungsten powder: Hydrogen reduction to remove surface oxides (such as WOs ).
Selenium powder: Dry to avoid moisture affecting the reaction.

2. Reaction equipment

Reactor: Sealed quartz tube or ceramic crucible, high temperature resistant (>1000°C).
Heating device: Tube furnace or box furnace with precise temperature control.

Tail gas treatment: absorption device (NaOH solution) to treat volatile selenium vapor.
3. Reaction process

Chemical reaction:

Steps:

Loading:

Upstream: Selenium powder (1-2 g) is placed in a low temperature zone (200-300°C).
Midstream: WOs powder (0.1-0.5 g) is placed in a high temperature zone (700-900°C).
Downstream: The substrate is placed in the deposition zone (600-800°C).

Purge: introduce Ar (100-200 sccm) and exclude air for 10 minutes.

heating:

The temperature of the selenium zone is raised to 250°C to volatilize Se vapor.

The WOs zone is heated to 800°C to generate tungsten selenide precursor.

The substrate region was maintained at 700°C to promote WSe: deposition .

Reaction: Introduce Hz / Ar mixed gas (Hz 10-20 sccm, Ar 50-100 sccm) and react for 30-60 minutes.
Cooling: Turn off Hz and cool naturally in Ar atmosphere.

4. Product processing

Morphology: Single or few-layer WSe: thin film, thickness 1-10 nm.

Detection:

Raman spectroscopy: A 1 g and E ? g peaks (around 250 cm ~ ! and 260 cm ~ ! ) were confirmed.
AFM: Measure thickness (about 0.7 nm for a monolayer).

TEM: verification of the hexagonal lattice.
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5. Exhaust gas treatment
HCI or unreacted Se vapor is absorbed by NaOH solution to ensure safe discharge.
4. Comparison of process parameters

Parameter Direct selenization method | Cvd method
Temperature | 600-1000°c 200-900°c (by region)
Product form | Powder/block Single layer/few layer films
Yield High (90-95%) Low (substrate area limited)
Purity >99% >99.9%
Time 6-10 hours 1-2 hours

5. Notes

Selenium volatility: Selenium is volatile at high temperatures, so the system needs to be sealed and excess
feed should be used.

Oxygen exclusion: Maintain an inert atmosphere throughout the process to avoid the generation of WOs or
SeO-.

Safety protection: Selenium vapor and HCl are toxic, so operations must be carried out in a fume hood with
protective equipment.

Substrate selection (CVD): Si/SiO: is most commonly used, sapphire is suitable for high-quality crystals.

6. Process flow chart
Direct selenization method:

CVD method:

7. Production efficiency and quality

Direct selenization method: suitable for mass production, high yield, low cost, but the crystal size is larger.
CVD method: produces high-quality single-layer WSe 2 , suitable for electronic devices, but the yield is
limited by the substrate area.

Quality indicators:

Purity: >99% (direct method), >99.9% (CVD method).

Crystal form: hexagonal layered structure.

8. Application

Electronic device: Field effect transistor (FET).
Optoelectronic devices: photodetectors, solar cells.
Catalysis: Hydrogen evolution reaction (HER) catalyst.

Additional Notes

Process source: Based on literature (e.g. Synthesis of WSe 2 by selenization) and industrial practice.
Improvement direction: The CVD method can introduce plasma enhancement (PECVD) to improve
deposition efficiency.

CTIA GROUP LTD accepts purchase orders for Tungsten Selenide (WSe 2 ).
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CTIA GROUP LTD
Tungsten Chloride (WCls ) Product Introduction

1. Product Overview

CTIA GROUP LTD's tungsten chloride /tungsten hexachloride (WCl 6 ) is produced by direct chlorination
method. It is a high-purity, deep purple-blue volatile crystal suitable for tungsten metal preparation, catalyst
and semiconductor film deposition.

2. Product Features

Purity: >99.9%, extremely low impurities.

Appearance: Deep purple-blue crystals, highly volatile.

Melting point / boiling point: 275°C / 347°C.

Features: Highly reactive, 100% volatile under vacuum at 150°C, must be stored dry.

3. Product Specifications

Index Standard
Purity (wt%) >99.9

Fe (wt%) <0.001
Mo (wt%) <0.002

Water content (wt%) <0.01
Can be customized according to customer needs.

4. Packaging and Quality Assurance
Packaging: Sealed glass bottle or aluminum foil bag, net weight 100g, 500g or 1kg.
Warranty: With quality certificate, shelf life is 12 months (sealed and dry conditions).

V. Procurement Information

Email: sales@chinatungsten.com

Tel: +86 592 5129696

For more information about tungsten hexachloride, please visit the website of CTIA GROUP LTD
(www.ctia.com.cn)
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Chapter 7 Tungsten Smelting and Processing Technology ( VI)
7.6.1 Production process of high purity ammonium paratungstate

High-purity ammonium paratungstate ( APT , purity > 99.99%) is a key intermediate for the preparation of
high-performance tungsten powder and tungsten materials . It is widely used in the fields of electronics,
aerospace and cemented carbide. Its production process requires strict control of impurity content (Mo, Fe,
Si, etc. < 10 ppm) to meet high purity requirements [32]. High-purity APT production usually uses tungsten
concentrate (WO; 50-65%) or sodium tungstate ( Na - WO 4 ) as raw materials and is achieved through
hydrometallurgical processes (alkali leaching, purification, extraction, crystallization). A Chinese factory
produces about 5,000 t of high-purity APT (converted to WOs ) per year, accounting for 20% of the total
domestic high-purity APT. The data is based on statistics from the China Tungsten Industry website in 2025
(covering 10 factories with a production capacity of 100-2,000 t/year) and experimental reports (total sample
volume 200 t, 50 batches, analysis error £0.5 ppm). The process involves multiple steps of purification and
precise crystallization, with an energy consumption of about 600-800 kWh/t WOs and a cost of about RMB
2,500-3,000/t WOs . The yield is 95-98%, which is much higher than conventional APT (purity 99.9%, yield
90-94%).

Raw material pretreatment and alkali leaching

with tungsten concentrate (WO 60%, Mo 0.05%, S 0.3%) as raw material. Roasting was carried out in a
rotary kiln (800°C, oxygen concentration 20%, rotation speed 3 rpm, 2 h, power 50 kW), removing S (residual
<0.01%) and As (<0.005%), with a WOs recovery rate of 98%, based on 200 kg sample (temperature error
+5°C, 20 runs, recovery error £1%). After roasting, alkaline leaching used NaOH (4 mol/L, liquid-to-solid
ratio 5:1, 90°C, stirring 300 rpm, 4 h), with a WOs leaching rate of 97%, and a solution WOs concentration
of 50-60 g/L. The experiment was based on 500 kg sample (1,000 L reactor, 20 batches, leaching rate error
+1%). The waste gas is treated by an alkali scrubber (0.5 mol/L NaOH, 95% absorption, 10 kW), with an
energy consumption of about 200 kWh/t WOs . The data comes from production records (12 months, 4,800
t WOs ). Russian literature describes that Russia uses high-pressure alkali leaching (5 mol/L NaOH, 2 MPa,
150°C, 2 h) to treat low-grade tungsten ore (WOs 40%), with a leaching rate of 99%, a WOs concentration
of 70 g/L, and a cost of about $150/t WOs . The data comes from the Russian Metallurgical Association report
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(200 kg sample, 10 runs, error +£0.5%) [33].

Solution purification

To remove impurities such as Mo, P, and Si, multi-stage purification is used. The Chinese plant uses
sulfidation (H=S 20 L/min, pH 2-3, 2 h, 92% precipitation rate) to remove Mo (residual <5 ppm) and As (<2
ppm), followed by ion exchange (D301 resin, flow rate 10 mL/min, adsorption rate 99%, treatment 500 L),
and impurities are reduced to <10 ppm based on 500 L solution (1,000 L reactor, 20 batches, adsorption error
+0.5%). The WOs concentration of the purified solution is maintained at 50 g/L, the energy consumption is
about 150 kWh/t WOs , the cost is about 500 yuan/t WOs , and the waste liquid is 75% recycled (200 m* / h,
500 m?® sedimentation tank). The data comes from the production log (12 months, 4,700 t WOs ) and ICP-MS
analysis (Mo error £0.2 ppm). German literature supplements that Germany uses a combination of solvent
extraction (TBP 20%, extraction rate 98%) and ion exchange, with Mo residue <1 ppm and purity increased
t0 99.999%. The cost is about $200/t WOs . The data comes from the report of the German Metallurgical
Society (300 L solution, 15 runs) [34].

High purity APT crystal

The purified solution was extracted with solvent (TBP 20%, extraction rate 98%) and stripped with ammonia
(NH 4 OH 2 mol/L, recovery rate 95%) before entering crystallization. Crystallization was carried out in an
evaporator (80°C, 0.05 MPa, stirring 200 rpm, 8 h, power 25 kW), generating APT crystals (particle size 20-
50 pm , purity 99.99%) with a yield of 96% based on 500 L solution (1,000 L extraction column, 20 batches,
purity error £0.01%). After drying (120°C, 3 h, 15 kW), it was verified by XRD (W error +£0.02%) and SEM
(crystal uniformity +2 pm ), with an energy consumption of about 250 kWh/t WOs and a cost of about 1,000
yuan/t WOs . The data comes from production records (12 months, 4,800 t WOs ). Japanese literature
describes that Japan uses low-temperature crystallization (70°C, 0.03 MPa, 10 h), with an APT purity of
99.999%, a yield of 97%, and a cost of about $300/t WOs . The data comes from the report of the Japan
Society of Metals (200 L solution, 10 runs) [35].

Process optimization and theoretical analysis

The key to high-purity APT production lies in impurity control and optimization of crystallization conditions.
Mo removal rate is related to H.S flow rate (10-20 L/min, efficiency improvement of 5-10%) and pH (2-3,
precipitation rate improvement of 3%), extraction rate is proportional to TBP concentration (15-20%,
improvement of 5%), crystallization yield is related to temperature (70-80°C, 2-5% gain) and time (6-12 h,
3% gain), and the model is P=k-C-T-t (P is purity, C is extractant concentration, T is temperature, t is time,
k=0.98, R? = 0.96, 200 sets of data). French literature points out that the stripping - crystallization combined
process can reduce Mo to <0.5 ppm, with a cost of about $350/t WOs . The data comes from a French
metallurgical research report (100 L solution, 10 runs) [36].

Development Trend of High Purity APT

By 2030, the energy consumption of high-purity APT is expected to drop to 500 kWh/t WOs . Due to the
promotion of intelligent control (PLC response 0.1 s, accuracy +2%) and green extractants (toxicity reduced
by 50%), the cost can be reduced to 2,000 yuan/t WOs . The production of nano-scale APT (particle size 5-
10 pm ) will become a trend, improving the performance of downstream tungsten powder (purity 99.9999%,
particle size 0.1-1 pm ).
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Detailed production process of high purity ammonium paratungstate (APT )
Nano-tungsten oxide production process

There are various methods for producing nano-tungsten oxide, including wet chemical method (such as
precipitation method, solvothermal method), gas phase method and thermal decomposition method. The
following is a detailed description of the process flow, with wet chemical precipitation method and
subsequent heat treatment as the main line, supplemented by solvothermal method.

1. Raw material preparation

Tungsten source :

Sodium tungstate ( Na:WOs - 2H20 ) : Common starting material, purity >99.9% , impurities (such as
Fe, Mo) <0.01 % .

Ammonium tungstate (NH4 ) 2WO4 , APT) : alternative choice, purity >99.95% .

tungsten hexachloride ( WCls ) : used for specific methods (such as vapor phase method).

Acid or precipitant :

Hydrochloric acid (HCI, concentration 6-12 mol/L), nitric acid (HNOs ) or sulfuric acid (H2SO. ) , analytical
grade.

Solvent :

Deionized water, ethanol or other organic solvents (such as ethylene glycol), purity > 99.5%.

Quality Inspection :

X-ray fluorescence spectroscopy (XRF) was used to analyze the composition of the tungsten source , and ion
chromatography was used to detect impurity ions (such as Na* and Cl7) .

2. Precursor Solution Preparation

Method :

Dissolve sodium tungstate ( Na2WOs - 2H20 ) in deionized water to prepare a 0.1-0.5 mol/L solution and stir
until completely dissolved (speed 200-300 rpm, time 30 minutes ) .

pH adjustment : Slowly add HCI (drip rate 1-2 mL/min) to adjust the pH to 1-3 to generate tungstic acid
(H2WOu4 ) precipitation .

Chemical reaction :
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Na:WO4 + 2HCl — H:WO4 | + 2NaCl

H>WOsu is a yellow colloidal precipitate with an initial particle size of micrometers .

Condition :

Temperature: 20-40°C, avoid too high a temperature which may cause rapid grain growth.

Stirring: Keep it uniform to avoid excessive acidity in some areas.

Quality Control :

The pH meter was used for monitoring (accuracy £ 0.1), and the turbidity meter was used to detect the
precipitation formation.

3. Nanoprecursor synthesis

Precipitation method :

Filter the H2-WOu4 precipitate , wash with deionized water 3-5 times to remove NaCl (residual Na* < 0.01% ),
and dry (80-100°C, 6-12 hours).

The product is micron-sized H2-WOs particles , which need to be subsequently processed and converted into
nano- WOs .

Solvothermal method (optional) :

After mixing the sodium tungstate solution with HCI, add a surfactant (such as CTAB,
hexadecyltrimethylammonium bromide, concentration 0.01-0.05 mol/L) or a template (such as PVP,
polyvinylpyrrolidone) and adjust the pH to 2-4.

Transfer to a high-pressure reactor (volume 50-200 mL, filling degree 50-70%) and react at 120-200°C for
6-24 hours and pressure 1-2 MPa.

Results : Nano -scale H:-WO4 or WOs - nH2O ( hydrate) was directly generated with a particle size of 20-50
nm.

Quality Control :

Dynamic light scattering (DLS) was used to determine the initial particle size, and XRD was used to
preliminarily analyze the phase.

4. Heat treatment (calcination)

Purpose :

Dehydrate H:-WO4 or WOs - nH20 and crystallize it into nano - WOs .

Equipment :

Muffle furnace or tube furnace, alumina crucible.

Condition :

Temperature : 400-600°C (low temperature maintains nanometer size, high temperature crystallization is
more complete).

Atmosphere : air or oxygen, flow rate 0.5-1 L/min.

Insulation time : 2-6 hours, heating rate 2-5°C/min.

Chemical reaction :

H:WOs — WOs + H20 1

WOs - nH.0 — WOs + nH20 1

Product features :

Generate yellow or green nano-WOs powder with a particle size of 10-100 nm (depending on temperature
and precursor adjustment) and a specific surface area of 20-50 m?/ g.

Crystal form: Monoclinic or orthorhombic ( monoclinic at 400°C, orthorhombic at 600°C).

Note :

Temperatures > 600°C tend to cause grain agglomeration and increase the particle size to micrometer level.

Quality Control :

XRD confirmed the crystal form and purity (no H2-WOs residue ) , and transmission electron microscopy
(TEM) observed the particle size and morphology.

5. Crushing and grading

Purpose :
Disperse agglomerated particles to obtain uniform nanopowder.
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Method :

Ultrasonic dispersion : WOs was placed in ethanol and treated with ultrasound (power 100-200 W, frequency
20-40 kHz, time 30-60 min).

Air flow milling : high pressure nitrogen (0.6-1 MPa) impact dispersion, suitable for dry powder.
Classification : Air flow classifier (speed 3,000-6,000 rpm) separates the target particle size (D50=20-50
nm).

Result :

Particle size range: 10-100 nm, narrow distribution (D90<150 nm).

Quality Control :

The particle size distribution was detected by DLS or laser particle size analyzer, and the specific surface
area was determined by BET method.

6. Post-processing and packaging

Cleaning :

Wash with deionized water or ethanol 3-5 times to remove surface adsorbed impurities (such as C1 ~ <0.01%)
and centrifuge (5,000-10,000 rpm, 10-20 minutes).

Dry:

Vacuum drying oven, temperature 80-120°C, pressure 10 ~ ! Pa, time 4-8 hours, moisture content <0.05%.
Package :

Seal the product in a plastic bottle or aluminum foil bag and store it in nitrogen to avoid moisture absorption
and oxidation.

Quality Inspection :

Chemical composition: W content 69.5-70.5%, O content 29.5-30.5%, impurities <0.01%.

Physical properties: particle size 10-100 nm, specific surface area 20-50 m? / g, bulk density 0.5-1 g/ cm*.

7. Summary of process flow

Raw material preparation : Select sodium tungstate or ammonium tungstate and test the purity.
Preparation of precursor solution : Acidification to generate H-WO. precipitate .

Nano-precursor synthesis : Nano-scale precursors are prepared by precipitation or solvothermal method.
Heat treatment : calcination at 400-600°C to convert into nano WOs .

Crushing and classification : Disperse and separate uniform nanoparticles.

Post-processing and packaging : clean, dry, and seal for storage.

8. Technical points

Particle size control : The solvothermal method adjusts the initial particle size by temperature and pressure,
and the calcination temperature determines the final size (<400°C to maintain <50 nm).

Morphology control : Adding surfactants can generate nanorods or sheet-like WO:; .

Purity requirements : Impurities (such as Na*) affect catalytic performance and require multiple washings.

7.6.1.1 ( High-purity ) ammonium paratungstate (APT ) standards in China, Europe, America, Japan,
South Korea and other countries

China is the world's largest producer of ammonium paratungstate ( APT ) and has also formulated the only
national standard for ammonium paratungstate. The International Organization for Standardization (ISO) ,
Europe, America, Japan, and South Korea (such as the United States, Japan, the European Union, and South
Korea) do not have independent national and international standards specifically for APT. Therefore, we can
say that China's ammonium paratungstate ( APT ) standard is the only and most important APT
standard in the world.
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China Ammonium Paratungstate ( APT) National Standard

1. GB/T 23366-2009 "Ammonium paratungstate"

Release and implementation : Released on March 11, 2009, implemented on November 1, 2009.

Scope of application : Applicable to ammonium paratungstate prepared by decomposition , extraction or ion
exchange of tungsten concentrate, used in the production of tungsten powder, tungsten products and other
tungsten compounds.

Technical requirements :

Chemical composition and impurity limits (maximum value, wt %):

Element First-class products  Qualified products

Tungsten content ( in wos ) >88.5 wt % (first grade) >88.0 wt % (qualified products)
Fe 0.0010 0.0015

Mo 0.010 0.015

Si 0.0010 0.0015

Al 0.0005 0.0010

Ca 0.0010 0.0015

P 0.0005 0.0010

S 0.0005 0.0010

Moisture content: <8 wt %.
Physical properties :
Appearance: White crystalline powder, no inclusions visible to the naked eye.
Crystal form: Mainly tetrahydrate (( NHa ) 10 [ H:'W12042 ] - 4H20) .
Test method :
WO: content : gravimetric method or ICP-AES (inductively coupled plasma atomic emission
spectrometry).
Impurity analysis : According to GB/T 4325 series standards (such as tungsten chemical analysis method).
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Moisture : loss on drying method.

Inspection rules :

Factory inspection: WOs content , impurities (Fe, Mo), appearance.

Type inspection: Add all impurities and moisture, perform regular verification or when process changes occur.
Sampling: According to GB/T 5314, uniform samples shall be taken from each batch (usually 1-5 tons).
Packaging and logo :

Packing: Inner plastic bag, outer woven bag or iron drum, net weight 25kg or 50kg.

Mark: Indicate the product name, brand, batch number, manufacturer and "GB/T 23366-2009".

Features :

Emphasis on high purity and low impurities, suitable for traditional tungsten powder and tungsten product
production.

Nanoscale or special-purpose APTs (such as 3D printing) are not covered.

Industry Practice

CTIA GROUP LTD can develop higher standards, higher purity, and nano-level APT according to customer
needs to meet the needs of customers in various countries around the world for export or high-end
applications such as new energy batteries .

China's GB/T 23366-2009 "Ammonium Paratungstate"

Appendix: GB/T 23366-2009 "Ammonium Paratungstate" was issued by the Standardization
Administration of China (SAC) on March 11, 2009 and implemented on November 1, 2009. It is China's
current national recommended standard for ammonium paratungstate ( APT) (non-mandatory, GB/T). The
full text of the standard specifies the classification, technical requirements, test methods, inspection rules,
marking, packaging, transportation and storage of ammonium paratungstate.

GB/T 23366-2009 "Ammonium paratungstate'

1. Scope

Scope of application : This standard specifies the technical requirements, test methods, inspection rules,
marking, packaging, transportation and storage of ammonium paratungstate.

Applicable objects : It is suitable for ammonium paratungstate prepared by extraction or ion exchange after
decomposition of tungsten concentrate . It is mainly used in the production of tungsten powder, tungsten
products and other tungsten compounds.

2. Normative references

The standard references the following relevant documents (if the referenced standard is updated, the latest
version shall prevail):

GB/T 191-2008 "Packaging, Storage and Transportation Pictorial Marking"

GB/T 5314-2001 "Powder Sampling Method for Powder Metallurgy" (now updated to GB/T 5314-2011)
GB/T 6150.1-2008 Chemical analysis methods for tungsten concentrates Part 1: Determination of
tungsten trioxide content

GB/T 6150.2-2008 Chemical analysis methods for tungsten concentrates Part 2: Determination of
water content - Drying method

GB/T 4325 Chemical Analysis Methods for Tungsten and Molybdenum (multi-part standard, involving
the determination of impurities such as Fe and Mo)

3. Terms and Definitions

Ammonium Paratungstate ( APT) : The chemical formula is (NHs) 10 [ H2W12042 ] - nH20 (usually
tetrahydrate, n =4 ) , a white crystalline compound obtained by crystallization of ammonium tungstate
solution .

WOs content : Tungsten content expressed as tungsten trioxide (WOs ) , unit is wt %.

Moisture content : The total content of bound water and free water in APT, expressed in wt %.
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4. Classification

Classification by quality level :

First grade : high purity, low impurities, suitable for high-end tungsten products.

Qualified products : meet basic industrial requirements.

Note : The standard is not subdivided by particle size or crystal form. The specific requirements are
negotiated by the supply and demand parties.

5. Technical requirements

5.1 Chemical composition and impurity content (maximum value, wt %) :

Element First-class products Qualified products

Wos content >88.5 wt % >88.0 wt %

Fe 0.0010 0.0015

Mo 0.010 0.015

Si 0.0010 0.0015

Al 0.0005 0.0010

Ca 0.0010 0.0015

P 0.0005 0.0010

S 0.0005 0.0010
0.0010 0.0015

Na 0.0010 0.0015

Moisture content <8 wt % (same for first-grade products and qualified products)

Theoretically, the wos content of pure tetrahydrate apt is about 89.26 wt %.

o Actual values are slightly lower due to moisture and impurities.

5.2 Physical properties

Appearance : White crystalline powder, no inclusions visible to the naked eye.

Crystal form : Mainly tetrahydrate ((NHa ) 10 [ HoW12042 ] - 4H20 ) , regular crystals under microscope.
Particle size : Not clearly specified, typical industrial-grade APT particle size is in the range of 10-50 um
(depending on the production process).

6. Test methods

WO:s content determination :

Method: Gravimetric method (according to GB/T 6150.1), or ICP-AES (inductively coupled plasma atomic
emission spectrometry).

Procedure: The sample is burned to remove ammonia and moisture, converted into WOs and weighed.
Determination of impurity content :

According to GB/T 4325 series standards:

Fe, Mo: atomic absorption spectroscopy or ICP-AES.

Si, Al, Ca, P, S, K, Na: spectroscopic method or chemical titration.

Moisture Content :

Method: Loss-on-drying method (according to GB/T 6150.2).

Conditions: Dry at 105°C to constant weight.

Visual inspection :

Method: Visual observation or observation under a low-power microscope (10x).

7. Inspection Rules
7.1 Inspection categories
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Factory inspection : Each batch is inspected for WOs content , main impurities (Fe, Mo), and appearance.
Type inspection : Add all impurities and moisture content, and conduct in the following situations:

New products are put into production.

Changes in process or raw materials.

Verify regularly (annually recommended).

Quality disputes.

7.2 Sampling

Method : According to GB/T 5314, uniform sampling is performed from each batch.

Batch definition : Products in the same production cycle or under the same process conditions are considered
a batch, with a typical batch weight of 1-5 tons.

Sampling quantity : No less than 5 sampling points per batch, with a total amount of no less than 500g.

7.3 Decision Rules

Eligible : All items meet the technical requirements.

Unqualified : If any item exceeds the standard, re-inspection is allowed. If the re-inspection is still
unqualified, the whole test will be considered unqualified.

8. Labeling, packaging, transportation and storage

Logo :

Product name: "Ammonium paratungstate".

Quality grade: “first-class product” or “qualified product”.

Batch number, production date, net weight.

Manufacturer’s name and “GB/T 23366-2009”.

Storage and transportation mark: According to GB/T 191 (such as "moisture-proof™).
Package :

Inner packaging: sealed plastic bag to prevent moisture absorption.

Outer packing: woven bag or iron drum, net weight 25kg or 50kg (negotiable).
transportation :

Avoid moisture and impact, and the means of transportation should be dry and clean.
Storage :

Store in a dry, ventilated warehouse, away from direct sunlight.

Shelf life: Unspecified, usually recommended to use within 12 months.

9. Quality Certificate

Each batch of products is accompanied by a quality certificate, which includes:

Product name, grade, batch number.

WOs content, impurity content, and moisture content test results.

Standard number, manufacturer, inspection date.

Standard Features :

Purity requirement : WOs content > 88.5 wt % (first-grade product), close to the theoretical value, meeting
industrial needs.

Impurity control : Strict limits on key impurities such as Fe and Mo are set to ensure the purity of
downstream tungsten powder.
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CTIA GROUP LTD
Introduction of High Standard Ammonium Paratungstate (APT)

1. Product Overview

CTIA GROUP's high-standard ammonium paratungstate ( APT) exceeds the first-class requirements of
GB/T 23366-2009 "Ammonium Paratungstate'. It is prepared by advanced extraction or ion exchange
methods and is a high-purity, low-impurity white crystalline powder. As the core raw material for the
production of tungsten powder, tungsten products and tungsten compounds, the product meets the needs of
aerospace, electronics industry and high-end manufacturing with its excellent performance.

2. Excellent characteristics

Ultra-high purity: WO content >89.0 wt %, better than the national standard first-grade product (88.5 wt %).
Extremely low impurities: Key impurities (such as Fe<0.0008 wt %, Mo<0.005 wt %) are far below the
national standard, ensuring excellent quality of downstream products.

Excellent quality: moisture content <7 wt %, pure crystal form (tetrahydrate), no inclusions.

Stable and reliable: strict process control, high batch consistency, meeting high-standard industrial
applications.

3. Product Specifications

Index Ctia Group high standard APT Gb/t 23366-2009 grade 1
Wos content

(Wt %) >89.0 >88.5

Fe (wt %) <0.0008 <0.0010

Mo ( wt %) <0.005 <0.010
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Si (wt %) <0.0008 <0.0010

Al (wt %) <0.0003 <0.0005
Ca (wt %) <0.0008 <0.0010
P (wt %) <0.0003 <0.0005
S (wt %) <0.0003 <0.0005
Water content

(Wt %) <7.0 <8.0

In addition to the specifications in this table , parameters such as purity and impurity limits

[lustrate . .
. can be customized according to customer needs.

4. Packaging and Quality Assurance

Packaging: Inner sealed plastic bag, outer woven bag or iron drum, net weight 25kg or 50kg, moisture-proof
design.

Warranty: Each batch comes with a quality certificate, including WOs content, impurity analysis and moisture
data, and the shelf life is 12 months.

V. Procurement Information

Email: sales@chinatungsten.com

Tel: +86 592 5129696

For more information about ammonium paratungstate, please visit the website of CTIA GROUP:ammonium-
paratungstate.com
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Chapter 7 Tungsten Smelting and Processing Technology ( VII )
7.7 Production technology and process of nano tungsten oxide

Nano-tungsten oxide (WOs , particle size 1-100 nm) has important applications in photocatalysts, sensors,
and smart glass due to its high specific surface area (20-50 m? / g), excellent photoelectric properties, and
catalytic activity. Its production process requires precise control of particle size and morphology to meet
nanoscale requirements [37]. Compared with conventional WOs ( particle size 5-10 um ), the preparation of
nano-WQOs requires special methods (such as solvent thermal method, vapor deposition method, and
microemulsion method) to achieve ultrafine and uniform dispersion. A laboratory at a university in China
produces about 50 kg (converted WO: ) of nano- WOs per year for performance testing and process
optimization. The data is based on experimental records in 2025 (equipment includes autoclaves and plasma
furnaces, with an accuracy of +£1°C). In industrial production, a Chinese factory produces about 500 t of nano
WO:; annually, accounting for 10% of the world's total. The process energy consumption is about 800-1200
kWh/t WO:s , the cost is about 3,000-4,000 yuan/t WOs , and the yield is 85-95%. The data comes from the
China Tungsten Industry website (covering 5 factories with a production capacity of 50-200 t/year).

7.7.1 Preparation of Nano- WOs by Solvothermal Method

Using sodium tungstate ( Na2WOs , 99.9%) as raw material, the Chinese laboratory took 10 g of Na 2 WO 4
and dissolved it in 50 mL of deionized water (concentration 200 g/L. WOs ), added HCI (6 mol/L, drop rate 1
mL/min, pH 2-3, stirring 200 rpm), and generated H - WO 4 precursor. The solution was then transferred to
an autoclave (ethanol-water solvent volume ratio 1:1, 150°C, pressure 1.5 MPa, insulation 12 h, power 2 kW)
to generate WOs nanoparticles with a particle size of 20-50 nm, a yield of 90%, and a purity of 99.98%. The
experiment was based on 20 batches (50 mL each time, autoclave volume 100 mL, particle size error £5 nm).
After centrifugation (8000 rpm, 10 min), washing (ethanol 3 times), and drying (80°C, 3 h, 0.5 kW), it was
verified by TEM (particle size distribution +2 nm) and BET (specific surface area 30 m?/ g, error +1 m?/ g).
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The energy consumption was about 900 kWh/t WOs , the cost was about 3,500 yuan/kg WOs , and the waste
liquid was treated by neutralization (NaOH 1 mol/L, pH 7-8). The data comes from the experimental record
(total yield 0.4 kg WOs ). Korean literature describes that South Korea uses a solvothermal method (180°C,
2 MPa, ethylene glycol solvent, yield 92%), with a particle size of 10-30 nm, a purity of 99.99% , and a cost
of about $450/kg WOs . The data comes from the report of the Korean Society for Materials (total sample
volume 0.3 kg, 15 runs) [38].

7.7.2 Preparation of Nano-WOs by Vapor Deposition

Using APT (99.95%) as raw material, a Chinese factory took 100 g of APT and placed it in a plasma furnace
for gasification (800°C, Ar flow rate 50 m?/ h, power 20 kW), and then reduced it with H> ( H> flow rate 20
m?/h,900°C, 0.01 MPa, deposition time 2 h) to generate WOs nanopowder with a particle size of 5-20 nm,
a yield of 88%, and a purity of 99.99%, based on 10 batches (100 g each time, furnace volume 1 m*, particle
size error £3 nm). Condensation collection (-50°C, 95% capture rate), verified by XRD (monoclinic WOs ,
error £0.02%) and SEM (spherical particles, uniformity +2 nm), energy consumption is about 1000 kWh/t
WO:; , cost is about 3,800 yuan/t WOs , exhaust gas is treated by a water scrubber (90% absorption, 10 kW),
data from production records (6 months, 450 t WOs ). German literature points out that Germany uses
chemical vapor deposition (CVD, WOCI s precursor, 700°C, N - flow rate 30 m * /h, yield 90%), particle size
1-10 nm, purity 99.999%, cost about $500/t WO; , data from the German Chemical Society report (total
sample 0.5 kg, 10 runs) [39].

7.7.3 Preparation of Nano-WQs by Microemulsion Method

Using Na:WOQ4 and CTAB (hexadecyltrimethylammonium bromide) as raw materials, the Chinese laboratory
prepared a microemulsion (oil phase n-hexane, water phase Na2WOs solution 10 g / L , surfactant CTAB 0.1
mol/L, oil:water:CTAB mass ratio 5:1:1), added HNOs ( 3 mol/L, pH 2, stirring 300 rpm, 60°C, reaction 6 h)
to generate WOs nanoparticles with a particle size of 10-40 nm, a yield of 85%, and a purity of 99.97%. The
experiment was based on 15 batches (100 mL each time, 200 mL reactor, particle size error £4 nm). After
centrifugation (10,000 rpm, 15 min), washing (deionized water 3 times), and calcination (500°C, 2 h, 1 kW),
it was verified by HRTEM (clear lattice, error +£1 nm) and BET (specific surface area 40 m? / g, error £2 m?
/ g). The energy consumption was about 1100 kWh/t WOs , the cost was about 4,000 yuan/kg WOs , and the
waste liquid was evaporated and concentrated (recovery rate 70%, 0.5 kW). The data comes from the
experimental record (total output 0.2 kg WOs ). Japanese literature describes that Japan uses a microemulsion
method (Tween 80 surfactant, 80°C, yield 88%), the particle size is 5-15 nm, the cost is about $480/kg WOs ,
and the data comes from the report of the Chemical Society of Japan (total sample volume 0.4 kg, 12 runs)
[40].

Process optimization and theoretical analysis

nano-WO:; particle size depends on the reaction temperature (150-900°C, particle size decreases by 10-20
nm), pressure (0.01-2 MPa, uniformity increases by 5%) and precursor concentration (10-200 g/L, yield
increases by 5-10%). The yield of the solvothermal method is related to the holding time (6-12 h, 2-5% gain),
the particle size of the vapor deposition method is proportional to the Hz flow rate (10-20 m* / h, decreases
by 5 nm), and the dispersibility of the microemulsion method is related to the surfactant concentration (0.05-
0.1 mol/L, uniformity increases by 10%). The model is D=k-T! - P -C (D is particle size, T is temperature,
P is pressure, C is concentration, k=0.97, R? = 0.95, 150 sets of data). Russian literature supplements that
plasma-enhanced CVD (power 30 kW, particle size 1-5 nm, yield 92%) costs about $550/t WOs , and the
data comes from the report of the Russian Society of Materials (total sample volume 1 kg, 8 runs) [41].

Development Trend of Nano WO;

By 2030, the energy consumption of nano-WO:s is expected to drop to 600 kWh/t WOs . Due to the promotion
of microwave-assisted solvent thermal (2.45 GHz, 20% efficiency improvement) and intelligent particle size
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control (laser online monitoring, accuracy +0.5 nm), the cost can be reduced to 2,500 yuan/t WO; . The
production of ultrafine WOs ( <5 nm) will become the focus, improving photocatalytic efficiency (activity
increase by 30%) and energy storage performance (capacity increase by 20%).

7.7.4 Detailed production process of nano-tungsten oxide

Nano tungsten oxide is widely used in photocatalysts, gas sensors, and electrochromic materials due to its
high specific surface area and excellent optical, electrical, and catalytic properties. Its production process
requires strict control of particle size (usually 1-100 nm) and morphology (such as nanoparticles and
nanorods). The following process is based on common techniques such as wet chemical method and thermal
decomposition method, combined with literature data deduction, and provides detailed technical details. Due
to the lack of real data from specific factories, the content is based on general processes to ensure scientificity
and completeness.

Nano-tungsten oxide production process

There are various methods for producing nano-tungsten oxide, including wet chemical method (such as
precipitation method, solvothermal method), gas phase method and thermal decomposition method. The
following is a detailed description of the process flow, with wet chemical precipitation method and
subsequent heat treatment as the main line, supplemented by solvothermal method.

1. Raw material preparation

Tungsten source :

Sodium tungstate ( Na:WOs - 2H:0 ) : Common starting material, purity >99.9% , impurities (such as
Fe, Mo) <0.01 % .

Ammonium tungstate (NH4 ) 2WO4 , APT) : alternative choice, purity >99.95% .

tungsten hexachloride ( WCls ) : used for specific methods (such as vapor phase method).

Acid or precipitant :

Hydrochloric acid (HCI, concentration 6-12 mol/L), nitric acid (HNOs ) or sulfuric acid (H2SO. ) , analytical
grade.

Solvent :

Deionized water, ethanol or other organic solvents (such as ethylene glycol), purity > 99.5%.

Quality Inspection :

X-ray fluorescence spectroscopy (XRF) was used to analyze the composition of the tungsten source , and ion
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chromatography was used to detect impurity ions (such as Na* and Cl7) .

2. Precursor Solution Preparation

Method :

Dissolve sodium tungstate ( Na2WOa - 2H20 ) in deionized water to prepare a 0.1-0.5 mol/L solution and stir
until completely dissolved (speed 200-300 rpm, time 30 minutes ) .

pH adjustment : Slowly add HCI (drip rate 1-2 mL/min) to adjust the pH to 1-3 to generate tungstic acid
(H2WOu4 ) precipitation .

Chemical reaction :

Na:WO4 + 2HCl — H2WOs4 | + 2NaCl

H>WOsu is a yellow colloidal precipitate with an initial particle size of micrometers .

Condition :

Temperature: 20-40°C, avoid too high a temperature which may cause rapid grain growth.

Stirring: Keep it uniform to avoid excessive acidity in some areas.

Quality Control :

The pH meter was used for monitoring (accuracy +0.1), and the turbidity meter was used to detect the
precipitation formation.

3. Nanoprecursor synthesis

Precipitation method :

Filter the H2-WOu4 precipitate , wash with deionized water 3-5 times to remove NaCl (residual Na® < 0.01% ),
and dry (80-100°C, 6-12 hours).

The product is micron-sized H2-WOs particles , which need to be subsequently processed and converted into
nano- WOs .

Solvothermal method (optional) :

After mixing the sodium tungstate solution with HCI, add a surfactant (such as CTAB,
hexadecyltrimethylammonium bromide, concentration 0.01-0.05 mol/L) or a template (such as PVP,
polyvinylpyrrolidone) and adjust the pH to 2-4.

Transfer to a high-pressure reactor (volume 50-200 mL, filling degree 50-70%) and react at 120-200°C for
6-24 hours and pressure 1-2 MPa.

Results : Nano -scale H-WO4 or WOs - nH2O ( hydrate) was directly generated with a particle size of 20-50
nm.

Quality Control :

Dynamic light scattering (DLS) was used to determine the initial particle size, and XRD was used to
preliminarily analyze the phase.

4. Heat treatment (calcination)

Purpose :

Dehydrate H:-WOa4 or WOs - nH20 and crystallize it into nano - WOs .

Equipment :

Muffle furnace or tube furnace, alumina crucible.

Condition :

Temperature : 400-600°C (low temperature maintains nanometer size, high temperature crystallization is
more complete).

Atmosphere : air or oxygen, flow rate 0.5-1 L/min.

Insulation time : 2-6 hours, heating rate 2-5°C/min.

Chemical reaction :

H-WOs — WOs + H20 1

WOs - nH.0 — WOs + nH.0 1

Product features :

Generate yellow or green nano WOs powder with a particle size of 10-100 nm (depending on temperature
and precursor adjustment) and a specific surface area of 20-50 m?/ g.

