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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 AI 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, CTTA 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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CTIA GROUP LTD
Tungsten Boride Product Introduction

1. Tungsten Boride Overview

Tungsten boride (Tungsten Boride, e.g., WB, WB2, W2B) produced by CTIA GROUP is manufactured
using advanced chemical vapor deposition (CVD) and sol-gel processes, ensuring high purity and
exceptional performance. Tungsten boride is a ceramic material with high hardness and high electrical
conductivity, widely applied in electronics, catalysis, biomedicine, energy, and mechanical fields due to its
chemical stability and multifunctionality. Its unique boron-tungsten bond structure makes it an ideal choice

for high-performance material applications.

2. Tungsten Boride Features
e Chemical Composition: WB, WB2, W2B, purity 299.9%, with minimal impurities.
e Appearance: Gray-black powder or thin film; hexagonal or orthorhombic crystal structure.
e High Hardness: Brinell hardness ~40 GPa, suitable for wear-resistant coatings.
e Excellent Electrical Conductivity: ~10* S/cm, supporting 6G antennas and sensors.
e Chemical Stability: Corrosion rate <0.005 mm/year, ideal for catalysis in harsh environments.

e Multifunctionality: Supports electrocatalysis, battery materials, and biocompatible coatings.

3. Tungsten Boride Product Specifications

Type Particle Size | Purity Bulk Density | Boron Content | Impurities

(um) (Wt%) (g/cm?) (Wt%) (Wt%, max)
Nano-grade 0.01-0.05 299.9 3.5-4.0 10.2-10.8 Fe<0.002, Si<0.001
Micron-grade 10-20 299.8 4.0-4.5 10.0-10.5 Fe<0.003, Si<0.002
Thin-film grade 0.1-2 299.9 10.0-12.8 5.0-8.0 Fe<0.002, 0<0.05

4. Tungsten Boride Packaging and Quality Assurance

e Packaging: Sealed stainless steel cans or vacuum aluminum foil bags, net weight of 100 g, 500
g, or 1 kg, ensuring moisture-proof and oxidation-resistant storage.

e Quality Assurance: Each batch is accompanied by a quality certificate.

5. Tungsten Boride Procurement Information
e  Email: sales@chinatungsten.com
e Phone: +86 592 5129595
e  Website: For more information about tungsten boride, please visit the China Tungsten Online

website (http://www.tungsten-boride.com).
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Chapter 1 Introduction to Tungsten Boride

Tungsten boride (such as WB, WB:z , W2B ) is a type of high-performance transition metal boride.
Due to its excellent hardness (>30 GPa ), high temperature stability (>2000°C) and excellent
chemical inertness, it has shown wide application potential in hard coatings, high temperature
materials, electronic devices and new energy fields (Chapter 7.1, Chapter 9.1). This chapter provides
readers with a comprehensive introductory perspective by elaborating on the overview, research
background and significance, historical development and structure of tungsten boride, laying the
foundation for in-depth discussion in subsequent chapters (Chapters 2 to 17). The content of this
chapter combines the technical accumulation of CTIA GROUP LTD in the production and
application of tungsten boride, aiming to provide a reference for academic research, industrial
development and policy making.

1.1 Overview of Tungsten Boride

Tungsten boride is a class of compounds composed of tungsten (W) and boron ( B). Common forms
include monoboride (WB), diboride (WB: ) and pentaboride (W2B ) . Its chemical composition and
crystal structure give it unique physical and chemical properties (Chapter 2, 2.1). The Mohs
hardness of tungsten boride can reach 9.5, close to diamond (10), and the Vickers hardness (HV) is
in the range of 30—40 GPa , far exceeding traditional cemented carbides (such as WC, ~20 GPa ).
Its melting point is as high as 2600-2800°C, and its thermal conductivity is about 20-50 W/( m-K ),
which makes it perform well in high temperature environments (such as aerospace components,
Chapter 8, 8.1). In addition, the electrical conductivity (~10 # S/cm) and chemical stability (acid and
alkali corrosion resistance, pH 2—12) of tungsten boride support its application in electrode materials
and catalyst supports (Chapter 9, 9.2, Chapter 10, 10.1).

The crystal structure of tungsten boride is diverse. WB is usually orthorhombic (space group
Cmem ), WB: is hexagonal (P6; / mmc), and W:B is tetragonal (I4/mcm). These structures
determine its anisotropic mechanical and electrical properties (Chapter 2.2). For example, the
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compression modulus of WB: along the c-axis can reach 600 GPa , which is suitable for wear-
resistant coatings (Chapter 7.2). The synthesis of tungsten boride is mainly achieved through high-
temperature solid-phase reaction (>1500°C), chemical vapor deposition (CVD) or mechanical
alloying (Chapter 5.1-5.4). CTIA GROUP LTD uses plasma-assisted technology (Chapter 5.3) to
achieve efficient production of nano-scale WB: powder (particle size <50 nm), with a purity
0f >99.9% and an annual production capacity of 500 tons.

The application areas of tungsten boride cover traditional industries (such as tool coatings, Chapter
7, 7.1) and cutting-edge technologies (such as nanosensors, Chapter 10, 10.3). In 2024, the global
tungsten boride market is expected to be worth about $200 million, and is expected to reach $500
million in 2030, with a CAGR of 15% (Chapter 14, 14.5). CTIA GROUP LTD 's tungsten boride
products are widely used in hard coatings and high-temperature materials to meet the needs of the
aerospace and energy industries (Chapter 8, 8.1, Chapter 9, 9.4). However, the toxicity of tungsten
boride (inhalation of dust may cause pulmonary fibrosis, Chapter 13, 13.1) and high production
costs (~$200/kg, Chapter 14, 14.2) still need further research and optimization.

1.2 Research background and significance of tungsten boride

The research on tungsten boride stems from the demand for high-performance materials, especially
for applications in extreme environments (such as high temperature, high pressure, and strong
corrosion). In the early 20th century, cemented carbides (such as WC) dominated the wear-resistant
material market, but their high temperature performance was limited (<1000°C), which promoted
the exploration of transition metal borides (Chapter 8, 8.4). Tungsten boride has become an ideal
candidate to replace traditional ceramics (such as ALOs , SiC ) and metal alloys (such as Ni-based
alloys) due to its high hardness, thermal stability , and chemical inertness.

1.2.1 Academic Research Background

Theoretical research on tungsten boride focuses on its electronic structure and mechanical properties
(Chapter 3, 3.1-3.2). Density functional theory (DFT) calculations show that the strong WB
covalent bonds and BB network of WB 2> make its hardness close to that of superhard materials (such
as c-BN). In 2024, about 500 SCI papers related to tungsten boride were published worldwide,
focusing on the effects of doping (such as Ti, Zr) on hardness and oxidation resistance (Chapter 3,
3.4). The laboratory supported by CTIA GROUP LTD optimized the fracture toughness of WB
nanocoatings (~5 MPa-m!/?, Chapter 11, 11.1) through molecular dynamics (MD) simulations,
providing a theoretical basis for industrial applications.

1.2.2 Industrial Application Significance
The significance of tungsten boride in industry is reflected in:
o  Wear-resistant coatings : WB: coatings (thickness 2—5 um ) have a coefficient of friction
<0.3 on cutting tools and extend tool life by 50% (Chapter 7.1).
e High temperature materials : WB has an oxidation resistance of <1 mg/cm?-h at 2000°C,
suitable for turbine blades (Chapter 8.1).
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e Energy field : WB: is used as the negative electrode of lithium batteries, with a capacity
of ~200 mAh /g and a cycle stability of >1000 times (Chapter 9.2). CTIA GROUP LTD 's
tungsten boride coating technology has been applied to aerospace components, with an
annual output value of over 100 million yuan (Chapter 14.3).

1.2.3 Social and environmental significance

The development of tungsten boride promotes efficient resource utilization and green manufacturing
(Chapter 16.4). Its high durability reduces the frequency of material replacement and reduces carbon
emissions (~0.5 tons CO: / ton coating, Chapter 16.2). CTIA GROUP LTD adopts a circular
economy model to recycle waste tungsten boride powder (recycling rate>30%) and reduce tungsten
mining (Chapter 16.3). However, the potential health risks of tungsten boride dust (Chapter 13.1)
require strict safety regulations, such as CTIA GROUP LTD 's MSDS (Chapter 13.6), to ensure that
the occupational exposure limit (OEL) is <0.1 mg/m?.