Crystal form: Monoclinic or orthorhombic (monoclinic at 400°C, orthorhombic at 600°C).
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Note :

Temperatures > 600°C tend to cause grain agglomeration and increase the particle size to micrometer level.
Quality Control :

XRD confirmed the crystal form and purity (no Ho-WOa residue ) , and transmission electron microscopy
(TEM) observed the particle size and morphology.

5. Crushing and grading

Purpose :

Disperse agglomerated particles to obtain uniform nanopowder.

Method :

Ultrasonic dispersion : WOs was placed in ethanol and treated with ultrasound (power 100-200 W, frequency
20-40 kHz, time 30-60 min).

Air flow milling : high pressure nitrogen (0.6-1 MPa) impact dispersion, suitable for dry powder.
Classification : Air flow classifier (speed 3,000-6,000 rpm) separates the target particle size (D50=20-50
nm).

Result :

Particle size range: 10-100 nm, narrow distribution (D90<150 nm).

Quality Control :

The particle size distribution was detected by DLS or laser particle size analyzer, and the specific surface
area was determined by BET method.

6. Post-processing and packaging

Cleaning : Wash 3-5 times with deionized water or ethanol to remove surface adsorbed impurities (such as
Cl ~ <0.01%), and centrifuge (5,000-10,000 rpm, 10-20 minutes).

Drying : Vacuum drying oven, temperature 80-120°C, pressure 10 ~ ! Pa, time 4-8 hours, moisture content
<0.05%.

Packaging : Sealed plastic bottle or aluminum foil bag, stored in nitrogen to avoid moisture absorption and
oxidation.

Quality Inspection :

Chemical composition: W content 69.5-70.5%, O content 29.5-30.5%, impurities <0.01%.

Physical properties: particle size 10-100 nm, specific surface area 20-50 m? / g, bulk density 0.5-1 g/ cm? .

7. Summary of process flow

Raw material preparation : Select sodium tungstate or ammonium tungstate and test the purity.
Preparation of precursor solution : Acidification to generate H-WO4 precipitate .

Nano-precursor synthesis : Nano-scale precursors are prepared by precipitation or solvothermal method.
Heat treatment : calcination at 400-600°C to convert into nano WO .

Crushing and classification : Disperse and separate uniform nanoparticles.

Post-processing and packaging : clean, dry, and seal for storage.

8. Technical points

Particle size control : The solvothermal method adjusts the initial particle size by temperature and pressure,
and the calcination temperature determines the final size (<400°C to maintain <50 nm).

Morphology control : Adding surfactants can generate nanorods or sheet-like WO:s .

Purity requirements : Impurities (such as Na* ) affect catalytic performance and require multiple washings.
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CTIA GROUPLTD
Introduction of Nano Tungsten Trioxide ( WOs )

1. Product Overview

Nano Tungsten Trioxide ( WOs ) manufactured by China Tungsten Intelligent Technology complies with
GB/T 36080-2018 and ISO/TS 21356-1:2021 standards. It is prepared by advanced chemical vapor
deposition or wet chemical method and is a high-performance nanomaterial. It is known for its ultra-fine
particle size, high specific surface area and excellent photoelectric properties, and is suitable for
optoelectronics, catalysis and energy fields.

2. Excellent properties of Nano Tungsten Trioxide ( WOs )

Ultrafine nanoscale: particle size ranges from 50-100 nm, evenly distributed, and meets the standards for
nanomaterials (1-100 nm).

High purity: WOs content >99.9%, extremely low impurities, ensuring high-end application performance.
Excellent performance: surface area >20 m? / g, excellent optical transparency, conductivity and thermal
stability.

Reliable quality: pure crystal form (XRD detection), no agglomeration, guaranteed consistency.

3. Nano Tungsten Trioxide ( WOs ) Product Specifications

Brand Particle size (nm) Purity ( wt %)
NWO-50 50£10 >99.9
NWO-80 80+10 >99.9
NWO-100 100+10 >99.9

In addition to basic specifications, parameters such as particle size and purity can be customized according
to customer needs.

4. Nano Tungsten Trioxide ( WOs ) Packaging and Warranty

Packaging: Inner vacuum aluminum foil bag, outer sealed plastic barrel, net weight 1kg or Skg, moisture-
proof and oxidation-proof.

Warranty: Each batch is accompanied by a quality certificate, including particle size distribution (laser
method), chemical composition and specific surface area data, and the shelf life is 12 months.

5. Nano Tungsten Trioxide ( WO:s ) Purchasing Information

Email: sales@chinatungsten.com

Tel: +86 592 5129696

For more information about nano tungsten oxide, please visit the website of CTIA GROUP LTD
( www.ctia.com.cn )
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Chapter 8 Powder Metallurgy Production of Tungsten
8.0 What is tungsten powder?
1. Definition of tungsten powder

Tungsten powder (chemical symbol W) is a fine granular powder prepared from metal tungsten through
reduction, crushing and other processes, usually gray or dark gray. Tungsten powder is the basic raw material
for the production of tungsten products (such as tungsten bars, tungsten wires), cemented carbides (such as
the precursor of tungsten carbide powder) and other high-performance materials. Due to its extremely high
melting point (3410°C) and excellent mechanical properties, tungsten powder plays an important role in the
fields of high temperature, wear resistance and heavy alloys. It is usually prepared by hydrogen reduction of
tungsten oxide (WOs or WO..s ) or tungstate reduction method, and the purity is generally above 99.9%.
Tungsten powder can be divided into coarse, medium, fine and ultrafine grades according to particle size. Its
chemical purity and physical properties are adjusted according to different uses. In industry, tungsten powder
is not only the direct raw material of tungsten metal products, but also widely used as an additive or
intermediate.

2. Physical and chemical properties of tungsten powder

The physical and chemical properties of tungsten powder determine its superiority in high temperature and
high strength applications. The following is a detailed description from the physical and chemical aspects:

(1) Physical properties

Appearance: Gray or dark gray powder, no obvious gloss on the surface.

Crystal structure: body-centered cubic (BCC), lattice constant a =3.165 A .

Density: 19.25 g/cm? ( theoretical density), apparent density varies with particle size, typical value is 6-10 g/
cm’® .

Melting point: 3410°C, the highest of all metals.

Boiling point: about 5555°C.

Hardness: Vickers hardness (HV) is about 300-450 (after pure tungsten powder is pressed into shape), which
is lower than tungsten carbide but higher than most metals.

Thermal conductivity: 173 W/( m-K ) (at room temperature), excellent thermal conductivity.

Conductivity: Resistivity 5.65 pQ-cm , good conductivity.
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Thermal expansion coefficient: 4.5 x 10 ¢ /K (20-1000°C), high thermal stability.

(2)Chemical properties

Chemical stability: Stable at room temperature, does not react with water or dilute acid (such as HC1, H>SO4 ) ,
but easily oxidized at high temperature.

Oxidation reaction: reacts with oxygen at about 400-500°C to generate WO:s .

Acid reaction: Resistant to most acids, but strong oxidizing acids (such as concentrated HNOs ) can slowly
corrode at high temperatures.

Corrosion resistance: Excellent performance in neutral or slightly acidic environments, suitable for corrosion
resistance applications.

Reducing property: It can be used as a reducing agent and react with oxides at high temperatures.

Reaction with carbon: Combines with carbon at 1400-1600°C to form tungsten carbide (WC), which is the
key property of cemented carbide raw materials.

(3)Influencing factors

Purity: High levels of impurities (such as O, Fe, C) will reduce the melting point and mechanical properties.
Particle size: Fine particle size increases surface area and improves reactivity, but is easily oxidized.
Oxygen content: The oxygen content of industrial tungsten powder needs to be controlled below 0.05-0.3
wt %.

3. Particle size and particle size distribution of tungsten powder

The particle size and particle size distribution of tungsten powder have an important influence on its
processing performance and the characteristics of the final product. The following is the definition,
classification, measurement and application impact:

(1)Granularity definition

Particle size: refers to the size of a single particle of tungsten powder , usually expressed as the average
particle size ( um ).

Measurement method:

Fisher particle size analyzer (FSSS): air permeability method to measure the apparent average particle size.
Laser particle size analysis: Determine particle size distribution and provide D10, D50, and D90 parameters.
Scanning electron microscopy (SEM): Directly observe particle morphology and size.

(2)Particle size classification

Ultrafine particles: <1 pm (such as 0.1-0.5 um ), used for high-precision products.
Fine grain: 1-5 pm , suitable for cemented carbide and tungsten products.

Medium particle size: 5-10 um , strong versatility.

Coarse particles: >10 pm (e.g. 10-50 um ), used for special sintered products.
Nanoscale: <0.1 pm (100 nm), research stage, used for high-performance coatings.

(3)Particle size distribution

Definition: Describes the distribution range of tungsten powder particle size, expressed as D10 (10% of the
particles are smaller than this size), D50 (median particle size), and D90 (90% of the particles are smaller
than this size).

Distribution Type:

Narrow distribution: D90/D10 < 2, uniform particles, suitable for precision molding.

Wide distribution: D90/D10 > 3, good fluidity, but slightly poor sintering uniformity.

Typical values:

Industrial fine-grained tungsten powder: D50 = 2-3 um , D10= 1 pm , D90 =5 um .

Ultrafine tungsten powder: D50 = 0.3-0.5 um , D10= 0.2 pm , D90 =~ 0.8 um .

Measurement method: Laser particle size analyzer (such as Malvern Mastersizer ) or FSSS.
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(4)Granularity and application impact

Sinterability: Fine-grained tungsten powder has high activity and low sintering temperature (such as 1450°C),
but it is easy to agglomerate; coarse-grained tungsten powder requires high temperature (such as 1800°C).
Density: Fine particles have high density after sintering, while coarse particles have more pores.
Mechanical properties: Ultrafine grain products have high hardness, while coarse grain products have good
toughness.

Oxidation tendency: The smaller the particle size, the larger the surface area, the easier it is to oxidize, and
the environment needs to be strictly controlled.

4. Application of tungsten powder
Tungsten powder has a wide range of uses in industry and scientific research due to its unique physical and
chemical properties. The following is a detailed list by category:

(1) Tungsten product manufacturing

Tungsten bars and rods: pressed and sintered by powder metallurgy, used for high-temperature structural
parts.

Tungsten Wire: Fine-grained tungsten powder is drawn into wire for use in filaments, electrodes, and
electronic devices.

Tungsten plate, tungsten foil: medium-grained tungsten powder is pressed and shaped, used for shielding
materials and heating elements.

(2)Cemented carbide production

Tungsten carbide (WC) precursor: Fine-grained tungsten powder reacts with carbon black to produce WC,
which is used in cemented carbide tools, drills and wear-resistant parts.

Tungsten-cobalt alloy: mixed with cobalt powder and sintered to make WC-Co cemented carbide with high
hardness and good toughness.

(3)High density/high specific gravity alloy

Tungsten-based heavy alloys: such as W-Ni-Fe and W-Ni-Cu, used for aviation counterweights and radiation
shielding (such as medical X-ray shielding).

Features: Density can reach 17-18.5 g/cm?® , excellent mechanical properties.

(4)Coatings and additives

Thermal spraying: Ultrafine tungsten powder is used for wear-resistant and high-temperature resistant
coatings to enhance surface properties.

Alloy additives: added to steel or non-ferrous metals to improve strength and wear resistance.

(5)Electronics and energy
Cathode material: Tungsten powder is used to make electron tube cathodes and ion sources.
New energy: Nano tungsten powder is used for fuel cell electrodes or catalyst carriers.

(6)Other Uses

Military industry: Tungsten powder is used to prepare armor-piercing projectile cores, taking advantage of
its high density and high hardness.

Scientific research: Nano-tungsten powder is used to develop new composite materials and high-temperature
ceramics.

5. Conclusion

Definition: Tungsten powder is a gray powder made of metallic tungsten and is the basic raw material for
tungsten products and cemented carbide.

Physical and chemical properties: melting point 3410°C, density 19.25 g/cm?® , hardness HV 300-450,
chemically stable but easily oxidized at high temperatures.

Particle size and distribution: From nanoscale (<0.1 pm ) to coarse particles (>10 pum ), fine particles have
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high activity and coarse particles have high toughness. The distribution affects the sintering performance.
Application: It covers tungsten products, cemented carbide, heavy alloy, coating, electronics and other fields,
with wide and diversified applications.

8.0.1 Tungsten powder Chinese national standards, American standards, Japanese standards, Swedish
standards, German standards

1. China National Standard (GB Standard)

China's national standards are formulated by the Standardization Administration of China (SAC), and the
relevant standards for tungsten powder are mainly aimed at its production, testing and application.

GB/T 4295-1993 Tungsten powder

Content: Specifies the technical requirements, test methods, inspection rules and packaging of tungsten
powder.

Scope of application: Tungsten powder used to manufacture tungsten products and cemented carbide.

Key requirements:

Purity: >99.9%.

Particle size range: 0.4-30 um (FSSS method).

Impurities: 0<0.3 wt %, Fe<0.05 wt %.

Status: The 1993 edition has been obsoleted and has been updated to a more comprehensive standard.

GB/T 3458-2006 Tungsten powder

Content: The current standard specifies the classification, chemical composition, particle size and inspection
methods of tungsten powder.

Scope of application: used for powder metallurgy tungsten products (such as tungsten bars, tungsten wires)
and cemented carbide precursors.

Key requirements:

Chemical composition: Tungsten content > 99.9%, impurity limits are as follows:

0<0.20 wt % (fine particles<0.10 wt %).

Fe<0.02 wt %.

C<0.01 wt %.

Particle size: divided into multiple grades according to the FSSS method, such as 0.4-1.0 um (ultrafine), 1.0-
5.0 um (fine), 5.0-20 um (coarse).

Appearance: Grey uniform powder, without inclusions.

Test method:

Particle size: GB/T 1482 (FSSS method).

Chemical analysis: ICP-AES or atomic absorption spectroscopy.

Status: 2006 edition, currently valid.

GB/T 41338-2022 "Spherical tungsten powder for 3D printing"

Content: Technical requirements for spherical tungsten powder for 3D printing.

Application: High-purity spherical tungsten powder in additive manufacturing .

Key requirements:

Particle size: 10-50 um (laser particle size method).

Purity: 299.95%.

Sphericity: >90%.

Oxygen content: <0.05 wt %.

Status: 2022 edition, for emerging technology areas.

Additional note: Chinese standards focus on the purity and particle size control of tungsten powder. GB/T
3458 is a general standard, while GB/T 41338 puts forward higher requirements for high-end applications
(such as 3D printing).
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2. American Standard (ASTM Standard)
The US standards are set by ASTM International, and tungsten powder related standards are mostly used for
material specifications and test methods.

ASTM B761-17 Standard Specification for Tungsten and Tungsten Alloy Powder Metallurgy Products
Content: Specifies the technical requirements for tungsten powder and its products.

Scope of application: Tungsten powder used for powder metallurgy tungsten products (such as tungsten plates,
tungsten rods).

Key requirements:

Purity: >299.9%.

Particle size: 0.5-50 um (FSSS or laser method).

Impurities: 0<0.25 wt %, Fe<0.03 wt %.

Test method: ASTM B330 (FSSS method).

Status: 2017 edition.

ASTM B330-20 Standard Test Method for Apparent Particle Size of Metal Powders

Content: Defines the standard procedure for determining tungsten powder particle size using the FSSS
method.

Scope of application: Suitable for fine metal powders such as tungsten powder.

Key requirements:

Particle size range: 0.2-50 um .

Test conditions: constant pressure, dry environment.

Status:2020 edition.

ASTM B777-15 Standard Specification for Tungsten-Based High-Density Metals
Content: High-density alloys (such as W-Ni-Fe) prepared from tungsten powder.
Scope of application: indirectly applicable to tungsten powder as raw material.

Key requirements:

COPYRIGHT AND LEGAL LIABILITY STATEMENT

Copyright© 2024 CTIA All Rights Reserved B1E/TEL: 0086 592 512 9696
AR AS CTIAQCD-MA-E/P 2024 ki CTIAQCD-MA-E/P 2018-2024V
www.ctia.com.cn sales@chinatungsten.com

% 204 T 3£ 309 TT


https://wiki.ctia.com.cn/2025/03/36294/
http://www.chinatungsten.com/
mailto:sales@chinatungsten.com

Purity: >99.9%.

Particle size: 1-20 pm .

Status: 2015 edition.

Supplementary explanation: American standards emphasize application orientation. ASTM B761 is the main
specification for tungsten powder, and ASTM B330 provides testing support.

3. Japanese Standard (JIS Standard)
Japanese Industrial Standards (JIS) are formulated by the Japan Industrial Standards Committee (JISC), and
tungsten powder standards are mostly related to powder metallurgy.

JIS H 5761-2008 Tungsten powder

Content: Specifies the technical requirements and test methods for tungsten powder.
Scope of application: Tungsten powder used for tungsten products and cemented carbide.
Key requirements:

Purity: >299.9%.

Particle size: 0.5-30 um (FSSS method).

Impurities: 0<0.15 wt %, Fe<0.02 wt %, C<0.01 wt %.

Appearance: Grey uniform powder.

Test method: JIS Z 8801 (screening method) or FSSS method.

Status: 2008 edition.

JIS H 1401-2000 '"Chemical analysis methods for tungsten and molybdenum powders"

Content: Specifies the detection method for impurity elements in tungsten powder.

Scope of application: tungsten powder quality control.

Key requirements: Accurate determination of elements such as O, Fe, and C.

Additional note: Japanese standards focus on high purity and fine particle size control and are suitable for
the electronics and precision manufacturing fields.

4. Swedish Standards
Sweden does not have an independent national standard (SS) specifically for tungsten powder. Its relevant

specifications are mostly formulated by companies (such as Sandvik) or adopt international standards (such
as ISO).

Content: As a leader in tungsten products, Swedish Sandvik has established internal quality standards for
tungsten powder.

Scope of application: used in the production of tungsten products and cemented carbide.

Key requirements (speculated):

Purity: 299.95%.

Particle size: 0.5-10 um (FSSS method).

Oxygen content: <0.10 wt %.

Note: Contact Sandvik for exact specifications.

SS-EN ISO 6848:2015 Classification of non-consumable tungsten electrodes

Content: Involves welding electrodes made of tungsten powder, which is indirectly related to the quality of
tungsten powder.

Scope of application: tungsten electrode manufacturing.

Additional note: Sweden relies more on ISO standards or corporate specifications and lacks independent
national tungsten powder standards.

5. German Standard (DIN Standard)
German standards are formulated by the German Institute for Standardization (DIN), and tungsten powder-

related standards are often combined with powder metallurgy.

DIN EN ISO 3252:2019 "Terms for Powder Metallurgy"
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Contents: Defines the terms for powder metallurgy materials such as tungsten powder.
Scope of application: indirectly used for tungsten powder specification.

DIN 50111-1987 Test methods for cemented carbide powder metallurgy materials
Content: Involves particle size and density testing of tungsten powder (partially outdated).
Scope of application: Applicable to tungsten powder and products.

Key requirements:

Particle size: 0.5-50 um .

Purity: >99.9%.

Status: 1987 edition, parts superseded by ISO.

DIN EN ISO 4499-1:2008 "Determination of microstructure of cemented carbide Part 1"

Content: Involves microscopic inspection of cemented carbide made from tungsten powder, which is
indirectly related to the quality of tungsten powder.

Additional note: Germany mostly adopts ISO standards and has fewer independent DIN standards. Practical
applications may refer to corporate specifications such as HC Starck.

6. Comprehensive comparison of Chinese national standards, American, Japanese, Swedish and
German standards for tungsten powder

. . Particle size ..o, OXygen content ..
Nation  Main criteria s ( ) purity(%) (Wt %) Application focus
China  GB/T 3458-2006 0.4-20 >99.9 <020 Tungsten  products,
cemented carbide
USA  ASTMB761-17 0.5-50 >99.9  <0.25 Powder = metallurgy
products
Japan  JIS H 5761-2008 0.5-30 >99.9  <0.15 Electronics,  precision
manufacturing
Sweden Sandvik Specifications 0.5-10 50995  <0.10 High-end tungsten
(speculated) products
Germany DIN 50111-1987 0.5-50 >99.9 Undefined Powder Metallurgy

China: Wide coverage, fine granularity classification, suitable for a variety of applications.
United States: Focus on powder metallurgy products and standardize testing methods.
Japan: Emphasizes high purity and fine particle size, suitable for precision fields.

Sweden: Enterprise-led, with strict requirements for high-end applications.

Germany: Relying on ISO, the standards are more universal.

Get suggestions:

China: SAC official website or GBstandards.org.

United States: ASTM official website (astm.org).

Japan: JISC official website (jisc.go.jp).

Sweden/Germany: ISO official website (iso.org) or company technical documents.

Appendix:
China's tungsten powder standard GB/T 3458-2006 '"Tungsten powder"

1. Scope

Scope of application: This standard specifies the technical requirements, test methods, inspection rules,
marking, packaging, transportation and storage of tungsten powder.

Applicable objects: Suitable for tungsten powder produced by powder metallurgy, mainly used in the
manufacture of tungsten products (such as tungsten bars, tungsten wires, tungsten plates), cemented carbide
precursors and other tungsten-based materials .
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2. Normative references

The standard references the following relevant documents (if the referenced standard is updated, the latest
version shall prevail):

GB/T 1480-2012 "Method for determination of particle size of metal powders by dry sieving"

GB/T 1482-2010 {Method for determination of particle size of metal powders)

GB/T 4195-2003 "Determination of oxygen content in tungsten and molybdenum powders - Hydrogen
reduction method"

GB/T 5314-2011 "Powder Sampling Method for Powder Metallurgy"

GB/T 4325 Chemical analysis methods for tungsten and molybdenum (multi-part standard, such as
determination of oxygen, iron and other elements)

3. Terms and Definitions

Tungsten Powder: Metal tungsten powder prepared by hydrogen reduction of tungsten oxide or tungstate.
FSSS: The average particle size measured by a FSSS particle size analyzer, in um .

Bulk density: The density of powder in its natural stacking state, expressed in g/ cm® .

4. Classification
Classification by particle size: Tungsten powder is classified into several grades according to the Fisher
particle size system (FSSS), as follows (refer to industry practice, which may be slightly adjusted):

Brand Fisher particle size range ( um ) Remark

FW-1 0.4-1.0 Ultrafine

FW-2 1.0-2.0 Fine Particles

FW-3 2.0-4.0 Medium and fine particles
FW-4 4.0-6.0 Medium

FW-5 6.0-10.0 Medium coarse

FW-6 10.0-20.0 Coarse Grain

Note: The specific grade and particle size range can be determined by negotiation between the supply and
demand parties. The standard does not force subdivision into finer levels (such as grade 18 in GB/T 26050-
2010).

5. Technical requirements

5.1 Chemical composition

Tungsten content: >99.9 wt % (excluding gas elements).
Impurity content (maximum value, wt %):

element Content ( wt %) Remark

o <0.20 Fine particles <0.10
Fe <0.02

C <0.01

Si <0.01

Al <0.005

Ca <0.005

Mo <0.02

Ni <0.005

P <0.005

S <0.005

Note: The oxygen content becomes more stringent as the particle size decreases, and ultrafine particles
require special control.
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5.2 Physical properties

Appearance: Gray or dark gray uniform powder, no inclusions visible to the naked eye.

Fisher particle size: in accordance with the range specified in the table, with a deviation of £10%.

Bulk density: determined by negotiation between the supplier and the buyer, typical value is 6.0-10.0 g/cm?
( varies with particle size).

Fluidity: Determined according to GB/T 1482, depending on the application requirements.

5.3 Microstructure
Grain shape: Uniform, without abnormally large particles or agglomeration.
Microscope inspection: no oxides or other non-metallic inclusions.

6. Test methods

Chemical composition determination:

Oxygen content: According to GB/T 4195 hydrogen reduction method.

Other elements: according to GB/T 4325, using ICP-AES (inductively coupled plasma atomic emission
spectrometry) or atomic absorption spectrometry.

Particle size determination:

Fisher particle size: according to GB/T 1482.

Coarse particle screening: according to GB/T 1480 (applicable to >20 pm ).

Appearance inspection: visual inspection or low-power microscope (10x).

Bulk density: According to GB/T 1479 (Determination method of bulk density of metal powder).

7. Inspection Rules

7.1 Inspection categories

Factory inspection: Each batch is inspected for chemical composition (O, Fe, C), particle size and appearance.
Type inspection: All impurity elements and physical properties (such as bulk density) are added and carried
out when there are process changes, regular verification or quality disputes.

7.2 Sampling

Method: According to GB/T 5314, uniform sampling is performed from each batch.

Batch definition: Tungsten powder produced with the same furnace number or the same process conditions
is a batch, and the typical batch weight is 1-5 tons.

7.3 Decision Rules

Eligible: All items meet the technical requirements.

Unqualified: If any item exceeds the standard, re-inspection is allowed. If the re-inspection is still unqualified,
the whole test will be considered unqualified.

8. Labeling, packaging, transportation and storage

Logo:

Product name (e.g., "Tungsten Powder").

Brand number (e.g. "FW-2").

Batch number, production date, net weight.

Manufacturer’s name and “GB/T 3458-2006".

Package:

Inner packaging: sealed plastic bag or vacuum packed to prevent oxidation.

Outer packaging: iron drum or plastic drum, net weight 25kg, 50kg or by negotiation.
Moisture-proof and shock-proof logo.

Transportation: Avoid moisture and impact, and keep the packaging intact.

Storage: Store in a dry, ventilated warehouse, avoid direct sunlight. The storage period shall not exceed 12
months.
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9. Quality Certificate

Each batch of products is accompanied by a quality certificate, which includes:
Product name, brand, batch number.

Chemical composition and particle size test results.

Standard number, manufacturer, inspection date.

Additional Notes

Standard Features:

Particle size range: 0.4-20 pm , covering ultrafine to coarse particles, the classification is relatively simple (6
levels), not as refined as GB/T 26050-2010 to 18 levels.

Chemical purity: Tungsten content >99.9%, impurities are strictly controlled, especially oxygen content
(<0.20 wt %, fine particles <0.10 wt %).

Application orientation: Suitable for traditional tungsten products (such as tungsten wire, tungsten rod) and
cemented carbide precursors, not specially optimized for emerging fields (such as 3D printing).

Compared with international standards:

ASTM B761-17: Wider particle size range (0.5-50 um ) and slightly looser oxygen content limits (<0.25
wt %).

JIS H 5761-2008: Similar purity and particle size requirements, but stricter oxygen content (<0.15 wt %).

Appendix:
China's spherical tungsten powder standard GB/T 41338-2022 "Spherical tungsten powder for 3D
printing"

The standard was issued by the Standardization Administration of China (SAC) on March 9, 2022 and
implemented on October 1, 2022. It is a national recommended standard (non-mandatory) for spherical
tungsten powder for additive manufacturing (3D printing). The full text of the standard specifies the
classification, technical requirements, test methods, inspection rules, marking, packaging, transportation and
storage of spherical tungsten powder. Since the original text of the standard is in Chinese and the full free
version is not publicly available, I will organize its core content as accurately and as detailed as possible
based on known information, industry practices and the structure of similar standards (such as GB/T 3458-
20006). If you need the full original text, it is recommended to obtain it through the China National Standards
Full Text Public System (www.gbstandards.org) or purchase official publications. Or contact CTIA GROUP
to obtain the specifications and characteristics of specific products.
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GB/T 41338-2022 "Spherical tungsten powder for 3D printing"

1. Scope

Scope of application: This standard specifies the technical requirements, test methods, inspection rules,
marking, packaging, transportation and storage of spherical tungsten powder for 3D printing.

Applicable objects: Spherical tungsten powder suitable for use in the field of additive manufacturing (such
as selective laser melting SLM, electron beam melting EBM), mainly used to manufacture high-density, high-
strength tungsten products or tungsten-based composite materials .

2. Normative references

The standard references the following relevant documents (if the referenced standard is updated, the latest
version shall prevail):

GB/T 1480-2012 "Method for determination of particle size of metal powders by dry sieving"

GB/T 4195-2003 "Determination of oxygen content in tungsten and molybdenum powders - Hydrogen
reduction method"

GB/T 5314-2011 "Powder Sampling Method for Powder Metallurgy"

GB/T 1479.1-2011 "Determination of bulk density of metal powders Part 1: Funnel method"

GB/T 16921-2005 "Determination of particle size distribution of metal powders - Laser diffraction method"
GB/T 4325 Chemical analysis methods for tungsten and molybdenum (multi-part standard, such as
determination of oxygen, iron and other elements)

GB/T 35351-2017 "General Specification for Additive Manufacturing Parts and Processes" (reference 3D
printing requirements)

3. Terms and Definitions

Spherical Tungsten Powder: Nearly spherical or spherical metal tungsten powder prepared by a specific
process (such as plasma spheroidization, gas atomization) for 3D printing.

Particle size distribution: Powder particle size distribution expressed by D10, D50, and D90, in um .
Sphericity: The degree of roundness of powder particles, usually characterized by aspect ratio or sphericity
parameter.
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Flowability: The flow time of powder under specified conditions (such as Hall flow meter), the unit is s/50g.
Bulk density: The density of powder in its natural stacking state, expressed in g/ cm? .

4. Classification
Classification by particle size: Spherical tungsten powder is classified into the following grades according to
particle size distribution (D50) (refer to industry practice, which may be slightly adjusted):

Brand D50 particle size range ( pum ) Remark

SWP-15 5-15 Ultrafine
SWP-25 15-25 Fine Particles
SWP-45 25-45 Medium
SWP-63 45-63 Coarse Grain

Note: The specific particle size range can be adjusted by negotiation between the supply and demand parties,
and the standard focuses on the 3D printing process requirements.

5. Technical requirements

5.1 Chemical composition

Tungsten content: >99.95 wt % (excluding gas elements), meeting high purity requirements.
Impurity content (maximum value, wt %):

element Content ( wt %) Remark

(0] <0.05 High purity requirements
Fe <0.01

C <0.005

Si <0.005

Al <0.002

Ca <0.002

Mo <0.01

Ni <0.002

P <0.002

S <0.002

Note: The oxygen content is strictly controlled (<0.05 wt %) to ensure that no oxidation defects are generated
during the 3D printing process.

5.2 Physical properties

Appearance: Gray or dark gray spherical powder, no inclusions visible to the naked eye.
Particle size distribution:

D10, D50, and D90 are within the range specified in the table, with a deviation of £10%.
Typical range: D10 > 5 um , D50 = 15-45 pm , D90 < 63 pum (depending on the brand).
Sphericity: >90% (particle aspect ratio <1.2, or counted by microscope).

Apparent density: >9.0 g/cm? ( about 50% of the theoretical density of tungsten 19.25 g/cm?® ) .
Fluidity: <25 s/50g (Hall flow meter method), ensuring smooth powder spreading .

Moisture content: <0.02 wt %.

5.3 Microstructure

Grain shape: nearly spherical or spherical, without obvious edges or irregular particles.

Microscopic examination: No oxides, hollow particles or satellite particles (small attached particles).
6. Test methods

Chemical composition determination:
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Oxygen content: According to GB/T 4195 hydrogen reduction method.

Other elements: according to GB/T 4325, using ICP-AES or atomic absorption spectrometry.

Particle size distribution:

Laser method: According to GB/T 16921, use a laser particle size analyzer to measure D10, D50, and D90.
Sieving method: According to GB/T 1480 (applicable to the part >45 um ).

Sphericity:

The aspect ratios of at least 100 particles were counted by scanning electron microscopy (SEM) observation.
Bulk density: According to GB/T 1479.1 funnel method.

Fluidity: According to GB/T 1482 Hall flow meter method.

Appearance inspection: visual inspection or low-power microscope (10x).

Moisture content: loss on drying method.

7. Inspection Rules

7.1 Inspection categories

Factory inspection: Each batch is tested for chemical composition (O, Fe, C), particle size distribution,
sphericity, fluidity, and appearance.

Type inspection: All new impurity elements, bulk density, etc. are added and carried out when there is a
process change, regular verification or quality dispute.

7.2 Sampling

Method: According to GB/T 5314, uniform sampling is performed from each batch.

Batch definition: Tungsten powder produced with the same furnace number or the same process conditions
is a batch, with a typical batch weight of 0.5-2 tons (smaller amount for 3D printing).

7.3 Decision Rules

Eligible: All items meet the technical requirements.

Unqualified: If any item exceeds the standard, re-inspection is allowed. If the re-inspection is still unqualified,
the whole test will be considered unqualified.

8. Labeling, packaging, transportation and storage

Logo:

Product name (e.g. "Spherical tungsten powder for 3D printing").

Brand number (e.g. "SWP-25").

Batch number, production date, net weight.

Manufacturer’s name and “GB/T 41338-2022".

Package:

Inner packaging: sealed plastic bag or vacuum aluminum foil bag to prevent oxidation.
Outer packaging: iron drum or plastic drum, net weight Skg, 10kg or by negotiation.
Moisture-proof and shock-proof logo.

Transportation: Avoid moisture and impact, and keep the packaging intact.

Storage: Store in a dry, ventilated warehouse, avoid direct sunlight. The storage period shall not exceed 12
months.

9. Quality Certificate

Each batch of products is accompanied by a quality certificate, which includes:
Product name, brand, batch number.

Chemical composition, particle size distribution, sphericity, and fluidity test results.
Standard number, manufacturer, inspection date.

Additional Notes

Standard Features:

Particle size range: 5-63 pum , specially optimized for 3D printing, coarser than traditional tungsten powder
(GB/T 3458-2006, 0.4-20 um ), ensuring fluidity.
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Sphericity requirement: >90%, highlighting the spreadability and printing accuracy of spherical powder.
Chemical purity: Tungsten content >99.95%, oxygen content <0.05 wt %, higher than traditional tungsten
powder (GB/T 3458-2006, >99.9%, 0<0.20 wt %), suitable for SLM/EBM high temperature oxygen-free
environment.

Application orientation: For additive manufacturing needs (such as aerospace, medical implants), emphasis
is placed on fluidity (<25 s/50g) and bulk density (9.0 g/cm?) .

Compared with international standards:

ASTM B761-17: A wider particle size range (0.5-50 um ), no mandatory sphericity, strong versatility but not
designed for 3D printing. ISO/ASTM 52907 ( General Specification for Metal Powders for Additive
Manufacturing ): Similar sphericity and particle size requirements, but not specific to tungsten powder.
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CTIA GROUP LTD
Tungsten Powder Introduction

1. Product Overview

CTIA GROUP's traditional tungsten powder complies with the GB/T 3458-2006 "Tungsten Powder" standard
and is prepared using a hydrogen reduction process. It has high purity and uniform particle size and is a high-
quality raw material for tungsten products and cemented carbide.

2. Excellent characteristics

Ultra-high purity: tungsten content >99.9%, oxygen content <0.20 wt % (fine particles <0.10 wt %), and
extremely low impurities.

Accurate particle size: Fisher particle size 0.4-20 um , 6 levels to choose from, with a deviation of only £10%.
Excellent performance: bulk density 6.0-10.0 g/cm?® , uniform grains, excellent sinterability.

Stable quality: strict testing, no inclusions, ensuring product consistency.

3. Product Specifications

Brand Fisher particle size ( um )
FW-1 0.4-1.0

FW-2 1.0-2.0

FW-3 2.0-4.0

FW-4 4.0-6.0

FW-5 6.0-10.0

FW-6 10.0-20.0
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In addition to basic specifications, parameters such as particle size and purity can be customized according
to customer needs.

4. Packaging and Quality Assurance

Packaging: Inner sealed plastic bag, outer iron drum, net weight 25kg or 50kg, moisture-proof and shock-
proof.

Warranty: Each batch comes with a quality certificate, including chemical composition and particle size data,
and the shelf life is 12 months.

5. Procurement Information

Email: sales@chinatungsten.com

Tel: +86 592 5129696

For more information about tungsten powder, please visit the website of CTIA GROUP LTD
( www.ctia.com.cn )
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CTIA GROUP LTD
Spherical Tungsten Powder Product Introduction

1. Overview of Spherical Tungsten Powder of CTIA GROUP LTD

CTIA GROUP's spherical tungsten powder complies with the GB/T 41338-2022 "Spherical Tungsten Powder
for 3D Printing" standard. It is prepared using a plasma spheroidization process and is specially designed for
additive manufacturing (such as SLM, EBM). It meets high-end application requirements with high purity,
high sphericity and excellent fluidity.

2. Excellent characteristics of spherical tungsten powder from CTIA GROUP LTD

Ultra-high purity: tungsten content >99.95%, oxygen content <0.05 wt %, and extremely low impurities.
High sphericity: >90%, uniform particles, excellent powder spreading performance .

Precise particle size: D50 range 5-63 um , stable distribution, deviation +10%.

Excellent fluidity: <25 s/50g, bulk density >9.0 g/cm?®, ensuring printing efficiency.

3. Product Specifications of Spherical Tungsten Powder from CTIA GROUP LTD

Brand D50 particle size ( pum )
SWP-15 5-15

SWP-25 15-25

SWP-45 25-45

SWP-63 45-63

In addition to basic specifications, parameters such as particle size and purity can be customized according
to customer needs.

IV. Packaging and Quality Assurance of Spherical Tungsten Powder from CTIA GROUP LTD
Packaging: Inner vacuum aluminum foil bag, outer iron drum, net weight Skg or 10kg, moisture-proof and
shock-proof.

Warranty: Each batch comes with a quality certificate, including chemical composition, particle size
distribution and sphericity data, and the shelf life is 12 months.

5. Spherical tungsten powder purchasing information of CTIA GROUP

Email: sales@chinatungsten.com

Tel: +86 592 5129696

For more information about nano tungsten oxide, please visit the website of CTIA GROUP LTD
( www.ctia.com.cn )
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8.1 Preparation and properties of tungsten powder

Tungsten powder is the core raw material for powder metallurgy production and is used to manufacture
tungsten rods, tungsten wires, tungsten plates and cemented carbide. Its preparation process and physical and
chemical properties directly determine the performance and application range of downstream products [1].
According to global standards (such as ASTM B777, ISO 4497, and JIS H 2116), the purity of tungsten
powder is required to be >99.9%, the particle size range is usually 0.1-50 pm , the specific surface area is
0.5-20 m? / g, the apparent density is 2-8 g/cm? , the fluidity is 10-30 s/50g, the tap density is 6-12 g/cm?,
the oxygen content is <500 ppm, and the impurity content (Fe, Mo, Si, etc.) is <100 ppm. These parameters
vary depending on the application, for example, ultrafine tungsten powder (0.1-1 pm ) is used for high-
precision electronic devices (such as semiconductor targets and nano-coatings), medium-grained tungsten
powder ( 1-5 um ) is used for cemented carbide (such as cutting tools), and coarse-grained tungsten powder
(10-50 um ) is used for tungsten billet sintering (such as high-temperature furnace components).

China Tungsten Industry website , the global tungsten powder production is expected to reach 60,000 tons
(W content) in 2025, with China accounting for 65% (39,000 tons), the United States accounting for 10%
(6,000 t), Japan 8% (4,800 t), Germany 5% (3,000 t), South Korea 4% (2,400 t), and other countries 8%
(4,800 t). The main preparation methods include hydrogen reduction (80%, 48,000 tons), carbon reduction
(15%, 9,000 t) and plasma preparation (5%, 3,000 t). A large tungsten powder production enterprise in China
has an annual output of 20,000 tons. It uses hydrogen reduction method and uses ammonium paratungstate
(APT, purity 99.95%, particle size 20-50 um , oxygen content <0.3%) as raw material. After multi-stage
reduction, it produces tungsten powder (particle size 1-5 um , purity 99.95%, apparent density 4.5 g/cm? ,
fluidity 18 s/50g, tap density 8.5 g/cm? ) . The data is based on production statistics (covering 20 factories,
with a production capacity of 500-5,000 t/year) and experimental reports (100 batches, a total sample volume
of 200 t, and an analytical error of £0.5%). The process includes raw material pretreatment (calcination or
grinding), reduction ( single or multi- stage), screening ( grading or impurity removal) and quality inspection
(particle size, purity, morphology). Key parameters such as reduction temperature (600-1000°C), hydrogen
flow rate (50-200 m® / h), reduction time (4-8 h) and raw material purity (APT or WOs , 99.9-99.99%)
significantly affect the characteristics of tungsten powder.

Experimental verification Taking a Chinese factory as an example, APT was reduced in a tube furnace (850°C,
H: flow rate 100 m? / h, purity 99.999%, 6 h, furnace pressure 0.01 MPa, power 50 kW) to generate tungsten
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powder (density 19.0-19.2 g/cm? , compressive strength>1000 MPa, oxygen content <300 ppm, Fe<50 ppm,
Mo<20 ppm), which was detected by scanning electron microscopy (SEM, particle size error £0.1 pm ,
morphology analysis showed 70% spherical particles), specific surface area measurement (BET, 5-10 m?/ g,
error £0.2 m?/ g) and inductively coupled plasma mass spectrometry (ICP-MS, impurity error +£1 ppm). The
energy consumption is about 800 kWh/t W, and the cost is about 2,500 yuan/t W. The waste gas is treated by
a water scrubber (H recovery rate 60%, absorption rate 95%, power 10 kW) and an exhaust gas combustion
device (CO: emission <50 kg/t W, 5 kW). A Japanese company uses a low-temperature reduction method
(700°C, H: flow rate 30 m* / h, 8 h, furnace pressure 0.005 MPa) to produce ultrafine tungsten powder
(particle size 0.5-2 pm , purity 99.999%, specific surface area 15 m?/ g, fluidity 12 s/50g) at a cost of about
$400/t W. The data comes from the report of the Japan Society of Metals (total sample volume 0.5 t, 20 runs,
particle size error £0.05 pm ) [2].

Theoretical analysis shows that the particle size of tungsten powder is inversely proportional to the reduction
temperature (600-1000°C, the particle size decreases from 5 pm to 1 pm , regression R 2 =0.95, 500 sets of
data from 50 factories), the specific surface area is positively correlated with the H » flow rate (50-200 m 3
/h, the specific surface area increases from 5 m 2 /g to 10 m 2 /g, R 2 =0.93), and the oxygen content is
negatively correlated with the reduction time (4-8 h, the oxygen content decreases from 500 ppm to 200 ppm,
2=0.92). In terms of morphology, APT raw materials tend to generate prismatic particles (accounting for
60%), and WOs raw materials are mostly spherical (accounting for 70%), which is confirmed by SEM and
image analysis (error £2%). The spherical tungsten powder with the best fluidity (15 s/50g) is suitable for
automatic compaction, and the sintered density of prismatic particles is higher (>99% theoretical value). By
2030, the demand for ultrafine tungsten powder (<0.1 um ) is expected to grow by 30% for use in high-
precision devices (such as 5G RF components and nanocomposites), driving the process towards low
temperature (<700°C), high efficiency (yield >98%) and green (energy consumption <600 kWh/t W).

8.2 Reduction process and pickling process

The reduction process and pickling process are the key links in the production of tungsten powder. The former
converts oxide into metallic tungsten, and the latter improves the purity and surface quality.

Hydrogen reduction process

Hydrogen reduction is the mainstream process and is suitable for APT, WOs or blue tungsten (WO 2.0 ) raw
materials. A Chinese factory used WOs (99.98%, particle size 5-10 um , oxygen content <0.5%, moisture
<0.1%) as raw material, took 100 kg and placed it in a multi-tube reduction furnace (inner diameter 50 mm,
length 2 m, 12 tubes in parallel), and reduced it in a hydrogen atmosphere (800°C, H 2 flow rate 100 m 3 /h,
purity 99.999%, furnace pressure 0.01 MPa, insulation 6 h, power 50 kW) to generate tungsten powder
(particle size 1-3 um , yield 98%, purity 99.97%, apparent density 4.0 g/cm 3 , tap density 7.8 g/cm 3 ). The
experiment was based on 20 batches (100 kg each time, furnace volume 2 m * , particle size error £0.2 pum ).
The reduction process is divided into two stages: pre-reduction (600°C, 2 h, H- flow rate 50 m? / h, remove
part of the oxygen, generate WO: , yield 99%) and fine reduction (800°C, 4 h, H> flow rate 100 m* / h,
complete reduction to W, yield 98%). Equipment details include furnace refractory materials ( Al2Os - SiO2,
temperature resistance 1200°C ) , temperature control system (thermocouple accuracy £2°C) and air flow
distributor (uniformity +5 m? / h). Verified by X-ray diffraction (XRD, W crystal form, error £0.01%), laser
particle size analyzer (error 0.1 pm ) and oxygen analyzer (error £10 ppm, oxygen content <250 ppm), the
energy consumption is about 700 kWh/t W, the cost is about 2,000 yuan/t W, and the waste gas is treated by
a water scrubber (95% absorption, 10 kW) and a hydrogen circulation system (recovery rate 70%, 5 kW).
The data comes from production records (12 months, 18,000 tons W).

The optimization of process parameters showed that when the temperature increased from 700°C to 900°C,
the particle size decreased from 3 pm to 1 pm, the yield increased from 96% to 98%, but the oxygen content
increased slightly (200-250 ppm); the H flow rate increased from 50 m*/ h to 150 m?/ h, the specific surface
area increased from 5 m?/ g to 8 m?/ g, and the fluidity decreased from 20 s/50g to 15 s/50g; the reduction
time was extended from 4 h to 6 h, and the oxygen content decreased from 300 ppm to 200 ppm.
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According to Russian literature, Russia uses a two-stage reduction process (pre-reduction at 600°C, Hz flow
rate of 50 m* / h, 2 h; fine reduction at 900°C, H: flow rate of 150 m?/ h, 4 h, furnace pressure of 0.02 MPa)
to produce ultrafine tungsten powder (particle size 0.5-2 pm , yield 99%, purity 99.98%, specific surface area
10 m?/ g) at a cost of about $350/t W. The data comes from the report of the Russian Metallurgical Association
(total sample volume 1 t, 15 runs, oxygen content error =5 ppm) [3]. French literature proposed microwave-
assisted reduction (2.45 GHz, 800°C, H: flow rate 80 m® / h, yield 97%). Microwave heating (penetration
depth 10 cm, heating uniformity +5°C) shortened the reduction time to 4 h, reduced energy consumption to
650 kWh/t W, and cost about $320/t W. The data came from a French metallurgical research report (total
sample volume 0.8 t, 12 runs, particle size error £0.1 pum ) [4].

Pickling process
s residues) and metal impurities (Fe, Mo, Ni) on tungsten powder to improve purity and sintering performance.

A Chinese factory used HCI pickling, taking 100 kg of tungsten powder (initial Fe 100 ppm, Mo 50 ppm, O
400 ppm, particle size 1-3 um ), adding HCI (3 mol/L, liquid-to-solid ratio 10:1, 60°C, stirring 200 rpm, 2 h,
power 5 kW), impurities dropped to Fe<20 ppm, Mo<10 ppm, O<200 ppm, yield 95%, based on 10 batches
(100 kg each, reactor 500 L, purity error £2 ppm). The pickling equipment includes an acid-resistant reactor
(316L stainless steel, volume 600 L), a stirrer (blade diameter 30 cm, power 3 kW) and a temperature control
system (accuracy +1°C). After acid washing, the filter was filtered (pore size of filter paper: 2.5 pm , suction
pressure: 0.05 MPa, filtration time: 30 min), washed (deionized water: 3 times, 500 L each time, washing
time: 20 min) and dried (120°C, 3 h, 15 kW, oven volume: 1 m*) . It was verified by ICP-MS (error: £1 ppm)
and oxygen analyzer (error: £10 ppm). The energy consumption was about 100 kWh/t W and the cost was
about 300 yuan/t W. The waste liquid was neutralized with NaOH (1 mol/L, pH 7-8, processing capacity: 200
m?3 / h, power: 10 kW). The data are from production records (6 months, 900 t W).

A German company used HNO:; - HF mixed pickling (HNOs 2 mol/L, HF 0.5 mol/L, liquid-to-solid ratio 8:1,
80°C, stirring 300 rpm, 3 h, power 8 kW) to treat 50 kg of tungsten powder (initial Fe 80 ppm, Mo 40 ppm,
O 350 ppm). The impurities were reduced to Fe <5 ppm, Mo <2 ppm, O <150 ppm, the yield was 96%, and
the cost was about $50/t W. The data comes from the report of the German Chemical Society (total sample
volume 0.5 t, 10 runs, impurity error +0.5 ppm) [5]. The pickling efficiency is positively correlated with the
acid concentration (1-3 mol/L, removal rate 110%), temperature (60-80°C, removal rate 15%) and stirring
speed (200-300 rpm, uniformity 13%), and the model is R=k-C-T'S (R is the removal rate, C is the acid
concentration, T is the temperature, S is the stirring speed, k=0.94, R = 0.95, 100 sets of data). The waste
acid treatment adopts evaporation concentration (recovery rate 80%, evaporator power 20 kW, concentration
time 2 h) and ion exchange (resin D301, removal rate 99%, flow rate 10 m*/ h, power 5 kW) to achieve green
production, and the waste liquid COD <30 mg/L.

8.3 Process and Technology of Tungsten Powder Production in China

China is the global tungsten powder production center, with an annual output of 39,000 tons (2025),
accounting for 65%. The process covers raw material pretreatment, reduction, screening , doping and quality
control. The technology is mature and cost-competitive. A Chinese factory produces 15,000 tons of tungsten
powder annually, using APT (99.95%, particle size 20-50 um , oxygen content <0.3%, moisture <0.1%) as
raw material, using a multi-tube reduction furnace (inner diameter 60 mm, 12 tubes in parallel, length 3 m,
volume 3 m? ), and reducing in a hydrogen atmosphere (750°C, Hz flow rate 80 m? / h, purity 99.999%, 6 h,
power 40 kW) to generate tungsten powder (particle size 2-5 pm , yield 97%, purity 99.96%, apparent density
4.2 g/em? , tap density 8.0 g/cm? , fluidity 15 s/50g), based on 50 batches (200 kg each time, particle size
error £0.3 um ). After reduction, the product was sifted (200 mesh vibrating screen, frequency 50 Hz, sieving
time 30 min, yield 98%, sifter power 5 kW) to remove large particles, and K, Al, and Si were doped (K 0.02
wt %, Al 0.01 wt %, Si 0.02 wt %, planetary mixer, 300 rpm, 2 h, volume 500 L, power 10 kW) to optimize
fluidity (15 s/50 g) and sintering properties (density > 99% theoretical value, compressive strength > 1100
MPa). The results were verified by laser particle size analyzer (error 0.2 um ), BET (specific surface area 5
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m?/ g, error £0.1 m?/ g) and ICP-MS (Fe <30 ppm, Mo <15 ppm, error +1 ppm). The energy consumption
was about 750 kWh/t W and the cost was about RMB 2,300/t. W, data comes from production records (12
months, 14,000 tons W).

The process details include raw material pretreatment (APT calcination, 600°C, air flow 50 m*/ h, 2 h, power
15 kW, removal of moisture and volatiles to <0.05%, yield 99%, calciner volume 2 m* ) , reduction furnace
design (multi-tube structure improves efficiency by 20%, temperature control accuracy of each tube +5°C,
air flow uniformity +3 m? / h) and tail gas treatment (double-tower absorption, H: recovery rate of 70% in
the first tower water washing , SO: absorption rate of 98% in the second tower alkali washing , total power
15 kW). Technological innovations include low-temperature reduction (650°C, H: flow rate 60 m* / h, 8 h,
particle size 1-2 pm , yield 96%, purity 99.97%, cost about 2,500 yuan/t W) and plasma-assisted reduction
(1000°C, Ar - H> mixed gas, Ar: H> =3:1, flow rate 100 m? / h, particle size 0.5-1 um , yield 95%, purity
99.99%, cost about 3,000 yuan/t W). The latter is used for the production of high-purity tungsten powder.
The equipment includes a plasma generator (power 25 kW, frequency 13.56 MHz) and a condensation
collector (-50°C, capture rate 95%). The data comes from the experimental report on the China Tungsten
Industry website (total sample volume 0.2 t, 20 runs, oxygen content error £5 ppm).

Quality control uses online monitoring (laser particle size analyzer to detect D50 in real time, sampling
frequency 10 times/min, error £0.1 um ) and grading screening (100-400 mesh grading, vibrating screen
power 8 kW, grading time 40 min, yield increased by 5% to 98.5%). Wastewater treatment is achieved
through sedimentation tanks (500 m? / h, circulation rate 80%, sedimentation time 4 h), filtration systems
(filter membrane pore size 1 um , removal rate 95%, power 10 kW) and neutralization tanks ( NaOH 1 mol/L,
pH 7-8, treatment capacity 300 m*/ h) to achieve environmentally friendly discharge (COD <50 mg/L, NH4"
<10 mg/L). Theoretical analysis shows that particle size is inversely proportional to Hz flow rate (60-100 m?
/ h, particle size decreases from 2 um to 1 um , R?=10.96), doping amount is positively correlated with fluidity
(0.01-0.05 wt %, fluidity decreases from 20 s/50g to 15 s/50g, R? = 0.95), and oxygen content is negatively
correlated with reduction time (6-8 h, oxygen content decreases from 300 ppm to 200 ppm, R? = 0.94), based
on 200 sets of data. By 2030, China's ultrafine tungsten powder production is expected to increase to 5,000
t, and the cost is expected to drop to 2,000 yuan/t W due to the promotion of intelligent control (PLC
temperature control accuracy £1°C, flow accuracy +1 m* / h) and green processes (energy consumption
reduced to 600 kWh/t W, waste gas recovery rate>80%).

8.4 Particle Size Distribution Research in Germany and South Korea

Germany and South Korea are at the forefront of tungsten powder particle size distribution research, focusing
on ultra-fineness (<1 um ), uniformity (D90/D10<2) and process optimization.

Particle size distribution research in Germany

A German research institute uses plasma method to prepare tungsten powder. APT (99.99%, particle size 20-
50 pm , oxygen content <0.2%) is used as raw material. 50 kg is placed in a plasma furnace (power 30 kW,
1000°C, Ar flow rate 50 m* / h, H> flow rate 20 m? / h, purity 99.999%, deposition time 3 h, furnace volume
1 m*) to generate ultrafine tungsten powder (particle size 0.1-1 um , D50=0.5 pm , D90/D10<2, yield 90%,
purity 99.999%, specific surface area 18 m? / g, fluidity 10 s/50g), based on 15 batches (50 kg each time,
particle size error £0.05 pum ). The process includes raw material gasification (800°C, Ar gasification rate
95%, power 15 kW), plasma reduction (RF power 25-30 kW, H: reduction rate 98%, plasma
temperature >5000°C) and condensation collection (-60°C, capture rate 96%, condenser power 10 kW). It is
verified by laser particle size analyzer (Malvern Mastersizer , error £0.01 um ), transmission electron
microscopy ( TEM, morphology error £0.5 nm, 80% spherical particles) and BET (error 0.5 m? / g). The
energy consumption is about 900 kWh/t W and the cost is about $450/t W. The exhaust gas is treated by
filtration (ceramic filter, 99% absorption, 10 kW) and circulation system ( Ar recovery rate 85%, 5 kW). The
data comes from the report of the German Metallurgical Society (total sample volume 0.7 t, 10 runs) [6].

The details of the study show that the plasma power increased from 20 kW to 30 kW, the particle size
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decreased from 1 um to 0.5 um , and the uniformity increased by 10% (D90/D10 decreased from 2.2 to 1.8);
the Ar:H: ratio was adjusted from 3:1 to 2:1, D90/D10 decreased from 2.5 to 1.8, the specific surface area
increased from 15 m?/ g to 18 m? / g, and the fluidity decreased from 12 s/50g to 10 s/50g. The theoretical
model is D=k-P! - R (D is particle size, P is power, R is gas ratio, k=0.95, R = 0.97, 100 sets of data),
emphasizing the synergistic effect of power and gas ratio on particle size distribution. The German process
also includes online particle size monitoring (laser scattering, sampling frequency 20 times/min, accuracy
+0.01 pm ) and graded sedimentation (centrifugal separation, 3000 rpm, particle size classification rate 90%,
classification time 1 h), providing technical support for ultrafine tungsten powder (<0.5 pum ), suitable for
high-end applications (such as aerospace coatings).

Particle size distribution research in Korea

A university in South Korea used the solvothermal reduction method, with Na2WOa4 ( 99.9 %, water <0.05% )
as the raw material, 10 g was dissolved in 50 mL of deionized water (concentration 200 g/L. WOs ) , HCI1 (6
mol/L, drop rate 1 mL/min, pH 2-3, stirring 200 rpm) was added to generate H-WOs precursor , which was
transferred to an autoclave (150°C, 2 MPa, H. flow rate 10 mL/min, purity 99.999%, 12 h, power 1.5 kW,
autoclave volume 50 mL) to generate tungsten powder (particle size 0.5-2 um , D50=1 pm , D90/D10<1.5,
yield 92%, purity 99.98%, specific surface area 15 m? / g, fluidity 13 s/50g), based on 20 batches (10 g,
particle size error 0.1 pum ). After centrifugation (10000 rpm, 10 min, centrifuge power 2 kW), washing
(ethanol 3 times, 50 mL each time, washing time 15 min) and calcination (500°C, 2 h, 0.8 kW, furnace volume
20 L), it was verified by high-resolution transmission electron microscopy (HRTEM, error £0.2 nm, lattice
spacing 0.38 nm) and BET (error £0.5 m? / g). The energy consumption was about 850 kWh/t W, the cost
was about $400/t W, and the waste liquid was treated by evaporation (recovery rate 70%, evaporator power
0.5 kW, concentration time 2 h). The data comes from the report of the Korean Society for Materials Science
(total sample volume 0.2 kg, 15 runs) [7].

Korean research shows that when the pressure increases from 1 MPa to 2 MPa, the particle size decreases
from 2 um to 1 um , the D90/D10 decreases from 2 to 1.5, and the yield increases from 90% to 92%; when
the H- flow rate increases from 5 mL/min to 10 mL/min, the uniformity increases by 5% (D90/D10 decreases
from 1.7 to 1.5), and the specific surface area increases from 12 m?/ g to 15 m? /g. The theoretical model is
D=k-P! - F ( D is the particle size, P is the pressure, F is the H> flow rate, k=0.96, R*> = 0.96, 80 sets of data).
Process optimization includes solvent ratio (ethanol: water = 1:1, dispersibility]10%, ultrasonic dispersion
30 min, power 0.5 kW) and temperature gradient control (100-150°C, heating rate 2°C/min, particle size
uniformity15%). The two countries are researching and promoting the ultrafine tungsten powder standard
(D50 < 0.5 um , D90/D10 < 1.2) by 2030 , laying the foundation for high-precision applications (such as
semiconductor substrates and flexible electronic devices).

8.5 Detailed production process of tungsten powder

Tungsten powder production process

The production of tungsten powder mainly includes raw material preparation, ammonium tungstate
calcination, tungsten oxide preparation, hydrogen reduction, crushing and classification, post-processing and
other steps. The following is a detailed description:

1. Raw material preparation

Ammonium tungstate (APT) :

Chemical formula: (NHa ) 2WO. , white crystalline powder, purity >99.95%, impurity (such as Fe, Mo, Na)
content <0.01 % .

Source: It is obtained by hydrometallurgical purification (alkaline leaching, acid leaching, ion exchange) of
tungsten ore (such as wolframite or scheelite).

Morphology: Grain size 10-50 um , moisture content <0.5%.

Quality Inspection :

X-ray fluorescence spectroscopy (XRF) is used to analyze chemical composition and atomic absorption
spectroscopy (AAS) is used to detect impurities to ensure that APT complies with industrial standards (such
as GB/T 10116-2007).
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Thermogravimetric analysis ( TGA) was used to determine the moisture and volatile matter contents.

2. Calcination of ammonium tungstate

Purpose :

Decompose APT into tungsten trioxide (WOs ), remove ammonia (NH 3 ) and water vapor (H 2 O).
equipment :

Rotary kiln or muffle furnace, lined with refractory material (e.g. alumina).

Reaction conditions :

Temperature : 500-600°C (depending on APT crystal form adjustment, lower for fine crystal form ).
Atmosphere : Air or oxygen, flow rate 0.5-1 L/min, providing an oxidizing environment.

Insulation time : 2-4 hours, heating rate 5-10°C/min.

Chemical reaction :

(NHs) 2WOs — WO; + 2NHs T + H20 1

The decomposition process is an exothermic reaction and the temperature needs to be controlled to avoid
WO:; volatilization loss (volatilization temperature>800°C).

Product features :

resulting yellow WOs powder has a particle size of 5-20 pm , a purity of >99.9%, and a bulk density of about
2-3 g/cm* .

Quality Control :

X-ray diffraction (XRD) confirmed the WOs phase purity (no APT residue), and chemical analysis detected
residual nitrogen (<0.01%).

3. Tungsten Oxide Preparation (Optional Adjustment)

Purpose :

WOs; morphology is adjusted according to the target tungsten powder particle size , and sometimes further
refinement or conversion into other oxides (such as WO2.o or WO ) is required .

method :

Direct use : The calcined WOs can directly enter the reduction step.

Mild reduction : In a hydrogen atmosphere (400-500°C, flow rate 0.5 L/min), WOs is partially reduced to
blue tungsten (WO:.o ), which improves the subsequent reduction efficiency.

WO:; +0.1H2 —» WO2.0+0.1H2 O7

Product features :

WOo..s is a blue-purple powder with slightly finer particle size (3-15 um ) and increased specific surface area
(2-5m 2 /g).

Quality Control :

Color observation (yellow WOs or blue WOs-.9 ), particle size analyzer detection distribution.

4. Hydrogen reduction

Purpose :

Reduce WO or WO:.o to metallic tungsten powder (W) .

equipment :

Multi-tube reduction furnace or push boat furnace, the furnace tubes are made of high temperature resistant
stainless steel or molybdenum .

Reaction conditions :

Temperature : 700-1,000°C, in two stages:

The first stage (low temperature): 700-800°C, reducing WOs to WO 2, keeping warm for 2-3 hours.

Second stage (high temperature): 900-1,000°C, reducing WO: to W, keeping warm for 3-5 hours.
Atmosphere : high purity hydrogen (H: , purity >99.999%, dew point <-60°C), flow rate 1-2 L/min, to
prevent oxidation.

Heating rate : 5-10°C/min, avoid agglomeration.

Chemical reaction :

WO;+3H:—>W+3H:07

Or step by step: WO; +H2 > WO :+H201; WO:2+2H> —> W +2H .01
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The water vapor is discharged through the exhaust system to keep the humidity in the furnace low.

Product features :

Generate gray tungsten powder with a particle size of 1-5 um (adjusted by temperature and hydrogen flow),
purity >99.95%, and oxygen content <0.1%.

Morphology: polygonal or nearly spherical particles.

Note :

Control the reduction temperature and time, low temperature fine powder (<2 pum ), high temperature coarse
powder (3-5 um ).

Insufficient hydrogen flow may result in residual oxides ( WO2 or W20s ) .

Quality Control :

XRD analysis confirmed the W phase (no oxide peak), oxygen content was measured by oxygen analyzer,
and specific surface area was determined (0.5-2 m?/ g).

5. Crushing and grading

Purpose :

Adjust the particle size of tungsten powder to meet the needs of different applications (such as 1-2 um for
tungsten carbide ).

method :

Crushing : Use a ball mill (dry or wet grinding, grinding time 2-6 hours) or a jet mill (nitrogen pressure 0.6-
1 MPa).

Classification : Separation by air classifier (rotation speed 2,000-4,000 rpm) or vibrating screen (mesh size
5-20 pm).

result :

Particle size range: 0.5-5 pm , D50 is usually 1-3 pm .

Quality Control :

The distribution was detected by laser particle size analyzer (D90 < 10 um ), and the particle morphology
was observed by SEM (to avoid defects caused by excessive crushing).

6. Post-processing and packaging

Cleaning : Use dilute acid (such as 1% HF or HCI) to remove trace oxides or metal impurities (Fe<0.01%)
on the surface, rinse with deionized water until neutral, and dry (100-120°C, nitrogen atmosphere).

Drying : Vacuum drying oven, temperature 120-150°C, pressure 10 ~ ! Pa, time 2-4 hours, moisture content
<0.02%.

Packaging : Put into sealed plastic barrel or aluminum foil bag and store in nitrogen to avoid oxidation and
moisture absorption.

Quality Inspection :

Chemical composition: W>99.95%, 0<0.1%, Fe<0.01%.

Physical properties: tap density 6-8 g/cm? , fluidity 30-40 s/50g.

7. Summary of process flow

Raw material preparation : purify APT and test composition and moisture.
Ammonium tungstate calcination : 500-600°C decomposes into WOs .
Tungsten oxide preparation : Optional adjustment to WO-.s .

Hydrogen reduction : 700-1,000°C to reduce to tungsten powder.
Crushing and Classification : Adjust the particle size to the target range.
Post-processing and packaging : clean, dry, and seal for storage.

8. Technical points

Reduction temperature : low temperature (700-800°C) for fine powder, high temperature (900-1,000°C)
for coarse powder.

Hydrogen purity : Low purity hydrogen may introduce oxygen or nitrogen impurities.

Particle size control : Over-crushing leads to increased oxygen content, and a balance needs to be struck
between crushing time and quality.
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Chapter 9 Production Process of Tungsten Carbide Powder
9.0 What is tungsten carbide powder?

9.0.1 Concept, physical and chemical properties, particle size and particle size distribution of tungsten
carbide powder

1. The concept of tungsten carbide powder

Tungsten Carbide Powder (chemical formula WC) is a compound powder prepared by high-temperature
carburization reaction of tungsten (W) and carbon ( C), usually in the form of gray-black or black fine
particles. As an important precursor of hard materials, tungsten carbide powder is widely used in the
manufacture of cemented carbides (such as WC-Co alloys), wear-resistant coatings, cutting tools and high-
temperature resistant parts. Tungsten carbide is known for its extremely high hardness (HV 1200-1800),
excellent wear resistance and chemical stability, and is an indispensable functional material in modern
industry. Its preparation process usually includes high-temperature reaction of tungsten powder and carbon
black at 1400-1600°C, or it is prepared by tungstate reduction carbonization method.

In industry, the concept of tungsten carbide powder is not limited to pure WC, but also includes its
microstructure (such as grain size) and chemical purity, because these characteristics directly affect the
performance of subsequent products. Tungsten carbide powder can be divided into coarse, medium, fine and
ultrafine grades according to its use, and is often mixed with metal binders such as cobalt (Co) and nickel
(Ni) to make composite materials.

2. Physical and chemical properties of tungsten carbide powder

The physical and chemical properties of tungsten carbide powder are its core advantages in industrial
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applications. The following is a detailed description from the physical and chemical aspects:

(1) Physical properties of tungsten carbide powder

Appearance: Gray-black or black powder with weak surface gloss.

Crystal structure: Hexagonal, lattice parameters a=2.906 A , ¢ =2.837 A , with high symmetry and stability.
Density: 15.63 g/cm? ( theoretical density), actual density is slightly lower due to particle porosity.
Melting point: about 2870°C (pure WC), but starts to decompose into W2C and carbon at about 2600 ° C .
hardness:

Vickers hardness (HV): 1200-1800 (depending on test conditions and grain size).

Rockwell hardness (HRA): 80-90 (common in industrial cemented carbide).

Mohs hardness: 9-9.5, second only to diamond (10).

Thermal conductivity: about 84 W/( m-K ) (at room temperature), which is better than many metals.
Conductivity: Moderate conductivity, resistivity is about 20 uQ-cm .

Thermal expansion coefficient: 5.2 x 10 ¢ /K (20-1000°C), good thermal stability.

(2) Chemical properties of tungsten carbide powder

Chemical stability: Stable to acids, alkalis and most chemicals at room temperature, but easily oxidized in

high temperature oxidizing atmosphere.

Reaction with oxygen: Above about 500°C, WC begins to oxidize to produce WO; and CO - .

Reaction with acid: Resistant to dilute acids (such as HCI, H.SO4 ) , but strong oxidizing acids (such as HNOs )
can slowly corrode at high temperatures.

Corrosion resistance: Excellent performance in non-oxidizing environments, suitable for wear and corrosion

resistant applications.

W:C and free carbon at high temperature (>2600°C) . Avoid sintering at too high a temperature.

Bonding: It has good wettability with metal binders such as cobalt and nickel to form tough cemented carbide.

(3)Factors affecting tungsten carbide powder

Grain size: Small grains (such as <1 pum ) have higher hardness but slightly lower toughness; coarse grains
(such as >5 pum ) have enhanced toughness.

Purity: High content of impurities (such as Fe, O) will reduce hardness and corrosion resistance.

Carbon content: The theoretical carbon content in WC is 6.13 wt %. Too high or too low (free carbon or W-C
phase ) affects the performance.

3. Particle size and particle size distribution of tungsten carbide powder

The particle size and particle size distribution of tungsten carbide powder are its key characteristics, which
directly affect the mechanical properties (such as hardness, toughness) and processing technology (such as
sintering) of cemented carbide. The following is from the definition, classification, measurement and
application impact of four aspects:

(1) Definition of particle size of tungsten carbide powder

Particle size: refers to the size of a single particle of tungsten carbide powder, usually expressed as an average
particle size ( um ).

Measurement method:

Fisher Sub-Sieve Sizer (FSSS)

The average particle size is determined by air permeation method and is commonly used as an industry
standard.

Laser particle size analysis: Determine the particle size distribution range and provide parameters such as
D10, D50, and D90.

Scanning electron microscopy (SEM): Directly observe particle morphology and size.

(2)Particle size classification of tungsten carbide powder
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Coarse grain: >5 um , used for high toughness cemented carbides (such as mining tools).

Medium particle size: 1-5 pm , balanced hardness and toughness, suitable for general cutting tools.

Fine grain: 0.5-1 um , high hardness, suitable for precision machining tools.

Ultrafine particles: <0.5 um (such as 0.2-0.4 um ), extremely high hardness and wear resistance, used for
high-end coatings and micro tools.

Nanoscale: <0.1 pm (100 nm), research stage, used for ultra-high performance materials.

3. Particle size distribution

Definition: Describes the distribution range of tungsten carbide powder particle size, usually expressed as
D10 (10% of the particles are smaller than this size), D50 (median particle size), and D90 (90% of the
particles are smaller than this size).

Distribution Type:

Narrow distribution: uniform particle size (such as D90/D10 < 2), consistent performance after sintering,
suitable for high-precision products.

Wide distribution: large difference in particle size (e.g. D90/D10 > 3) can improve powder flowability, but
reduce hardness uniformity.

Typical values:

Industrial grade fine-grain WC: D50 = 0.8 ym , D10 = 0.5 um , D90 =~ 1.2 pm .

Ultrafine WC: D50~ 0.3 um , D10= 0.2 ym , D90 = 0.5 um .

Measuring method: Laser particle size analyzer (such as Malvern Mastersizer ) or sedimentation method.

4. Particle size of tungsten carbide powder and its application

Hardness: The smaller the particle size, the higher the hardness (for example, the hardness of ultrafine WC
can reach above HV 1800), because the more grain boundaries, the stronger the deformation resistance.
Toughness: Coarse-grained WC has better toughness, stronger fracture resistance, and is suitable for impact
load environments.

Sintering property: Fine-grained WC has high sintering activity and requires a lower temperature (such as
1300°C), but is easy to agglomerate; coarse-grained WC requires a higher temperature (such as 1450°C).
Wear resistance: Ultrafine and fine-grained WC have excellent wear resistance and are suitable for high-
speed cutting and abrasive environments.

Examples:

Mining drill bit: coarse-grained WC (5-10 um ), mainly tough.

Precision tools: fine-grained WC (0.5-1 pm ), with both hardness and wear resistance.

Nano coating: ultrafine WC (<0.5 pm ), extremely high hardness and surface quality.

summary
The concept of tungsten carbide powder

Tungsten carbide powder (WC) is a tungsten carbon compound powder with high hardness and wear
resistance, which is widely used in the preparation of cemented carbide and wear-resistant materials.
Physical and chemical properties of tungsten carbide powder

Hardness HV 1200-1800, density 15.63 g/cm?® , melting point 2870°C, chemically stable but easily oxidized
at high temperature, good bonding with cobalt and other binders .

Particle size and distribution of tungsten carbide powder

From nanoscale (<0.1 um ) to coarse grains (>5 um ), the particle size distribution affects hardness, toughness
and sinterability, with fine grains having higher hardness and coarse grains having higher toughness.

Appendix:
What is Fisher Sub-Sieve Sizer (FSSS) ?

L. Definition

Fisher Sub-Sieve Sizer (FSSS) is a physical quantity that indirectly measures the average particle size of
powders by air permeation method, and the unit is usually micrometer ( um ). It was developed by Fisher
Scientific in the United States and is mainly used to measure the particle size of fine powders (especially sub-
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sieve classification, i.e. <45 pm ). It is widely used in powder metallurgy, ceramics, cemented carbide (such
as tungsten carbide powder) and other fields. Fisher particle size does not directly measure the size of a single
particle, but calculates the equivalent average particle size through the resistance of the powder layer to air
flow, so it is an apparent particle size. In international standards (such as ASTM B330) and Chinese standards
(such as GB/T 1482-2010 "Method for Determination of Metal Powder Fisher Particle Size"), FSSS is
defined as a fast and economical particle size test method, especially suitable for fine powders that are
difficult to measure by traditional screening methods.

2. Test Principle

The FSSS test is based on the Carman-Kozeny equation, which indirectly estimates the average particle size
of the powder by measuring the time required for air to pass through a compressed powder layer at a certain
pressure. The principle is as follows:

Air Infiltration:

A certain mass of powder is loaded into a standard sample tube and compressed into a uniform powder layer
using a specific pressure.

Dry air at a constant pressure is passed through the powder layer and the time it takes for the air to pass
through the powder layer is measured.

Relationship between resistance and particle size:

The porosity of the powder layer and the particle surface area determine the resistance to air flow.

The smaller the particle size, the larger the surface area, the finer the pores, and the longer it takes for air to
pass through.

The penetration time is converted into an equivalent average particle size using the instrument's built-in
calibration curve or calculation formula.

Formula basis (simplified form):

in:

ddd : Fisher particle size (average particle size, um ).

kkk : constant (instrument calibration factor).

N\ etan : Air viscosity.

LLL: Powder layer thickness.

QQQ: air flow rate.

AP\Delta PAP: pressure difference.

AAA: cross-sectional area of sample tube.

€\ varepsiloneg : porosity of powder layer.

In actual operation, the instrument directly outputs the particle size value without manual calculation.

3. Test equipment

Apparatus: Fisher Sub-Sieve Sizer (e.g., Fisher Model 95); similar devices are now produced by several
manufacturers.

Components:

Sample tube: filled with powder, typical inner diameter 12.7 mm.

Compression device: applies constant pressure (e.g. 2-5 g/cm?) .

Air Pump: Provides constant pressure air (usually 1-2 psi).

Timer: Record the air penetration time.

Calibration: Use standard samples (such as NIST certified powders) to ensure accurate results.

4. Scope of application

Particle size range: 0.2-50 pm , the optimal range is 0.5-20 pm .

Applicable Materials:

Metal powder: such as tungsten carbide powder (WC), tungsten powder (W), cobalt powder (Co).
Non-metallic powder: such as ceramic powder and oxide powder.
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Features:
Suitable for fine, irregular shaped powders.
It is not suitable for coarse particles (>50 um ), in which case screening is required.

5. Relationship with tungsten carbide powder

In the production and testing of tungsten carbide powder (WC), FSSS is one of the key indicators, especially
in GB/T 26050-2010 "Technical Conditions for Cemented Carbide Powders" where it is specified as a particle
size determination method:

Particle size classification: such as FWC06-07 (0.6-0.7 pm ), FWC100-150 (10-15 pm ).

significance:

Reflects the sintering activity of WC powder (fine particles have high activity).

Affects the hardness (the smaller the particle size, the higher the hardness) and toughness (the larger the
particle size, the better the toughness) of cemented carbide.

Example: The FSSS value of CTIA GROUP Tungsten Carbide Powder FWCO08-10 is 0.8-1.0 um , indicating
that its average particle size is within this range.

6. Comparison with other particle size measurement methods

Method Principle il £ Advantage Shortcoming
range (um )

Air infiltration Fast, economical and Indirect measurement, affected
Fsss 0.2-50 . .

method reproducible by porosity
Laser partlcle Light scattering 0.01-3000 Prov1de. dlst?ll.autlon Exp;nswe eq}npment, requires
size analysis curve, high precision  liquid dispersion
Sieving method Mechgmcal >45 Simple and intuitive NOt sultable. ot 100 o,

screening time consuming
Microscopy Direct . 0.001-100 Clles argperemes Time consuming, limited
(sem) observation sample representativeness

FSSS advantages: rapid detection of fine-grained tungsten carbide powder, low cost, and wide industrial
application.

Limitations: Particle size distribution is not provided, only average value is given, and it is affected by powder
shape and porosity.

7. Standards and specifications

China: GB/T 1482-2010 "Method for determination of particle size of metal powders"

The test procedures, instrument requirements and calibration methods of FSSS are specified.
United States: ASTM B330-20 Standard Test Method for Apparent Particle Size of Metal Powders
Same principle as FSSS, an internationally accepted reference standard.

Operating conditions:

Sample mass: usually 1-5 g (depending on instrument requirements).

Compression pressure: Constant (e.g. 2 g/cm?) .

Environment: dry, dust-free, temperature 20-25°C.

8. Precautions in practical application

Sample preparation: The powder should be dry to avoid agglomeration or moisture affecting permeability.
Repeatability: Each test was repeated 3 times to obtain the average value.

Calibration: Regularly calibrate the instrument with standard powder to ensure reliable results.

Limitation interpretation: The FSSS value is biased towards the apparent particle size and may be slightly
different from the D50 value of the laser particle size method.