1.3 Historical Development of Tungsten Boride
The research and application of tungsten boride has evolved from basic exploration to
industrialization. The following are the key milestones (see Table 1.3):
e 1900-1950: Early Discovery
In 1910, tungsten boride was first synthesized in the laboratory by reacting tungsten powder
with boron in an electric arc furnace (>2000°C), confirming the existence of WB and W
B. In the 1930s , X-ray diffraction (XRD) revealed its crystal structure (Chapter 2.2), laying
the theoretical foundation.
e 1950-1980: Industrial Exploration
In 1955, tungsten boride was tried for wear-resistant coatings, but was limited by synthesis
technology (yield <50%) and high cost (~ $500/kg). In 1970, high-temperature solid-phase
synthesis (Chapter 5.1) achieved mass production of WB - , and hardness tests (HV~35
GPa ) proved that it was superior to WC.
o 1980-2000: Technological breakthroughs
In 1985, chemical vapor deposition (CVD, Chapter 5, 5.2) was used to prepare WB coatings
with a thickness of 1-10 um and a friction coefficient of 0.4. In 1995, nano-tungsten boride
(particle size <100 nm) was synthesized by mechanical alloying (Chapter 5, 5.4), opening
up the application of nanotechnology (Chapter 10, 10.1).
e 2000-2020: Diversified Applications
In 2005, WB: was used in lithium battery electrodes (Chapter 9.2), with a capacity of 180
mAh /g. In 2015, CTIA GROUP LTD developed plasma-assisted synthesis (Chapter 5.3)
to produce nano WB: ( purity>99.8%), with the cost reduced to $200/kg. In 2020, tungsten
boride sensors (Chapter 10.3) achieved NO: detection (<1 ppm).
e 2020-2025: Intelligentization and Greening
In 2024, CTIA GROUP LTD will introduce Al to optimize tungsten boride production
(Chapter 17, 17.5), increase yield by 20%, and reduce energy consumption by 15% (<500
kWh/ton). In 2025, its tungsten boride MSDS (Chapter 13, 13.6) will be updated to comply
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years

1910
1955
1985
1995
2005

2015

2020

2024

Table 1.3 Milestones of Tungsten Boride History

with REACH and GB/T standards (Chapter 15, 15.2), supporting global exports.

milestone Key technologies/achievements Related
Chapters

First synthesis of WB, W2B 2.1,5.1

Industrial trials Wear-resistant coating, hardness ~30 GPa 7.1

CVD Technology =~ WB coating, friction coefficient 0.4 52,73

Nanosynthesis Mechanical alloying, particle size <100 nm 5.4,10.1

Battery WB: electrode , capacity 180 mAh /g 9.2

Application

Nano WB 2 CTIA GROUP LTD Plasma Synthesis, cost 5.3, 14.2
$200/kg

Sensor NO: detection <1 ppm 10.3

Development

Al Optimization Yield +20%, energy consumption -15% 17.5

1.4 Tungsten Boride Book Structure and Instructions

*Encyclopedia of Tungsten Boride* has 17 chapters, 4 appendices and an index, systematically

introducing the science, engineering and industrialization knowledge of tungsten boride:

Chapters 1 to 6: Basic Science and Technology

covers the properties of tungsten boride (Chapter 2), theoretical research (Chapter 3), raw
materials (Chapter 4), preparation (Chapter 5) and quality control (Chapter 6), providing a
basis for understanding its structure and synthesis. For example, Chapter 2, 2.3, details the
thermodynamic stability, and Chapter 5, 5.5, introduces the preparation of nano WB: .
Chapters 7 to 10: Applications

focus on tungsten boride in hard coatings (Chapter 7), high temperature materials (Chapter
8), electronic energy (Chapter 9), and emerging applications (Chapter 10). For example,
Chapter 9, 9.4 discusses thermoelectric properties, and Chapter 10, 10.3 explores sensor
technology.

Chapters 11 to 13: Research and safety

include computational simulation (Chapter 11), detection technology (Chapter 12) and
safety toxicity (Chapter 13). Chapter 13.6 provides the MSDS of tungsten boride produced
by China Tungsten Intelligence to guide safe use.

Chapters 14 to 17: Industry and Future

Analysis Market (Chapter 14), Regulations (Chapter 15), Environmental Impact (Chapter
16) and Technological Advances (Chapter 17). Chapter 17.5 explores the potential of Al in
tungsten boride research.

Appendices and Index

Appendices 1-4 provide a glossary (Appendix 1), references (Appendix 2), data tables
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(Appendix 3), and patent lists (Appendix 4). The index includes keywords, subjects, and
standards for easy searching.
Instructions for use :

e Academic readers : refer to Chapters 2, 3, 11, and 12 for theoretical and experimental data.

¢ Industrial users : Focus on Chapters 5, 7 to 10 and 14 to understand the technology and
market.

e Policymakers : Check Chapters 13, 15, and 16, focusing on regulations and the
environment.

e Navigation : Quickly locate content through indexes and chapter references (such as 7.1,
9.2). CTIA GROUP LTD 's tungsten boride technology runs through the entire book (such
as Chapter 5 5.3, Chapter 13 13.6), providing readers with practical cases.
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Chapter 2 Chemical and Physical Properties of Tungsten Boride

Tungsten boride (such as WB, WB 2, W 2 B) is a type of transition metal boride. It has important
value in hard coatings (Chapter 7.1), high temperature materials (Chapter 8.1), electronic devices
(Chapter 9.1) and emerging applications (Chapter 10.1) due to its high hardness (>30 GPa ) ,
excellent thermal stability (>2000°C) , electrical conductivity (~10 * S/cm) and chemical inertness.
This chapter discusses in detail the chemical composition, crystal structure, thermodynamic
properties, electrical and magnetic properties, and mechanical properties of tungsten boride, laying
the foundation for the subsequent theoretical research (Chapter 3), preparation technology (Chapter
5) and application analysis (Chapters 7 to 10). CTIA GROUP LTD provides key data support in the
production and performance testing of tungsten boride nanomaterials, such as the physical property
characterization of WB: nanopowder (particle size <50 nm, purity >99.9%) (Chapter 5.5), which
runs through the content of this chapter.

2.1 Chemical composition of tungsten boride (WB, WB: , W:B , etc.)

Tungsten boride is a class of compounds composed of tungsten (W) and boron ( B), with various
chemical compositions , including monotungsten boride (WB), ditungsten diboride (WB: ) ,
ditungsten pentaboride (W:B ) and other non-stoichiometric compounds (such as W2Bs ) . The
atomic ratio of boron to tungsten (B/W) in these compounds determines their structure and
properties (Chapter 2.2). Table 2.1 summarizes the chemical composition and properties of the main
tungsten borides.

e WB (tungsten monoboride) : B/W=1, molecular weight 193.65 g/mol, tungsten content
of about 94.8 wt %, boron content of about 5.2 wt %. WB has high hardness and chemical
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stability, acid corrosion resistance (pH 2—10), and is suitable for wear-resistant coatings
(Chapter 7.2). CTIA GROUP LTD produces WB powder through high-temperature solid
phase synthesis (Chapter 5.1), and impurities (such as O, C) are <0.1 wt %.

e  WB:; (tungsten diboride) : B/W=2, molecular weight 215.46 g/mol, tungsten content of
about 85.3 wt%, boron content of about 14.7 wt%. WB:2 has a hardness of 40 GPa due to
the strong WB and BB covalent bonds, making it suitable for tool coating (Chapter 7.1).
CTIA GROUP LTD uses plasma-assisted synthesis (Chapter 5.3) to produce nano WB:
( particle size 20—50 nm) with a purity of >99.9%.

e  W:B (tungsten pentaboride) : B/W=0.5, molecular weight 377.49 g/mol, tungsten content
about 97.4 wt %, boron content about 2.6 wt %. W:B has high thermal stability
(decomposition temperature > 2500°C) and is used for high-temperature components
(Chapter 8.1). Its low electrical conductivity (~10° S/cm) limits its electronic applications
(Chapter 9.1).

e  Other forms : W2Bs (B/W=2.5) and WB.4 ( B /W=4) exist under non-equilibrium synthesis
conditions (such as mechanical alloying, Chapter 5 5.4), but are less used due to their poor
stability (easy to oxidize). CTIA GROUP LTD 's laboratory research shows that WB4
oxidizes at 250°C in air (Chapter 3 3.3).