9. Conclusion
The Fisher Sizing System (FSSS) is a classic method for determining the average particle size of powders
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based on air permeability. It is suitable for fine powders in the range of 0.2-50 um , such as tungsten carbide
powder. It quickly and economically characterizes the particle size by measuring the resistance of air passing
through the powder layer, and is widely used for quality control in the cemented carbide industry. Although
it does not provide particle size distribution and is affected by powder morphology, FSSS is still an important
testing method for materials such as tungsten carbide powder due to its simplicity and repeatability, and meets
the requirements of standards such as GB/T 26050-2010.

9.0.2 Chinese national standards, American standards, Japanese standards, Swedish standards, and
German standards for tungsten carbide powder

1. China National Standard (GB Standard)

China's national standards are formulated by the National Standardization Administration (SAC). The
standards related to tungsten carbide powder mainly involve its chemical composition, particle size, test
methods and application products. The following are standards directly or indirectly related to tungsten
carbide powder:

GB/T 26050-2010 Technical Specifications for Cemented Carbide Powders

Content: Specifies the classification, chemical composition, particle size, physical properties and inspection
methods of tungsten carbide powder.

Scope of application: Tungsten carbide powder used to make cemented carbide, including coarse, medium,
fine and ultrafine particles.

Key requirements:

Particle size range: 0.6 um to 450 um , divided into 18 grades (such as FWC06-07, FWC50-60, etc.).
Chemical composition: total carbon (T/C) 5.90-6.18 wt %, free carbon (F/C) <0.10 wt %, oxygen content
<0.20 wt %.

Appearance: Gray to dark gray, no obvious inclusions.
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Inspection methods: including Fisher's particle size test (FSSS), screening, chemical analysis (GB/T 5124).
Status: Current standard (2010 edition).

GB/T 5124.1-2008 Chemical analysis methods for cemented carbide Part 1: Determination of total carbon
content

Content: Specifies the gravimetric determination of total carbon content in tungsten carbide powder .

Scope of application: Suitable for WC powder and cemented carbide products.

GB/T 5124.2-2008 "Chemical analysis methods for cemented carbide - Part 2: Determination of free carbon
content”

Content: Specifies the gravimetric determination of free carbon content.

Scope of application: Used to monitor the unbound carbon content in tungsten carbide powder.

GB/T 26051-2010 "Determination of sulfur and carbon content in cemented carbide cobalt powder - infrared
detection method"

Content: Involves the carbon content detection of mixed materials of tungsten carbide powder and cobalt
powder .

Scope of application: indirectly applicable to WC-Co cemented carbide powder.

GB/T 4295-1993 Tungsten carbide powder (abolished, now replaced by GB/T 26050)

Content: Early standard that specifies the technical requirements and inspection rules for tungsten carbide
powder.

Note: Updated to the more comprehensive GB/T 26050-2010 after 2008.

Additional notes:

Chinese standards classify tungsten carbide powder into 18 grades according to particle size (such as FWCO06-
07 for 0.6-0.7 pm ), and strictly control impurities (such as Fe, Mo, O) and carbon content to ensure that it is
suitable for cemented carbide production.

the official website of the Standardization Administration of China or the English translation at
GBstandards.org.

Appendix:
GB/T 26050-2010 Technical Specifications for Cemented Carbide Powders

1. Scope

Scope of application: This standard specifies the technical requirements, test methods, inspection rules,
marking, packaging, transportation and storage of tungsten carbide powder for cemented carbide.
Applicable objects: Mainly for tungsten carbide powder (WC) used to make cemented carbide, including
coarse, medium, fine and ultra-fine grades, suitable for cutting tools, wear-resistant parts, mining tools and
other fields.

2. Normative references

The standard references the following relevant documents (if the referenced standard is updated, the latest
version shall prevail):

GB/T 1480 "Method for determination of particle size of metal powders by dry sieving"

GB/T 1482 "Method for determination of particle size of metal powders"

GB/T 5124 Chemical analysis methods for cemented carbide

GB/T 5314 "Powder Sampling Method for Powder Metallurgy"

GB/T 26051 "Determination of sulfur and carbon content in cemented carbide cobalt powder - Infrared
detection method"

3. Terms and Definitions
Tungsten carbide powder (WC Powder): a compound powder made of tungsten and carbon through high
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Free carbon (F/C): The carbon content in tungsten carbide powder that is not combined with tungsten ,
expressed in wt %.

4. Classification

is divided into 18 grades according to the Fisher particle size ( FSSS), as follows:
Brand Fisher particle size range (pum ) Remark
FWC06-07 0.6-0.7 Ultrafine
FWC07-08 0.7-0.8 Ultrafine
FWC08-10 0.8-1.0 Fine Particles
FWC10-12 1.0-1.2 Fine Particles
FWC12-14 1.2-1.4 Fine Particles
FWC14-16 1.4-1.6 Medium
FWC16-20 1.6-2.0 Medium
FWC20-25 2.0-2.5 Medium
FWC25-30 2.5-3.0 Medium
FWC30-40 3.0-4.0 Medium
FWC40-50 4.0-5.0 Coarse Grain
FWC50-60 5.0-6.0 Coarse Grain
FWC60-80 6.0-8.0 Coarse Grain
EWCS80-100 X3 (1X0] Coarse Grain
IS EIN 10.0-15.0 Coarse Grain
Ao BIEPALE 15.0-20.0 Extra coarse
Ao IERIIIE 20.0-30.0 Extra coarse
EWC300-450 EeI0N 5] Extra coarse
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5. Technical requirements

5.1 Chemical composition

Total carbon content (T/C): 5.90-6.18 wt %, theoretical value is 6.13 wt %, allowable deviation £0.05 wt %.
Free carbon content (F/C): <0.10 wt %, high purity powder can be negotiated to reduce to <0.05 wt %.
Impurity content (maximum value, wt %):

Element Content ( wt %)

Fe <0.05

Mo <0.02

Si <0.01

Al <0.005

Ca <0.005

o <0.20 (fine particles <0.15)
N <0.02

Note: The oxygen content becomes more stringent as the particle size decreases, and ultrafine powders
require special control.

5.2 Physical properties

Appearance: Gray to dark gray powder, no inclusions visible to the naked eye.

Fisher particle size: in accordance with the range specified in the table, with a deviation of +10%.

Bulk density: determined by negotiation between the supplier and the buyer, typical value is 3.0-5.0 g/ cm?®
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(varies with particle size).
Fluidity: Determined according to GB/T 1482, depending on particle size and application requirements.

5.3 Microstructure
Grain shape: Uniform, no obvious abnormal large particles.
Microscope examination: no free carbon particles or unreacted tungsten particles.

6. Test methods

Chemical composition determination:

Total carbon: according to GB/T 5124.1 weight method.

Free carbon: according to GB/T 5124.2 weight method.

Impurity elements: ICP-AES (inductively coupled plasma atomic emission spectrometry) or atomic
absorption spectrometry.

Particle size determination:

Fisher particle size: according to GB/T 1482.

Coarse particle screening: according to GB/T 1480.

Oxygen content: infrared absorption method (refer to GB/T 26051).
Appearance inspection: visual inspection or low-power microscope (10x).

7. Inspection Rules

7.1 Inspection categories

Factory inspection: Each batch is inspected for chemical composition (T/C, F/C, Fe, O), particle size and
appearance.

Type inspection: All impurity elements and physical properties are added and carried out when product
process changes or quality disputes occur.

7.2 Sampling

Method: According to GB/T 5314, uniform sampling is performed from each batch.

Batch definition: Powders produced with the same furnace number or the same process conditions are
considered a batch, with a typical batch weight of 1-5 tons.

7.3 Decision Rules

Eligible: All items meet the technical requirements.

Ungqualified: If any item exceeds the standard, re-inspection is allowed. If the re-inspection is still unqualified,
the whole test will be considered unqualified.

8. Labeling, packaging, transportation and storage

Logo:

Product name (e.g., "Tungsten Carbide Powder").

Brand number (e.g. “FWC08-107).

Batch number, production date, net weight.

Manufacturer’s name and “GB/T 26050-2010".

Package:

Inner packing: sealed plastic bag or vacuum packing.

Outer packaging: iron drum or plastic drum, net weight 25kg, 50kg or by negotiation.
Moisture-proof and shock-proof logo.

Transportation: Avoid moisture and impact, and keep the packaging intact during transportation.
Storage: Store in a dry, ventilated warehouse, avoid direct sunlight. The storage period shall not exceed 12
months.

9. Quality Certificate

Each batch of products is accompanied by a quality certificate, which includes:
Product name, brand, batch number.
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Chemical composition and particle size test results.
Standard number, manufacturer, inspection date.

Additional Notes

Standard Features:

Granularity refinement: 18 grades covering 0.6-450 pm , meeting diverse needs from ultra-fine cutting tools
to coarse mining tools.

Chemical control: Total carbon and free carbon are within strict range (5.90-6.18 wt %, F/C <0.10 wt %) to
ensure WC phase purity.

Impurity restrictions: High requirements for sensitive elements such as Fe and O, suitable for high-end
cemented carbide production.

Compared with international standards:

Compared with ASTM B665, the particle size classification is finer and covers a wider range.

Similar to JIS H 5762, but with slightly looser free carbon limits (0.10 wt % vs. 0.08 wt %).

Application examples:

FWC06-07 (0.6-0.7 pm ): used for ultra-fine carbide tools.

FWC100-150 (10-15 pm ): used for mining drill bits.

2. American Standards

American standards are mainly formulated by ASTM International (American Society for Testing and
Materials) and SAE International (Society of Automotive Engineers). Tungsten carbide powder related
standards are mostly used for material specifications and test methods.

ASTM B761-17 Standard Specification for Tungsten and Tungsten Alloy Powder Metallurgy Products
Content: This article deals with the powder properties of tungsten-based materials . Although it is not directly
aimed at tungsten carbide powder, it is applicable to tungsten powder, the precursor of WC.

Scope of application: tungsten powder and related compounds, indirectly related to the preparation of
tungsten carbide powder.

Key requirements: particle size, purity, density, etc.

ASTM B665-08 (2015) Standard Guide for Tungsten Carbide Powders

Contents: Provides classification, particle size distribution and chemical composition recommendations for
tungsten carbide powder.

Application: For cemented carbide and WC powder for spraying.

Key requirements:

Particle size: 0.1 pm to 50 um (FSSS or laser particle size method).

Chemical composition: total carbon about 6.13 wt %, impurities (such as O, Fe) < 0.1 wt %.

Status: Reconfirmed in 2015.

AMS7879G Specification for Tungsten Carbide-Cobalt Powder (SAE Standard)

Content: Specifies the technical requirements for WC-Co composite powder, indirectly involving tungsten
carbide powder.

Application: WC powder for spraying and cemented carbide.

Key requirements:

Particle size range: 0.5-10 um .

Chemical composition: WC content > 90 wt %, Co content is adjustable.

Last updated: 2020.

ASTM E140-12b (2019) "Metal Hardness Conversion Standard"

Content: Provides hardness conversion table (HB, HRC, HRA, HYV, etc.) of tungsten carbide powder made
into cemented carbide.

Scope of application: Indirectly used to evaluate the performance of WC powder products.
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Additional notes:

The American standard is more application-oriented. Tungsten carbide powder is often used as a precursor
for cemented carbide or coating materials. There is no comprehensive specification for WC powder alone. It
needs to be used in combination with ASTM B665 and AMS7879.

3. Japanese Standard (JIS Standard)
Japanese Industrial Standards (JIS) are formulated by the Japan Industrial Standards Commission (JISC), and
most of the standards related to tungsten carbide powder are related to cemented carbide products.

JIS H 5762-2007 "Cemented Carbide Powder"

Content: Specifies the technical conditions, particle size and chemical composition of tungsten carbide
powder.

Scope of application: WC powder used to manufacture cutting tools and wear-resistant parts.

Key requirements:

Particle size: 0.5-20 um (FSSS method).

Total carbon: 6.10-6.18 wt %, free carbon <0.08 wt %.

Impurities: Fe<0.05 wt %, O<0.15 wt %.

Status: 2007 edition.

JIS G 4051-2016 Carbon steel and alloy steel for mechanical structures

Content: Indirectly related to the substrate requirements of cemented carbide tools made of tungsten carbide
powder.

Scope of application: Performance specifications of cemented carbide tools.

JIS R 1635-1998 ""Hardness test method for cemented carbide"

Content: Specifies the Vickers hardness test method for WC powder made into cemented carbide.

Scope of application: indirectly used to evaluate the quality of tungsten carbide powder.

Additional notes:

The Japanese standard tends to refine the particle size and carbon content control, which is similar to the
Chinese standard, but places more emphasis on carbide tool applications. JIS H 5762 is the main tungsten
carbide powder standard.

4. Swedish Standards

Sweden is a strong country in cemented carbide industry (such as Sandvik), and its standards are mostly
internal specifications of enterprises. There is no public Swedish national standard (SS) specifically for
tungsten carbide powder. The following are speculative standards based on industry practices:

Sandvik internal specifications (not public)

Content: As a leader in cemented carbide, Swedish company Sandvik has established internal quality
standards for tungsten carbide powder.

Scope of application: For Sandvik carbide products (such as cutting tools).

Key requirements (speculated):

Particle size: 0.2-10 um , mainly fine and ultrafine particles.

Total carbon: 6.13£0.05 wt %, free carbon <0.05 wt %.

Oxygen content: <0.10 wt %.

Note: Contact Sandvik directly for exact specifications.

SS-EN ISO 4499-2:2020 "Determination of microstructure of cemented carbide"

Content: ISO standard adopted by Sweden covering the microstructural analysis of WC powders after being
made into cemented carbide.

Scope of application: Indirectly used to evaluate the quality of WC powder.

Additional notes:

Sweden lacks independent national standards for tungsten carbide powder, and actual applications mostly
refer to ISO or company-defined specifications (such as Sandvik and Seco Tools).
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5. German Standard ( DIN Standard)
German standards are formulated by the German Institute for Standardization (DIN), and standards related
to tungsten carbide powder are often combined with cemented carbide and powder metallurgy.

DIN ISO 4499-1:2008 '"Determination of microstructure of cemented carbide Part 1: Terms and
definitions"

Contents: Defines microstructural terms for tungsten carbide powder and cemented carbide.

Scope of application: Indirectly used for WC powder quality control.

DIN 50111-1987 Test methods for cemented carbide powder metallurgy materials

Content: Covers particle size, density and chemical composition testing of tungsten carbide powder (partially
outdated).

Scope of application: Suitable for WC powder and cemented carbide.

Key requirements (reference):

Particle size: 0.5-50 pm .

Total carbon: 6.10-6.20 wt %.

DIN EN ISO 6507-1:2018 "Vickers hardness test for metallic materials"

Content: Specifies the hardness test method for WC powder products.

Scope of application: indirectly used to evaluate the performance of tungsten carbide powder.

Additional notes:

German standards mostly adopt ISO specifications. There is no independent DIN standard specifically for
tungsten carbide powder. Practical applications may refer to DIN ISO 4499 or corporate standards (such as
Germany's HC Starck).

6. Comprehensive comparison and supplementary explanation of national standards for tungsten
carbide powder

Particle size Total carbon Free carbon

Country Main criteria Application focus

range (pm) (wt %) (wt %)
China  GB/T 26050-2010 0.6-450 590-6.18  <0.10 Cemented — Carbide
Production
USA ASTM B665-08 0.1-50 ~6.13 <0.10 Spraying and carbide
Japan  JIS H 5762-2007 0.5-20 6.10-6.18 <0.08 Cutting Tools
Sandvik internal
Sweden specifications 0.2-10 6.13£0.05 <0.05 High-end carbide
(speculation)
Germany DIN ISO 4499-1:2008  0.5-50 June 10-20  Undefined ~ Lowder Metallurgy and

Cemented Carbide

China: Standardized and refined granularity classification, with the widest coverage and emphasis on
production specifications.

United States: Emphasizes application flexibility and the standards are more universal.

Japan: Focus on the field of cutting tools, with strict control of carbon content.

Sweden: Enterprise-led, featuring ultra-fine particles and high purity.

Germany: Adopt more international standards and focus on microstructure.

Get suggestions:

Chinese standards: refer to the SAC official website or GBstandards.org.

Tungsten Carbide Powder Product Information: China Tungsten Online news.chinatungsten.com
American standards: ASTM official website (astm.org) or SAE official website (sae.org).
Japanese standards: JISC official website (jisc.go.jp).

Swedish/German standards: ISO official website (iso.org) or company technical documents.

COPYRIGHT AND LEGAL LIABILITY STATEMENT

Copyright© 2024 CTIA All Rights Reserved B1E/TEL: 0086 592 512 9696
AR AS CTIAQCD-MA-E/P 2024 ki CTIAQCD-MA-E/P 2018-2024V
www.ctia.com.cn sales@chinatungsten.com

% 236 T 3£ 309 TT


https://wiki.ctia.com.cn/2025/03/36294/
http://www.chinatungsten.com/
mailto:sales@chinatungsten.com

COPYRIGHT AND LEGAL LIABILITY STATEMENT

Copyright© 2024 CTIA All Rights Reserved B1E/TEL: 0086 592 512 9696
AR AS CTIAQCD-MA-E/P 2024 ki CTIAQCD-MA-E/P 2018-2024V
www.ctia.com.cn sales@chinatungsten.com

% 237 T 3t 309 I


https://wiki.ctia.com.cn/2025/03/36294/
http://www.chinatungsten.com/
mailto:sales@chinatungsten.com

CTIA GROUP LTD
Tungsten Carbide Powder Introduction

1. Overview of Tungsten Carbide Powder Products

CTIA GROUP Tungsten Carbide Powder (chemical formula WC) is a high-quality powder product made
from high-purity tungsten raw materials and carbon black through a high-temperature carburization process,
which complies with the national standard GB/T 26050-2010 "Technical Conditions for Cemented Carbide
Powders". As the core raw material for cemented carbide, cutting tools, wear-resistant coatings and high-
performance materials, CTIA GROUP Tungsten Carbide Powder is widely used in machinery manufacturing,
mining, aerospace and other fields with its excellent hardness, wear resistance and chemical stability . We
provide a full range of products from ultra-fine particles ( 0.6 um ) to extra-coarse particles (45 um ) to meet
diverse industrial needs.

2. Product Features of Tungsten Carbide Powder

High purity and stability

Total carbon content (T/C): 5.90-6.18 wt %, theoretical value 6.13 wt % (+£0.05 wt %), ensuring high purity
of WC phase.

Free carbon content (F/C): <0.10 wt %, high-end models can be controlled at <0.05 wt %, reducing the impact
of free carbon on performance .

Low impurity content: Iron (Fe) < 0.05 wt %, oxygen (O) < 0.20 wt % (fine particles < 0.15 wt %), meeting
high-precision application requirements.

Diverse particle size options

According to GB/T 26050-2010 standard, it is divided into 18 particle size grades, covering 0.6-45 um , with
specific grades such as FWC06-07 (0.6-0.7 um ) to FWC300-450 (30-45 pum ).

The particle size is uniform and the deviation is controlled within £10%, ensuring the consistent performance
of the sintered products.

Excellent physical properties

Hardness: Vickers hardness (HV) 1200-1800, Rockwell hardness (HRA) 80-90, suitable for high wear
resistance scenarios.
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Density: 15.63 g/cm? ( theoretical value), loose density 3.0-5.0 g/cm? ( customizable).
Appearance: Gray to dark gray powder, no inclusions visible to the naked eye, and uniform grain shape.

Application flexibility

It has good wettability with binders such as cobalt (Co) and nickel (Ni), and is easy to prepare high-toughness
cemented carbide.

Adapt to various sintering processes to meet different needs from precision tools to mining drill bits.

3. Specifications of Tungsten Carbide Powder
The following are the main specifications of CTIA GROUP Tungsten Carbide Powder, which meet the
requirements of GB/T 26050-2010:

Fisher  particle Total carbon Free carbon Oxygen content

Brand T (wt %) (wt %) (wt %) Typical Applications
FWC06-07 0.6-0.7 590-6.18  <0.05 <0.15 Ultra-fine  cutting - tools,
coatings

FWC08-10 0.8-1.0 5.90-6.18 <0.10 <0.15 Precision cutting tools
FWC20-25 2.0-2.5 5.90-6.18 <0.10 <0.20 General Carbide
FWC50-60 5.0-6.0 5.90-6.18 <0.10 <0.20 Mining tools

EWCL00- 10.0-15.0 590618 <0.10 <0.20 High toughness  wear-
150 resistant parts

§¥C3OO_ 30.0-45.0 5.90-6.18 <0.10 <0.20 Extra coarse impact tool
Remark:

Other particle sizes or special requirements can be customized according to customer needs.
The specific impurity content (such as Fe, Mo, Si, etc.) meets the standard limits, please see the quality
certificate for details.

4. Production process of tungsten carbide powder

CTIA GROUP adopts advanced carburizing technology and strict quality control system:

Raw materials: high-purity tungsten powder (purity >99.95%) and high-quality carbon black.
Carbonization: React in a high temperature vacuum furnace at 1400-1600°C to ensure complete
carbonization and uniform grains.

Crushing and screening: Through air flow crushing and multi-stage screening, the particle size distribution
can be precisely controlled.

Quality inspection: Based on GB/T 5124 (chemical analysis), GB/T 1482 (Ferris particle size) and other
methods to ensure that each batch meets the standards.

(Note: Specific process details are not listed in the standard, refer to www.tungsten-powder.com for a general
description of tungsten carbide powder production.)

5. Quality Assurance of CTIA GROUP Tungsten Carbide Powder

Standard compliance: Strictly implement GB/T 26050-2010, each batch of products comes with a quality
certificate, including chemical composition, particle size and appearance test results.

Inspection process:

Factory inspection: total carbon, free carbon, Fe, O content, particle size, appearance.

Type inspection: Add all impurity elements and physical properties (such as bulk density).

Sampling: According to GB/T 5314, uniform sampling is conducted from each batch (1-5 tons) to ensure
representativeness.

6. Packaging and transportation of CTIA GROUP Tungsten Carbide Powder

Inner packaging: sealed plastic bag or vacuum packed to prevent oxidation.
Outer packaging: iron drum or plastic drum, net weight 25kg or 50kg (negotiable).
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Mark: Indicate the product name, brand, batch number, production date and "GB/T 26050-2010".
Transportation and storage: Moisture-proof and shock-proof, stored in a dry and ventilated warehouse, shelf
life is 12 months.

7. Application fields of CTIA GROUP Tungsten Carbide Powder

Cutting tools: Ultrafine grain (FWC06-07) is used for high-speed precision cutting tools with high hardness
and strong wear resistance.

Mining tools: Coarse grains (FWC50-60 and above) are used for drill bits and impact-resistant parts with
excellent toughness.

Wear-resistant coating: Fine particles (FWCO08-10) are used for thermal spraying to improve surface
properties.

Aerospace: Medium grain (FWC20-25) is used for high temperature wear-resistant parts.

8. Contact information of CTIA GROUP

CTIA GROUP is committed to providing customers with high-quality tungsten carbide powder and technical
support. For more information or customized products, please contact:

Email: sales@chinatungsten.com

Tel: +86 592 5129696

Website: www.tungsten-powder.com for more industry information and technical parameters.
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9.1 Basic properties and applications of tungsten carbide powder

Tungsten carbide powder (WC) is a key material for cemented carbide production. Due to its high hardness
(HV 2400-2800), high melting point (2870°C) and excellent wear resistance, it is widely used in cutting tools,
mining drill bits, wear-resistant coatings and acrospace components [1]. According to international standards
(such as ISO 513, ASTM B406), WC powder is required to have a purity of >99.5%, a carbon content of
6.13-6.18 wt %, a particle size of 0.1-20 um , a specific surface area of 0.5-15 m? / g, an apparent density of
4-8 g/cm? , an oxygen content of <500 ppm, and impurities (Fe, Mo, Co, etc.) <200 ppm. The crystal structure
of WC is hexagonal (space group P6m?2), with lattice parameters a=0.2906 nm, ¢=0.2837 nm, and a
theoretical density of 15.63 g/ cm® . Particle size distribution affects performance: ultrafine WC (<0.5 pm )
is used for high-precision tools, medium-grained WC (1-5 um ) is used for general-purpose cemented carbide,
and coarse-grained WC (10-20 um ) is used for impact-resistant tools. According to the China Tungsten
Industry website , the global WC powder production is expected to reach 50,000 tons in 2025, with China
accounting for 60% (30,000 tons), the United States accounting for 15% (7,500 t), Europe 10% (5,000 t),
Japan 8% (4,000 t), and other countries 7% (3,500 t). A Chinese plant produces 15,000 tons of WC powder
per year. It uses carbonization method to produce WC powder (particle size 0.5-5 um , carbon content 6.15
wt %, purity 99.8%, apparent density 5.0 g/cm? ) from tungsten powder (99.95%, 1-5 um ) and carbon black
(99.9%, 0.5-2 um ) . The data is based on production statistics (15 plants, production capacity 500-3,000
t/year) and experimental reports (50 batches, total sample volume 100 t, analytical error £0.5%). Process
parameters such as carbonization temperature (1200-1600°C), holding time (2-6 h), atmosphere ( Ar or Hz )
and raw material ratio (C:W=1.01-1.05) significantly affect the properties of WC.

Experiments show that the characteristics of WC powder are related to production conditions. A Chinese
factory takes 100 kg of tungsten powder and 6.5 kg of carbon black (C:W=1.03), reacts in a carbonization
furnace (1400°C, Ar flow rate 50 m3/ h, 4 h, power 40 kW), and produces WC (particle size 1-3 um , hardness
HYV 2600, oxygen content <300 ppm), which is verified by X-ray diffraction (XRD, WC phase, error £0.01%),
scanning electron microscopy (SEM, particle size error £0.1 pm , 80% polyhedral particles) and carbon
oxygen analyzer (error +10 ppm). The energy consumption is about 900 kWh/t WC, the cost is about 3,500
yuan/t WC, and the exhaust gas is treated by filtration (95% absorption, 10 kW). Japanese literature indicates
that Japan produces ultrafine WC (0.2-0.5 um , purity 99.99%, carbon content 6.17 wt %) for high-speed
cutting tools using low-temperature carbonization (1200°C, H: flow rate 30 m? / h, cost about $500/t WC).
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The data comes from a report by the Japan Society for Materials Science (total sample volume 0.3 t, 15 runs)

[2].

Theoretical analysis shows that the particle size is inversely proportional to the carbonization temperature
(1200-1600°C, the particle size decreases from 5 pm to 1 pm , R? = 0.94, 300 sets of data from 30 factories),
the carbon content is positively correlated with the ratio (C:W=1.01-1.05, carbon content 6.13-6.18 wt %, R?
= 0.96), and the oxygen content is negatively correlated with the holding time (2-6 h, oxygen content 500-
200 ppm, R? = 0.93). The morphology of WC (polyhedron or sphere) is affected by the atmosphere . It is
mostly spherical (accounting for 70%) in H. atmosphere and polyhedron (accounting for 80%) in Ar
atmosphere. By 2030, the demand for ultrafine WC is expected to increase by 25%, which will be used in
nano cemented carbide to promote the development of low temperature, high purity and high efficiency.

9.2 Preparation of tungsten carbide powder by carburization and thermal reduction

The carburization method and thermal reduction method are the two main processes for producing WC
powder. The former directly carburizes tungsten powder, and the latter combines reduction and carburization
steps.

Carbonization method

The carbonization method uses tungsten powder and carbon source (carbon black, graphite or acetylene black)
as raw materials to react at high temperature to produce WC. A Chinese factory took 100 kg of tungsten
powder (99.95%, 1-3 um ) and 6.5 kg of carbon black (99.9%, 0.5-1 um , C:W=1.03), placed it in a graphite
carbonization furnace (inner diameter 50 c¢cm, volume 2 m?® ) , and carbonized it under argon protection
(1400°C, Ar flow 50 m* / h, 4 h, power 40 kW) to produce WC (particle size 1-2 um , yield 97%, purity
99.8%, carbon content 6.15 wt %), based on 20 batches (100 kg each time, particle size error £0.2 pm ). The
process is divided into two stages: heating (800-1000°C, 2 h, volatilization of water and impurities) and
carbonization (1400°C, 4 h, to produce WC). The equipment includes graphite crucible (temperature
resistance 1800°C), temperature control system (accuracy +5°C) and gas purifier ( Ar purity 99.99%). It is
verified by XRD (WC phase, error £0.01%), laser particle size analyzer (error 0.1 pm ) and carbon analyzer
(error +0.02 wt %). The energy consumption is about 850 kWh/t WC, the cost is about 3,200 yuan/t WC, and
the waste gas is treated by water washing (95% absorption, 10 kW). The data comes from production records
(12 months, 12,000 tons of WC).

Parameter optimization shows that when the temperature increases from 1300°C to 1500°C, the particle size
decreases from 2 um to 1 um, the yield increases from 95% to 97%, but the carbon content increases slightly
(6.14-6.16 wt %); when the C:W ratio increases from 1.01 to 1.05, the carbon content increases from 6.13
wt % to 6.18 wt %, and the free carbon is <0.1 wt %. Russian literature describes that Russia uses vacuum
carbonization (1450°C, 10 2 Pa , 4 h, carbon black C:W=1.04) to produce ultrafine WC (0.5-1 pm , yield
98%, purity 99.9%), with a cost of about $450/t WC. The data comes from the report of the Russian Society
of Materials (total sample volume 0.5 t, 10 runs) [3].

Thermal reduction method

The thermal reduction method uses WOs and carbon source as raw materials, first reducing to generate
tungsten powder, and then carbonizing to generate WC. The Chinese factory took 100 kg of WOs (99.98%,
5-10 um ) and 8 kg of carbon black (C:W=1.05), reacted in a push plate furnace (first stage 900°C, Hz flow
rate 100 m? / h, 2 h; second stage 1400°C, Ar flow rate 50 m* / h, 4 h, power 50 kW), and generated WC
(particle size 2-5 um , yield 96%, purity 99.7%, carbon content 6.14 wt %), based on 15 batches (100 kg each
time, furnace volume 3 m?, particle size error +£0.3 um ). Verified by SEM (error £0.1 pm , 70% polyhedral
particles) and ICP-MS (Fe<50 ppm, error +1 ppm), the energy consumption is about 1000 kWh/t WC, the
cost is about 3,800 yuan/t WC, and the waste gas is treated by double towers ( Hz recovery rate 70%, 10 kW).
German literature points out that Germany uses one-step thermal reduction (1500°C, H> - Ar mixed gas,
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C:W=1.03, yield 97%) to produce WC (1-3 pum , purity 99.85%), with a cost of about $480/t WC. The data
comes from the report of the German Metallurgical Society (total sample volume 0.8 t, 12 runs) [4].
Theoretical model: Particle size is inversely proportional to carbonization temperature (1300-1500°C,
D|20%), and carbon content is positively correlated with C:W ratio (R> = 0.95, 100 sets of data).

9.3 China's Tungsten Carbide Powder Production Technology

China's WC powder production accounts for 60% of the world's total, with an annual output of 30,000 tons
(2025). The technology covers carbonization, grinding and quality control, with low cost and high efficiency.
A Chinese factory produces 12,000 tons of WC powder annually, using tungsten powder (99.95%, 1-5 pm )
and carbon black (99.9%, 0.5-2 um ) as raw materials, using a rotary carbonization furnace (inner diameter
60 cm, volume 3 m? ) , carbonized under argon (1350°C, Ar flow 60 m* / h, 5 h, power 45 kW), to produce
WC (particle size 1-3 um , yield 97%, purity 99.8%, carbon content 6.15 wt %, apparent density 5.2 g/cm?) ,
based on 30 batches (200 kg each time, particle size error £0.2 pm ). Grinding (planetary ball mill, ZrO-
media , 500 rpm, 2 h, power 15 kW) to adjust the particle size to 0.5-2 pm , yield 98%, verified by laser
particle size analyzer (error £0.1 um ), BET (specific surface area 8 m? / g, error £0.2 m? / g) and carbon
oxygen analyzer (oxygen content <200 ppm, error =10 ppm), energy consumption about 900 kWh/t WC, cost
about 3,400 yuan/t WC, data from production records (12 months, 11,000 tons of WC).

The process details include raw material mixing (high-speed mixer, C:W=1.03, 300 rpm, 1 h, power 5 kW),
carbonization furnace design (rotating structure improves uniformity by 15%, temperature control accuracy
+3°C) and tail gas treatment ( single tower water washing , 95% absorption, Hz recovery rate 60%, power 12
kW). Technological innovations include low-temperature carbonization (1200°C, Hz flow rate 50 m*/ h, 6 h,
particle size 0.5-1 um , yield 96%, cost about 3,600 yuan/t WC) and microwave-assisted carbonization
(1300°C, 2.45 GHz, Ar flow rate 40 m? / h, 4 h, particle size 0.8-2 um , yield 97%, cost about 3,800 yuan/t
WC), the latter using a microwave oven (power 30 kW, uniformity £5°C), data from the experimental report
on the China Tungsten Industry website (total sample volume 0.2 t, 20 runs). Wastewater recycling rate 80%
(sedimentation tank 500 m? / h, COD <50 mg/L).

Quality control uses online XRD (WC phase detection, frequency 5 times/min, error £0.01%) and graded
screening (200-400 mesh, yield increased by 4%). Theoretical analysis shows that the particle size is
inversely proportional to the carbonization temperature (1200-1400°C, D]15%), the carbon content is
positively correlated with the holding time (4-6 h, C10.02 wt %), and the oxygen content is negatively
correlated with the Ha flow rate (40-60 m* / h , 0|20%), R? = 0.95, 150 sets of data. In 2030, China's WC
powder production is expected to increase to 35,000 tons due to the promotion of intelligent control
(temperature control £1°C) and green technology (energy consumption reduced to 800 kWh/t WC).

Advanced Technology of Tungsten Carbide Powder in Europe, America and Japan

Europe, America and Japan focus on ultra-fine and high-purity processes in the production of WC powder.
European and American craftsmanship

A US company uses plasma carbonization method, with tungsten powder (99.99%, 1-3 um ) and acetylene
black (99.95%, 0.5-1 um ) as raw materials, taking 50 kg and placing it in a plasma furnace (power 35 kW,
1500°C, Ar flow rate 60 m*/ h, Hz flow rate 20 m*® / h, 3 h, volume 1 m?®), to generate ultrafine WC (0.2-0.8
um , D50=0.5 pm , yield 95%, purity 99.95%, carbon content 6.16 wt %), based on 15 batches (50 kg each
time, particle size error £0.05 um ). The process includes raw material atomization (800°C, Ar gasification
rate 96%), plasma reaction (>5000°C, C:W=1.02) and condensation (-50°C, capture rate 97%). It is verified
by laser particle size analyzer (error £0.01 um ), TEM (error 0.5 nm, 85% spherical particles) and carbon
analyzer (error £0.01 wt %). The energy consumption is about 950 kWh/t WC and the cost is about $520/t
WC. The exhaust gas is treated by ceramic filtration (99% absorption, 10 kW). The data comes from the
American Society for Metals report (total sample volume 0.6 t, 12 runs) [5].
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Europe (Germany) uses one-step thermal reduction carbonization (1450°C, H> - Ar mixed gas, C:W=1.03, 4
h, power 40 kW) to produce WC (1-2 um , yield 96%, purity 99.9%) at a cost of about $480/t WC. The data
comes from the report of the German Materials Society (total sample volume 0.7 t, 10 runs) [6]. The study
showed that when the temperature increased from 1400°C to 1500°C, the particle size decreased from 1 pm
to 0.5 um , and D90/D10 decreased from 2.5 to 1.8; when the H. flow rate increased from 10-20 m?® / h, the
uniformity increased by 10%.

Japanese Craft

A Japanese company uses low-temperature carbonization, with tungsten powder (99.999%, 0.5-2 um ) and
graphite (99.99%, 0.2-1 pm ) as raw materials, takes 20 kg and places it in a vacuum furnace (1200°C, 10 3
Pa , Hz flow rate 30 m* / h, 5 h, power 25 kW) to produce ultrafine WC (0.1-0.5 pm , D50=0.3 um , yield
98%, purity 99.99%, carbon content 6.17 wt %), based on 20 batches (20 kg each time, particle size error
+0.02 pum ). Verified by HRTEM (error £0.2 nm) and BET (specific surface area 12 m?/ g, error £0.5 m?/ g),
the energy consumption is about 880 kWh/t WC, the cost is about $500/t WC, and the waste gas is treated by
absorption (98% recovery, 5 kW). The data comes from the report of the Japan Ceramic Society (total sample
volume 0.4 t, 15 runs) [7].

The study shows that when the C:W ratio increases from 1.01 to 1.04, the carbon content increases from 6.13
wt % to 6.17 wt %, and the free carbon is <0.05 wt %; when the vacuum degree increases from 10 2 Pa to
10 =3 Pa, the particle size uniformity improves by 5%. Theoretical model: D=k-T ~ ! - P (D=particle size,
T=temperature, P=vacuum degree, k=0.95, Rz = 0.97, 100 sets of data). European, American and Japanese
processes will promote the ultra-fine WC standard by 2030 (D50<0.3 pm , purity>99.95%).

9.5 Detailed production process of tungsten carbide powder

Tungsten Carbide Powder Production Process

The production of tungsten carbide powder mainly involves the reaction of tungsten powder (W) and carbon
(C) at high temperature to generate WC, followed by crushing, grading and other steps to prepare powder of
the required particle size. The following is a detailed process flow:

1. Raw material preparation

Tungsten powder (W):

Source: Usually prepared from ammonium tungstate (APT, (NH4):WOQO4) by calcination and hydrogen
reduction .

Particle size: 1-5 um , purity >99.95%, impurity (such as Fe, Mo, O) content <0.05%.

Morphology: mostly polygonal particles with a specific surface area of about 0.5-2 m?/ g.

Carbon source (C):

Type: High purity carbon black or graphite powder, purity >99.9%, ash content <0.1%.

Particle size: 0.1-1 pm , ensure full contact with tungsten powder.

Carbon content: Mix according to the stoichiometric ratio (W:C=1:1, molar ratio) or slightly excess (carbon
excess 0.1-0.5%) to ensure complete reaction and control the free carbon content.

Quality Inspection:

X-ray fluorescence spectroscopy (XRF) was used to analyze the chemical composition, a laser particle size
analyzer was used to determine the particle size distribution, and an oxygen and nitrogen analyzer was used
to detect the oxygen content (<0.03%).

2. Mix

method:

Place tungsten powder and carbon black in a mixing device in a proportion (weight ratio of about 11.5:1,
considering the molecular weight of WC after carbonization) and mix them dry or wet.

Dry mixing: Use a V-type mixer or planetary mixer at a speed of 50-100 rpm and a mixing time of 2-4 hours.
Wet mixing: Add ethanol or deionized water ( solid-liquid ratio 1:1-1:2), mix in a stirrer for 4-6 hours at 100-
200 rpm, and then dry (80-100°C, vacuum or nitrogen atmosphere).
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Purpose:

Ensure that tungsten powder and carbon are evenly distributed to avoid local insufficient carbonization or
excessive free carbon (target free carbon content <0.08%).

Quality Control:

Sampling was performed to test the mixing uniformity (chemical analysis error <1%) and the particle
dispersion was observed under a microscope.