The chemical composition of tungsten boride is accurately determined by inductively coupled
plasma mass spectrometry (ICP-MS, Chapter 6, 6.1), and the typical purity requirement is >99.5%
(GB/T 26037-2020, Chapter 15, 15.2). In the WB: powder produced by China Tungsten Intelligence ,
impurities such as Fe and Mo are <50 ppm, ensuring the needs of high-performance applications.

Table 2.1 Main chemical composition and characteristics of tungsten boride

Compound B/W Molecular Tungsten  Boron Key Features Related
Ratio weight content content Chapters
(g/mol) (wt %) (wt %)

WB 1 193.65 94.8 5.2 Hardness ~30 GPa , acid 7.2
resistant

WB . 2 215.46 85.3 14.7 Hardness ~40 GPa , | 7.1,53
coating

W:B 0.5 377.49 97.4 2.6 Thermal stability >2500°C = 8.1

W:Bs 2.5 237.27 77.5 22.5 Easy to oxidize, for 3.3
research

2.2 Crystal structure and bonding characteristics of tungsten boride

The properties of tungsten boride are derived from its unique crystal structure and chemical bonds
(Chapter 3, 3.2). Its crystal structure is characterized by X-ray diffraction (XRD, Chapter 6, 6.2),
and its bonding characteristics are analyzed by Raman spectroscopy and X-ray photoelectron
spectroscopy (XPS, Chapter 12, 12.1, 12.4).
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WB crystal structure : orthorhombic system, space group Cmcm , unit cell parameters
a=3.12 A, b=8.40 A, ¢=3.07 A. Tungsten atoms form six coordination, boron atoms are
embedded in the layered structure, and the WB bond length is about 2.3 A. Strong covalent
bonds make the Young's modulus of WB reach 550 GPa (Chapter 2.5).

WB : crystal structure : hexagonal system, space group P6 s /mmc, unit cell parameters
a=2.98 A, c=13.88 A. WB . has alternating W layers and B layers, B atoms form a
hexagonal network, BB bond length ~1.8 A, enhanced hardness (~40 GPa ). CTIA GROUP
LTD 's nano WB : grain size <50 nm, grain boundary defects <1% (Chapter 6 6.3).

W : B crystal structure : tetragonal system, space group I4/mcm, unit cell parameters
a=5.56 A, c=4.74 A. W > B has more WW metal bonds (~2.7 A) and lower boron content,
resulting in a lower hardness than WB 2 (~25 GPa).

Bonding characteristics :

WB covalent bond : The 5d orbital of W hybridizes with the 2p orbital of B to form a
strong ¢ bond with a bond energy of ~400 kJ/mol, which imparts high hardness and
chemical stability (Chapter 3, 3.1).

BB covalent bond : The BB network in WB: is similar to graphene, which enhances the
shear resistance (shear modulus ~200 GPa ).

WW metallic bond : The WW bond in W:B increases the conductivity (~10* S/cm) but
decreases the hardness.

CTIA GROUP LTD calculated the electron density of WB 2 through density functional theory (DFT,
Chapter 3, 3.1) and confirmed that the contribution of BB bonds to hardness is >50%. The WB
coating it produces (Chapter 7, 7.3) uses a hexagonal WB : structure with a friction coefficient of

<0.3.

2.3 Thermodynamics and stability of tungsten boride

The thermodynamic properties of tungsten boride determine its potential for high temperature

applications (Chapter 8, 8.1). Key parameters include melting point, coefficient of thermal

expansion, specific heat capacity and oxidation stability, determined by differential scanning
calorimetry (DSC, Chapter 12, 12.3).

Melting point and decomposition : WB melting point ~2650 ° C, WB > ~2800 ° C, W > B
~2600 ° C. WB : is stable to 3000 ° C in vacuum, but begins to oxidize at >600 ° C in air
(forming WO 3 and B 2 O 5, Chapter 13, 13.4).

Thermal expansion coefficient : WB: is 4.5-6.0x 10°K™" (300-2000K), which is lower
than WC (~5.5x10°K™" ) , suitable for thermal barrier coatings (Chapter 8, 8.3). The
thermal expansion mismatch of WB: coating produced by China Tungsten Intelligence is
<2% at 1500°C.

Specific heat capacity : WB 2 is ~0.3 J/( g-K ) at 300 K and increases to ~0.5 J/( g'K ) as
the temperature rises to 2000 K , supporting efficient thermal management (Chapter 9, 9.4).
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e Oxidation and chemical stability : The corrosion rate of WB: in HCI (pH 2) is <0.01
mg/cm?-h, which is better than Ni-based alloys (~0.1 mg/cm?-h). CTIA GROUP LTD tests
show that the weight gain of WB: in 1000°C air after oxidation is <0.5 mg/cm?.

Thermodynamic data : The formation enthalpy ( AH_f) is WB~=-70 kJ/mol, WB2~ - 100 kJ/mol,
W:2B~ - 50 kJ/mol (Chapter 3.1). CTIA GROUP LTD verified the oxidation resistance of WB: at
1200°C through thermogravimetric analysis

(TGA, Chapter 12.3) , with a mass loss of <1%.

Table 2.3 Thermodynamic properties of tungsten boride

Compound Melting Coefficient of thermal Specific heat capacity Oxidation Related
point expansion (10 *K ') J/(g'K),300 K) temperature Chapters
°C) °C)

WB 2650 5.0-6.5 0.28 650 8.1

WB . 2800 4.5-6.0 0.30 600 83,123

W:.B 2600 5.5-7.0 0.25 700 8.1

2.4 Electrical and magnetic properties of tungsten boride

The electrical and magnetic properties of tungsten boride support its application in electronic
devices (Chapter 9, 9.1) and sensors (Chapter 10, 10.3) and are determined by the four-probe method
and vibrating sample magnetometer (VSM, Chapter 12, 12.4).
e Conductivity :
0 WB: ~1.2x10* S/cm (300 K), close to a metallic conductor, suitable for electrode
materials (Chapter 9.2).
0 WB:: ~0.8x10 * S/cm, slightly lower than WB due to the increased electron
scattering in the BB network. CTIA GROUP LTD 's nano WB : film (thickness 1
pum ) has a resistivity of <10 = Q- cm.
0 W2 B: ~0.5x10* S/cm, dominated by WW bonds, limiting high conductivity
applications.
e Carrier concentration : The electron concentration of WB 2 is ~10?! ¢cm ~ 3, and the
mobility is ~10 cm?(V-s) (Chapter 3.2), which supports semiconductor devices (Chapter
9.1).
e Temperature dependence : The conductivity of WB 2 decreases by ~20% at 300-1000 K
due to enhanced phonon scattering, requiring doping optimization (Chapter 7.4).
e Magnetic properties :
0 WB and WB: : Weakly paramagnetic, with a magnetization intensity of ~0.01
emu/g (300 K), originating from the 5d electrons of W.
0 W2 B: Almost non-magnetic, because the WW bond shields the magnetic moment.
CTIA GROUP LTD has tested WB 2 nanoparticles through VSM and confirmed
that its magnetization intensity is <0.02 emu/g, which is suitable for non-magnetic
coating (Chapter 7.1).
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2.5 Mechanical properties of tungsten boride (hardness, toughness)
The mechanical properties of tungsten boride are its core advantages in wear-resistant coatings
(Chapter 7.2) and high-temperature components (Chapter 8.1), and are characterized by
nanoindentation and fracture mechanics testing (Chapter 6.4).
e hardness :
0 WRB: Vickers hardness (HV) ~30 GPa , Mohs hardness ~9.0.
0 WB :: HV~40 GPa , Mohs hardness ~9.5, close to c-BN (~45 GPa ). CTIA
GROUP LTD 's WB 2 coating (thickness 3 um ) has a hardness of 42 GPa and a
wear life of >10 ° cycles.
0 W:2B: HV~25 GPa, affected by WW bond, the hardness is relatively low.

¢  Young's modulus : WB » ~600 GPa , WB~550 GPa , W 2 B~450 GPa, reflects the rigidity
of the WB bond (Chapter 3, 3.1).

e Fracture toughness : WB > ~4 MPa - m ' /2, lower than WC (~6 MPa-m!/?), needs to be
improved by doping with Ti or Zr (Chapter 7.4). CTIA GROUP LTD has increased the
toughness to 5 MPa-m!/? by doping WB 2 with Zr .

¢ Friction coefficient : WB: coating on steel substrate is <0.3, better than TiN (~0.5, Chapter
17 17.1).

Table 2.5 Mechanical properties of tungsten boride

Compound Hardness (HV, Young's Fracture toughness Friction Related
GPa) modulus (GPa) (MPa-m'/?) coefficient Chapters

WB 30 550 3.5 0.35 7.2

WB . 40 600 4.0 0.30 7.1,17.1

W:.B 25 450 3.0 0.40 8.1
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Chapter 3 Theoretical Study on Tungsten Boride

Tungsten boride (such as WB, WB:2 , W2B ) is widely used in hard coatings (Chapter 7.1), high
temperature materials (Chapter 8.1), and electronic devices (Chapter 9.1) due to its high hardness
(>30 GPa ), thermal stability (>2000°C), and electrical properties (~10*S / cm, Chapter 2.4).
Theoretical research reveals the microscopic mechanism of tungsten boride through computational
methods, providing guidance for material design and performance optimization. This chapter
discusses in detail the application of density functional theory (DFT) analysis, electronic structure
and band theory, surface and interface properties, defects and doping effects, and computational
simulation, combined with the contribution of CTIA GROUP LTD in theoretical calculation and
experimental verification (such as DFT optimization of WB: nanostructures , Chapter 11.1). The
content provides theoretical support for subsequent preparation (Chapter 5), detection (Chapter 6),
and application (Chapters 7 to 10).

3.1 Density functional theory (DFT) analysis of tungsten boride
bonding characteristics of tungsten boride (Chapter 11, 11.4). DFT calculates the ground state
energy and properties of tungsten boride by solving the Kohn-Sham equation, using the generalized
gradient approximation (GGA) or the local density approximation (LDA).
e Calculation method :
0 Exchange-correlation functional : The commonly used PBE (Perdew-Burke-
Ernzerhof) functional accurately predicts the lattice constants of WB 2 (a=2.98 A,
c=13.88 A, Chapter 2.2) with an error of <1%.
0 Pseudopotential : Ultrasoft pseudopotential (USP) describes the 5d electrons of
W and the 2p electrons of B, which increases the computational efficiency by 50%.
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CTIA GROUP LTD uses VASP software combined with a plane wave basis set
(cutoff energy 500 eV) to simulate the electron density of WB 2.

0 k-point mesh : The hexagonal structure of WB 2 uses an 8 x 8§ x 2 Monkhorst -

Pack mesh to ensure energy convergence < 0.01 eV/atom.
e Mechanical properties :

0 The Young’s modulus (~600 GPa ) and shear modulus (~200 GPa ) of WB: were
calculated from the elastic constants (Ci: ~ 1000 GPa , Cas ~ 250 GPa), confirming
its ultrahigh hardness (~40 GPa , Chapter 2.5).

0 China Tungsten ’s DFT calculations show that the BB network of WB:
contributes >50% to the hardness, and the WB bonds enhance the compressive
strength (compression modulus ~650 GPa ).

¢ Thermodynamic properties :

0 Formation enthalpy ( AH_f): WB=-70 kJ/mol, WB2~ - 100 kJ/mol, W2B= - 50
kJ/mol, reflecting the thermal stability of WB2 ( Chapter 2, 2.3) .

0 Phonon spectrum calculations show that WB 2 has no negative frequency modes
in the range of 300-2000 K, confirming its dynamic stability.

Table 3.1 Main results of DFT calculation of tungsten boride

Compound Lattice Young's Enthalpy of Calculation Related
constant (A) modulus (GPa) formation (kJ/mol) method Chapters

WB a=3.12,b=8.40, 550 -70 PBE-GGA 22,25
c=3.07

WB: a=2.98, 600 -100 PBE-GGA 22,23
c=13.88

W:.B a=5.56,c=4.74 450 -50 LDA 22,25

3.2 Electronic structure and energy band theory of tungsten boride
The electronic structure and energy band characteristics of tungsten boride determine its electrical
and optical properties (Chapter 9.1, Chapter 10.3). The band structure and density of states (DOS)
are calculated by DFT to reveal its conductivity and carrier behavior.

¢ Band structure :

0 WB : Half-metallicity, Fermi level (E_F) crosses the energy band, band gap ~0 eV,
electron concentration ~10*' cm ~ 3, supporting high conductivity (~1.2x10* S/cm,
Chapter 2, 2.4).

0 WB: : Similar to semimetal , DOS near E_F is contributed by W-5d and B-2p
orbitals, with mobility ~10 cm?%(V -s). China Tungsten Intelligence calculated DOS
at E_F of WB 2 to be ~2 states/ eV -unit cell, confirming its conductivity.

0 W B : Metallic conductivity, band gap ~0 eV, but low DOS (~1 states/ eV -unit
cell), conductivity ~0.5%10* S/cm.

¢ Bonding analysis :
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0 W-5d and B-2p orbitals hybridize to form o bonds with a bond energy of ~400
kJ/mol (Chapter 2.2). The BB sp? hybridization of WB 2 is similar to graphene,
strengthening the covalent network.

0 the Crystal Orbital Hamiltonian Population (COHP) analysis, CTIA GROUP LTD
confirmed that the anti-bonding state of WB 2 is <10%, supporting high stability.

e Optical properties :

0 dielectric function of WB:z (g2 ) has a strong absorption peak at 0.5-3 eV, which is
suitable for photocatalysis (Chapter 9.5). The plasma frequency is ~10 eV, which
limits infrared applications .

Table 3.2 Electronic structure characteristics of tungsten boride
Compound Bandgap(eV) DOS at E_F (states/ eV-unit cell) Conductivity Related

(S/cm) Chapters
WB 0 2.5 1.2x 10* 9.1,24
WB 0 2.0 0.8x 10* 9.5,10.3
W:B 0 1.0 0.5x10? 9.1

3.3 Surface and interface properties of tungsten boride
The surface and interface properties of tungsten boride affect its coating performance (Chapter 7.3)
and electrode applications (Chapter 9.2). Surface energy and interface bonding are simulated by
DFT and molecular dynamics (MD, Chapter 11.1).
e Surface energy :
o WB : (001) is ~2.5 J/m?, which is lower than that of WC(0001) (~3.0 J/m?),
reflecting high stability. The B-terminated surface is more stable than the W-
terminated surface (energy difference ~0.5 J/m?).
0 China Tungsten Intelligence calculated that the energy of the WB 2 (100) surface
increased by ~1 eV after O » was adsorbed in the air , indicating an oxidation risk
(Chapter 2, 2.3).
e Interface bonding :
0 The WB: /steel interface binding energy is ~1.5 eV/A2, which is lower than that of
WB:/ALOs (~2.0 eV /A?), and surface modification (such as plasma treatment,
Chapter 5.3) is required to improve adhesion.
o0 CTIA GROUP LTD simulates the WB: / graphene interface, which is dominated
by van der Waals interactions and has a binding energy of ~0.3 eV/A2, which is
suitable for composite electrodes (Chapter 9, 9.2).
e Surface reaction :
0 The WB: surface adsorbs H-O at 600°C , with a dissociation barrier of ~1.2 eV,
which limits its application in wet environments (Chapter 13, 13.4) .
o0 CTIA GROUP LTD simulated the friction behavior of WB: coating (thickness 3
pm) at 1000°C through MD , and the friction coefficient was <0.3 (Chapter 7.1).
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3.4 Defects and doping effects of tungsten boride
Defects and doping significantly affect the mechanical, electrical and thermal properties of tungsten
boride (Chapter 7.4). DFT calculates defect formation energy and doping energy levels.

e Defect Type :

0 Vacancy defects : The formation energy of B vacancies in WB: is ~3.5 eV, and
that of W vacancies is ~5.0 eV. B vacancies increase the hardness (+5 GPa ) but
decrease the conductivity (~20%).

o0 Interstitial defects : B interstitial defect formation energy ~4.0 eV, reducing
thermal stability (decomposition temperature drops by ~100°C).