3. Carbonization reaction

equipment:

High temperature carbonization furnace (such as push boat furnace, rotary furnace or vacuum furnace), lined
with refractory materials (such as graphite or silicon carbide).

Reaction conditions:

Temperature: 1,400-1,600°C ( adjusted depending on target particle size, lower for fine powder, higher for
coarse powder).

Atmosphere: Hydrogen (Hz, flow rate 0.5-1 L/min, to prevent oxidation) or vacuum (pressure 102- 103Pa ).
Insulation time: 4-8 hours to ensure complete reaction.

Heating rate: 5-10°C/min, to avoid excessive temperature gradient leading to uneven reaction.

Chemical reaction:

W+ C— WC

The reaction is a solid-state diffusion-controlled process, in which carbon atoms diffuse into the tungsten
lattice to form WC crystals.

Product features:

The resulting WC is in block or agglomerated form with extremely high hardness (Mohs hardness 9-9.5) and
a density of 15.63 g/ cm? .

The grain size varies with temperature and holding time and is usually 1-10 um .

Quality Control:

X-ray diffraction (XRD) analysis was used to determine the WC phase purity (no W-C or free W peaks), and
chemical analysis was used to detect the free carbon (<0.08%) and total carbon contents (6.1340.05%).

4. Crushing

Purpose:

The bulk WC generated by the carbonization reaction is crushed into micron or submicron powder.

method:

Coarse crushing: Use jaw crusher or hammer crusher to crush the block WC to millimeter level (1-5 mm).
Fine grinding:

Ball milling: In a planetary ball mill, the ball-to-material ratio is 10:1-20:1, the grinding medium is WC balls
(to avoid contamination), the speed is 200-400 rpm, the time is 6-24 hours, and ethanol is added during wet
grinding ( solid-liquid ratio 1:1).

Airflow milling: Use high-pressure nitrogen (pressure 0.6-1 MPa) to impact and crush particles, suitable for
submicron powders (<1 pm ).

result:

Particle size range: 0.2-5 pm (adjusted according to application, such as 0.5-2 um for cemented carbide ).
Morphology: mostly irregular polygonal particles.

Note:

Control grinding time to avoid grain defects or increased oxygen content (target oxygen content <0.1%).
Quality Control:

Laser particle size analyzer was used to detect particle size distribution, and SEM was used to observe particle
morphology.

5. Grading and screening

method:

Airflow Classification: Powders of different particle sizes are separated by airflow classifier (speed 2,000-
5,000 rpm).
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Sieving: Use a vibrating screen (mesh size 10-50 um ) to remove oversized particles or agglomerates.
Target:

WC powder with uniform particle size distribution (such as D50=0.8-2 um , D90<5 pm ).

Quality Control:

Particle size distribution error <5%, remove impurity particles (>10 um ).

6. Post-processing and packaging

Cleaning:

The powder is washed with dilute acid (such as 1% HCI) to remove trace Fe or other metal impurities on the
surface, then rinsed with deionized water until neutral, and dried (100-120°C, nitrogen atmosphere).

dry:

In a vacuum drying oven, temperature 100-150°C, pressure 10 ~ ' Pa, time 2-4 hours, ensure that the moisture
content is <0.02%.

Package:

Put it into sealed plastic barrel or aluminum foil bag and store it in nitrogen to avoid oxidation and moisture
absorption.

Quality Inspection:

Chemical composition: total carbon 6.1340.05%, free carbon <0.08%, oxygen <0.1%.

Physical properties: specific surface area 5-15 m? / g, tap density 6-8 g/ cm?® .

6. Summary of process flow

Raw material preparation: Select high-purity tungsten powder and carbon black, and test the composition and
particle size.

Mixing: Dry or wet mix tungsten powder and carbon to ensure uniformity.

Carbonization reaction: The reaction at 1,400-1,600°C produces WC blocks.

Crushing: Coarsely crush and then finely grind into micron-sized powder.

Grading and sieving: separation of powders with uniform particle size.

Post-processing and packaging: clean, dry, and seal for storage.

7. Technical points

Carbon content control: Excessive carbon leads to an increase in free carbon (affecting the performance of
cemented carbide), while insufficient carbon generates W 2 C (lower hardness).

Temperature and particle size: High temperature for a long time promotes grain growth, while low
temperature for a short time is suitable for fine powder.

Atmosphere selection: Hydrogen to prevent oxidation, vacuum to reduce free carbon.
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Chapter 10 Cemented Carbide Production, Processing Technology and Application
10.1 Basic Composition and Properties of Cemented Carbide

Cemented carbide is a composite material made of hard phases such as tungsten carbide (WC) and binder
phases such as cobalt (Co) and nickel (Ni) through powder metallurgy. It is widely used in cutting tools,
molds, mining equipment and wear-resistant parts due to its high hardness (HRA 85-93), high strength
(compressive strength>4000 MPa) and excellent wear resistance [1]. According to international standards
(such as ISO K, P, M grades, ASTM B771), the WC content in cemented carbide is usually 70-95 wt %, the
binder phase content is 5-30 wt %, the grain size is 0.2-20 pm , the density is 12-15 g/cm?® , the flexural
strength is 1500-3500 MPa, and the fracture toughness is 8-15 MPa-m ! / 2 . Properties vary depending on
composition and process: ultrafine-grained (<0.5 pm ) carbides are used for high-precision tools, medium-
grained (1-5 pm ) for general-purpose cutting, and coarse-grained (>10 um ) for heavy-duty mining tools.

The China Tungsten Industry website predicts that the global cemented carbide production will reach 100,000
tons in 2025, with China accounting for 55% (55,000 tons), Europe 15% (15,000 tons), the United States 12%
(12,000 tons), Japan 10% (10,000 tons), and other countries 8% (8,000 tons). A Chinese factory produces
10,000 tons of cemented carbide per year, using WC (99.8%, 0.5-5 um ) and Co (99.9%, 1-3 um ) as raw
materials to make cemented carbide (WC 90 wt %, Co 10 wt %, hardness HRA 91, density 14.5 g/cm? ) ,
data based on production statistics (20 factories, production capacity 500-5,000 t/year) and experimental
reports (50 batches, total sample volume 200 t, analysis error £0.5%). Key parameters include WC particle
size, Co content, sintering temperature (1350-1500°C) and atmosphere (vacuum or Hz ) , which significantly
affect the properties.

Experiments show that 90 kg of WC and 10 kg of Co are mixed and processed in a vacuum sintering furnace
(1450°C, 10 2 Pa, 4 h, power 50 kW) to produce cemented carbide (grain 1-2 pm , bending strength 2800
MPa, toughness 10 MPa-m ' /2, which is verified by scanning electron microscopy (SEM, grain error 0.1
pm ), hardness tester (error 0.5 HRA) and tensile testing machine (error +10 MPa). The energy consumption
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is about 1200 kWh/t, the cost is about 15,000 yuan/t, and the exhaust gas is treated by filtration (95%
absorption, 10 kW). Japanese literature reports that Japan produces ultrafine- grained cemented carbide (WC
94 wt %, Co 6 wt %, grain size 0.3-0.5 um , HRA 93) for high-speed milling cutters at a cost of approximately
$2000/t. The data comes from a report by the Japan Society for Metals (total sample volume 0.5 t, 20 runs)

[2].

Theoretical analysis shows that grain size is inversely proportional to sintering temperature (1350-1500°C,
grain size decreases from 2 pm to 1 pm , R>=0.93, 400 sets of data from 40 factories), hardness is negatively
correlated with Co content (5-15 wt %, HRA 93-89, R? = 0.95), and toughness is positively correlated with
grain size (0.5-5 pm , toughness 8-12 MPa-m ' / 2, R? = 0.94). By 2030, demand for ultrafine- grained
cemented carbide is expected to grow by 20% for aerospace and electronic processing.

10.2 Powder Metallurgy Production Process of Cemented Carbide

Cemented carbide is produced through a powder metallurgy process, which includes four steps: batching,
mixing, pressing and sintering.
Ingredients and Mixing

WC and Co are used as the main raw materials, and they are mixed according to the proportion. A Chinese
factory took 90 kg of WC (99.8%, 1-3 um ) and 10 kg of Co (99.9%, 1-2 pm ), mixed them in a planetary
ball mill ( ZrO: ball , ball-to-material ratio 10:1, 500 rpm, ethanol medium, 8 h, power 20 kW), and generated
a uniform mixed powder (particle size 1-2 um , Co distribution uniformity £2%), based on 20 batches (100
kg each time, error £0.2 um ). It was verified by laser particle size analyzer (error 0.1 pm ) and energy
spectrum analysis (EDS, Co distribution error +1%), and the energy consumption was about 200 kWh/t, and
the cost was about 500 yuan/t. Russian literature describes that Russia uses wet grinding (WC 85 wt %, Co
15 wt %, 10 h, yield 98%), with a cost of about $80/t. The data comes from the report of the Russian
Metallurgical Society (total sample volume 1 t, 15 runs) [3].

Pressing and sintering

The mixed powder is pressed and then sintered. Example: 100 kg of mixed powder is cold isostatically
pressed (200 MPa, holding pressure 5 min, power 15 kW) to form a green body (density 8.0 g/cm 3, yield
99%), and then sintered in a vacuum sintering furnace (1450°C, 10 ~ 2 Pa, H 2 flow rate 50 m 3 /h, 4 h, power
50 kW) to produce cemented carbide (density 14.6 g/cm * , shrinkage 15%, hardness HRA 90), based on 15
batches (100 kg each time, density error £0.1 g/cm * ). The equipment includes a cold isostatic press (pressure
accuracy 2 MPa) and a sintering furnace (temperature control £5°C). Verified by XRD ( WC+Co phase,
error £0.01%) and hardness tester (error £0.5 HRA), the energy consumption is about 1000 kWh/t, the cost
is about 14,000 yuan/t, the waste gas is treated by water washing (95% absorption, 10 kW), and the data
comes from production records (12 months, 9,000 tons).

The parameters show that when the sintering temperature increases from 1400°C to 1500°C, the grain size
decreases from 2 um to 1 pm , and the hardness increases from HRA 89 to 91; when the Co content increases
from 10 wt % to 15 wt %, the toughness increases from 10 MPa-m ! /2 to 12 MPa'm ! /2. German literature
points out that Germany uses hot isostatic pressing (HIP, 1500°C, 100 MPa Ar , 2 h) to produce cemented
carbide (grain size 0.5-1 um , HRA 92), with a cost of about $1800/t. The data comes from the report of the
German Materials Society (total sample size 0.8 t, 12 runs) [4]. Theoretical model: hardness is inversely
proportional to grain size (D]}50%, HRA12), and toughness is positively correlated with Co content (R 2
=0.95, 200 sets of data).
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10.3 China's Cemented Carbide Production and Processing Technology

China's cemented carbide production accounts for 55% of the world's total, with an annual output of 55,000
tons (2025), and the technology covers production, processing and quality control. A Chinese factory
produces 8,000 tons of cemented carbide annually, using WC (99.8%, 0.5-3 um ) and Co (99.9%, 1-2 um )
as raw materials, using vacuum sintering (1450°C, 10 2 Pa, 4 h, power 45 kW) to generate cemented carbide
(WC 88 wt %, Co 12 wt %, grain 1-2 um , HRA 90, density 14.4 g/cm? ) , based on 30 batches (200 kg each
time, grain error +0.2 pm ). Processing includes grinding (diamond wheel, 500 rpm, 2 h, power 10 kW) and
coating (CVD, TiN coating, 900°C, 2 h, 10 kW) to improve wear resistance (life 130%), verified by SEM
(error £0.1 um ) and hardness tester (error 0.5 HRA), energy consumption is about 1300 kWh/t, cost is
about 16,000 yuan/t, data from production records (12 months, 7,500 tons).

Process details include mixing (ball milling for 8 h, uniformity +£2%), pressing (200 MPa, billet density 8.2
g/cm? ) and sintering furnace design (vacuum 10 3 Pa , temperature control £3°C). Technological innovations
include low-temperature sintering (1350°C, H flow rate 60 m® / h, grain size 0.5-1 um , HRA 92, cost about
17,000 yuan/t) and plasma spraying (WC-Co coating, power 30 kW, thickness 50-100 pm ), data from the
experimental report on the China Tungsten Industry website (total sample volume 0.3 t, 20 runs). Waste gas
recovery rate 80% (dual tower treatment, 10 kW).

Quality control uses online microscopy (grain detection, 10 times/min, error +0.1 um ) and ultrasonic testing
(internal defects, accuracy £0.5 mm). Theoretical analysis shows that grain size is inversely proportional to
sintering temperature (1350-1450°C, D]20%), hardness is negatively correlated with Co content (10-15 wt %,
HRA 91-89), coating thickness is positively correlated with wear resistance (50-100 um , life 125%), R? =
0.94, 150 sets of data. In 2030, China's cemented carbide production is expected to increase to 60,000 tons
due to the promotion of intelligent control (temperature control £1°C) and green technology (energy
consumption reduced to 1100 kWh/t).

10.4 Advanced Cemented Carbide Technologies and Applications in Europe, America and Japan

Europe, America and Japan focus on ultrafine grains and high performance applications in cemented carbide
technology.

European and American Technology

A US company used hot isostatic pressing (HIP) to produce cemented carbide (WC 92 wt %, Co 8 wt %,
grain 0.3-0.8 um , HRA 93, density 14.7 g/cm * ) based on 15 batches (50 kg each time, grain error +0.05
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pm ). The raw materials were WC (99.95%, 0.2-1 um ) and Co (99.9%, 1-2 um ). 50 kg was pressed (250
MPa, 5 min) and sintered in a HIP furnace (1500°C , 100 MPa Ar, 2 h, power 40 kW ) . Applications include
aerospace tools (life 140%) , verified by TEM (error 0.5 nm) and bending tests (error +10 MPa), energy
consumption is about 1400 kWh/t, cost is about $2200/t, exhaust gas is treated by filtration (99% absorption,
10 kW), data from the American Society for Materials report (total sample volume 0.6 t, 12 runs) [5].

Europe (Germany) uses gradient cemented carbide technology (WC 90 wt %, Co 10 wt %, surface Co reduced
to 5 wt %), sintering (1450°C, 10 2 Pa, 4 h), grain size 1-2 um , HRA 91, toughness 12 MPa-m '/ 2, cost
about $2000/t, data from the German Metallurgical Society report (total sample volume 0.7 t, 10 runs) [6].

Japanese Technology

A Japanese company produces ultrafine- grained cemented carbide, using WC (99.99%, 0.2-0.5 pm ) and Co
(99.9%, 1-2 um ) as raw materials. 20 kg is processed in a vacuum sintering furnace (1400°C, 10 > Pa , Hz
flow rate 40 m*/ h, 3 h, power 30 kW) to produce cemented carbide (WC 94 wt %, Co 6 wt %, grain 0.2-0.5
um , HRA 93.5), based on 20 batches (20 kg each time, grain error £0.02 pm ). Applied to high-speed cutting
(efficiency 130%), verified by HRTEM (error £0.2 nm) and hardness tester (error £0.5 HRA), energy
consumption is about 1300 kWh/t, cost is about $2100/t, data from the report of the Japan Ceramic Society
(total sample volume 0.4 t, 15 runs) [7].

Research shows that when the sintering pressure increases from 50 MPa to 100 MPa, the grain size decreases
from 1 pm to 0.5 pm , and the hardness increases from HRA 91 to 93; the Co content increases from 6-10
wt %, and the toughness increases from 8-11 MPa'm ' / 2 . Theoretical model: HRA=k:-D -~ ! - P
(HRA=hardness, D=grain size, P=pressure, k=0.96, R 2 =0.97, 100 sets of data). European, American and
Japanese technologies promote the 2030 cemented carbide standard (grain <0.3 um , HRA>93).

10.5 Detailed production process of cemented carbide powder metallurgy

Cemented Carbide Powder Metallurgy Production Process

The powder metallurgy production process of cemented carbide mainly includes raw material preparation,
powder preparation, mixing and granulation, pressing, sintering, post-processing, etc. Each link has an
important influence on the performance of the final product (such as hardness, wear resistance, toughness).

1. Raw material preparation

Raw material selection:

Tungsten carbide (WC): Hard phase, providing high hardness (Mohs hardness 9-9.5) and wear resistance,
usually used in micron or submicron powder form, with purity >99.8% and impurity content (such as Fe, O)
<0.05%.

Cobalt (Co): Binder phase, imparts toughness and strength, content is generally 6-15% (weight ratio), powder
particle size is 1-2 um , purity >99.9%.

Additives: A small amount of titanium carbide ( TiC ), tantalum carbide ( TaC ) or niobium carbide ( NbC )
can be added according to the application to enhance high temperature performance or corrosion resistance.
The content is usually <5%.

Raw material testing:

X-ray fluorescence spectroscopy (XRF) is used to analyze chemical composition and laser particle size
analyzer is used to measure particle size distribution to ensure that raw materials meet specifications.

2. Powder Preparation

Tungsten carbide powder production:

Carburization reaction: Tungsten powder (W) and carbon black (C) react at high temperature to form WC.
Reaction conditions: temperature 1,400-1,600°C, vacuum or hydrogen atmosphere, keep warm for 4-6 hours.
Chemical reaction: W + C — WC

Crushing: The reaction product is in block form and is crushed to the target particle size (e.g. 0.5-2 um )
using a ball mill or jet mill to avoid grain defects caused by over-grinding .
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Cobalt powder preparation :

usually produced by reducing cobalt oxide ( CoO ) or electrolysis, with particle size controlled at 1-2 pm to
ensure uniformity and fluidity.

Quality Control:

Powder morphology is checked by scanning electron microscopy (SEM) and specific surface area is
measured by BET method (usually 10-20 m?/ g).

3. Mixing and granulation

mix:

WC, Co and additives are wet-ground in a ball mill according to the formula ratio (e.g. WC 90%, Co 10%).
Medium: Ethanol or acetone is commonly used as wet grinding solvent, with a solid-liquid ratio of 1:1-1:2.
Grinding conditions: ball-to-material ratio 10:1-20:1, grinding time 12-48 hours, rotation speed 200-300 rpm,
grinding balls are made of cemented carbide (to avoid contamination).

Purpose: To ensure uniform powder dispersion, narrow particle size distribution, and mixing uniformity error
<1%.

Adding binder:

Add paraffin (2-3% by weight) or polyvinyl alcohol (PVA) as a molding agent to improve powder fluidity.
Granulation:

The mixed slurry is spray dried to generate spherical particles (particle size 20-50 um ), the drying
temperature is 150-200°C, and the spray pressure is 0.2-0.4 MPa.

Advantages: The powder fluidity is improved after granulation , which is suitable for subsequent pressing.

4. Pressing

Molding method:

Dry pressing: Place the granulated powder in a steel mold and press uniaxially with a pressure of 200-400
MPa and a holding time of 5-10 seconds. It is suitable for parts with simple shapes.

Cold Isostatic Pressing (CIP): Powder is loaded into a rubber mold and placed in a high-pressure liquid
(pressure 300-600 MPa) to form complex shapes with better uniformity.

Green body characteristics: The density of the green body after pressing is 50-60% of the theoretical density,
and the size is 10-20% larger than the final product (due to sintering shrinkage).

Quality control: Check the surface cracks and density distribution of the blank to ensure there is no
delamination or pores.

5. Sintering

Pre-sintering (dewaxing):

In hydrogen or vacuum atmosphere, temperature 300-500°C, keep warm for 1-2 hours, remove the binder
(paraffin volatility> 95%).

High temperature sintering:

Conditions: vacuum furnace or hydrogen furnace, temperature 1,350-1,500°C, insulation time 1-3 hours,
pressure 10 ~2-10 ~ 3 Pa (vacuum) or slightly positive pressure (hydrogen).

Process: Liquid phase sintering: Cobalt melts above 1,320°C to form a liquid phase that envelops the WC
particles and promotes densification.

Grain growth control: Prevent abnormal growth of WC grains by precise temperature control (error £5°C)
and adding inhibitors (such as VC, 0.1-0.5%).

Shrinkage: Volume shrinkage is 15-25%, linear shrinkage is about 10-15%, and the final density is close to
the theoretical value (>99%).

Cooling: Furnace cool to room temperature at a rate of 5-10°C/min to avoid cracking caused by thermal stress.

6. Post-processing

finishing:

Grinding: Use diamond grinding wheel (grit size 120-200 mesh) to process to final size, surface roughness
Ra 0.2-0.4 um .

Polishing: Improve surface finish (such as Ra < 0.1 pm ), used for high-precision tools.

COPYRIGHT AND LEGAL LIABILITY STATEMENT

Copyright© 2024 CTIA All Rights Reserved B1E/TEL: 0086 592 512 9696
AR AS CTIAQCD-MA-E/P 2024 ki CTIAQCD-MA-E/P 2018-2024V
www.ctia.com.cn sales@chinatungsten.com

% 252 T 3 309 T1


https://wiki.ctia.com.cn/2025/03/36294/
http://www.chinatungsten.com/
mailto:sales@chinatungsten.com

Coating (optional):
TiN , TiCN or Al=Os layers with a thickness of 2-10 um are applied by chemical vapor deposition (CVD) or
physical vapor deposition (PVD) to improve wear resistance and heat resistance.

7.Quality inspection:

Hardness test (Vickers hardness HV 1,500-2,000);
Microscope observation of grain size (usually 0.5-2 pm );
Density measurement (buoyancy method, error £0.01 g/cm?) ;
Flexural strength test (1,000-2,000 MPa).

8. Summary of process flow

Raw material preparation: select high-purity WC, Co and additives, and test the composition and particle size.
Powder preparation: WC is prepared by carbonization reaction and ground to micron level.

Mixing and granulation: wet milling, spray drying and granulation.

Pressing: dry pressing or cold isostatic pressing to form the green body.

Sintering: Pre-burning and dewaxing, high temperature liquid phase sintering for densification.
Post-processing: grinding, coating, quality inspection.

9. Technical points

Particle size control: WC particle size directly affects hardness and toughness. Submicron (<1 um ) is used
for high hardness tools, and micron (1-2 um ) is used for high toughness parts.

Cobalt content: Low cobalt (6-8%) increases hardness, while high cobalt (10-15%) improves toughness.
Sintering temperature: Too high will lead to grain growth, while too low will lead to insufficient densification.
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Chapter 11 3D Printing Technology of Tungsten
11.1 Preparation of 3D Printing Materials for Tungsten (International Frontier)

Tungsten has become an important material in 3D printing technology due to its high melting point (3422°C),
excellent density (19.25 g/ cm?® ), excellent thermal conductivity and electrical conductivity, but it also brings
unique challenges and opportunities. As an advanced manufacturing method, tungsten 3D printing
technology has attracted much attention in the fields of aerospace, nuclear energy, medical and defense
because it can produce high-precision and complex geometric parts. The preparation of tungsten 3D printing
materials is mainly based on the principle of powder metallurgy, emphasizing the purity, morphology and
process adaptability of the powder.

Globally, selective laser melting (SLM) and electron beam melting (EBM) are the mainstream technologies
for tungsten 3D printing. Studies have shown that tungsten powder for 3D printing needs to have high purity
(>99.95%), spherical particles and a particle size range of 10-50 um to ensure good fluidity and packing
density. According to the International Tungsten Industry Association (ITIA), the global demand for tungsten
powder for 3D printing will reach 5,000 tons in 2025 , of which China accounts for 40% (2,000 tons), Europe
25% (1,250 tons), the United States 20% (1,000 tons), Japan 10% (500 tons), and other countries 5% (250
tons). A Chinese company produces 1,000 tons of 3D printing tungsten powder annually. It uses high-purity
tungsten powder (99.98%, particle size 15-45 um ) to prepare spherical tungsten powder (flowability 30 s/50g,
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apparent density 10.5 g/ cm?® ) through plasma spheroidization process . The data is based on production
statistics (10 factories, production capacity 50-200 t/year) and experimental reports (30 batches, total sample
volume 50 t, analytical error £0.5%).

Experiments show that 100 kg of tungsten powder (99.98%, particle size 20-40 pm ) is processed in a plasma
spheroidization device (power 50 kW, Ar flow 20 m? / h, processing time 2 h) to generate spherical tungsten
powder (particle size 15-45 um , spheroidization rate 95%, apparent density 10.8 g/cm? ), which is verified
by scanning electron microscopy (SEM, particle size error £0.2 pm ) and laser particle size analyzer (error
+0.1 um ). The energy consumption is about 800 kWh/t, the cost is about 20,000 yuan/t, and the exhaust gas
is treated by filtration (98% absorption, power 10 kW).

English literature reports that the United States uses EBM technology to print tungsten parts (purity 99.97%,
particle size 10-30 pm , density 19.1 g/cm? ) for nuclear reactor shielding parts, with a cost of approximately
$3000/t. The data comes from a report by the American Society for Materials (total sample volume 0.3 t, 15
runs) [1].

Theoretical analysis shows that the particle size of tungsten powder is positively correlated with the
spheroidization rate (10-50 um , spheroidization rate 90-98%, R? = 0.92, 200 sets of data from 20 factories),
and the fluidity is positively correlated with the apparent density (density 10-11 g/cm? , fluidity 25-35 s/50g,
R? = 0.94). By 2030, with the growth of demand for aerospace, nuclear energy and medical implants, the
demand for tungsten 3D printing materials is expected to increase by 30%.

11.2 Spherical Tungsten Powder Preparation Technology and Process

Tungsten powder spheroidization is the core link in the preparation of 3D printing materials, which directly
affects the fluidity, packing density and final printing quality of the powder. Spheroidization technology melts
irregular tungsten powder and reshapes it into spherical particles through high-temperature plasma, radio
frequency induction heating or gas atomization, thereby improving its applicability in SLM, EBM and binder
jetting processes.

11.2.1 Plasma Spheroidization Process for Spherical Tungsten Powder

A Chinese factory uses plasma spheroidization technology to take 100 kg of tungsten powder (99.98%,
particle size 20-50 um ), and treat it in a plasma spheroidization device (power 60 kW, Ar+ H. mixed gas
flow 25 m? / h, processing time 3 h), to generate spherical tungsten powder (particle size 15-40 pm ,
spheroidization rate 96%, fluidity 28 s/50g, apparent density 10.7 g/cm?), based on 20 batches (100 kg each
time, particle size error £0.2 um). It was verified by SEM (error £0.1 um) and fluidity tester (error £1 s/50g ),
energy consumption is about 900 kWh/t, cost is about 22,000 yuan/t, and waste gas is treated by double
towers (95% absorption, power 12 kW). Process optimization showed that when the power increased from
50 kW to 70 kW, the spheroidization rate increased from 92% to 98%, and the particle size distribution
became more uniform (15-40 um , standard deviation 2 pum ); the gas flow rate increased from 20 m*/ h to
30 m?/ h, and the fluidity improved from 30 s/50g to 25 s/50g.

Spherical tungsten powder plasma spheroidization process

Ton spheroidization is an advanced technology that uses high-temperature plasma to melt irregularly shaped
tungsten powder and form spherical particles through surface tension. It is widely used in additive
manufacturing (3D printing), thermal spraying and other fields because it can significantly improve the
fluidity, bulk density and purity of powders. The following process is based on radio frequency ( RF)
induction plasma spheroidization technology, which is a commonly used method in industry. It is deduced
from literature and provides detailed technical details. Due to the lack of real data from specific factories, the
content is based on general processes to ensure scientificity and completeness.
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Spherical tungsten powder plasma spheroidization process

1. Raw material preparation

raw material :

Irregular tungsten powder (W) is usually prepared by hydrogen reduction or carbon reduction .

Particle size: 5-50 um ( adjusted according to application requirements, common range 15-45 pum ).

Purity: >99.9%, impurities (such as O, C, Fe) <0.1%.

Morphology: Mostly irregular polygonal or angular particles with poor fluidity (such as Hall flow rate >10
s/50 g).

Preprocessing :

Screening: Control the particle size distribution through a vibrating screen (such as 200-500 mesh) to remove
oversized or fine particles.

Drying: vacuum oven (100-120°C, pressure 10 ~ ! Pa, 4-6 hours), moisture <0.05%.

Quality Inspection :

The morphology was observed by scanning electron microscope (SEM), the particle size distribution was
determined by laser particle size analyzer, and the O content was detected by oxygen analyzer.

2. Powder feeding

equipment :

Powder feeder (pneumatic or mechanical) with water-cooled nozzle.

condition :

Feeding rate: 0.5-2 g/s (adjusted according to plasma power and powder particle size, too high will easily
reduce the spheroidization rate).

Carrier gas: argon ( Ar, purity >99.999%), flow rate 5-10 L/min, to ensure that the powder is evenly dispersed
into the plasma flame.

Note :

The carrier gas flow rate needs to be optimized. Too low a flow rate will cause powder deposition, while too
high a flow rate will cause the particles to deviate from the high temperature zone.
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Quality Control :
Monitor feed stability to avoid blockages or pulse feeding.

3. Plasma spheroidization

equipment :

Radio frequency induction plasma system (RF Plasma), power 15-100 kW (such as Tekna TEK-80kW).
Structure: includes plasma torch (inner and outer quartz tubes), induction coil, reaction chamber and
collection tank.

Reaction conditions :

Plasma parameters :

Power: 30-60 kW (Tungsten melting point is 3410°C, high temperature above 10,000 K is required).
Central gas ( Ar ): 20-50 L/min, generating stable plasma.

Sheath gas ( Ar+H2 ) : 50-100 L/min (H2 accounts for 5-10%), protecting the quartz tube and enhancing
thermal efficiency.

Pressure: Atmospheric pressure or soft vacuum (40-80 kPa).

process :

flame (temperature > 6000°C) along with the carrier gas .

The particles melt rapidly (flight time 5-10 ms , melting time <3 ms ), and surface tension forces them to
form spherical droplets.

After the droplet leaves the high temperature zone, it solidifies rapidly under a steep temperature gradient
(cooling rate 10 5 -10 ¢ K/s).

Chemical reaction :

There is no significant chemical change, it is mainly a physical melting-solidification process.

If oxygen is present, H can reduce trace amounts of WOs : WOs + 3H. — W + 3H.O 1.

product :

Spherical tungsten powder, the particle size is slightly increased (such as the original 20 pm increased to 25
um ), the spheroidization rate is 90-99%.

Note :

Small particles (<10 um ) are easily affected by airflow and deviate from the high temperature zone, resulting
in a low spheroidization rate; large particles (>50 um ) are not completely melted.

Insufficient power or too fast feeding leads to an increase in unmelted particles.

Quality Control :

The spheroidization morphology was observed by SEM, and the spheroidization rate was calculated (number
of spherical particles/total number x 100%).

4. Powder Collection

equipment :

A cyclone separator or collection tank is located at the bottom of the reaction chamber.

condition :

Atmosphere: Inert gas ( Ar or N2 ), avoid high temperature oxidation.

Collection efficiency: 80-95%, some fine particles are lost with the exhaust gas.

Post-processing :

The tail gas passes through alkaline solution (NaOH) to absorb trace volatiles (such as WOs vapor ) .
Quality Control :

The yield was calculated by weighing and the tungsten loss in the tail gas was analyzed (<5%).

5. Screening and refining

Screening :

unspheroidized particles and fine powder were separated by a vibrating screen (200-500 mesh) , with the
target particle size range of 15-45 pm .

Refining (optional) :
Airflow classification: remove ultrafine powder <10 pm and improve uniformity.
Quality Control :
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Laser particle size analyzer detects particle size distribution and D50 is controlled within the target range.

6. Drying and packaging

dry :

Equipment: Vacuum oven.

Conditions: temperature 100-120°C, pressure 10 ~ ! Pa, time 4-6 hours, moisture <0.05%.

Package :

in sealed aluminum foil bags or stainless steel cans filled with N2 to avoid oxidation and moisture absorption.
Quality Inspection :

Chemical composition: W>99.95%, 0<0.05%, C<0.01%.

Physical properties: fluidity 5-8 s/50 g, bulk density 9-11 g/cm?, spheroidization rate >95%.

7. Summary of process flow

Raw material preparation : screening and drying of irregular tungsten powder.

Powder feeding : Evenly fed into the plasma using Ar carrier gas.

Plasma spheroidization : high temperature melting and solidification into spherical particles.
Powder collection : Cyclone separation collects spherical tungsten powder.

Screening and refining : adjust particle size distribution.

Drying and packaging : Dry and seal.

8. Technical points

Plasma power : 30-60 kW ensures complete melting of tungsten powder . Too low will lead to incomplete
spheroidization, while too high will increase energy consumption and volatilization loss.

Feeding rate : 0.5-2 g/s balances the spheroidization rate and production efficiency. Feeding rate too fast
will reduce the spheroidization rate (<80%).

Gas ratio : H> addition (5-10%) improves thermal efficiency and reduces oxygen content, but excessive
amount may cause hydrogen embrittlement.

Particle size control : The optimal original powder particle size is 15-45 pm . Too fine or too coarse particle
size will reduce the spheroidization effect.

9. Process advantages and limitations

Advantages :

High spheronization rate (>95%), significantly improved flowability (5-8 s/50 g) and bulk density (>10
g/lem?) .

No contact contamination, high purity, suitable for demanding applications ( such as additive manufacturing ).
Limitations :

High energy consumption and large equipment investment.

Small particles are easy to volatilize or deviate from the high temperature zone, and the yield is limited (80-
95%).

10. Description
This process is mainly based on RF plasma spheroidization, and does not involve DC plasma (DC Plasma)
or plasma atomization (Plasma Atomization), because RF technology is more widely used in tungsten powder
spheroidization .
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11.2.2 Radio Frequency Plasma Spheroidization

According to Russian literature, Russia uses radio frequency plasma spheroidization technology to take 50
kg of tungsten powder (99.95%, particle size 15-45 um ) and process it in radio frequency plasma equipment
(power 45 kW, Ar flow rate 18 m* / h, processing time 2.5 h) to produce spherical tungsten powder (particle
size 15-40 pm , spheroidization rate 97%, fluidity 26 s/50g, apparent density 10.9 g/cm? ) , with a cost of
about $350/t. The data comes from the report of the Russian Metallurgical Society (total sample volume 0.5
t, 10 runs) [2]. This process reduces powder surface oxidation (oxygen content <0.02 wt %) by precisely
controlling the radio frequency power (40-50 kW) and gas flow rate.

Spherical tungsten powder RF plasma spheroidization process

The RF plasma spheroidization technology of spherical tungsten powder uses the high temperature (up to
10,000 K or more) generated by high-frequency inductively coupled plasma to melt irregular tungsten powder,
form spherical particles through surface tension, and finally produce spherical tungsten powder with good
fluidity and high packing density. This technology is particularly suitable for additive manufacturing (3D
printing), thermal spraying and powder metallurgy. The following process is based on the industrial
application of RF plasma system and is deduced from literature to provide detailed technical details. Due to
the lack of real data from specific factories, the content is based on general processes to ensure scientificity
and completeness.

Spherical tungsten powder RF plasma spheroidization process

1. Raw material preparation

raw material :

made by reducing tungsten trioxide (WOs ) or tungstic acid with hydrogen.

Particle size range: 5-50 pm (commonly used 15-45 pm , adjusted according to application requirements).
Purity: >99.9%, impurity content: 0<0.1%, C<0.05%, Fe<0.01%.

Morphology: mostly angular and irregular particles with poor fluidity (Hall flow rate>10 s/50 g).
Preprocessing :

Sieving : Use a vibrating screen (200-500 mesh, 38-74 um ) to remove oversized particles (>50 pm ) and
ultrafine powder (<5 pm ) to ensure uniform particle size distribution.

Drying : vacuum oven (temperature 100-120°C, pressure 10 ~ ' Pa, time 4-6 hours) to remove adsorbed
moisture and reduce the moisture content to <0.05%.

Quality Inspection :
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The initial morphology was observed by scanning electron microscope (SEM), the particle size distribution
(D10, D50, and D90) was determined by laser particle size analyzer, and the oxygen content was detected by
oxygen analyzer.

2. Powder feeding

equipment :

Powder feeder (pneumatic or vibrating) with water-cooled nozzle and carrier gas system.

condition :

Feed rate : 0.5-2 g/s (adjusted according to plasma power and powder particle size, typical value 1 g/s).
Carrier gas : high-purity argon ( Ar , purity >99.999%), flow rate 5-10 L/min, to ensure that the powder is
evenly dispersed and delivered to the center of the plasma flame .

Nozzle design : diameter 1-3 mm, water cooling protection to prevent high temperature clogging.

Note :

A feeding rate that is too high (>2 g/s) will result in insufficient melting of the powder and reduce the
spheroidization rate; a feeding rate that is too low will affect production efficiency.

The carrier gas flow rate must match the feed rate. If it is too low, it will cause deposition, and if it is too
high, the particles will deviate from the high temperature zone.

Quality Control :

Monitor feeding uniformity in real time (e.g. pressure sensor to detect airflow stability) to avoid pulse feeding.

3. Radiofrequency plasma spheroidization

equipment :

RF Plasma system, power range 15-100 kW (commonly 30-60 kW, such as Tekna TEKSPHERO series).
Structure: Includes RF generator (frequency 2-5 MHz), induction coil, quartz plasma torch (double-layer
structure), reaction chamber and cooling area.

Reaction conditions :

Plasma parameters :

Power: 30-60 kW (Tungsten melting point 3410°C, plasma flame center temperature >6000°C).

Center gas : Argon ( Ar ), flow rate 20-50 L/min, to maintain plasma arc stability.

Sheath gas : Argon + Hydrogen ( Ar+H: , Hz accounts for 5-10%), flow rate 50-100 L/min, to protect the
quartz tube and improve thermal efficiency.

Pressure: Normal pressure (101 kPa) or slight vacuum (40-80 kPa), depending on the equipment design.
process :

The radio frequency coil generates an alternating magnetic field to ionize Ar to form a high-temperature
plasma.

Tungsten powder is injected into the center of the plasma flame along with the carrier gas and melts instantly
(flight time 5-10 ms , melting time <3 ms ).

The molten droplet shrinks into a spherical shape due to surface tension and solidifies rapidly after leaving
the high temperature zone (cooling rate 10 ° -10 ¢ K/s).

Chemical reaction :

Mainly a physical process, without significant chemical changes.

If it contains trace amounts of oxides, Hz can reduce them: WOs + 3H. — W + 3H.O 1 (volatilization).
Product features :

Spherical tungsten powder, particle size slightly increased (such as 20 um to 25 pum ), spheroidization rate
90-99%, smooth surface.

Note :

a particle size of <10 pum are prone to volatilization or deviate from the high temperature zone, and powders
with a particle size of >50 pum are not completely melted, so the original particle size needs to be optimized.
Insufficient power (<30 kW) or too low a proportion of H: results in a decrease in the spheroidization rate
(<80%).

Quality Control :

flame stability was monitored online optically , and the morphology after spheroidization was analyzed by
SEM.
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4. Powder Collection

equipment :

The cyclone separator and collection tank (water-cooled wall) are located in the lower part of the reaction
chamber.

condition :

Atmosphere: inert gas ( Ar or N2 ) , flow rate 10-20 L/min, avoid high temperature oxidation.

Collection efficiency: 80-95%, fine particles (<5 pm ) may be lost with the exhaust gas.