0 China Tungsten Intelligence analyzed the grain boundary defects of WB :
nanoparticles (<50 nm), with a density of <2% and an impact on hardness of <5%
(Chapter 6, 6.3).

¢ Doping effect :

o Ti doping : Ti replaces W (doping concentration ~5 at%), formation energy ~1.8
eV, improving WB 2 toughness (~5 MPa-m'/2, Chapter 2, 2.5). CTIA GROUP LTD
has verified that the fracture toughness of Ti-WB : coating increases by 30%.

0 C doping : C replaces B (~3 at%), the formation energy is ~2.5 eV, the
conductivity is increased by 10%, but the hardness is reduced by ~5 GPa .

0 N doping : N is adsorbed on the WB 2 surface (energy barrier ~1.0 eV), enhancing
oxidation resistance (oxidation temperature rises ~100°C, Chapter 8, 8.4).

Table 3.4 Defects and doping characteristics of tungsten boride

Defects/doping Formation energy (eV) Performance impact Related Chapters
B vacancy 35 Hardness +5 GPa, conductivity - 2.5,7.4
20%
Ti doping 1.8 Toughness +30% 74,25
C doping 2.5 Conductivity +10%, hardness -5 9.1
GPa
N-doping 1.0 Oxidation temperature +100°C 8.4

3.5 Application of computational simulation of tungsten boride
Computational simulation has a wide range of applications in the design and optimization of
tungsten boride (Chapter 17, 17.5), including molecular dynamics (MD), Monte Carlo (MC), and
artificial intelligence (AI)-driven high-throughput screening.
e  Molecular Dynamics (MD) :
0 Simulating the friction behavior of WB 2 at 1000°C, the friction coefficient is ~0.25
and the wear rate is <10 ° mm 3 /(N - m) (Chapter 7.1).
0 CTIA GROUP LTD used LAMMPS software to simulate the shear of WB: / steel
interface at 500 MPa, and the bonding strength was ~1.2 GPa .
e Monte Carlo (MC) :
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0 Predict the nucleation of WB2 in CVD growth (Chapter 5.2), with a nucleation
barrier of ~0.8 eV and an optimized deposition temperature of ~1200°C.

0 CTIA GROUP LTD verified the MC results and found that the thickness
uniformity of CVD-WB: coating is >95%.

¢ Al and high-throughput screening :

0 Graph neural network (GNN) predicts WB: doping formulas (>1000), shortening
the screening cycle from 6 months to 1 month (Chapter 17, 17.5).

0 CTIA GROUP LTD has developed an Al model to optimize the hardness (~42 GPa)
and toughness (~5.5 MPa'm'/?) of Ti-doped WB : , with an experimental
verification error of <5%.

e Application examples :

0 CTIA GROUP LTD uses DFT and MD to design WB » nano-coating, which is
applied to cutting tools (Chapter 7.1), extending their service life by 50%.

0 Al-driven screening and prediction of WB 2 thermoelectric performance (ZT~0.8,

300 K, Chapter 9, 9.4) to guide new energy applications.
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CTIA GROUP LTD
Tungsten Boride Product Introduction

1. Tungsten Boride Overview

Tungsten boride (Tungsten Boride, e.g., WB, WB2, W2B) produced by CTIA GROUP is manufactured
using advanced chemical vapor deposition (CVD) and sol-gel processes, ensuring high purity and
exceptional performance. Tungsten boride is a ceramic material with high hardness and high electrical
conductivity, widely applied in electronics, catalysis, biomedicine, energy, and mechanical fields due to its
chemical stability and multifunctionality. Its unique boron-tungsten bond structure makes it an ideal choice

for high-performance material applications.

2. Tungsten Boride Features
e Chemical Composition: WB, WB2, W2B, purity 299.9%, with minimal impurities.
e Appearance: Gray-black powder or thin film; hexagonal or orthorhombic crystal structure.
e High Hardness: Brinell hardness ~40 GPa, suitable for wear-resistant coatings.
e Excellent Electrical Conductivity: ~10* S/cm, supporting 6G antennas and sensors.
e Chemical Stability: Corrosion rate <0.005 mm/year, ideal for catalysis in harsh environments.

e Multifunctionality: Supports electrocatalysis, battery materials, and biocompatible coatings.

3. Tungsten Boride Product Specifications

Type Particle Size | Purity Bulk Density | Boron Content | Impurities

(um) (Wt%) (g/cm?) (Wt%) (Wt%, max)
Nano-grade 0.01-0.05 299.9 3.5-4.0 10.2-10.8 Fe<0.002, Si<0.001
Micron-grade 10-20 299.8 4.0-4.5 10.0-10.5 Fe<0.003, Si<0.002
Thin-film grade 0.1-2 299.9 10.0-12.8 5.0-8.0 Fe<0.002, 0<0.05

4. Tungsten Boride Packaging and Quality Assurance

e Packaging: Sealed stainless steel cans or vacuum aluminum foil bags, net weight of 100 g, 500
g, or 1 kg, ensuring moisture-proof and oxidation-resistant storage.

e Quality Assurance: Each batch is accompanied by a quality certificate.

5. Tungsten Boride Procurement Information
e  Email: sales@chinatungsten.com
e Phone: +86 592 5129595
e  Website: For more information about tungsten boride, please visit the China Tungsten Online

website (http://www.tungsten-boride.com).
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Chapter 4 Raw Materials and Resources of Tungsten Boride

Tungsten Boride (such as WB, WB: , W2B ) is a high-performance material prepared from tungsten
(W) and boron ( B) by high-temperature synthesis (Chapter 5.1) or chemical vapor deposition
(Chapter 5.2). Its performance depends on the purity and supply stability of the raw materials
(Chapter 2.1). Tungsten and boron are two key elements of tungsten boride. Their mineral resources,
purification technology, supply chain and sustainability directly affect the production cost
(~US$200/kg, Chapter 14.2) and market application (Chapters 7 to 10) of tungsten boride. This
chapter analyzes in detail the mineral resources, purification technology, global supply chain and
geographical factors of tungsten and boron, as well as resource sustainability and substitutes, to
provide a basis for the industrialization (Chapter 14.3) and green manufacturing (Chapter 16.4) of
tungsten boride.

Tungsten and boron mineral resources of tungsten boride raw materials
The preparation of tungsten boride depends on high-purity tungsten and boron, and its raw materials
mainly come from tungsten ore (such as wolframite, WO 3 ) and boron ore (such as borax, Na > B 4
O 7). The global distribution, reserves and mining status of tungsten and boron minerals determine
the resource guarantee of tungsten boride.

o Tungsten ore resources :

0 Mineral Type : Tungsten exists mainly in the form of wolframite ( Fe,MnWO4 )
and scheelite (CaWOs ), with a WOs content of ~0.5-2 wt %. Wolframite accounts
for ~60% of the world's tungsten reserves, and scheelite accounts for ~30%.

0 Global reserves : In 2024, the global tungsten reserves are about 3.8 million tons
(in W), of which China accounts for ~50% (1.9 million tons), Russia and Canada
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each account for ~10% (380,000 tons). Jiangxi and Hunan in China are the main
production areas, with an annual output of ~70,000 tons of tungsten concentrate
(Chapter 14.3).

O Mining and processing : Tungsten ore is extracted into WOs concentrate by
flotation and gravity separation , with a recovery rate of ~85%. Each ton of WO;
concentrate requires ~200 tons of raw ore to be mined, with a cost of ~$15,000.

¢ Boron ore resources :

0 Mineral types : Boron mainly exists in the form of borax ( NazB«O7 - 10H20 ) ,
magnesite (MgzB-O1:Cl ) and hydromagnesite ( MgBsOs ( OH ) 5 ) , with B2Os
content of ~ 1040 wt % .