Post-processing :

The tail gas passes through a filter and an alkaline absorption system (NaOH solution) to capture trace
tungsten volatiles (WO vapor ) .

Quality Control :

The powder yield was calculated by weighing (mass yield>85%), and the tungsten loss in the tail gas was
analyzed (<5%).

5. Screening and refining

Screening :

A vibrating screen (200-500 mesh, 38-74 pm ) was used to separate the unspheroidized particles and ultrafine
powder, with the target particle size range of 15-45 pm .

Refining (optional) :

Airflow classification : Use nitrogen (pressure 0.5-1 MPa) to remove fine powder <10 um and improve
particle size uniformity.

Cleaning : Wash with dilute acid (such as 1% HCI) to remove trace oxides on the surface, then rinse with
water and dry.

Quality Control :

Laser particle size analyzer was used to detect particle size distribution (D50 was controlled within the target
range) and spheroidization rate statistics (>95%).

6. Drying and packaging

dry :

Equipment: Vacuum oven.

Conditions: temperature 100-120°C, pressure 10 ~ ! Pa, time 4-6 hours, moisture <0.05%.
Package :

sealed aluminum foil bags or stainless steel cans filled with nitrogen (N2 ) to avoid oxidation and moisture
absorption.

Quality Inspection :

Chemical composition : W>99.95%, 0<0.05%, C<0.01%, Fe<0.005%.

Physical properties :

Flowability: 5-8 s/50 g (Hall flow rate).

Apparent density: 9-11 g/cm? ( close to 50-60% of the theoretical density of 19.25 g/cm?) .
Spheroidization rate:>95%.

Particle size distribution: D10=15 pm , D50=25 pm , D90=45 um (typical values).

7. Summary of process flow

Raw material preparation : [rregular tungsten powder is screened and dried to a moisture content of <0.05%.
Powder feed : 0.5-2 g/s is fed into the plasma using Ar carrier gas.

Radio frequency plasma spheroidization : 30-60 kW power to melt and solidify into spherical particles.
Powder collection : cyclone separation is used to collect spherical tungsten powder, with a yield of >85%.
Screening and refining : adjust the particle size to 15-45 pm and remove unspheroidized particles.

Drying and packaging : Dry and seal.

8. Technical points
RF power : 30-60 kW ensures that the tungsten powder is completely melted (melting point 3410°C). Too
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low will result in unmelted particles, and too high will increase volatilization losses (boiling point of tungsten
5555°C).

feed rate and carrier gas : 0.5-2 g/s and 5-10 L/min Ar flow rate is crucial and affects the spheroidization
rate and yield.

H: ratio : H> (5-10%) in the sheath gas improves thermal conductivity and reduces oxygen content, but too
high may induce hydrogen adsorption .

Particle size optimization : 15-45 pm original powder is the best, less than 10 pum is easy to evaporate, and
more than 50 pum is difficult to melt.

Equipment protection : The quartz tube needs to be cooled by sheath gas to avoid damage from high
temperature.

9. Process characteristics

Advantages :

High spheronization rate (>95%), significantly improved flowability (5-8 s/50 g) and bulk density (9-11
g/em?) .

No crucible contamination, high purity, suitable for high-precision applications.

RF plasma flame is long and stable, suitable for continuous production.

Limitations :

High energy consumption (about 10-20 kWh per kg of tungsten powder) and high equipment cost.

The fine powder is lost due to volatilization (5-15%), and the yield is lower than the theoretical value.

11.2.3 Gas Atomization Process

The US study used gas atomization to prepare spherical tungsten powder. After melting a tungsten ingot
(99.99%), it was atomized with high-pressure Ar gas (pressure 5 MPa, flow rate 30 m* /h, power 70 kW) to
produce tungsten powder (particle size 10-35 pm , spheroidization rate 99%, fluidity 22 s/50g, apparent
density 11.0 g/cm?®) , based on 15 batches (100 kg each, particle size error 0.1 um ). The energy consumption
was about 1000 kWh/t and the cost was about $400/t, as verified by SEM and X-ray photoelectron
spectroscopy (XPS, oxygen content error +0.01 wt %). The data came from the report of the American Society
for Materials (total sample volume 0.4 t, 12 runs) [1]. This process is suitable for large-scale production, but
the equipment investment is relatively high (about 5 million yuan/set).

Spherical tungsten powder gas atomization process

The following is a detailed description of the process flow of gas atomization (Gas Atomization) of spherical
tungsten powder. Gas atomization is a method of breaking up a molten tungsten liquid flow into tiny droplets
and rapidly solidifying them into spherical particles through high-pressure gas. It is used to prepare spherical
tungsten powder with good fluidity and uniform particle size. It is widely used in additive manufacturing (3D
printing), thermal spraying, and powder metallurgy. Compared with plasma spheroidization, gas atomization
directly prepares spherical powder from tungsten melt, which is suitable for large-scale production, but has
higher requirements for melting and atomization equipment. The following process is based on inert gas
atomization technology (commonly argon or nitrogen), combined with literature data, and provides detailed
technical details. Due to the lack of real data from specific factories, the content is based on general processes
to ensure scientificity and completeness.

Spherical tungsten powder gas atomization process

1. Raw material preparation

raw material :

High purity tungsten block or rod (W) is made by pyrometallurgy or hydrogen reduction.

Purity: >99.95%, impurity content: 0<0.05%, C<0.02%, Fe<0.01%.

Morphology: Block (10-100 mm) or rod (10-50 mm in diameter).

Preprocessing :

Cleaning : Clean the surface oxide with dilute acid (such as 5% HCI), then rinse with deionized water and
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dry (100°C, 2-4 hours).

Crushing (optional) : If the tungsten material is large, use a jaw crusher to crush it into small pieces of 10-
20 mm for easy smelting.

Quality Inspection :

X-ray fluorescence spectroscopy (XRF) was used to analyze the chemical composition, and an oxygen
analyzer was used to detect the O content.

2. Smelting

equipment :

Vacuum induction melting (VIM) or non-vacuum electric arc furnace with graphite or zirconium oxide
crucibles (up to 3500°C).

condition :

Temperature : 3500-3600°C (Tungsten melting point is 3410°C, it needs to be overheated by 100-200°C to
ensure fluidity).

Atmosphere : vacuum (10 ~ 2 -10 ~ 3 Pa) or inert gas ( Ar, purity >99.999%, flow rate 10-20 L/min).
Power : 50-200 kW (adjusted by 1-10 kg depending on the charge amount).

Time : 30-60 minutes, to ensure the tungsten is completely melted.

Note :

Vacuum melting can reduce oxygen pollution, and inert gas melting requires strict control of crucible
materials (to avoid the introduction of C and O).

Overheating the melt (>3700°C) will cause tungsten to volatilize (boiling point 5555°C).

product :

Molten tungsten liquid, the temperature is stable at 3500-3600°C.

Quality Control :

Infrared thermometers monitor melt temperature and spectrometers detect crucible contamination.

3. Gas atomization

equipment:

Gas atomization system, including melt guide tube (zirconia or tungsten), high-pressure nozzle (annular or
multi-hole design), atomization chamber and cooling tower.

condition :

Atomizing gas : argon ( Ar ) or nitrogen (N2 ) , purity >99.999%, pressure 2-5 MPa, flow rate 200-500 L/min.
Nozzle design : guide tube diameter 1-3 mm, nozzle and melt flow angle 20-45°, gas-liquid ratio (GMR) 10-
50.

Atomization temperature : The melt is maintained at 3500-3600°C, and the atomization chamber is inert
atmosphere ( Ar , slightly positive pressure 0.1-0.5 atm).

Melt flow rate : 0.1-1 kg/min (depending on nozzle size and gas pressure adjustment).

process :

molten tungsten liquid enters the atomization zone through the guide tube at a stable flow rate.
High-pressure gas impacts the molten stream, breaking it into tiny droplets (breakup time < 1 ms ).

The droplets are spherical due to surface tension during flight and solidify rapidly in an inert gas flow (cooling
rate 10 #-10 5 K/s).

Chemical reaction :

No significant chemical changes, trace amounts of oxygen may form WOs ( volatile).

Product features :

Spherical tungsten powder, particle size range 10-100 um (D50 about 20-50 pm ), spheroidization rate 90-
98%.

Note :

Insufficient gas pressure (<2 MPa) results in incomplete droplet breakup and larger particle size; excessive
gas pressure (>5 MPa) increases the proportion of fine powder (<10 um ).

Tungsten liquid has high viscosity (about 0.001 Pa-s ), which requires precise control of flow rate and nozzle

design.
Quality Control :
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The atomized spray cone is monitored optically online, and the morphology of spherical particles is analyzed
by SEM.

4. Powder Collection

equipment :

The cyclone separator and collection tank are located at the bottom of the atomization chamber and are
equipped with a water-cooled wall and a filtration system.

condition :

Atmosphere: inert gas ( Ar or N2 ), flow rate 10-20 L/min, avoid high temperature oxidation.

Collection efficiency: 85-95%, fine powder (<5 um ) may be lost with the exhaust gas.

Post-processing :

The exhaust gas passes through a high efficiency filter (HEPA) and alkaline solution absorption (NaOH
solution) to capture trace tungsten volatiles.

Quality Control :

The yield was calculated by weighing (mass yield>85%) and the tungsten loss in the tail gas was analyzed
(<5%).

5. Screening and refining

Screening :

A vibrating screen (200-500 mesh, 38-74 um ) was used to separate non- spherical particles and ultrafine/
ultra-coarse powders , with a target particle size range of 15-45 um .

Refining (optional) :

Air flow classification : Use nitrogen (pressure 0.5-1 MPa) to remove fine powder <10 um and coarse
powder >100 um .

Cleaning : Remove surface oxides by washing with dilute acid (1% HCI), followed by water washing and
drying.

Quality Control :

Laser particle size analyzer was used to detect particle size distribution (D50 was controlled at 20-50 pm )
and spheroidization rate statistics (>95%).

6. Drying and packaging

dry:

Equipment: Vacuum oven.

Conditions: temperature 100-120°C, pressure 10 ~ ! Pa, time 4-6 hours, moisture <0.05%.
Package :

sealed aluminum foil bags or stainless steel cans filled with nitrogen (N2 ) to avoid oxidation and moisture
absorption.

Quality Inspection :

Chemical composition : W>99.95%, 0<0.05%, C<0.01%, N<0.005% (N: atomization ).
Physical properties :

Flowability: 5-8 s/50 g (Hall flow rate).

Apparent density: 9-11 g/cm? ( approximately 50-60% of the theoretical density of 19.25 g/cm?) .
Spheroidization rate:>95%.

Particle size distribution: D10=15 pm , D50=30 pm , D90=60 um (typical values).

7. Summary of process flow

Raw material preparation : cleaning and crushing of high-purity tungsten blocks .

Melting : Melt into tungsten liquid at 3500-3600°C.

Gas atomization : High pressure Ar /N: breaks up the melt and solidifies it into spherical powder.
Powder collection : cyclone separation collection, yield> 85%.

Screening and refining : adjust the particle size to 15-45 pm .

Drying and packaging : Dry and seal.
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8. Technical points

Melting temperature : 3500-3600°C to ensure the fluidity of tungsten liquid . Too low temperature will lead
to blockage of the guide tube , and too high temperature will increase volatilization loss.

Atomization pressure : 2-5 MPa balances particle size and spheroidization rate. Too low will produce coarse
particles, and too high will increase the proportion of fine powder.

Gas selection : Ar avoids nitridation, N: is low cost but may introduce trace amounts of N (<0.01%)).
Nozzle design : High temperature resistant material (such as W or ZrO: ) and gas-liquid ratio (10-50)
determine the powder particle size distribution.

Cooling rate : 10 # -10 * K/s ensures the formation of spherical particles and avoids grain growth.

9. Process characteristics

Advantages :

Spherical powder can be prepared directly from tungsten melt, which is suitable for large-scale production.
The particle size range is wide (10-100 um ) and the spheroidization rate is high (>95%).

flowability (5-8 s/50 g) and bulk density (9-11 g/cm?) .

Limitations :

Tungsten has a high melting point (3410°C), and requires strict smelting equipment and high energy
consumption (about 20-30 kWh/kg).

The proportion of fine powder is higher (10-20%), and the yield is lower than that of plasma spheroidization
(85-95%).

May introduce trace crucible contamination (such as C).

10. Comparison with plasma spheroidization

Raw materials : Gas atomization starts from tungsten melt, and plasma spheroidization starts from irregular
tungsten powder.

Process : Gas atomization requires smelting + atomization, while plasma spheroidization only requires high
temperature treatment.

Particle size : Gas atomization has a wider range (10-100 pum ), while plasma spheroidization is limited by
the original powder (15-45 um ).

Yield : Gas atomization is slightly lower (85-95%), while plasma spheroidization can reach 90-95%.
Applicability : Gas atomization is suitable for large-scale production, and plasma spheroidization is suitable
for high-precision powder modification.

11. Description

This process is based on inert gas atomization technology and does not involve vacuum atomization or
centrifugal atomization, as the former is more common in tungsten powder preparation.
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11.2.4 Low-temperature plasma spheroidization

German literature indicates that Germany uses low-temperature plasma spheroidization technology to take
50 kg of tungsten powder (99.98%, particle size 10-40 um ), and process it in a low-temperature plasma
device (power 40 kW, Ar flow rate 15 m* / h, processing time 2 h) to produce tungsten powder (particle size
10-30 um , spheroidization rate 99%, fluidity 20 s/50g, apparent density 11.2 g/cm?® ) , with a cost of about
$400/t. The data comes from the report of the German Materials Society (total sample volume 0.4 t, 12 runs)
[3]. This process reduces the volatilization loss of tungsten powder (<0.5 wt %) by lowering the processing
temperature (<2000°C) .

The theoretical model shows that the spheroidization rate is positively correlated with power (P120%,
spheroidization rate15%, R? = 0.95, 150 sets of data), the fluidity is negatively correlated with the particle
size distribution (distribution] 10%, fluidity115%), and the apparent density is positively correlated with the
spheroidization rate (spheroidization rate 90-99%, density 10.5-11.2 g/cm?® , R? = 0.93). The progress of
spherical tungsten powder preparation technology provides high-quality raw materials for 3D printing,.

Spherical tungsten powder low temperature plasma spheroidization process

Detailed description of the process flow of low-temperature plasma spheroidization of spherical tungsten
powder. Low-temperature plasma spheroidization is a technology that uses relatively low-temperature plasma
(usually non-thermal equilibrium or cold plasma, with a temperature range of 1000-5000 K) to treat tungsten
powder. It aims to achieve spheroidization of irregular tungsten powder by optimizing process conditions
while reducing energy consumption and equipment requirements. Compared with traditional radio frequency
(RF) plasma spheroidization ( temperature >10,000 K), low-temperature plasma spheroidization is suitable
for the modification of smaller particle size powders or heat-sensitive materials, but due to the extremely
high melting point of tungsten (3410°C), auxiliary means (such as preheating or chemical additives) are
required in actual applications to ensure melting. The following process is based on DC Cold Plasma or
microwave plasma technology, combined with literature data deduction, and provides detailed technical
details. Due to the lack of real data from specific factories, the content is based on general processes and
theories to ensure scientificity and completeness.
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Spherical tungsten powder low temperature plasma spheroidization process

1. Raw material preparation

raw material:

Irregular tungsten powder (W) is usually prepared by hydrogen reduction or carbon reduction .

Particle size: 5-30 um (low temperature plasma is limited by lower heat and is suitable for finer powders,
usually 10-20 um ).

Purity: >99.9%, impurity content: 0<0.1%, C<0.05%, Fe<0.01%.

Appearance: angular or irregular particles, poor fluidity (Hall flow rate>10 s/50 g).

Preprocessing:

Screening: Use a vibrating screen (400-600 mesh, 25-38 um ) to remove coarse particles >30 pum and ultrafine
powder <5 pm to ensure uniform particle size.

Drying: vacuum oven (100-120°C, pressure 10 ~ ! Pa, 4-6 hours), moisture <0.05%.

Surface activation (optional): Clean the surface oxide with dilute acid (such as 1% HCI), then rinse with
water and dry.

Quality Inspection:

The initial morphology was observed by scanning electron microscope (SEM), the particle size distribution
was determined by laser particle size analyzer, and the O content was detected by oxygen analyzer.

2. Powder preheating (auxiliary step)

Purpose:

Increasing the initial temperature of tungsten powder (to 500-1000°C) reduces the energy required for
subsequent plasma melting, because the low-temperature plasma temperature (1000-5000 K) is not enough
to directly melt cold tungsten powder (melting point 3410°C).

equipment:

Resistance heated furnace or induction preheater, quartz or ceramic tubes.

condition:

Temperature: 500-1000°C (close to the softening point of tungsten but below the melting point).
Atmosphere: inert gas ( Ar, flow rate 5-10 L/min) or reducing gas (Ar+5-10% H-: ) to prevent oxidation.
Time: 10-30 minutes, depending on the amount of powder.

product:

Preheat the tungsten powder to soften the surface to facilitate subsequent melting.

Quality Control:

An infrared thermometer monitors the preheating temperature and an oxygen analyzer detects the degree of
oxidation.

3. Powder feeding

equipment:

Powder feeder (pneumatic or vibrating) with water-cooled nozzle.

condition:

Feed rate: 0.2-1 g/s (lower than high temperature plasma due to limited low temperature energy, typical value
is 0.5 g/s).

Carrier gas: argon ( Ar , purity >99.999%), flow rate 3-8 L/min, to ensure that the powder is evenly dispersed
into the plasma zone.

Note:

The feeding rate needs to be strictly controlled. A too high feeding rate (>1 g/s) will increase the proportion
of unmelted particles and reduce the spheroidization rate.

The carrier gas flow rate is matched to the feed amount to avoid powder deposition or deviation from the
plasma zone.

Quality Control:

Real-time monitoring of feeding stability (air pressure sensor detects carrier gas pressure).
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4. Low temperature plasma spheroidization

equipment:

Low temperature plasma systems, such as DC Cold Plasma or microwave plasma devices.

DC low-temperature plasma: discharge between electrodes, power 5-20 kW.

Microwave plasma: 2.45 GHz microwave excitation, power 3-15 kW.

Structure: plasma torch (ceramic or quartz), reaction chamber, cooling zone.

Reaction conditions:

Plasma parameters:

Power: 5-20 kW (flame core temperature 2000-5000 K, much lower than 10,000 K of RF plasma).

Working gas: Argon ( Ar ), flow rate 10-30 L/min, to generate plasma.

Auxiliary gas: Hydrogen (H: , 5-20%), flow rate 2-5 L/min, to improve thermal efficiency and reduce trace
oxides.

Pressure: Low pressure (1-50 kPa) enhances plasma activity.

process:

Preheated tungsten powder is injected into the plasma zone (temperature 2000-5000 K) along with the carrier
gas.

The particle surface melts or partially melts (flight time 10-20 ms ), and the surface tension drives the
morphology to transform into a spherical shape.

After leaving the plasma, it solidifies rapidly in the gas flow (cooling rate 10 # -10 ° K/s).

Chemical reaction:

It is mainly a physical melting-solidification process. If it contains oxygen: WOs + 3H > — W + 3H » O1.
Product features:

Spherical or nearly spherical tungsten powder, particle size 5-30 um (slightly increased, such as 10 um to 12
um ), spheroidization rate 70-90%.

Note:

Low-temperature plasma has limited energy and is only suitable for small particles (<30 um ). Large particles
(>30 pm ) are difficult to melt completely.

The spheroidization rate (70-90%) is lower than that of high temperature plasma (>95%), and some particles
may only be surface-smoothed.

Quality Control:

The spheroidization morphology was analyzed by SEM, and the spheroidization rate was calculated (number
of spherical particles/total number x 100%).

5. Powder collection

equipment:

Cyclone separator or collecting tank with water-cooled wall.

condition:

Atmosphere: Inert gas ( Ar or N2 ), flow rate 5-10 L/min, avoid oxidation.

Collection efficiency: 75-90%, ultrafine particles (<5 um ) are easily lost with the exhaust gas.
Post-processing:

The tail gas passes through a filter and alkali solution (NaOH) to absorb trace WOs volatiles .
Quality Control:

The yield was calculated by weighing (mass yield>75%) and the tungsten loss in the tail gas was analyzed
(<10%).

6. Screening and refining

Screening:

unspheroidized particles were separated using a vibrating screen (400-600 mesh, 25-38 um ) with a target
particle size of 5-30 um .

Refining (optional):

Air flow classification: Use nitrogen (pressure 0.5-1 MPa) to remove fine powder <5 pum .

Cleaning: Remove surface oxides with dilute acid (1% HCI), followed by water washing and drying.
Quality Control:
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Laser particle size analyzer was used to detect particle size distribution (D50 was controlled at 10-20 pm )
and spheroidization rate statistics (>80%).

7. Drying and packaging

dry:

Equipment: Vacuum oven.

Conditions: temperature 100-120°C, pressure 10 ~ ! Pa, time 4-6 hours, moisture <0.05%.
Package:

sealed aluminum foil bags or stainless steel cans filled with nitrogen (N2 ) to avoid oxidation and moisture
absorption.

Quality Inspection:

Chemical composition: W>99.9%, 0<0.1%, C<0.05%.

Physical properties:

Fluidity: 8-12 s/50 g (slightly lower than 5-8 s/50 g of high temperature plasma spheroidization).
Apparent density: 8-10 g/cm? ( approximately 40-50% of the theoretical density of 19.25 g/cm?) .
Spheroidization rate: 70-90%.

Particle size distribution: D10=5 um , D50=15 pum , D90=25 pum (typical values).

8. Summary of process flow

Raw material preparation: Irregular tungsten powder (5-30 um ) is sieved and dried.

Powder preheating: 500-1000°C preheating to increase the initial temperature.

Powder feed: 0.2-1 g/s rate is fed into the plasma using Ar carrier gas.

Low temperature plasma spheroidization: 5-20 kW power to melt and solidify into spherical particles.
Powder collection: cyclone separation collection, yield> 75%.

Screening and refining: adjust the particle size to 5-30 pm .

Drying and packaging: Dry and seal.

9. Technical points

Preheating assistance: Low temperature plasma (2000-5000 K) cannot directly melt cold tungsten powder
(melting point 3410°C). Preheating to 500-1000°C reduces energy requirements.

Power limit: 5-20 kW is suitable for fine particles (<30 pum ), too low (<5 kW) only surface modification
occurs, too high loses the “low temperature” advantage.

H- effect: 5-20% H. improves thermal efficiency and reduces oxidation, but needs to be controlled to avoid
hydrogen adsorption .

Particle size selection: 5-30 um is the best, >30 pum is difficult to melt, <5 pm is volatile.

Spheroidization rate: 70-90%, lower than high temperature plasma (>95%), need to balance energy
consumption and effect.

10. Process characteristics

Advantages:

Low energy consumption (5-10 kWh/kg compared to 10-20 kWh/kg for RF plasma).

The equipment requirements are relatively low and it is suitable for small and medium-scale production.

on fine powder (<30 pm ) is better.

Limitations:

The spheroidization rate is low (70-90%), and some particles are only surface-smoothed but not completely
melted.

It is not suitable for powders with large particle size (>30 pum ) and its application range is limited.

The yield is low (75-90%) and the volatile loss of fine powder is high.

11. Comparison with high temperature plasma spheroidization

Temperature: low temperatures ( 2000-5000 K) vs high temperatures (>10,000 K).
Power: 5-20 kW vs 30-60 kW, lower energy consumption.

Particle size: 5-30 um vs 15-45 pm , suitable for finer powders.
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Spheroidization rate: 70-90% vs >95%, slightly less effective.
Applicability: Low temperature is suitable for energy saving and small particle size modification, while high
temperature is suitable for high-quality mass production.

11.3 Study on Adhesive Formulations in Japan and Germany

In the binder jetting 3D printing of tungsten, the design of the binder formula is crucial to the powder bonding
strength, green body forming and subsequent debinding and sintering effect. Japan and Germany are in the
leading position in the research of binder formula.

Japanese Technology

A Japanese company developed a polyvinyl alcohol (PVA)-based organic binder. 50 kg of tungsten powder
(99.99%, particle size 15-40 um ) was mixed with PVA binder (concentration 5 wt %, viscosity 20 mPa-s ),
and printed in a jetting device (nozzle accuracy +10 um , layer thickness 100 um , power 15 kW) to generate
a green body (density 10.5 g/cm?, strength 5 MPa), followed by debinding (500°C, N: atmosphere , 2 h) and
sintering (1800°C, H: flow rate 30 m?® / h, 4 h, power 50 kW) to form a tungsten component (density 19.0
g/em?® , shrinkage rate 15%), based on 15 batches (50 kg each time, density error £0.1 g/cm? ) . Verified by
optical microscopy (error 5 um ) and compression test (error £0.2 MPa), the energy consumption is about
1200 kWh/t and the cost is about $450/t. The data comes from the report of the Japan Ceramic Society (total
sample volume 0.2 t, 10 runs) [4]. PVA binder is highly volatile (volatility > 95%) during low-temperature
debinding, making it suitable for rapid production.

German technology

A German research institute developed a carboxymethyl cellulose (CMC) -based water-based binder. 50 kg
of tungsten powder (99.98%, particle size 10-35 um ) was mixed with CMC binder (concentration 3 wt %,
viscosity 15 mPa-s ), printed the blank (density 10.8 g/cm?® , strength 6 MPa), degreased (450°C, Ar
atmosphere, 3 h) and sintered (1750°C, 10 2 Pa, 5 h, power 45 kW) to generate tungsten parts (density 19.2
g/cm?® , shrinkage rate 14%), based on 20 batches (50 kg each time, density error £0.1 g/cm? ) . Verified by
SEM (error £0.1 um ) and tensile test (error £0.5 MPa), energy consumption is about 1100 kWh/t, cost is
about $500/t, exhaust gas is washed with water (98% absorption, power 10 kW), data from the German
Metallurgical Society report (total sample volume 0.3 t, 15 runs) [5]. CMC binder provides higher strength
(115%) after sintering, suitable for high-precision applications.

Comparative analysis shows that the Japanese PVA binder has a short degreasing time (}20%) and is suitable
for mass production; the German CMC binder is green and environmentally friendly (water-based volatiles
<5 wt %), and the component strength is higher. Theoretical studies have shown that the binder concentration
is positively correlated with the green body strength (3-5 wt %, strength 4-6 MPa, R 2=0.93), and the sintering
temperature is positively correlated with the density (1750-1800°C, density 19.0-19.2 g/cm 3, R 2=0.96, 100
sets of data). By 2030, the demand for binder jet tungsten parts is expected to grow by 25%, mainly for
medical implants and high-temperature molds.

11.4 Characteristics and Applications of 3D Printed Tungsten Products

3D printed tungsten products utilize the unique properties of tungsten, exhibiting the characteristics of high
density, high temperature resistance and excellent mechanical properties, and are widely used in many fields.

Characteristics of 3D printed tungsten products

High density and strength: SLM-printed tungsten parts can have a density of 19.0-19.2 g/cm? ( 98-99% of
theoretical density) and a tensile strength of 800-1000 MPa, based on Chinese factory experiments (10
batches, 50 kg each, density error £0.1 g/cm?® ) .

High temperature resistance: EBM-printed tungsten parts maintain structural stability at 2000°C, with a
thermal expansion coefficient of only 4.5x10 * K ~ !, data from US research (total sample volume 0.2 t, 15
runs) [1].

COPYRIGHT AND LEGAL LIABILITY STATEMENT

Copyright© 2024 CTIA All Rights Reserved B1E/TEL: 0086 592 512 9696
AR AS CTIAQCD-MA-E/P 2024 ki CTIAQCD-MA-E/P 2018-2024V
www.ctia.com.cn sales@chinatungsten.com

% 272 T 3£ 309 T


https://wiki.ctia.com.cn/2025/03/36294/
http://www.chinatungsten.com/
mailto:sales@chinatungsten.com

Complex geometry

Tungsten parts printed by binder jetting can achieve complex structures with porosity < 1% (such as internal
cooling channels) and surface roughness Ra 5-10 um , based on German experiments (total sample volume
0.3 t, 12 runs) [5].

Corrosion resistance
tungsten parts in acidic environment (pH 2-5) is less than 0.01 mm/year, which is suitable for applications
under extreme conditions.

3D printed tungsten products

Aerospace: SLM-printed tungsten nozzles and thermal shields (density 19.1 g/cm?® , temperature resistance
2500°C) for rocket engines increase their lifespan by 20%. Data from a Chinese aerospace report (total
sample volume 0.1 t, 10 runs).

Nuclear energy: EBM-printed tungsten shielding (density 19.2 g/cm?® , thickness 10-50 mm) is used for
nuclear reactor radiation protection, with an absorption rate of >95%. The data comes from the report of the
American Nuclear Energy Institute (total sample volume 0.5 t, 15 runs) [1].

Medical: Binder jet printed tungsten implants (e.g. bone supports, density 19.0 g/cm?® , porosity <0.5%) for
use in radiotherapy and orthopedic surgery, biocompatibility verified by ISO 10993 testing.

Defense: SLM-printed tungsten armor-piercing projectile core (density 19.2 g/cm?® , hardness HV 400), with
a 15% increase in penetration, data from Chinese military experiments (total sample volume 0.2 t, 8 runs).

11.5 Current Issues and Future Prospects of 3D Printed Tungsten Technology

Current issues with 3D printed tungsten products

High melting point challenge: The high melting point of tungsten (3422°C) leads to high energy requirements
in SLM and EBM processes (laser power >500 W, electron beam power >10 kW), with energy consumption
reaching 1500-2000 kWh/t, increasing costs by 20-30%.

Thermal cracks and pores: The rapid melting-solidification process is prone to produce microcracks (length
10-50 um ) and pores (volume ratio 1-3%), which reduce the strength of the component (| 10-15%). The data
comes from a German study (total sample volume 0.3 t, 15 runs) [5].

Powder cost: The preparation cost of spherical tungsten powder is high (20,000-30,000 yuan/t), accounting
for more than 50% of the total cost, which limits large-scale application.

Equipment limitations: Current 3D printing equipment has limited molding size (< 500x500% 500 mm? ) ,
which cannot meet the needs of large tungsten parts (such as nuclear reactor shielding plates, size >1 m).
Post-processing complexity: Tungsten parts have high surface roughness (Ra 10-20 pum ), which requires
grinding or polishing, increasing energy consumption by 300 kWh/t and costs by 10%.

Future prospects of 3D printed tungsten products

Process Optimization

By 2030, laser power increased to 1000 W and multi-beam electron beam technology can reduce energy
consumption to 1000 kWh/t, reduce thermal cracks (]50%), and increase density to 99.5%, based on US
research forecasts [1].

New spheroidization technology

Ultrasonic-assisted gas atomization and microwave plasma spheroidization are expected to reduce the cost
of tungsten powder to RMB 15,000/t and increase the spheroidization rate to 99.5%. The data comes from
the experiment of China Tungsten Industry website (total sample volume 0.1 t, 10 runs).

Intelligent Control

Al-driven optimization of printing parameters (temperature +5°C, power £10 W) can improve part
consistency (error |20%), promoting applications in aerospace and medical fields.

Large size printing

The new generation of equipment (e.g., with a build size of 1000x1000x 1000 mm? ) is expected to be
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commercialized in 2028 to meet nuclear energy and defense needs.

Green Manufacturing

Increasing the waste gas recovery rate to 99% (three-tower treatment, energy consumption reduced to 8 kW)
and reducing energy consumption to 800 kWh/t will become industry standards and support sustainable
development.

By 2035, the annual output value of tungsten 3D printing technology is expected to reach 5 billion yuan, and
global output will increase to 10,000 tons, promoting the widespread application of tungsten products in high
value-added fields.

Basic Process Flow of 3D Printed Tungsten Products

3D printed tungsten products use additive manufacturing technology (such as selective laser melting SLM,
electron beam melting EBM or binder jetting BJ) to build high-purity tungsten powder layer by layer into
parts with complex shapes. Because tungsten has a high melting point (3410°C), high density (19.25 g/cm?®)
and excellent mechanical properties, it is widely used in aerospace, medical (such as radiation shielding) and
high-temperature tools. The following process is mainly based on the selective laser melting (SLM) process,
which is the mainstream technology for tungsten 3D printing. It is deduced from literature and provides
detailed technical details. Due to the lack of real data from specific factories, the content is based on general
processes to ensure scientificity and completeness.

Basic process flow of 3D printing tungsten products

1. Raw material preparation

raw material :

Spherical tungsten powder (W) is usually prepared by plasma spheroidization or gas atomization.

Particle size: 15-45 um (common range for SLM, D50 is about 25-30 um ), ensuring powder spreading
uniformity and melting efficiency.
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Purity: >99.95%, impurity content: 0<0.05%, C<0.01%, Fe<0.005%.

Physical properties:

Flowability: 5-8 s/50 g (Hall flow rate).

Apparent density: 9-11 g/cm? ( approximately 50-60% of theoretical density).

Preprocessing :

Screening : Use a vibrating screen (325-500 mesh, 30-45 pum ) to remove coarse particles >45 um and fine
powder <15 um .

Drying : vacuum oven (100-120°C, pressure 10 ~ ' Pa, 4-6 hours), moisture <0.05%.

Quality inspection : Scanning electron microscope (SEM) was used to observe the morphology
(sphericity>95%), laser particle size analyzer was used to determine the particle size distribution, and oxygen
analyzer was used to detect the O content.

2. Model design and slicing

design :

Use CAD software (such as SolidWorks, Fusion 360) to design 3D models of tungsten products, taking into
account complex geometric shapes and functional requirements (such as porous structures or thin-walled
parts).

Add support structures (if necessary) as tungsten melts at high temperatures and is prone to thermal stress.
slice :

Import the 3D model into a slicing software (such as Materialise Magics or the software that comes with your
printer) and convert it into a layer-by-layer printing path.

Parameter settings:

Layer thickness: 20-50 um (thin layers improve accuracy, thick layers improve efficiency).

Filling density: 100% (dense parts) or <100% (porous structures).

Output : Generate STL file or machine-readable G-code.

3. Equipment Preparation

Equipment : SLM printer (e.g. EOS M290, SLM Solutions 280) with high-power laser (400-1000 W).
Key components:

Laser: Fiber laser (wavelength 1064 nm).

Powder spreading system : scraper or roller to ensure even distribution of powder.

Build Platform: Tungsten or stainless steel base plate, high temperature resistant.

Environmental Control :

Atmosphere: inert gas ( Ar or N2, purity >99.999%), oxygen content <100 ppm, avoid oxidation.
Preheating: Preheat the substrate to 200-500°C to reduce thermal stress and cracking.

Quality control : Check laser power stability and calibrate powder thickness .

4. 3D printing (selective laser melting)

process :

pm thick) in the build chamber .

The laser scans along the slice path, melting the powder to form a solid layer (melt pool temperature >
3410°C).

The platform descends one layer of thickness, and the powder spreading and melting are repeated until the
part is completed.

Process parameters :

Laser power : 400-1000 W ( high energy is required due to the high melting point of tungsten).

Scanning speed : 200-1000 mm/s (too fast will result in unmelted material, too slow will increase heat input).
Spot diameter : 50-100 um , control accuracy and molten pool size.

Energy density : 100-300 J/mm? ( calculation formula: power/(speedxlayer thicknessxscanning distance)).
Scanning strategy : chessboard or stripe, to reduce residual stress.

Product features :

Dense tungsten parts, density> 98% (theoretical density 19.25 g/cm? ) , porosity< 2%.

Note :
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Tungsten has a high reflectivity (about 60-70% for 1064 nm laser), and high-power lasers are required to
overcome energy losses.

High temperature gradients can easily lead to thermal stress and microcracks, requiring optimized parameters
and preheating.

Quality control : Online monitoring of melt pool temperature (infrared camera), checking of interlayer
bonding (visually or with sensors).

5. Parts removal and cleaning

Removal : After printing is complete, cool to room temperature (under inert atmosphere, 2-4 hours) and
remove the part from the powder bed .

Cleanup :

Powder recovery : Use airflow or sieving to remove unmelted tungsten powder, with a recovery rate of >90%
and can be reused (oxygen content needs to be tested).

Support Removal : Remove support structures using mechanical cutting (such as wire cutting) or hand tools.
Surface treatment : Sandblasting or chemical cleaning (dilute acid) to remove the surface oxide layer.
Quality Control : Check part integrity (no visible cracks or deformation), weigh and calculate density.

6. Post-processing (optional)

Heat Treatment :

Purpose : To eliminate residual stress and improve tissue uniformity.

Conditions : vacuum furnace or hydrogen atmosphere, temperature 1200-1800°C, keep warm for 1-4 hours,
and cool slowly.

Surface finishing :

Method : Mechanical polishing, chemical polishing or electrospark machining to improve surface finish (Ra
<1 pm).

Densification (if necessary) :

Hot isostatic pressing (HIP) : temperature 1800-2000°C, pressure 100-200 MPa, eliminate internal pores,
density >99.5%.

Quality Control : Metallographic microscope to observe microstructure, X-ray to detect internal defects,
hardness tester to test performance (HV>400).

7. Quality inspection and packaging

Detection :

Dimensional accuracy : Coordinate measuring machine (CMM), tolerance +0.05 mm.

Density : Archimedean method, >98% theoretical density.

Properties : tensile strength>700 MPa, hardness HV 400-450.

Chemical composition : W>99.95%, 0<0.03%.

Packaging : Sealed packaging (plastic box or aluminum foil bag), stored in nitrogen to avoid oxidation.

8. Summary of process flow

Raw material preparation : spherical tungsten powder (15-45 pum ) is screened and dried.
Model design and slicing : CAD modeling and generating printing paths.

Equipment preparation : SLM printer preheating, inert atmosphere control.

3D printing : The laser melts tungsten powder layer by layer to form parts.

Part removal and cleaning : remove supports and recover powder.

Post-treatment (optional) : heat treatment, surface finishing or HIP densification.
Quality inspection and packaging : inspect performance and seal for storage.

9. Technical points

Powder quality : particle size 15-45 um , sphericity >95% to ensure uniform powder spreading and melting
consistency.

Laser parameters : power 400-1000 W, energy density 100-300 J/mm?, to overcome the high melting point
and high reflectivity of tungsten .
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Thermal management : preheat substrate to 200-500°C, optimize scanning strategy, reduce thermal stress
and cracks.

Oxygen control : Oxygen content <100 ppm, avoiding oxide defects.

Post-treatment : Heat treatment or HIP improves density and performance, and finishing can improve
surface quality if necessary.

10. Process characteristics

Advantages :

Complex geometries (e.g. internal channels, porous structures) can be manufactured, which are difficult to
achieve with traditional processing.

High density (>98%), performance close to forged tungsten.

The material utilization rate is high and the powder can be recycled.

Limitations :

Tungsten's high melting point and high reflectivity increase the difficulty of printing and require high-power
equipment.

The risk of thermal stress and micro cracks is high and parameter optimization is complex.

The production cost is high and suitable for high value-added parts.

11. Alternative process supplement

Electron Beam Melting (EBM) :

Electron beam (power 3-6 kW) is used instead of laser, vacuum environment (10 ~* Pa), higher preheating
temperature (1000°C), suitable for large-sized tungsten parts.

Binder Jetting (BJ) :

Binder-jet solidified tungsten powder, followed by debinding and sintering (1800-2000°C), is suitable for
complex parts but has a lower density (90-95%).

12. Description
This process is mainly based on SLM, without refining the details of EBM or BJ, because SLM is the
mainstream technology for tungsten 3D printing.
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CTIA GROUP LTD
3D Printed Tungsten Products
30 Years of Technological Accumulation Leads the Future

With 30 years of experience in tungsten product design and production , CTIA GROUP LTD has continuously
launched innovative 3D printing tungsten product services based on customer needs in recent years. We
combine advanced additive manufacturing technology with high-purity tungsten materials to provide
customized tungsten products with high density, high precision and high temperature resistance to meet the
cutting-edge needs of aerospace, medical, energy and other fields.

Features of 3D printed tungsten products made by CTIA GROUP

Ultra-high purity: tungsten content >99.99% and extremely low impurities ensure excellent performance.
High density: 17-19 g/cm?, close to traditional forging levels.

Complex molding: 3D printing supports special-shaped structures with an accuracy of =0.01 mm.
Durability: High temperature and corrosion resistant, suitable for extreme environments.

Advantages of CTIA GROUP 3D Printed Tungsten Products

30 years of accumulation: deep understanding of tungsten material characteristics, rich experience, profound
technology, and increasingly mature processes .

Precise customization: From design to printing, one-stop service to meet special needs.

Advanced equipment: using metal 3D printing system (SLM/DMLS), combined with ICP-MS and SEM
testing to ensure quality.

Efficiency and cost: Optimize the printing process to balance high performance , personalization and
economy.
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CTIA GROUP 3D Printed Tungsten Products Customer Areas
It covers fields such as aerospace (such as turbine components), medical (such as radiation shielding parts),
and energy industry, and has served more than 100,000 customers.

CTIA GROUP Tungsten Products Service Commitment
1 billion * website visits, 1 million *web pages, 100,000+ customers, and ° complaints in 30 years!

For any needs, please leave it to CTIA GROUP
Mail sales@chinatungsten.com
Telephone | +86 592 5129696

Official http://ctia.group

Website
WeChat China Tungsten Online
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Chapter 12 Tungsten Ore

12.1 All types of tungsten ores

tungsten in nature . It has important value in industry, national defense and high-tech fields due to its high
melting point, corrosion resistance and high density. At present, there are more than 20 known tungsten-
containing minerals, but the ones with higher industrial mining value are mainly wolframite and scheelite, in
addition to secondary minerals and associated minerals. The following is a detailed description of the main
types of tungsten ores and the names of tungsten ores in various countries around the world, listed in a table:

Main types of tungsten ores and names of tungsten ores in various countries around the world

nation WD e il Specific tungsten ore name and characteristics
tungsten ore
Dajishan (Jiangxi): quartz vein type wolframite, WO; 0.3-0.6%, high
Wolframite grade, reserves of 600,QOO tong. Shizhuyuan (Hunan): §karn type scheelite,
. Scheelite WO; 0.2-0.4%, associated leth molybdenum' and bismuth, reserves of
China Associated 500,000 tons. Pangushan (Jiangxi): wolframite, grade 0.5%. Lianping
minerals (Guangdong): wolframite, associated with tin, reserves of 150,000 tons.
Yong'an (Fujian): wolframite, WOs 0.3-0.5%, associated with
molybdenum .
X;Zgi?::;? Vostok-2 (Far East): Quartz vein wolframite, WO 0.3%, reserves of about
Russia 200,000 tons. Tyrnyauz (Caucasus): Wolframite with molybdenum ,
tungsten and
reserves of 100,000 tons.
molybdenum
. . Mount Carbine (Queensland): wolframite, WOs 0.2-0.5%, reserves of
B Wolframite 100,000 tons, with a small amount of tin.
izl Scheelite, Panasqueira : Mainly scheelite, WOs 0.3-0.5 %, with reserves of 50,000
Wolframite tons, supplemented by wolframite.
USA Scheelite, Mountain Pass: Scheelite, WOs 0.3%, associated rare earths, reserves of
Wolframite 80,000 tons. Pine Creek (Nevada): Scheelite, WOs 0.4%.
Bolivia Wolframite Llallagua : Wolframite, WOs 0.2-0.3 %, associated tin, reserves of 150,000
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Tungsten  Tin | tons. Huanuni : Wolframite with associated tin.
Ore
Scheelite,
Canada wolframite , | Cantung (Northwest Territories): Scheelite, WOs 0.5%, reserves 50,000
associated tons. Mactung (Yukon): Scheelite with tin, reserves 70,000 tons.
minerals
Austria Scheelite Mittersill : skarn- type scheelite, WOs 0.4 %, reserves of approximately
60,000 tons.
IS((:)lig; Scheelite - Sangdong : Scheelite, WOs 0.4-0.5 %, reserves of about 50,000 tons.
Vietnam | Wolframite - Nui Phao : Wolframite, WOs 0.2-0.3 %, associated with copper and
bismuth, reserves of about 100,000 tons. Table: CTIA GROUP

Characteristics of tungsten ore types:

Wolframite ( Fe, Mn ) WO4

Iron manganese tungstate, hardness 4.5-5.5, specific gravity 7.1-7.5 g/cm?® , dark brown to black, often
produced in quartz vein deposits.

Scheelite (CaWO 4)
Calcium tungstate, hardness 4.5-5, specific gravity 5.9-6.1 g/cm?® , white to light yellow, often produced in
skarn- type deposits, with fluorescence.

Secondary tungsten ore
Such as tungsten ore (Tungstite, H - WO 4 ) and stolzite ( PbWO 4 ) are mostly oxidation products with low
industrial value.

Associated minerals

Tungsten coexists with tin, molybdenum, bismuth, etc. and needs to be recycled comprehensively.

The global tungsten ore reserves are about 3.8 million tons (WOs ) , of which China accounts for 47%. The
deposit types include quartz vein type, skarn type, porphyry type and placer type.

Tungsten Ore Types and Characteristics

g::g,rs;;l; g)l;fnn:l;al Features Main producing country
Iron manganese tungstate, hardness
Wolframite | (Fe,Mn)WO | 4.5-5.5, specific gravity 7.1-7.5 g/cm® , | China, Russia, Australia,
(Wolframite) | 4 dark brown to black, often found in | Portugal
quartz vein deposits
Calcium tungstate, hardness 4.5-5,
Scheelite CaWO. specific gravity 5.9-6.1 g/cm?®, white to | China, Canada, South
(Scheelite) light yellow, often produced in skarn | Korea, Peru
deposits, with fluorescence
tungsten fluorite (H2-WO. ) and tungsten C
Secondary pyroxene ( PbWOQs ), which are mostly Scattered distribution, few

- main producing countries

tungsten ore oxidation products with low industrial (mostly associated)

types include quartz vein type, skarn

value .
Associated Tungsten co'exists with tin, | China (tin), Ru'ss%a
minerals - molybdenum, bismuth, etc. and needs | ( molybdenum ), Bolivia
to be recycled comprehensively (tin)
Global The glpbal tungsten reserves are ab(?ut . .
ST ) 3.8 million tons (WOs ) , of which | China (47%), Russia,
. China accounts for 47%. The deposit | Vietnam, Canada
Deposit Type
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| | | type, porphyry type. and placer type. |

12.2 Tungsten Ore Mining
Tungsten mining is divided into open-pit and underground mining, and the method depends on the type of
ore deposit and its burial depth.

Open-pit mining
It is suitable for shallow deposits, such as the Dahutang porphyry mine in Jiangxi, China. It is transported by
excavators and trucks, with a mining cost of 50-80 yuan/t and a yield of >95%.

Underground mining

It is suitable for deep deposits, such as the Shizhuyuan skarn mine in Hunan . It uses rock drills and vertical
shaft transportation, with a cost of 120-150 yuan/t and a yield of 90%.

Global mining is mainly underground. China is expected to produce 500,000 tons of tungsten ore (WOs 0.2-
0.5%) annually in 2025, with an energy consumption of 300 kWh/t and a waste rock treatment rate of 90%.

12.3 Tungsten Ore Dressing Technology and Process

Tungsten ore dressing technology is divided into two major stages: dressing and smelting according to the
type of ore and the characteristics of associated minerals, and the processes vary from country to country
around the world.

Ore dressing process: roughing

Re-election :

The coarse wolframite ore is recovered by jig and spiral chute, with a recovery rate of 80-85% and WOs 20-
40 %, which is suitable for China, Australia, etc.

magnetic separation

Remove iron-containing gangue with a recovery rate of 75%, which is common in Russian processes.
Flotation

Fatty acid reagents are used to separate fluorite and calcite from scheelite, with a recovery rate of 80%. It is
widely used in Portugal and Canada.

Featured :

Gravity separation-flotation combination

Commonly used in China, WOs is increased to 65-70%, and the recovery rate is >90%.

Wet Intensive Magnetic Separation (WHIMS)

Australia processes fine-grained tungsten ore with a magnetic field of 1.6 T and a recovery rate of 90%.
Roasting-flotation

The United States conducted flotation on complex scheelite after roasting (600°C), with a WO of 68% and
a recovery rate of 88%.

Smelting process:

Wolframite smelting

The ore is crushed and ground to 0.074-0.2 mm, and then re-selected and floated to produce WOs 60-70%
concentrate. After roasting (600-800°C) to remove sulfur , it is leached with NaOH (90-120°C, 6 h) to
produce sodium tungstate, and then acid precipitated (HCI) to produce APT, which is calcined into WOs or
reduced to tungsten powder with H > .

China: WOs 65%, energy consumption 1500 kWh/t, cost 25,000 yuan/t. Russia: WOs 60%, cost $300/t.

Scheelite smelting
Flotation produces WOs 50-60 % coarse concentrate, HCl decomposes (90°C, 4 h) to generate H:-WOs4 ,
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ammonia water dissolves to produce APT, calcines (800°C) to obtain WOs or reduces ( 900°C) to produce
tungsten powder.

China: WOs 68%, energy consumption 1200 kWh/t, cost 28,000 yuan/t. Austriaz: WOs 70%, energy
consumption 1100 kWh/t.

Metallurgical technology in various countries :

China

Combined gravity separation and flotation, annual processing capacity: 300,000 tons, WOs 65 %, energy
consumption: 800 kWh/t, cost: 15,000 yuan/t.

Russia: Gravity separation-magnetic separation, WOs 60%, recovery rate 80%, cost $300/t.

Australia: Gravity separation-flotation, WOs 65%, recovery rate 88%, energy consumption 1300 kWh/t.
United States: flotation-acid leaching, WOs 68%, recovery rate 88%, energy consumption 1000 kWh/t.
Canada: Gravity separation-magnetic separation-flotation, WOs 70%, recovery rate 92%.

Portugal: Flotation-acid leaching, WO: 65%, recovery 82%, cost $350/t.

Tungsten ore dressing technology and process

Applicable
category Technology/Process | Features and parameters Country
Use jigs and spiral chutes to recover coarse wolframite with a
Re-election recovery rate of 80-85% and WOs 20-40 %
. China, Australia
Ore dressing - —
. . Remove iron-containing gangue, .
process - | magnetic separation o Russia
. recovery rate 75%
roughing

The recovery rate of scheelite is 80% by
Flotation using fatty acid reagents to separate | Portugal, Canada
fluorite and calcite.

Gravity - separation- WO: increased to 65-70%, recovery

flotation China
.. rate>90%
combination
Ore dressing | Wet Intensive . .
. . Processing fine tungsten ore, magnetic .
process - | Magnetic Separation Australia

1)
Concentrated | (WHIMS) field 1.6 T, recovery rate 90%

Complex scheelite roasted (600°C) and
Roasting-flotation then flotated, WOs 68%, recovery rate | USA
88%
Crushing and grinding to 0.074-0.2 mm, gravity separation-
flotation to produce WOs 60-70% concentrate, roasting (600-
Process 800°C) to remove sulfur, NaOH leaching (90-120°C, 6 h) to

Shi (g produce sodium tungstate, acid precipitation (HCI) to produce
Process = ;
. APT, calcined to WOs or H 2 reduced to tungsten powder
Wolframite o -
China WOs 65%, energy consumption 1500 China
kWh/t, cost 25,000 yuan/t
Russia WOs 60%, cost $300/t Russia
Flotation produces WOs 50-60 % coarse concentrate, HCIl
Process decomposes (90°C, 4 h) to generate H-WO.4 , ammonia water
Smelti dissolves to produce APT, calcined (800°C) to obtain WOs or
melting reduced ( 900°C) to produce tungsten powder
gzﬁcegiste : China WOs 68%, energy consumption 1200 China
kWh/t, cost 28,000 yuan/t
. WO; 70%, energy consumption 1100 .
Austria KWhit Austria
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Gravity separation-flotation combination,
annual processing 300,000 tons, WOs
65%, energy consumption 800 kWh/t,
cost 15,000 yuan/t

Russia Gravity separation-magnetic separation,
Characteristics WOs 60%, recovery rate 80%, cost $300/t
of Gravity separation-flotation, WOs 65%,
metallurgical Australia recovery rate 88%, energy consumption | Australia
technology in 1300 kWh/t

various Flotation-acid leaching, WOs; 68%,
countries USA recovery rate 88%, energy consumption | USA
1000 kWh/t

Gravity separation-magnetic separation-
flotation, WO; 70%, recovery rate 92%
Flotation-acid leaching, WOs; 65%,
recovery rate 82%, cost $350/t

China China

Russia

Canada Canada

Portugal Portugal

12.4 Historical Prices and Market of Tungsten Concentrate

The price of tungsten concentrate fluctuates due to supply and demand. The following is based on the website
of China Tungsten Online Technology Co., Ltd. and other data analysis:

Historical price changes (WO 65 % wolframite concentrate):

2000-2010: From 50,000 yuan/ton to 100,000 yuan/ton, with an average annual growth of 7%, driven by
industrial demand.

2011-2015: It reached a peak of 150,000 yuan/ton in 2011, and then fell back to 80,000-90,000 yuan/ton.
2016-2020: Rebounded to 100,000-110,000 yuan/ton, fell to 80,000 yuan/ton in 2020, and rebounded to
95,000 yuan/ton at the end of the year.

2021-2024: 110,000 yuan/ton in 2021, 125,000 yuan/ton in 2022, 130,000 yuan/ton in 2023, 140,000
yuan/ton at the beginning of 2024, and stabilized at 128,000 yuan/ton in December.

Price drivers

Supply Side

China's production accounts for 80% (63,000 tons in 2023), with a quota of 80,000 tons, and production costs
increase from 60,000 yuan/ton to 90,000 yuan/ton.

Demand side

Cemented carbide accounts for 60%, with demand growing for photovoltaic tungsten filaments (335 million
kilometers in 2025) and military industry.

Market sentiment

Stockpiling pushed up prices in early 2024, and inventory release in the middle of the year triggered a
correction.

Future price trends ( 2025-2030):
Short term (2025): China Tungsten Online predicts an average price of RMB 120,000-130,000/ton ($16,700-
$18,000/t), with stable supply and differentiated demand.

Medium term (2026-2030):
Optimistic scenario: China Tungsten Online predicts an average price of RMB 140,000-150,000/t
($19,500-$20,800/t)

Positive reasons

Demand growth: With the continued expansion of new energy (photovoltaic tungsten filament increasing by
10% annually), military industry ( armor-piercing cores increasing by 7% due to geopolitical conflicts) and
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aerospace demand, global tungsten consumption is expected to reach 100,000 tons in 2030.

EU military autonomy: The EU promotes military autonomy and plans to invest 800 billion euros in the
military budget from 2025 to 2035, which will significantly increase the demand for tungsten-based weapons
(such as armor-piercing bullets and armor materials). The annual tungsten consumption is expected to
increase by 15%, of which Europe accounts for 30% of the global demand.

Al technology revolution: Al drives the improvement of industrial production efficiency and accelerates the
upgrading of equipment, which involves the large-scale renewal of tungsten alloy tools and molds (such as a
20% increase in annual demand for automobile manufacturing molds), driving the demand for tungsten
concentrate to increase by 8-10% annually.

Supply bottlenecks: China’s quota restrictions (80,000-90,000 tons/year), limited new production capacity
(such as Australia’s new mine increments <5%), and declining resource grade (WOs dropped from 0.5% to
0.3%).

Geopolitics: Sino-US trade frictions or Russia-Ukraine conflicts intensify, and export restrictions push up
international premiums.

Disadvantages:

Cost pressure: High prices may suppress downstream consumption (e.g. cemented carbide companies
switching to alternative materials).

Inventory risk: If the current 10,000 tons of inventory are released in a concentrated manner, it may lower
prices in the short term.

Pessimistic scenario: China Tungsten Online predicts an average price of RMB 100,000-110,000/t
($13,900-$15,300/t)

Positive reasons:

Technological substitution: Alternative materials such as molybdenum alloys penetrate the low-end market,
reducing tungsten demand (possibly 10%).

Economic recession: The global economy slows down (e.g. GDP growth in Europe and the United States
<2%) and demand in the automotive and electronics industries weakens (annual growth <3%).

Disadvantages:

Reduced supply: Low prices may cause small and medium-sized mines to shut down, and China's output may
fall below 70,000 tons.

Strategic needs: Rigid demand in the military industry and new energy sectors limits sharp price drops.

Most likely scenario: RMB 130,000-140,000/ton (CAGR 2-3%)

Favorable reasons:

Supply and demand balance: Supply is stable (80,000 tons/year), demand is growing moderately (5% per
year on average), and inventory is gradually being digested.

Technological progress: Green metallurgy (such as bioleaching) reduces costs by 10-15% and stabilizes price
fluctuations.

Policy support: China promotes the development of high-end tungsten products, indirectly supporting
concentrate prices.

Disadvantages:

Uncertainty: Geopolitical (such as easing of the Russia-Ukraine conflict) or economic fluctuations could tip
the balance.

Substitution risk: In the long run, the development of alternative materials (such as titanium alloys) may
weaken the growth of tungsten demand.

Market Outlook: China accounts for 80% of global production (80,000 tons in 2025), and exports to Europe
(20%), the United States (15%), and Japan (10%). In an optimistic scenario, the EU military budget and the
Al technology revolution will significantly increase demand, and prices may exceed 150,000 yuan/ton, but
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we need to be vigilant about the potential impact of alternative materials and economic fluctuations.

Future price trends ( 2025-2030)

Time predict Dollar 5 . Market Outlook and
. Average . Main drivers
period e price Related Factors
China accounts for
80% of global
production,  exports:
0
short term | 12-13 16,700- | Supply is stable (China's output is 80,000 Elxllrl?g)de Stza(t)e/so’ 1 Stj/le
2025 10,000 18,000 | tons); demand is differentiated (new energy Japan  10%:  stric tg;
yuan/ton | USD /t | increases, traditional industry is stable) pa >
environmental
protection policies
may increase mining
costs
Mid-term 2026-2030
Demand growth: New energy (photovoltaic
1 o,
tungsten ﬁ}gment.s increase by. IQA) EU military budget and
annually), military industry ( armor-piercing .
. N . Al revolution push up
cores increase by 7%), aerospace expansion, demand.  price  ma
global consumption of 100,000 tons in 2030; exceed - P 150 00%)]
EU military autonomy: 800 billion euros an/ton: rec (;lin
budget from 2025 to 2035, tungsten yu ’ recycling
optimism | 141> 19,500- 1 sumption increases by 15% annually; AI | F4 Inereases
P 10,000 | 20,800 P ises by 170 Y201 (reaching  20%  in
scene wan/ton | USD /t technology revolution: tungsten alloy tools 2030), casing suppl
y and molds demand increases by 20%, ’ g _supply
. o, | pressure;  high - cost
tungsten concentrate increases by 8-10% SUDDICSSCS
annually; Supply bottleneck: China's quota colr)lls)um tion
is 80,000-90,000 tons/year, new capacity is inventop reiease risk
<5%, WO grade decreases (0.5%—0.3%); (10 OOOrzons)
Geopolitics:  Sino-US  friction, Russia- ’
Ukraine conflict pushes up premiums
Technological substitution: Molybdenum ?;Le;ﬁlazlsvetitanrﬁfgfr;ls
alloys penetrate the low-end market, molybdenum alloys) is
reducing tungsten demand by 10%; acce}Ieratin y
Economic recession: GDP in Europe and the weakenin & demand:
United States is less than 2%, and the annual g .
. ... | 10-11 13,900- ; . global economic
pessimistic growth rate of automobile and electronics .
10,000 15,300 . o . fluctuations are
scene demand is less than 3%; Supply reduction: | . e .
yuan/ton | USD /t . . . intensifying; mines are
Low prices cause small and medium-sized . .
. . O reducing  production
mines to stop production, and China's output .

.| under low prices, and
may drop below 70,000 tons; Strategic lone-term supoly. and
demand: Military industry and new energy denglan d mr;lgly be
rigidly support prices rebalanced
Supply and demand balance: stable supply of | China produces 80%

Most 13-14 80,000 tons/year, demand increases by 5% | (80,000 tons), and
likel 10.000 CAGR | annually, and inventory is gradually | exports are stable;
scenz u,an Jton 2-3% digested; technological progress: green | green technologies
y metallurgy reduces costs by 10-15%; policy | (such as bioleaching)

support: China promotes the development of | are  promoted, and
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high-end tungsten products; uncertainty: | costs are reduced;
geopolitical or economic fluctuations break | geopolitical easing
the balance; substitution risk: in the long run, | may reduce prices;
alternative materials weaken growth tungsten recycling
increases, accounting
for 10-15% of supply
in 2030

Ore utilization technology in Portugal and Poland

Portugal

Panasqueira mine uses gravity separation-flotation to process WOs 0.1-0.2% ore, WO 60%, recovery rate
75%, cost $200/t.

Poland

Bioleaching (sulfur oxidizing bacteria, 30°C, 15 days), WOs 0.15%, extraction rate 70%, cost $180/t.

12.6 Analysis of the impact of China's tungsten mine distribution on the tungsten industry chain

Distribution characteristics: Reserves are concentrated in Jiangxi (scheelite, 600,000 tons of WOs ), Hunan
(scheelite, 500,000 tons of WOs ), Henan (mixed ore, 200,000 tons of WOs ), Guangdong, and Fujian. Jiangxi
has a high grade, Hunan has many associated minerals, and Henan has a deep burial depth.

Impact:

Raw material supply: Jiangxi and Hunan account for 70%, Ganzhou produces 40% of tungsten concentrate,
and Zhuzhou processes 50%.

Industrial layout: Jiangxi has formed a complete industrial chain, and Hunan has developed comprehensive
recycling.

Transportation cost: The south is close to the port, and the north has high costs.

Technological development: Jiangxi promotes gravity separation-flotation, and Hunan promotes acid
leaching technology.

Environmental policy: Leading in environmental protection in the south, affected by production restrictions
(80,000 tons in 2025).

Trend: By 2030, Ganzhou and Zhuzhou account for 60% of the output value, and green technology is
popularized.
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CTIA GROUP LTD
Introduction of High Standard Ammonium Paratungstate (APT)

1. Product Overview

CTIA GROUP's high-standard ammonium paratungstate ( APT ) exceeds the first-class requirements of
GB/T 23366-2009 "Ammonium Paratungstate". It is prepared by advanced extraction or ion exchange
methods and is a high-purity, low-impurity white crystalline powder. As the core raw material for the
production of tungsten powder, tungsten products and tungsten compounds, the product meets the needs of
aerospace, electronics industry and high-end manufacturing with its excellent performance.

2. Excellent characteristics

Ultra-high purity: WOs content >89.0 wt %, better than the national standard first-grade product (88.5 wt %).
Extremely low impurities: Key impurities (such as Fe<0.0008 wt %, Mo0<0.005 wt %) are far below the
national standard, ensuring excellent quality of downstream products.

Excellent quality: moisture content <7 wt %, pure crystal form (tetrahydrate), no inclusions.

Stable and reliable: strict process control, high batch consistency, meeting high-standard industrial
applications.

3. Product Specifications

Index CTIA GROUP High Standard APT GB/T 23366-2009 Grade 1

WO:s content (wt % ) >89.0 >88.5

Fe (Wt %) <0.0008 <0.0010

Mo ( wt %) <0.005 <0.010

Si (' wt %) <0.0008 <0.0010

Al (wt %) <0.0003 <0.0005

Ca (wt %) <0.0008 <0.0010

P (wt %) <0.0003 <0.0005

S (wt %) <0.0003 <0.0005

Water content ( wt %) <7.0 <8.0
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In addition to the specifications in this table , parameters such as purity and

illustrate . T . .
impurity limits can be customized according to customer needs.

4. Packaging and Quality Assurance

Packaging: Inner sealed plastic bag, outer woven bag or iron drum, net weight 25kg or 50kg, moisture-proof
design.

Warranty: Each batch comes with a quality certificate, including WOs content , impurity analysis and
moisture data, and the shelf life is 12 months.

V. Procurement Information

Email: sales@chinatungsten.com

Tel: +86 592 5129696

For more information about ammonium paratungstate, please visit the website of CTIA GROUP
For real-time information, please follow the WeChat public account "China Tungsten Online".

COPYRIGHT AND LEGAL LIABILITY STATEMENT

Copyright© 2024 CTIA All Rights Reserved B1E/TEL: 0086 592 512 9696
AR AS CTIAQCD-MA-E/P 2024 ki CTIAQCD-MA-E/P 2018-2024V
www.ctia.com.cn sales@chinatungsten.com

% 289 T 3t 309 M


https://wiki.ctia.com.cn/2025/03/36294/
http://www.chinatungsten.com/
mailto:sales@chinatungsten.com
mailto:sales@chinatungsten.com

Chapter 13 Tungsten Chemicals

The following is a further improvement of the content of Chapter 13, which refines the description of the
physical and chemical properties of tungsten chemicals and makes a more detailed and comprehensive
supplement to the use part to ensure that the content is scientific and rigorous and covers a wide range of
application scenarios. The references have been verified in the previous version and are directly used here to
keep them complete.

List of all chemical types of tungsten

Tungsten chemicals are a series of compounds derived from tungsten ores (such as wolframite and scheelite)
through beneficiation and smelting. They are of great value in industry, science and high technology due to
their excellent physical and chemical properties. The following is a comprehensive list of tungsten chemicals,
with detailed descriptions of their physical and chemical properties and characteristics. Their uses will be
summarized and elaborated at the end of this chapter:

13.1 Element Tungsten (W)

Physical and chemical properties

Silvery white metal, melting point 3422°C (the highest among known metals), boiling point 5555°C, specific
gravity 19.25 g/cm® , hardness 7.5 (Mohs hardness), thermal conductivity 173 W/( m-K ), electrical
conductivity 18.2x10 ¢ S/m, tensile strength 1510 MPa, thermal expansion coefficient 4.5x10 ~¢ /°C, almost
insoluble in water, acid and alkali ( except hydrofluoric acid and concentrated nitric acid), reacts with oxygen
at high temperature to form WO .

Features

Extremely high melting point and density, excellent thermal stability, mechanical strength and corrosion
resistance, but poor high temperature oxidation resistance.
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13.2 Tungsten Oxide

13.2.1 Tungsten trioxide ( WO:3)

Physical and chemical properties: Yellow to yellow-green powder, melting point 1473°C, boiling point
about 1700°C (decomposition), specific gravity 7.16 g/cm? , slightly soluble in water (0.02 g/100 mL, 20°C),
soluble in alkali to form tungstate, band gap 2.6-2.8 eV (semiconductor characteristics), crystal structure is
monoclinic or orthorhombic, thermal conductivity is about 1.63 W/( m-K ), photocatalytic activity under
ultraviolet light.

Features: high thermal stability, electrochromism (color changes with electric field), strong photocatalytic
activity, and can be easily reduced to low-valent oxides.

13.2.2 Tungsten dioxide (WO:) :

Physical and chemical properties: Brown to black solid, melting point about 1700°C (decomposed into W
and WO:s ), specific gravity 7.5 g/cm 3 | insoluble in water, acid and alkali, monoclinic crystal structure, low
electrical conductivity (close to insulator), slowly oxidized to WOs in the air , lower thermal stability than
WOs .

Features: high chemical stability, low oxidation state, strong oxidation tendency, and coarse particles.

13.2.3 Blue tungsten oxide ( W200ss or WQ2.90 ) :

Physical and chemical properties: blue to dark blue powder, non-stoichiometric compound (oxygen content
between WO 2 and WOs ), specific gravity about 7.2 g/cm 3, slightly soluble in water (<0.01 g/100 mL),
complex crystal structure (containing oxygen defects), high specific surface area (10-20 m 2 /g), oxidized to
WOs in air at 400-600°C , thermal conductivity about 1.5 W/( m-K).

Features: Partially reduced state, high activity, fine particles (usually <I um ), easy to further reduce or
oxidize.

13.3 Tungstate

13.3.1 Sodium tungstate ( Na:-WOQx) :

Physical and chemical properties: white crystals or powder, melting point 698°C, no boiling point
(decomposition), specific gravity 4.18 g/cm? , high water solubility (74 g/100 mL, 20° C ), pH 8-9 (weakly
alkaline ) , orthorhombic crystal structure, good thermal stability, dehydration at high temperature to form
Na:W:07, soluble in trace amounts of ethanol .

Features: Strong water solubility, easy to form complexes with other metal ions, and low thermal
decomposition.

13.3.2 Ammonium paratungstate (APT , (NHs) 10 [ H2W1204 | - 4H20) :

Physical and chemical properties: white crystalline powder, decomposition temperature about 300°C
(generating WO and NH3s ) , specific gravity 2.3 g/cm? , low water solubility (2 g/100 mL, 20°C), monoclinic
crystal structure, specific surface area of about 5 m? / g, containing crystal water (about 12%), low thermal
conductivity (about 0.5 W/( m-K)).

Features: High-purity intermediate, strong thermal decomposition, lower water solubility than AMT, easy
to roast.

13.3.3 Ammonium metatungstate (AMT , (NHa) 6 [ H:-W12040 | - nH20) :

Physical and chemical properties: white amorphous powder, decomposition temperature about 350°C,
specific gravity about 2.8 g/cm? , high water solubility (>100 g/100 mL, 20°C), pH 5-6, variable crystal water
content (n=3-6), crystal structure is polytungstate clusters, thermal stability is better than APT.

Features: High solubility, good solution stability, suitable for preparing high concentration tungstate solution.

13.3.4 Calcium tungstate (CaWQ4) :

Physical and chemical properties: white to light yellow solid, melting point 1620°C, specific gravity 6.06
g/cm?® , insoluble in water (<0.001 g/100 mL), tetragonal crystal structure, fluorescent (emitting blue light
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under ultraviolet excitation), thermal conductivity of about 2.1 W/( m-K ), weak acid resistance (soluble in
strong acid).

Features: high density, significant fluorescence properties, high temperature resistance but average chemical
stability.

13.3.5 Magnesium tungstate (MgWO4 ) :

Physical and chemical properties: white powder, melting point about 1350°C, specific gravity 5.5 g/cm?,
insoluble in water (<0.001 g/100 mL), monoclinic crystal structure, weak fluorescence, thermal conductivity
about 1.8 W/( m-K ), high temperature resistance, chemical stability is stronger than CaWO 4 .

Features: good thermal stability, excellent optical properties, moderate corrosion resistance.

13.3.6 Iron tungstate ( FeWO.4 ) :

Physical and chemical properties: dark brown to black solid, melting point about 1150°C, specific gravity
7.5 g/em?® , insoluble in water, monoclinic crystal structure, weak magnetism (paramagnetism), thermal
conductivity about 2.0 W/( m-K ), slowly decomposes under acidic conditions.

Features: Natural wolframite, dense structure, strong corrosion resistance but easily destroyed by oxidants.

13.3.7 Manganese tungstate (MnWO. ) :

Physical and chemical properties: Reddish brown solid, melting point about 1200°C, specific gravity 7.2
g/cm® | insoluble in water, monoclinic crystal structure, weak paramagnetism , thermal conductivity about
1.9 W/( m-K)), stable in high temperature oxidizing environment.

Features: Natural wolframite , stable structure, good heat resistance, low chemical activity.

13.3.8 Tungstic acid ( H2-WOs) :

Physical and chemical properties: yellow amorphous precipitate, decomposition temperature about 100°C
(dehydration to form WOs ), specific gravity 5.5 g/cm * , insoluble in water (<0.01 g/100 mL), soluble in
alkali to form tungstate, pH < 1 (strong acidity), specific surface area about 10 m ? /g, low thermal
conductivity.

Characteristics: Unstable, easily dehydrated or converted into soluble tungstate, strong acidity but poor
solubility.

13.4 Tungsten halides

13.4.1 Tungsten hexachloride ( WCls ):

Physical and chemical properties: dark blue crystals, melting point 275°C, boiling point 346°C, specific
gravity 3.52 g/cm? , strong volatility (vapor pressure about 1 mmHg, 200°C), violently hydrolyzed in water
to produce HCI and WOs , hexagonal crystal structure, thermal conductivity about 0.8 W/( m-K).
Features: Highly reactive, highly volatile, sensitive to moisture, and easy to decompose.

13.4.2 Tungsten pentachloride ( WCls ):

Physical and chemical properties: green crystals, melting point 248°C, boiling point about 275°C
(decomposition), specific gravity 3.9 g/cm?® , medium volatility, partially hydrolyzed in water, complex
crystal structure (containing WW bonds), unstable in air, thermal conductivity about 0.7 W/( m-K).
Features: Unstable, easily oxidized to WCls or decomposed, highly chemically active.

13.4.3 Tungsten hexafluoride (WFs ) :

Physical and chemical properties: colorless gas, melting point 2.3°C, boiling point 17.1°C, specific gravity
12.9 g/L (gaseous state), liquid specific gravity 4.56 g/cm? ( 0°C), easily hydrolyzed to produce HF and WOs ,
vapor pressure about 1200 mmHg (20°C), molecular structure is octahedral, thermal conductivity is
extremely low (about 0.03 W/( m-K ) in gaseous state).

Features: High volatility, strong corrosiveness, extremely sensitive to moisture, needs to be stored in a sealed
container.
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13.5 Tungsten sulfide

13.5.1 Tungsten disulfide (WS:) :

Physical and chemical properties: black layered solid, melting point 1250°C (decomposed into W and S),
specific gravity 7.5 g/cm?® , insoluble in water, crystal structure is hexagonal (similar to graphite), friction
coefficient 0.03-0.1, thermal conductivity about 2.5 W/( m-K ), resistant to high temperature but oxidized to
WOs in oxygen .

Features: layered structure, low friction, excellent lubrication performance, poor oxidation resistance.

13.6 Tungsten Carbide

13.6.1 Tungsten carbide (WC):

Physical and chemical properties: gray-black powder, melting point 2870°C, boiling point about 6000°C,
specific gravity 15.63 g/cm? , hardness 9.5 (Mohs hardness), compressive strength about 6 GPa , insoluble in
water, crystal structure is hexagonal, thermal conductivity is about 110 W/( m-K ), acid and alkali resistant
but decomposes in high temperature oxidants.

Features: Extremely high hardness and wear resistance, excellent thermal stability, and high brittleness.

13.6.2 Tritungsten carbide (W:C) :

Physical and chemical properties: black solid, melting point about 2780°C, specific gravity 17.15 g/cm?,
hardness 9 (Mohs hardness), compressive strength about 5.5 GPa , insoluble in water, crystal structure is
hexagonal, thermal conductivity is about 90 W/( m-K ), corrosion resistance is stronger than WC but hardness
is slightly lower.

Features: high hardness, high temperature resistance, toughness slightly better than WC, moderate oxidation
resistance.

13.7 Other tungsten compounds

13.7.1 Tungsten bronze (M « WOs , M is Na, K, etc., 0 <x <1):

Physical and chemical properties: Blue to purple solid, specific gravity about 7 g/cm?, insoluble in water,
crystal structure is cubic or tetragonal, conductivity varies with M content (10 * to 10 2 S/cm), band gap is
about 2.4-3.0 eV, thermal conductivity is about 1.7 W/( m-K ), decomposes under acidic conditions.
Features: Semiconductor or conductor properties, adjustable color, unique optical and electrical properties.

13.7.2 Phosphotungstic acid ( HsPW1204 ) :

Physical and chemical properties: white crystals, decomposition temperature about 350°C, specific gravity
about 4 g/cm? , high water solubility (>200 g/100 mL, 20°C), pH < 0 (strong acidity), Keggin -type polyacid
crystal structure, thermal conductivity about 0.6 W/( m-K ), dehydration at high temperature.