0 Global reserves : In 2024, the global boron reserves are about 1.2 billion tons (in
terms of B:0; ), with Turkey accounting for ~70% (840 million tons), and the
United States and Chile each accounting for ~10% (120 million tons). Turkey's Eti
Maden mine produces ~2 million tons of B2O; annually .

0 Mining and processing : Borax is extracted from borax ore by open-pit mining
and dissolution-crystallization method, with a recovery rate of ~90%. The
production cost of borax per ton is ~US$500, which is much lower than tungsten.

¢ Resource Features :

0 Tungsten ore resources are concentrated and have high geopolitical risks (Chapter
14.4), while boron ore is widely distributed and has a stable supply.

0 The mass ratio of tungsten to boron in tungsten boride (WB: ) is ~85:15 (Chapter
2.1), and the tungsten cost accounts for >90%, dominating the production cost.

Table 4.1 Overview of tungsten and boron mineral resources (2024)

Raw Main Global Main Annual Mining Related
material minerals reserves production Output costs Chapters
(10,000 areas (10,000 tons) (USD/ton)
tons)
Tungsten Wolframite, 380 (W) China, Russia 7 (W 15,000 14.3
Scheelite Concentrate)
boron Borax, boraxite | 120,000 Tiirkiye, United | 200 ( B20Os) 500 14.3

(B:20s) States

4.2 Tungsten boride raw material purification technology
The performance of tungsten boride requires the purity of tungsten and boron raw materials to
be >99.9% (Chapter 6, 6.1), and the purification technology directly affects product quality and cost
(Chapter 5, 5.6).

¢ Tungsten purification :

0 Process flow : WO concentrate is dissolved by ammonia to produce ammonium
metatungstate (APT, (NH4 ) 10W 12041 - SH20 ), which is then calcined (~600°C)
to produce WOs ( purity >99.95%). WOs is reduced (H2 , 800—1000°C) to obtain
tungsten powder (particle size 1-5 um).
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0 Technical indicators : impurities (such as Fe, Mo) <50 ppm, oxygen content <0.1
wt %. The energy consumption for purifying each ton of tungsten powder is ~5000
kWh, and the cost is ~20,000 US dollars.

0 Challenge : Mo and W have similar chemical properties, and separation requires
ion exchange with a recovery rate of ~95%.

¢ Boron purification :

0 Process flow : Borax is acidified (H2SO4 ) to generate boric acid (H:BOs ) , which
is then pyrolyzed (~1000°C) to produce B20s ( purity > 99.9 %). B20s is reduced
by magnesium heat (Mg,>1200°C ) to obtain elemental boron (purity>99.5%) .

0 Technical indicators : impurities (such as Ca, Si) <100 ppm, particle size ~10-50
um . Energy consumption per ton of boron purification ~3000 kWh, cost ~$1000.

0 Challenge : Magnesium thermal reduction byproduct (MgO) needs to be removed
by acid washing, and the cost of wastewater treatment is ~US$200/ton.

e Nanomaterials : Tungsten boride nanomaterials (Chapter 5.5) require ultrafine tungsten
powder (<100 nm) and boron powder (<50 nm), which are purified by plasma gas phase
synthesis with a purity of >99.99%, but the cost rises to ~US$500/kg.

Table 4.2 Comparison of tungsten and boron purification technologies

Raw Main Process purity(%) Impurities Energy Cost Related
material (ppm) consumption (US$/ton)  Chapters
(kWh/ton)
Tungsten = APT-calcination- >99.95 Fe, Mo<50 5000 20,000 5.1,6.1
reduction
boron Acidification- >99.5 Ca, Si<100 3000 1,000 5.4,6.1
pyrolysis-

magnesium heat

4.3 Global Supply Chain and Geographical Influence of Tungsten Boride
The supply chain of tungsten boride covers the mining, purification, transportation and production
of tungsten and boron (Chapter 5, 5.1-5.5), and is affected by geopolitics, trade policies and logistics
(Chapter 14, 14.4).

¢  Supply chain structure :

0 Tungsten supply chain : China accounts for ~80% of global tungsten concentrate
supply, and export quota restrictions (~40,000 tons in 2024) have pushed up prices
(~$30,000/ton). Russia and Canada are minor suppliers, with production of ~5,000
tons/year.

0 Boron supply chain : Turkey accounts for ~60% of borax supply, exported to Asia
and Europe, with stable prices (~600 USD/ton). The United States exports
~500,000 tons/year of boric acid, mainly for glass and ceramics.

0 Tungsten boride production : Asia (China, South Korea) accounts for ~70% of
tungsten boride production, with an annual output of ~1,000 tons, focusing on WB:
coating (Chapter 7.1).
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¢ Geographical influence :

0 Trade barriers : In 2024, the United States will impose a 20% tariff on tungsten
concentrate, and the EU will implement REACH certification (Chapter 15, 15.2),
increasing import costs by ~10%.

0 Resource nationalism : China’s tungsten ore export restrictions (~30% of
production) lead to global price fluctuations, with tungsten prices rising by 15% in
2024 (Chapter 14.2).

o0 Logistics risk : The disruption of the Red Sea route (in 2024) will increase the
transportation cost of borax by ~US$200/ton, affecting the production of tungsten
boride.

¢ Coping strategies :

o0 Diversify supply: Increase purchases from Australia (tungsten reserves ~400,000
tonnes) and Chile (boron reserves ~120 million tonnes).

0 Localized production: Asia has established tungsten boride production lines to

reduce dependence on imported raw materials (Chapter 14.3).

4.4 Sustainability and alternatives of tungsten boride resources
The sustainability of tungsten boride production is limited by resource scarcity, environmental
impact (Chapter 16.2) and the development of alternatives, and needs to be addressed through
recycling and green technologies.

¢ Resource Sustainability :

0 Tungsten : Global tungsten reserves are only sufficient for ~50 years of mining
(based on 2024 production). Recycling of scrap cemented carbide (containing ~90
wt % W) can provide ~30% tungsten raw materials, with a recovery rate of <40%
(Chapter 16.3).

0 Boron : Boron reserves are sufficient (>500 years), but mining requires high
energy consumption (~1000 kWh/ton B20s ) and carbon emissions are ~0.5 tons
CO: / ton.

0 Green practice : CTIA GROUP LTD adopts electrochemical recycling (Chapter
16.4), with a recovery rate of 35% for waste tungsten boride powder, reducing
dependence on tungsten ore by ~10%.

e Environmental impact :

0 Tungsten mining produces tailings (~100 t/t concentrate) containing heavy metals
(As, Pb) that require treatment at a cost of ~US$50/t (Chapter 16.2).

0 Borax processing wastewater (containing Na:SO4 ) needs to be neutralized, and
the treatment cost is ~US$20 / ton .

e Alternatives :

0 Tungsten substitution : Molybdenum (Mo) has a hardness of ~25 GPa in MoB:,
which is lower than WB: ( ~40 GPa , Chapter 2.5), but has larger reserves (~16
million tons).

0 Boron substitution : Carbon (C) forms a hard phase in WC, costs ~$50/kg, and is
suitable for low-performance coatings (Chapter 7.1).
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o0 Limitations : Due to the insufficient performance of alternatives (hardness,
thermal stability), tungsten boride is still the first choice for high-end applications
(Chapter 8, 8.1).

¢ Future Directions :

0 By 2025-2030, the tungsten recovery rate is expected to increase to 50%, and
carbon emissions from tungsten boride production will drop by ~20% (Chapter
16.5).

0 Develop nano-molybdenum boride ( MoB: ) as a low-cost alternative with a
market potential of ~$100 million (Chapter 14.5).

Table 4.4 Sustainability and substitutes of tungsten boride resources

Aspect Status quo challenge Solution Related
Chapters
Tungsten Reserves: 3.8  Tailings Recovery rate  16.3
Sustainability million tons, 50 pollution increased to 50%
years
Boron Reserves: 1.2 | High energy = Green purification 16.4
Sustainability billion tons, >500 consumption
years
Alternatives MoB: hardness 25 Insufficient Nano MoB:R& D  14.5
GPa performance
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Chapter 5 Preparation Technology of Tungsten Boride

Tungsten boride (WB, WB2 , W2B ) is widely used in hard coatings (Chapter 7.1), high temperature
materials (Chapter 8.1) and electronic devices (Chapter 9.1) due to its high hardness (~40 GPa ,
Chapter 2.5), thermal stability (>2000°C, Chapter 2.3) and electrical conductivity (~10*S / cm,
Chapter 2.4). The performance of tungsten boride depends on the preparation technology, which
must ensure high purity (>99.9%, Chapter 6.1), controllable particle size (1-50 nm) and low cost
(~200 USD/kg, Chapter 14.2). This chapter discusses in detail high-temperature solid phase
synthesis, chemical vapor deposition (CVD), plasma-assisted synthesis, mechanical alloying and
ball milling, nanomaterial preparation, process optimization and scale-up technology, providing a
technical basis for the industrial production (Chapter 14, 14.3) and quality control (Chapter 6, 6.5)
of tungsten boride.

5.1 High-temperature solid-phase synthesis of tungsten boride
High-temperature solid-phase synthesis is the traditional method for preparing tungsten boride, in
which tungsten powder (W) and boron powder (B) react at high temperature (>1500°C) to produce
WB, WB: or W:B ( Chapter 2, 2.1).
e Process flow :
0 Raw material preparation : Tungsten powder (purity>99.9%, particle size 1-5
um , Chapter 4.2) and boron powder (purity>99.5%, particle size 10-50 um ) are
mixed in a molar ratio (W:B=1:1 or 1:2).
0 Reaction : The mixture is heated at 1500-2000°C for 4-8 hours under vacuum
(<10 ~ * Pa) or argon ( Ar ) atmosphere to produce WB 2 (reaction: W + 2B — WB
2, AH=-100 kJ/mol, Chapter 3, 3.1).
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0 Post-processing : The product is crushed and sieved to obtain micron-sized
powder (particle size 5-20 um ) with a purity of >99.5%.
e Technical indicators :
0 Yield : ~90%, limited by boron volatilization (>1800°C).
0 Impurities : oxygen (<0.2 wt %), carbon (<0.1 wt %), atmosphere needs to be
strictly controlled.
Energy consumption : ~10,000 kWh/ton, cost ~$150/kg.
Equipment : High temperature electric furnace (graphite or Mo heating element),
temperature resistance >2000°C, investment ~2 million USD.
e advantage :
0 The process is simple and suitable for mass production of WB and W2B (annual
output ~500 tons) .
0 The product has a stable crystal structure (WB 2 hexagonal, P6 s /mmc, Chapter 2,
2.2).
e challenge :
0 High temperature results in large particle size (>5 pum ), which is not suitable for
nanocoating (Chapter 7.1).
0 Boron volatilization requires excess addition (~10%), which increases the cost by
~$5/kg.
e optimization :
0 In 2024, microwave-assisted heating (2.45 GHz) shortened reaction time by ~30%
(to 5 hours) and reduced energy consumption by ~20% (~8000 kWh/ton).
0 Addinga catalyst (e.g., Ni, <0.5 wt %) lowered the reaction temperature to 1400 °C
and the yield increased to 92%.

Table 5.1 High temperature solid phase synthesis technical parameters

Parameter Value  Advantage  Challenge Optimization Related
direction Chapters
Temperature  1500- | Simple Large particle Microwave 6.1,7.1
(°O) 2000 process size Heating
Yield (%) 90 Mass Boron catalyst 14.2
production Volatilization
Cost (USD/kg) 150 Moderate High energy Energy 16.4
cost consumption consumption -
20%

5.2 Chemical Vapor Deposition (CVD) of Tungsten Boride
um ) on substrates via a vapor phase reaction and is suitable for tool coatings (Chapter 7.3) and
electronic devices (Chapter 9.1).

e Process flow :
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0 Precursor : WFs (tungsten source, purity >99.99%) and B:Hs ( boron
source , >99.9%) with H: as carrier gas, molar ratio WFs : BoHe = 1:2 — 1 :4.
0 Reaction : Gas phase reaction (WF ¢ + 2B 2 H ¢) at 400-800°C and 10-100 Pa
— WB 2 + 6HF) to deposit WB 2 thin film on steel or Si substrate .
0 Post-treatment : Annealing (600°C, Ar atmosphere) to eliminate residual stress
(<0.5 GPa).
e Technical indicators :
0 Deposition rate : 0.1-1 um /h, thickness uniformity >95%.
0 Purity : >99.9%, impurities (F, H) <50 ppm.
0 Properties : Hardness ~38 GPa , friction coefficient <0.3 (Chapter 2.5).
0 Energy consumption : ~5000 kWh/ton, cost ~300 USD/kg (thin film).
e advantage :
0 The film is dense and has strong adhesion (binding energy ~1.5 eV/A2, Chapter
3.3).
0 Suitable for complex-shaped substrates (such as cutting tools, Chapter 7.1).
e challenge :
0 B:Hs is highly toxic (LCso < 50 ppm, Chapter 13, 13.1) and requires strict
protection .
0 Precursor costs are high (WF s ~$500/kg), accounting for ~40% of the total cost.
e optimization :
0 In 2024, low-pressure CVD (<10 Pa) increased deposition rate by ~50% (to 1.5
pum /h).
0 Replacement of B-Hs with BCls ( cost ~$200/kg), toxicity reduced, and absorption
of HF byproduct by NaOH ( Chapter 16.3).

Table 5.2 CVD preparation parameters of tungsten boride

Parameter Value Advantage Challenge Optimization Related
direction Chapters

Temperature 400— Thin film Precursor Low Pressure 7.3, 13.1

°C) 800 density toxicity CVD

Deposition rate | 0.1-1 | Complex High cost BCls substitution | 14.2

(pm /h) matrix

Cost (USD/kg) 300 High By-products = Waste gas  16.3
adhesion treatment

5.3 Plasma-assisted synthesis of tungsten boride
Plasma-assisted synthesis uses high-temperature plasma (>5000°C) to promote the tungsten-boron
reaction to prepare nanoscale tungsten boride powder (<50 nm), which is suitable for high-
performance coatings (Chapter 7.1).

e Process flow :
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0 Raw materials : Tungsten powder (<1 pm ) and boron powder (<10 um ) or WOs
and B20s ( Chapter 4.2) are vaporized in Ar / Hz plasma .
0 Reaction : Plasma (10 * - 10 * K, 10-100 kW) initiates W + 2B — WB 2 and the
products are collected in the condensation zone (<500°C).
0 Post-treatment : ultrasonic dispersion and sieving to obtain nano WB 2 (20-50
nm).
e Technical indicators :
0 Yield : ~85%, controlled by airflow.
0 Purity : >99.9%, oxygen <0.05 wt %.
0 Properties : Hardness ~42 GPa , grain size <50 nm (Chapter 6, 6.3).
0 Energy consumption : ~15,000 kWh/ton, cost ~$400/kg.
e advantage :
0 Nanoparticle size improves coating toughness (~5 MPa-m'/?, Chapter 2.5).
0 Short response time (<1 second) and high efficiency.
e challenge :
0 High energy consumption (~50% of the cost), equipment investment ~$5 million.
0 Nanopowders tend to agglomerate and require surface modification (Chapter 3,
3.3).
e optimization :
0 CTIA GROUP LTD will develop pulsed plasma (50 kHz) in 2024, reducing energy
consumption by ~25% (~11,000 kWh/ton) and increasing productivity to 88%.
0 The addition of surfactant (PVP, <0.1 wt %) reduced agglomeration by ~30%.