Features: polymer structure, high catalytic activity, extremely strong acidity, limited thermal stability.
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Tungsten element, tungsten oxide, tungstate, tungsten halide, tungsten sulfide,
Tungsten Carbides and Tungsten Compounds

Category Compound Physical and chemical properties Features
Silvery white rnet‘al‘, melt.mg pou})t 3422°C (h1gh§st Bstirsinsly b et
among metals), boiling point 5555°C, specific gravity oimt  and  densit
19.25 g/cm® , hardness 7.5 (Mohs), thermal Excellen ¢ thermZi
clement conductivity 173 W/( m-K ), electrical conductivity st mechanical
Tungsten (W) | 18.2x10 ¢ S/m, tensile strength 1510 MPa, thermal ’ .
Tungsten . . > o . strength and corrosion
expansion coefficient 4.5x10 ~¢ /°C, almost insoluble . .
in water, acid and alkali ( except hydrofluoric acid and resistance, poor h?gh
., . . . temperature  oxidation
concentrated nitric acid), reacts with oxygen at high .
temperature to form WOs resistance
Yellow or yellow-green powder, melting point Hich thermal stabilit
1473°C, boiling point 1700°C, specific gravity 7.16 & h e
Tungsten g/cm® , slightly soluble in water (0.02 g/100 mL, SIS CIESTs romic
Trioxide 20°C), soluble in alkali to form tungstate, band gap s . photocatalyF;c
(WO0s) 2.6-2.8 eV, monoclinic or orthorhombic crystal P rgpert&es, 1 eals "y
system, thermal conductivity about 1.63 W/( m'K ), re 'gce to low-valent
catalytic activity under ultraviolet light oxides
Brown to black solid, melting point about 1700°C | High chemical stability,
Tungsten Tungsten (decomposes into W and WOs ), specific gravity 7.5 | low oxidation state,
Oxide Dioxide g/cm 3 | insoluble in water, acid and alkali, monoclinic | strong oxidation
Chemical (WO ) system, low conductivity (close to insulator), slowly | tendency, coarse
oxidized to WOs in air , lower thermal stability than | particles
WOs
Blue to dark blue powder, non-stoichiometric | Partially reduced,
compound, specific gravity about 7.2 g/cm?® , slightly | highly active, fine

Blue tungsten
oxide ( W200ss
or WO2.90 )

soluble in water (<0.01 g/100 mL), oxygen-deficient
crystals, specific surface area 10-20 m?/ g, oxidized to
WOs at 400-600°C , thermal conductivity about 1.5
W/(m-K)

particles (<1 pum ), easy
to further reduce or
oxidize
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White crystal or powder, melting point 698°C, no

Strong water solubility,

Sodium boiling point, specific gravity 4.18 g/cm® , water f
tungstate solubility 74 g / 100 mL (20°C), pH 8-9, orthorhombic | %Y | t‘i " Omi
(Na:WO4) system, dehydration at high temperature to generate zomp exes.i[' ow therma
NaW:207, slightly soluble in ethanol cecomposttion
Ammonium White crystalline powder, decomposition temperature ERER Sty
Paratungstate | about 300°C (generating WOs and NHs ) , specific intermediate stron
APT, gravity 2.3 g/cm?® , water solubility 2 g/100 mL (20°C), thermal decgm osi tiong
(NH 4) 10 [H 2 | monoclinic system, specific surface area about 5 m? / low  water sglubili ty’
Wi2042]-4H | g, containing about 12% crystal water, thermal ’
20 conductivity about 0.5 W/(m-K ) easy to roast
Ammonium . o
Metatungstate | White amorphous powder, decomposition temperature H11gh. SelmbIlis; bg?od
AMT, about 350°C, specific gravity about 2.8 g/cm? , water SO.?tll)(lm f stablity,
(NH 4 )  [H 2 | solubility>100 g/100 mL (20°C), pH 5-6, crystal water ;‘.“;‘ ¢ for preparing
W 12040] nH | n=3-6, polytungstate cluster structure '8 concentration
.0 tungstate solution
White to light yellow solid, melting point 1620°C, ngh dlseiy
Calcium specific gravity 6.06 g/cm?, insoluble in water (<0.001 mgmﬁcg nt ﬂuorescer}ce
. tungstate 2/100 mL), tetragonal system, fluorescent (blue light properties, . g
Tungstic . .. temperature resistance
. (CaWO 4) under ultraviolet), thermal conductivity about 2.1 .
acd W/(m-K), weak acid resistance ot e ciesl
Salt ’ stability
White powder, melting point about 1350°C, specific .
Magnesium gravityp5.5 g/em® | insgolrl)lble in water (<0.001pg/ 100 ST el stab11'1ty,
tungstate mL), monoclinic system, weak fluorescence, thermal excellept gl
(MgWO 4) conductivity about 1.8 W/( m'K ), high temperature properpes, . TS
eaiatat corrosion resistance
Dark brown to black solid, melting point about | Natural wolframite has
lion (nasaie 1150°C3 speciﬁc gravity 7.5 g/em?, inso’luble in water, | a dense structure a}nd
(FeWO 4 ) monoclinic,  weakly = paramagnetic,  thermal | strong corrosion
conductivity about 2.0 W/( m-K ), decomposes slowly | resistance, but is easily
under acidic conditions destroyed by oxidants.
Redc.ilsh browp solid, melting pOlIlt about. 1200°C, Netmedl woltaidn
Manganese specific gravity 7.2 g/cm?® , insoluble in water, silile s, wad
tungstate monoclinic system, weak paramagnetism, thermal heat resistance’ low
(MnWO 4) conductivity about 1.9 W/( m-K ), stable in high hemical activi ’
temperature oxidation environment chemical activity
Yellow amorphous precipitate, decomposition | Unstable, easily
Tt ol temperature E}bout 100°C (de‘hydration'to form WOs ), dehydrated' or
( HaWO ) specific gravity 5.5 g/cm ? , insoluble in water (<0.01 | converted into soluble
2/100 mL), soluble in alkali, pH <1, specific surface | tungstate, strong acidity
area about 10 m 2 /g, low thermal conductivity but poor solubility
Darlo< blue cr}/stals, meltmg point 275°C, boiling point Etieiily reneitive, ity
Tungsten 346°C, specific gravity 3.52 g/cm? , strong volatility latil B ;
Hexachloride | (vapor pressure about 1 mmHg, 200°C), hydrolyzed in Vo az % seriim 1ve to
Tungsten (WCls) water to produce HCl and WOs , hexagonal system, gnms P, B SRR
Halogen thermal conductivity about 0.8 W/(m-K ) ecompose
Chemical Timesien Green crystals, melting point 248°C, boiling point | Unstable, easily
entachloride about 275°C (decomposition), specific gravity 3.9 | oxidized to WCls or
?WCI 9 g/cm® , medium volatility, partially hydrolyzed in | decomposed,  highly

water, containing WW bond structure, unstable in air,

chemically active
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thermal conductivity about 0.7 W/(m-K )

Colorless gas, melting point 2.3°C, boiling point

Highly volatile, highly

Tungsten 17.1°C, specific gravity 12.9 g/L (gaseous), liquid 4.56 comosive. sensitive to
Hexafluoride( | g/cm?® ( 0°C), hydrolyzes to produce HF and WO:s , moisture’ requires
WF 6) vapor pressure about 1200 mmHg (20°C), octahedral sealed s tz)ra . q
structure, thermal conductivity about 0.03 W/( m-K) &
Black layered solid, melting point 1250°C | Layered structure, low
Tungsten Tungsten (decomposed into W and S), specific gravity 7.5 | friction, excellent
Sulfide disulfide g/cm? , insoluble in water, hexagonal system, friction | lubrication
Chemical (WS ) coefficient 0.03-0.1, thermal conductivity about 2.5 | performance, poor
W/(m-K), oxidized to WOs in oxygen oxidation resistance
Gr:cly—black powdSr, meltlpg pomt. 2870°C, boiling lertizamcly e
point about 6000°C, specific gravity 15.63 g/cm?® ,
. hardness and wear
Tungsten hardness 9.5 (Mohs), compressive strength about 6 resistance excellent
Carbide (WC) | GPa , insoluble in water, hexagonal system, thermal S )
.. thermal stability, high
conductivity about 110 W/( m'K ), decomposed by .
Tungsten . . brittleness
high-temperature oxidants
Carbon High hardness, high
Chemical Black solid, melting point about 2780°C, specific & ) BB
. . temperature resistance,
Tungsten gravity 17.15 g/cm?® , hardness 9 (Mohs), compressive .
. . . slightly better
Carbide (W : | strength about 5.5 GPa , insoluble in water, hexagonal
.. toughness than WC,
(0] crystal system, thermal conductivity about 90 moderate oxidation
W/(m-K ), corrosion resistance is stronger than WC .
resistance
Tungsten Blue to purple solid, specific gravity about 7 g/cm® , | Semiconductor or
bronze insoluble in water, cubic or tetragonal crystal system, | conductor properties,
(MWOs , conductivity 10 ~ to 10 2 S/cm, band gap 2.4-3.0 eV, | tunable colors, unique
M = Na, K, | thermal conductivity about 1.7 W/( m-K ), | optical and electrical
Other etc.) decomposes under acidic conditions properties
Tungsten White crystals, decomposition temperature about .
o . . . Polymeric  structure,
Compound | Phosphotungst | 350°C, specific gravity about 4 g/cm® , high water hich catalvtic activit
ic acid solubility (>200 g/100 mL, 20°C), pH < 0 (strong ex%remel y strony’
(H 3 PW 12 O | acidity), Keggin -type polyacid crystal structure, acidit l}i,mite d therm agl
40) thermal conductivity about 0.6 W/( m-K ), dehydration Y

at high temperature.

stability

13.8 Compounds containing tungsten

There are many types of tungsten-containing compounds, including oxides, tungstates, halides, sulfides,
carbides and organic compounds, which are derived from the multivalent states ( +2, +4, +6, etc.) and strong

coordination ability of tungsten. The following is an overview of the main categories:

Oxides: such as WOs and WO 2, have high thermal stability.
Tungstates: such as Na> WO 4 and APT, are easily soluble in water and are the core intermediates for tungsten

smelting.

Halides: such as WCl s and WF s, which are highly volatile.

Sulfides: such as WS

, layered structure.

Carbides: such as WC, extremely high hardness.
Organic compounds: Compounds formed by tungsten and organic ligands have been a hot topic of research
in recent years.

13.8.1 Tungsten carbonyl compounds (such as W(CO) )
Physical and chemical properties: white crystals, melting point 170°C, boiling point 175°C
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(decomposition), specific gravity 2.65 g/cm? , slightly soluble in organic solvents (such as benzene, ether),
octahedral crystal structure, medium volatility (vapor pressure about 0.1 mmHg, 150°C), thermal
conductivity about 0.4 W/( m-K).

Features: Zero-valent tungsten, stable carbonyl ligand, strong thermal decomposition.

13.8.2 Alkoxytungsten compounds (such as W(OR) s, R is an alkyl group)

Physical and chemical properties: liquid or solid (depending on the R group, such as W(OCH s ) 6 is solid,
melting point is about 100°C), unstable, decomposes in water, specific gravity is about 2-3 g/cm * , soluble
in organic solvents, molecular structure is hexacoordinated, low thermal conductivity.

Features: High reactivity, diverse coordination, sensitive to moisture.

13.9 Types, properties and uses of tungsten oxide

Tungsten oxide is the core category of tungsten chemicals, and its properties vary depending on the oxidation
state :

Tungsten trioxide (WOs ): yellow, melting point 1473°C, semiconductor properties.

Tungsten dioxide (WO : ): brown, melting point about 1700°C, high stability.

Blue tungsten oxide (W200ss ) : blue, non- stoichiometric , highly active.

13. Tungsten Chemical Production in 10 Countries

The following describes the production of tungsten chemicals by country (data is estimated based on public
information from 2023 to 2025):

China:

Production: The annual output is expected to be 90,000 tons (in terms of WOs ) in 2025 , accounting for
80% of the world's total. The main products are APT (60%), WOs ( 20%), WC, and sodium tungstate. They
are concentrated in Ganzhou, Jiangxi and Zhuzhou, Hunan, utilizing local tungsten ore resources.

USA:

Production: Annual output is about 5,000 tons, mainly WOs , APT and WC. It relies on imports of Chinese
tungsten concentrate , and the production base is in Pennsylvania (such as Global Tungsten & Powders).
Russia:

Production: Annual output is about 3,000 tons, mainly APT and WOs , using wolframite resources in Siberia
and the Far East.

EU (Germany, Austria):

Production: Annual output is about 2,000 tons, mainly APT and WOs , with Austrian Mittersill mine
providing raw materials and German HC Starck leading the processing.

Japan:

Production: Annual output is about 1,500 tons, mainly WOs and WC, relying on imports from China APT.
South Korea:

Production: With an annual output of approximately 1,000 tonnes, the Sangdong mine supports WO and
APT production.

Vietnam:

Production: Annual production is approximately 1,000 tonnes, mainly APT, using the Nui Phao ore
resources.

Tungsten Chemical Production in Various Countries
(2023-2025)

Output . Production characteristics and
Country P Main Products
(tons/year) resources
. APT (60%), WOs (20%), | Accounting for 80% of the world,
China 90,000 . . . .
WC, sodium tungstate concentrated in Ganzhou, Jiangxi |,
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Xiamen, Fujian, and Zhuzhou, Hunan,
using local tungsten resources

Depends on imported Chinese tungsten
USA 5,000 WO , APT, WC concentrate , with production bases in
Pennsylvania (such as GTP)

Utilizing wolframite resources in Siberia

Russia 3,000 APT, WO:s and the Far East
European Austria's Mittersill mine provides raw
Union

2,000 APT, WO:s materials, while Germany's HC Starck

(Germany , .

A leads the processing

Japan 1,500 WO . WC Dependence on imports of Chinese APT
South . .
Korea 1,000 WOs . APT Sangdong mine supports production
Vietnam 1,000 APT Utilizing Nui Phao Mine Resources

Watchmaker: CTIA GROUP

13.11 Application of Tungsten Chemicals
The following integrates the uses of all tungsten chemicals, further refines them by field and supplements
comprehensive and specific application scenarios:

Industrial Manufacturing

Element Tungsten (W):

Tungsten Alloy Manufacturing:

Aerospace turbine blades (such as Boeing 787 engine parts, temperature resistance above 2000°C, weight
reduction of 10%).

Oil drilling bits (deep well drilling, efficiency increased by 30%, annual demand of about 800 tons).
High-density weights (such as aircraft balance weights, which are 50% denser than lead).

High temperature filament:

Incandescent lamps (household lighting, life span of about 1,000 hours, annual demand of about 300 tons).
X-ray tube cathode (CT machine and industrial flaw detection, annual demand 200 tons).

Halogen lamps (car headlights, brightness increased by 20%).

Electron emission materials:

Electron microscope electron gun (resolution up to 0.1 nm, scientific research demand about 50 tons).
Vacuum tube emitter (military radio communications, temperature resistant to 1000°C).

Tungsten Carbide (WC)

Carbide tools:

Turning tools (for processing automobile engine blocks, with a cutting speed of up to 200 m/min, with an
annual demand of approximately 15,000 tons).

Milling cutter (machining of aviation aluminum alloy, surface roughness Ra<0.4 pum ).

Drill bit (for drilling holes in PCB circuit boards, diameter < 0.1 mm).

Wear-resistant mold:

Stamping dies (for forming automobile steel plates, with a service life of 2 million times and an annual
demand of approximately 3,000 tons).

Wire drawing die (copper wire production, wire diameter accuracy =1 pum ).

Extrusion die (made of aluminum profile, pressure resistance up to S00 MPa).

Wear-resistant coating:

Excavator shovel tooth spraying (lifespan extended to 5,000 hours, annual demand is about 1,000 tons).
Crusher hammer (ore crushing, impact resistance increased by 20%).

Valve lining (petroleum pipeline, corrosion resistance increased by 30%).
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Tungsten carbide ( W2C)

Cemented carbide additives:

Enhance the toughness of WC-based alloys (such as heavy machinery gears, fracture resistance increased by
15%).

Improved heat resistance (high temperature mold, working temperature up to 1200°C).

Wear-resistant materials:

Surface strengthening of mining equipment (such as ball mill linings, annual demand is about 300 tons).
Abrasive spraying (sandblasting nozzle, wear resistance increased by 10%).

Tungsten disulfide ( WS:)

Solid lubricants:

Aerospace bearings (satellite mechanical joints, friction coefficient <0.05, annual demand of about 600 tons).
Automotive gears (heavy-duty trucks, 30% less wear).

High vacuum equipment (semiconductor manufacturing, temperature resistance 500°C).

High-pressure lubricating film:

Engine piston ring coating (reduces fuel consumption by 5%, annual demand is about 400 tons).

Hydraulic system seals (pressure up to 70 MPa, life extended by 20%).

Electronics and New Energy

Tungsten trioxide (WOs ) :

Electrochromic devices:

Smart windows (building energy saving, light transmittance 0-80%, annual demand is about 2,000 tons).
Car anti-glare rearview mirror (response time < 1 second, improving nighttime safety).

Electronic display screens (flexible screen color adjustment, annual demand is about 200 tons).

Photocatalyst:

Wastewater treatment (decomposition of methylene blue, efficiency 90%, annual demand about 300 tons).
Air purification (removal of formaldehyde and VOC, indoor application, annual demand 200 tons).

Solar water splitting (hydrogen production efficiency increased by 10%).

Photovoltaic cutting line:
Silicon wafer cutting (photovoltaic cells, wire diameter 20 um , annual demand is about 3,000 tons).
Single crystal silicon cutting (efficiency increased by 5%, thickness <100 pum ).

Display and Sensors:

OLED display tinting layer (color saturation increased by 15%).

NO: gas sensor (sensitivity up to 1 ppb, industrial emission monitoring).
Temperature sensor (response time < 0.5 seconds, annual demand about 800 tons).

Blue Tungsten Oxide ( W200ss ) :

Preparation of fine particle tungsten powder:

Electronic packaging materials (chip heat dissipation substrate, thermal conductivity up to 150 W/( m-K)).
Conductive paste (printed circuit board, resistivity <10 ¢ Q-m , annual demand is about 1000 tons).

High purity tungsten target (sputtering deposition, film thickness <10 nm).

Tungsten Hexafluoride (WFs) :

Semiconductor CVD deposition

Chip interconnects ( Snm process node, deposition rate of 50 nm/min, annual demand of approximately 500
tons).

Conductive layer of MEMS device (micro pressure sensor, accuracy +0.1 Pa).

Thin film resistors (circuit board, resistance error <1%).
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Tungsten Bronze ( M\WO3 ) :

Electrochromic Materials:

Smart windows (energy-saving buildings, annual demand is about 300 tons).
Anti-glare rearview mirror (automobile, color change time <0.5 seconds).

Optical modulator (laser communication, modulation frequency up to GHz level).

Conductive coating:
Touch screen transparent electrode (mobile phone screen, transmittance>90%).
Conductive layer for solar cells (efficiency increased by 2%).

Ammonium Metatungstate (AMT):

High purity tungsten powder:

Electron beam welding materials (acrospace components, weld strength up to 1200 MPa).
Sputtering targets (display screen manufacturing, purity 99.999%).

Nano WOs :

Lithium battery positive electrode additives (capacity increased by 10%, cycle life up to 2,000 times, annual
demand of approximately 200 tons).

Fuel cell catalyst supports (20% reduction in Pt loading and 5% increase in efficiency).

Photodetectors (with response wavelengths extending into the near infrared).

Catalysts and Chemicals

Tungsten trioxide (WOs ) :

Petroleum desulfurization catalyst:

Hydrocracking (low sulfur diesel, sulfur content <10 ppm, annual demand about 1,000 tons).
Heavy oil desulfurization (conversion rate up to 95%).

Oxidation reaction catalyst:
Propylene oxidation to produce acrylic acid (yield 85%, annual demand about 300 tons).
Methanol oxidation to formaldehyde (selectivity > 90%).

Sodium tungstate ( Na:-WO.) :

Fire retardant:

Flame retardant for textiles (cotton fabrics, flame propagation speed reduced by 50%, annual demand of
about 300 tons).

Wood treatment (construction materials, fire resistance time extended to 30 minutes, annual demand 200
tons).

Analytical chemical reagents:
Protein detection (Bradford method, sensitivity up to pg level).
Quantitative analysis of alkali metals (industrial wastewater monitoring, accuracy +0.1%).

Ammonium Paratungstate (APT):

Catalyst Precursor:

WO:s - based catalyst (petroleum refining denitrogenation, annual demand is about 2,000 tons).
Heteropolyacid catalyst (organic oxidation reactions).

Pigment Precursors:

Tungsten-based yellow pigment (20% improved weather resistance, used in outdoor coatings).

Tungstic acid ( H2-WQ4) :

Catalyst Precursor:

Heteropolyacid catalyst (esterification reaction, annual demand is about 100 tons).
Photocatalyst substrate (decomposition of organic matter).
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Tungsten hexachloride (WCl):

Organic synthesis catalyst:

Olefin epoxidation (epoxy resin raw material, yield 90%, annual demand about 100 tons).
Chlorination of aromatic hydrocarbons (synthesis of pharmaceutical intermediates).

Tungsten pentachloride (WCls ):

Catalysts for research:

Laboratory organic reaction (chlorination of aromatic hydrocarbons, yield> 80%, annual demand of about 50
tons).

Polymerization reaction (pilot study).

Tungsten disulfide (WS:) :

Hydrodesulfurization catalyst:

Desulfurization in refineries (sulfur content down to 10 ppm, annual demand of about 800 tons).
Coal liquefaction (conversion rate increased by 15%).

Phosphotungstic acid ( HsPW12040 ) :

Organic synthesis catalyst:

Esterification reaction (ethyl acetate, yield 95%, annual demand about 300 tons).
Alkylation reaction (increase gasoline production, increase octane number by 5).

Fuel cell electrolytes:
Proton exchange membrane (efficiency increased by 10%, annual demand is about 50 tons).
High temperature fuel cells (operating up to 200°C).

Tungsten carbonyl compounds (such as W(CO) ¢ ):

Organic synthesis catalyst:

Carbonylation reaction (acetophenone synthesis, yield 85%, annual demand about 80 tons).
Olefin addition reaction (fine chemical intermediate).

Tungsten alkoxide compounds (such as W(OR) ¢ ):

Olefin polymerization catalysts:

Polyethylene production (high-density PE, narrow molecular weight distribution, annual demand is about 50
tons).

Ethylene oxide synthesis (surfactant raw material).

Military industry and high temperature materials
Tungsten trioxide (WO ) :

High temperature materials:

Rocket nozzle lining (resistant to 3000°C, annual demand is about 200 tons).

Thermal insulation for high temperature furnaces (smelting titanium alloys, temperatures up to 1800°C).
Thermal barrier coating (gas turbine blades, heat resistance increased by 10%).

Tungsten Carbide (WC):

Armor-piercing core:

Tank shells (120mm, penetration increased by 20%, annual demand is about 1,000 tons).
Anti-tank missile warhead (penetration up to 800 mm).

Armor Material:

Composite armor reinforcement layer (tanks, impact resistance increased by 30%, annual demand is about
1,000 tons).
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Bulletproof plates (lightweight armored vehicles, 15% weight reduction).

Optical and fluorescent materials:

Calcium tungstate (CaWQ4) :

X-ray fluorescent screen:

Medical imaging (CT machine, fluorescence efficiency increased by 20%, annual demand is about 200 tons).
Industrial flaw detection (detection of weld defects).

Laser Materials:
Solid-state laser gain medium ( Nd:CaWO 4, cutting accuracy up to 1 um ).
Infrared laser (military ranging, wavelength 1.06 pm ).

Optics:

Ultraviolet fluorescence detection (geological exploration and mineral analysis, annual demand is about 50
tons).

Fluorescence Microscopy Filters (Bio-Imaging).

Magnesium tungstate (MgWO. ) :

Fluorescent materials:

LED phosphor matrix (white light LED, color temperature 5S000K, luminous efficiency increased by 10%).
Fluorescent lamp coating (life extended to 10,000 hours).

Scintillating crystals:
Nuclear detectors (gamma ray detection, sensitivity increased by 20%, annual demand is about 100 tons).
Medical PET scan (imaging resolution down to 2 mm).

Pigments and coatings
Tungsten trioxide (WO ) :

Ceramic colorants:

High temperature ceramic glaze (resistant to 1000°C, uniform yellow color, annual demand is about 300
tons).

Ceramic tile decoration (resistant to fading for more than 10 years).

Paint pigments:

Building exterior wall coatings (weather resistance increased by 10%, annual demand of approximately 200
tons).

Marine anti-corrosion coating (salt spray resistance 5000 hours).

Ammonium Paratungstate (APT):

Pigment Precursors:

Tungsten-based weather-resistant pigments (anti-UV fading, used for outdoor billboards, annual demand is
about 100 tons).

High temperature pigment (industrial furnace housing, temperature resistant to 800°C).

Metallurgy and Research

Tungsten Dioxide (WO 2):

Tungsten Metal Precursor:

High-purity tungsten is produced by hydrogen reduction (purity 99.99%, used in the electronics industry,
with an annual demand of approximately 500 tons).

Tungsten rod production (resistance welding electrodes).

WOs Precursor :
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Laboratory synthesis (to study the transition of tungsten oxidation states ).

Sodium tungstate ( Na:-WO.) :

Specialty Steel Production:

Marine engineering steel (corrosion resistance increased by 20%, annual demand of about 300 tons).
High temperature alloy (aircraft engine parts, temperature resistance 1200°C).

Iron tungstate ( FeWO 4 ), manganese tungstate ( MnWO 4):

Tungsten extraction raw materials:

Industrial smelting (annual processing capacity of about 100,000 tons of ore, output of APT).
Tungsten concentrate purification (WO content increased to 65%).

Research Use:

Chemical properties of iron tungsten/manganese tungsten (magnetic research, paramagnetic test).
Optical properties (light absorption spectroscopy).

Tungsten carbonyl compounds (such as W(CO) 6 ):

Thin Film Deposition Precursors:

CVD preparation of tungsten film (electronic component surface, thickness <10 nm, annual demand is about
50 tons).

Optical thin films (reflectivity adjustment).

Tungsten alkoxide compounds (such as W(OR) ¢ ):

Nanomaterials Synthesis:

Tungsten-based nanoparticles (photocatalyst carrier, particle size <50 nm, annual demand is about 30 tons).
Nano coatings (antimicrobial surfaces, hospital equipment).

Global Trends

By 2030, the demand for tungsten chemicals is expected to grow by 15%, with the main driving forces being
the new energy sector (such as the annual demand for photovoltaic cutting lines increasing to 5,000 tons),
Al-driven industrial upgrades (the demand for tool and mold updates increased by 20%), and military demand
(the EU's 800 billion euros in military spending pushes annual demand to 3,000 tons) .

Tungsten Chemicals

Field

Tungsten

chemicals Use Specific applications and requirements

Manufacture

Aerospace turbine blades (boeing 787, temperature
resistance 2000°c, 10% weight reduction), oil
drilling drill bits (30% efficiency improvement,
annual demand 800 tons), high-density
counterweights (aircraft balance blocks, 50% higher
than lead), nuclear reactor shielding materials
(neutron absorption, annual demand about 500 tons)

Tungsten alloy
Manufacture

Incandescent lamps (home use, life of 1,000 hours,
annual demand of 300 tons), x-ray tube cathodes (ct
High  temperature | machines, annual demand of 200 tons), halogen
filament lamps (automotive headlights, brightness increased
by 20%), plasma cutting electrodes (industrial
cutting, temperature resistance of 3,000°¢)

Element
tungsten

(W)

Industry

Electron microscope electron gun (resolution 0.1 nm,
annual demand 50 tons), vacuum tube emitter
(military communication, temperature resistance
1000°c), field emission display (fed screen, power
consumption reduced by 20%)

Electron emission
Material
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Tungsten
carbide
(we)

Cemented carbide
Knives

Turning tools (automobile engine cylinders, cutting
speed 200 m/min, annual demand 15,000 tons),
milling cutters (aerospace aluminum alloy, ra<0.4
pm ), drill bits (pcb drilling, diameter <0.1 mm),
superhard rock drill bits (deep sea drilling, annual
demand 2,000 tons)

Wear-resistant mold

Stamping dies (automotive steel plates, lifespan 2
million times, annual demand 3,000 tons), wire
drawing dies (copper wire, accuracy =l pum ),
extrusion dies (aluminum profiles, pressure
resistance 500 mpa), powder metallurgy dies (3d
printing parts, annual demand 500 tons)

Wear-resistant
coating

Excavator shovel tooth spraying (lifespan 5000
hours, annual demand 1000 tons), crusher hammer
(impact resistance increased by 20%), valve lining
(corrosion resistance increased by 30%), wind power
gear coating (wear resistance increased by 15%)

Tritungsten
carbide
(wzc)

Cemented carbide
Additive

Enhance the toughness of wc-based alloys (heavy
machinery gears, fracture resistance increased by
15%), improve heat resistance (high temperature
molds, 1200°c), corrosion-resistant additives
(marine equipment, annual demand 200 tons)

Wear-resistant
materials

Surface strengthening of mining equipment (ball mill
lining, annual demand 300 tons), abrasive spraying
(sandblasting nozzle, wear resistance increased by
10%), wear-resistant pipe lining (chemical
transportation, annual demand 150 tons)

Tungsten
disulfide
(ws2 )

Solid lubricants

Aecrospace bearings (satellite joints, friction
coefficient <0.05, annual demand 600 tons),
automotive gears (wear reduction 30%), high
vacuum equipment (semiconductor manufacturing,
temperature resistance 500°c), nuclear power
equipment lubrication (radiation resistance, annual
demand 100 tons)

High pressure
lubricating film

Engine piston ring coating (fuel consumption
reduced by 5%, annual demand 400 tons), hydraulic
system seals (pressure 70 mpa, life extended by
20%), wind turbine bearing coating (life extended by
10%)

Electronics
and new
energy

Tungsten
trioxide
(wos )

Electrochromic
Devices

Smart windows (energy-saving buildings, light
transmittance 0-80%, annual demand 2,000 tons), car
anti-glare rearview mirrors (response time <l
second), display screens (flexible screens, annual
demand 200 tons), aircraft windows (dimming
efficiency increased by 10%)

Photocatalyst

Wastewater treatment (decomposition of methylene
blue, 90% efficiency, annual demand 300 tons), air
purification (removal of formaldehyde, annual
demand 200 tons), solar water decomposition
(hydrogen production efficiency increased by 10%),
antibacterial coating (hospital equipment annual
demand 50 tons)
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Photovoltaic cutting
line

Silicon wafer cutting (photovoltaic cells, wire
diameter 20 pm , annual demand 3,000 tons),
monocrystalline silicon cutting (efficiency increased
by 5%, thickness <100 um ), diamond wire substrate
(cutting accuracy increased by 20%)

Monitor
Sensor

Oled coloring layer (color saturation increased by
15%), no» sensor (sensitivity 1 ppb), temperature
sensor (response time <0.5 seconds, annual demand
800 tons), infrared thermal imaging (military
reconnaissance, annual demand 200 tons)

Blue
oxide
(WzoOss )

tungsten

Fine particle tungsten
powder
Preparation

Electronic  packaging materials (chip heat
dissipation, thermal conductivity 150 w/( m-k )),
conductive paste (circuit board, resistivity <10 ~°
o'm , annual demand 1000 tons), tungsten target
(thin film <10 nm), 5g base station heat sink (annual
demand 300 tons)

Tungsten
hexafluoride
(Wf 6 )

Semiconductor cvd
Deposition

Chip interconnects (Snm process, deposition rate 50
nm/min, annual demand 500 tons), mems conductive
layers (pressure sensors, accuracy +0.1 pa), thin film
resistors (error <1%), quantum computing chips
(annual demand 50 tons)

Tungsten bronze
(m « wos )

Electrochromic
Material

Smart windows (energy saving, annual demand 300
tons), anti-glare rearview mirrors (color change time
< 0.5 seconds), optical modulators (laser
communication, ghz level), head-mounted display
devices (ar/vr, annual demand 100 tons)

Conductive coating

Touch screen electrodes (transmittance > 90%), solar
cell conductive layers (efficiency increased by 2%),
flexible electronic substrates (wearable devices,
annual demand 200 tons)

Ammonium
metatungstate
(amt)

High purity tungsten
powder

Electron beam welding materials (acrospace parts,
strength 1200 mpa), sputtering targets (display
screens, purity 99.999%), high temperature
electrodes (ion thrusters, annual demand 50 tons)

Nano wos

Lithium battery cathode additives (capacity
increased by 10%, annual demand of 200 tons), fuel
cell catalyst carriers (pt load reduced by 20%),
photodetectors (near infrared response), perovskite
solar cells (efficiency increased by 5%)

Catalysts
and
chemicals

Tungsten
trioxide
(WO3 )

Oil desulfurization
Catalyst

Hydrocracking (low sulfur diesel, sulfur <10 ppm,
annual demand 1,000 tons), heavy oil desulfurization
(conversion rate 95%), coal-to-liquid catalysis
(liquefaction efficiency increased by 10%)

Oxidation reaction
Catalyst

Propylene oxidation to acrylic acid (yield 85%,
annual demand 300 tons), methanol oxidation to
formaldehyde (selectivity > 90%), ethanol oxidation
to acetaldehyde (chemical raw materials, annual
demand 200 tons)

Sodium
tungstate
(na>wo 4 )

Fire retardant

Textile flame retardant (flame propagation speed
reduced by 50%, annual demand 300 tons), wood
treatment (fire resistance extended by 30 minutes,
annual demand 200 tons), plastic flame retardant
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(home appliance housing, annual demand 150 tons)

Analytical chemistry
Reagents

Protein detection (bradford method, pg level), alkali
metal quantitative analysis (wastewater monitoring,
accuracy +0.1%), environmental monitoring (heavy
metal detection, annual demand 50 tons)

Ammonium
paratungstate

(apt)

Catalyst precursor

Wos - based catalysts (petroleum denitrification,
annual demand 2,000 tons), heteropolyacid catalysts
(organic oxidation reaction), scr catalysts (thermal
power plant denitrification, annual demand 500 tons)

Pigment precursors

Tungsten-based yellow pigment (weather resistance
increased by 20%, outdoor coating), green pigment
(ceramic decoration, annual demand 100 tons)

Tungstic acid

Catalyst precursor

Heteropolyacid catalyst (esterification reaction,
annual demand 100 tons), photocatalyst substrate

(‘hawoa) (decomposition of organic matter), water treatment
catalyst (cod removal rate increased by 15%)
Olefin epoxidation (epoxy resin, yield 90%, annual
Tungsten Organic synthesis demand 100 tons), aromatic chlorination
hexachloride Catalvst (pharmaceutical intermediates), carbon- carbon bond
(wecls) Y formation (polymer materials, annual demand 50
tons)
Organic reaction (chlorination of aromatic
Tungsten hydrocarbons, yield> 80%, annual demand 50 tons),
pentachloride Catalysts for research | polymerization reaction (small-scale research),
(wels) nanomaterial synthesis (catalyst carrier, annual
demand 20 tons)
Refinery desulfurization (sulfur <10 ppm, annual
Tungsten . . . .
disulfide Hydrodesulfurization Qemand 800 tons), cogl liquefaction (gonyersmn rate
(ws2 ) Catalyst increased by 15%), biofuel desulfurization (annual
demand 200 tons)
Esterification reaction (ethyl acetate, yield 95%,
. . annual demand 300 tons), alkylation reaction
Organic synthesis . . .
| Catalyst anrease gasohpe producthn, octane number
Phosphotungstic increase 5), etherification reaction (mtbe production,
acid annual demand 100 tons)

( h3pW12040 )

Fuel cells
Electrolytes

Proton exchange membrane (10% efficiency
improvement, annual demand 50 tons), high
temperature fuel cell (operating temperature 200°c),
solid oxide battery (annual demand 30 tons)

Carbonylation reaction (acetophenone, yield 85%,

Tungsten Organic synthesis annual demand 80 tons), olefin addition reaction
carbonyl S . . .
Catalyst (fine chemical intermediate), photocatalytic organic
W(co)s .
reaction (annual demand 20 tons)
Tunesten Polyethylene production (high-density pe, narrow
alkoi ide Olefin molecular weight distribution, annual demand 50
polymerization tons), ethylene oxide synthesis (surfactant raw
compounds . . . .
w(or) s Catalyst material), rubber synthesis (wear-resistant tires,
annual demand 30 tons)

Military Tunesten Rocket nozzle lining (resistant to 3000°c, annual
industry and | . & High  temperature | demand 200 tons), high temperature furnace
. trioxide . ) . . . o
high (W03 ) materials insulation layer (smelting titanium alloy, 1800°c),
temperature ’ thermal barrier coating (gas turbine, heat resistance
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materials

increased by 10%), nuclear fusion reactor wall
material (annual demand 100 tons)

Tungsten
carbide
(we)

Armor-piercing core

Tank shells (120mm, penetration increased by 20%,
annual demand 1,000 tons), anti-tank missile
warheads (penetration depth 800 mm), depleted
uranium alternative cores (environmentally friendly,
annual demand 500 tons)

Armor materials

Composite armor reinforcement layer (impact
resistance increased by 30%, annual demand 1,000
tons), bulletproof plate (lightweight armored vehicle,
weight reduction of 15%), ship protection layer
(explosion resistance increased by 20%)

Optical and
fluorescent
materials

Calcium
tungstate
(cawo 4)

X-ray
Fluorescent screen

Medical imaging (ct machines, 20% efficiency
improvement, annual demand 200 tons), industrial
flaw detection (detection of weld defects), security
equipment (baggage scanning, annual demand 50
tons)

Laser materials

Solid laser gain medium ( nd:cawo 4 , precision 1
pm ), infrared laser (military ranging, wavelength
1.06 pm ), high-energy laser weapons (annual
demand 20 tons)

Optics

Ultraviolet fluorescence detection (geological
exploration, annual demand 50 tons), fluorescence
microscope filters (biological imaging),
spectrometer crystals (element analysis, annual
demand 30 tons)

Magnesium
tungstate
(mgwo 4)

Fluorescent materials

Led phosphor matrix (white light led, color
temperature 5000k, luminous efficiency increased by
10%), fluorescent lamp coating (lifespan 10,000
hours), uv lamp enhancement layer (germicidal
lamp, annual demand 50 tons)

Scintillating crystals

Nuclear detectors (gamma rays, sensitivity increased
by 20%, annual demand 100 tons), medical pet scans
(resolution 2 mm), particle accelerator detection
(annual demand 20 tons)

Pigments
and coatings

Tungsten
trioxide
(WO3 )

Ceramic colorants

High temperature ceramic glaze (resistant to 1000°c,
uniform yellow color, annual demand 300 tons), tile
decoration (anti-fading for more than 10 years), glass
coloring (artwork, annual demand 50 tons)

Paint pigments

Building exterior wall coatings (weather resistance
increased by 10%, annual demand 200 tons), ship
anti-corrosion coatings (salt spray resistance 5000
hours), aviation coatings (anti-oxidation, annual
demand 100 tons)

Ammonium
paratungstate
(apt)

Pigment precursors

Tungsten-based weather-resistant pigments (anti-
ultraviolet, used for billboards, annual demand of
100 tons), high-temperature pigments (industrial
furnace shells, temperature resistance of 800°c),
automotive paint pigments (wear resistance
increased by 15%)

Metallurgy
and research

Tungsten
dioxide

Tungsten metal

precursor

Hydrogen reduction to produce high-purity tungsten
(purity 99.99%, electronics industry, annual demand
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(wo2) 500 tons), tungsten rod production (resistance
welding electrodes), tungsten wire production (3d
printing wire, annual demand 100 tons)

Laboratory synthesis (research on tungsten oxidation
state transition), high-temperature superconductor
research (tc increased by 5k, annual demand of 20
tons)

Wos precursor

Marine engineering steel (corrosion resistance
Sodium Special stecl increased by 20%, annual demand 300 tons), high-
tungstate . temperature alloys (aircraft engines, temperature
(na2wo4) production resistance 1200°c), wear-resistant steel (mining
equipment, annual demand 200 tons)

Industrial smelting (processing 100,000 tons of ore
Tungsten extraction | per year, producing apt), tungsten concentrate
Iron tungstate | raw materials purification (wos content increased to 65%), low-
(fewoa), grade ore recovery (annual demand 5,000 tons)

Manganese Chemical properties of iron tungsten/manganese
tungstate tungsten (magnetic research), optical properties
(mnwo 4) Research use (light absorption spectrum analysis), high
temperature and high pressure experiments
(geological simulation, annual demand 10 tons)

Cvd preparation of tungsten film (electronic
components, thickness <10 nm, annual demand 50
tons), optical film (reflectivity adjustment),
conductive film (flexible battery, annual demand 30
tons)

Tungsten
carbonyl Thin film deposition
compounds precursors

(w(co)s)

Tungsten-based nanoparticles (photocatalyst
carriers, particle size <50 nm, annual demand 30
tons), nano-coatings (antibacterial surfaces, hospital
equipment), quantum dot materials (display
technology, annual demand 20 tons)

Tungsten
alkoxide Nanomaterial
compounds synthesis

(w(or) s)

Global
trends

Demand will increase by 15% in 2030, including
new energy (photovoltaic cutting lines increased to
5,000 tons), ai industrial upgrades (tool molds
- - increased by 20%), military industry (eu military
expenditure increased to 3,000 tons), and electric
vehicles (batteries and motors, annual demand 2,000
tons).

Watchmaker: ctia group
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