Table 5.3 Plasma-assisted synthesis parameters

Parameter Value Advantage Challenge Optimization Related

direction Chapters

Particle size 20— Nanoscale High energy Pulsed plasma 7.1,14.2

(nm) 50 consumption

Yield (%) 85 High Reunion Surface 6.3
efficiency modification

Cost 400 high Equipment Energy 16.4

(USD/kg) performance = investment consumption -

25%

5.4 Mechanical alloying and ball milling of tungsten boride
Mechanical alloying induces solid-state reaction of tungsten and boron through high-energy ball
milling to prepare non-equilibrium phases (such as W 2 B s, Chapter 2, 2.1) or nanopowders.
e Process flow :
0 Raw materials : Tungsten powder (1-5 pm ) and boron powder (10-50 pm ) were
placed in a planetary ball mill ( ZrO: balls , ball-to-material ratio 10:1) at a ratio
of W:B=1:2.
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0 Reaction : 300500 rpm, 10-20 h, mechanical energy initiates W + 2B — WB > .
0 Post-treatment : Annealing (800°C, Ar ) to eliminate the amorphous phase and
sieve to obtain powder (50-200 nm).
e Technical indicators :
0 Yield : ~80%, limited by boron losses .
0 Purity : >99.5%, Zr impurity <0.2 wt %.
0 Properties : Hardness ~35 GPa , grain size ~100 nm.
0 Energy consumption : ~3000 kWh/ton, cost ~$100/kg.
e advantage :
0 Low temperature (<500°C), suitable for non-equilibrium phases (such as WB 4,
Chapter 3, 3.4).
0 Low cost, equipment investment ~$500,000.
e challenge :
o Contamination by impurities (Zr, Fe) requires high-purity ball milling media.
0 The powder has a broad particle size distribution (50-500 nm).
e optimization :
0 In 2024, wet grinding (ethanol medium) reduces impurities by ~50% (Zr < 0.1
wt %).
0 Optimizing the ball milling time (15 h) increased the WB: phase content to ~90%.

Table 5.4 Mechanical alloying parameters

Parameter Value Advantage Challenge Optimization Related
direction Chapters
Particle size 50- low cost Impurity Wet grinding 6.1,3.4
(nm) 200 pollution
Yield (%) 80 Non- Particle size | Optimize time 14.2
equilibrium distribution
phase
Cost 100 Simple purity High purity 16.4
(USD/kg) equipment media

5.5 Preparation of Tungsten Boride Nanomaterials
Nanosized tungsten boride (<100 nm) has advantages in catalysis (Chapter 10.1) and sensors
(Chapter 10.3) due to its high specific surface area (>50 m?/g) and quantum effects.

e Process flow :

0 Sol -gel method : Tungstate ( Na2WOa4 ) reacts with boric acid (Hs:BOs ) in aqueous
solution to form WB gel, which is then calcined at 800°C to obtain WB:
nanoparticles ( 20-50 nm).

0 Gas phase method : WFs and B2Hs react under the induction of plasma (>5000°C)
or laser (1064 nm), and nano-WB: ( 10-30 nm ) is collected.

0 Post-processing : ultrasonic dispersion, centrifugal classification, purity>99.95%.
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e Technical indicators :
0 Yield : ~70% (sol-gel), ~80% (gas phase method).
0 Properties : Hardness ~40 GPa , Specific surface area ~60 m?/g.
0 Energy consumption : ~20,000 kWh/ton (gas phase), ~5000 kWh/ton (sol-gel).
o Cost: ~$500/kg (gas phase), ~$200/kg (sol-gel).
e advantage :
0 Nanosize enhances catalytic activity (NO- detection <1 ppm, Chapter 10, 10.3).
0 The sol-gel method is low-cost and suitable for laboratory scale.
¢ challenge :
0 The gas phase method has high energy consumption (accounting for ~60% of the
cost).
0 Nanoparticles are susceptible to oxidation (>250°C, Chapter 3.3).
e optimization :
0 In 2024, microreactors will control sol-gel particle size distribution to <10 nm.
0 N: protective gas reduces oxidation by ~50% and extends the storage period to 6
months.

Table 5.5 Preparation parameters of nano-tungsten boride

Method Particle Yield Cost advantage challenge Optimization Related
size (nm) (%) (USD/kg) direction Chapters

Sol-Gel 20-50 70 200 low cost Oxidation Microreactor 10.1

Gas 10-30 80 500 High High energy | N: protection 10.3

phase purity consumption

method

5.6 Tungsten Boride Process Optimization and Scale-up
Process optimization and scale-up are the key to reducing the cost of tungsten boride (<$150/kg)
and achieving industrial application (annual production >1000 tons, Chapter 14, 14.3).
e Optimization direction :
0 Energy consumption : High temperature solid phase synthesis uses heat recovery
(efficiency > 30%), reducing energy consumption by ~15% (~8500 kWh/ton).
0 Productivity : With optimized CVD gas flow (Re number < 2000), deposition
efficiency increased by ~20% (to 1.2 um /h).
0 Purity : Plasma synthesis was monitored online (ICP-MS, Chapter 6.1), and
impurities were reduced to <20 ppm.
¢ Scaling technology :
0 Continuous production : In 2024, the fluidized bed reactor will achieve
continuous high-temperature solid-phase synthesis, and the output will increase to
800 tons/year, with an investment of ~US$3 million.
0 Automation : CVD uses robots to load and unload substrates, increasing
production efficiency by ~25% and reducing labor costs by ~$10/kg.
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Table 5.6 Tungsten boride process optimization and scale indicators

0 Modularity : The plasma equipment is modularly designed, with a single-line
capacity of ~100 tons/year and a production expansion cycle of <6 months.
Economic and environmental benefits :
0 Cost : After scale-up, the cost of WB2 will drop to ~US$120/kg (2030), and market
competitiveness will increase by ~30% (Chapter 14, 14.5).
0 Environment : Waste gas (HF) recovery rate > 95%, wastewater (containing NH4")
treatment cost ~ US$50/ton, carbon emissions reduced by ~20% (~0.4 tons CO2 /
ton, Chapter 16, 16.4).
Examples :
0 In 2024, a production line in Asia uses Al to optimize (Chapter 17.5) plasma
parameters (power, airflow), increasing output by ~15% (~120 tons/year) and
reducing energy consumption by ~10%.

Technology  Optimization Current Target Economic Environmental Related

goals situation (2030) Benefits benefits Chapters

(2024)

Energy kWh/ton 10,000 8500 Cost - Carbon 16.4

consumption (solid 15% emissions -20%
phase)

Yield % 90 95 Cost - | Waste - 10% 14.2
(CVD) 10%

scale Tons/year 1000 1500 Cost - Efficiency 14.3

20% +30%
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Chapter 6 Detection and Characterization of Tungsten Boride

Tungsten boride (such as WB, WB:2 , W2B ) is widely used in hard coatings ( Chapter 7.1 ), high
temperature materials (Chapter 8.1) and electronic devices (Chapter 9.1) due to its high hardness
(~40 GPa , Chapter 2.5), thermal stability (>2000°C, Chapter 2.3) and electrical conductivity (~
10*S /em, Chapter 2.4). Its performance depends on the precise control of chemical composition,
crystal structure, micromorphology and physical properties. Advanced testing and characterization
techniques are required to ensure quality (purity>99.9%, Chapter 6.1) and meet industrial standards
(Chapter 15.2). This chapter discusses in detail the chemical composition analysis, crystal structure
characterization, micromorphology and particle size analysis, mechanical properties testing,
electrical and thermal properties testing, as well as the standardization and quality control of testing
technology of tungsten boride, providing technical support for preparation optimization (Chapter 5,
5.6), performance verification (Chapter 2, 2.1-2.5) and market application (Chapter 14, 14.3).

6.1 Chemical composition analysis
Chemical composition analysis is used to determine the tungsten-boron ratio (B/W, such as WB »
B/W=2, Chapter 2, 2.1), purity and impurity content of tungsten boride to ensure that it meets
application requirements (such as coating purity>99.9%, Chapter 7, 7.1).
e  Main technologies :
0 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) :
»  Principle : The sample (WB : powder) is atomized by acid dissolution
(HNO 5 +HF, 1:1), ionized in plasma (~8000 K), and mass spectrometry
is used to detect W, B and impurities (such as Fe, Mo).
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=  Performance : Detection limit ~0.01 ppm, accuracy +0.5%, error in
determination of B/W ratio <1%.
= Application : Verify that W~85.3 wt %, B~14.7 wt % in WB . (Chapter
2.1), and impurity Fe<50 ppm.
0 X-ray Photoelectron Spectroscopy (XPS) :
= Principle : X-rays excite electrons on the sample surface (<10 nm),
analyze the W 4f (~31 eV) and B 1s (~188 eV) peaks, and quantify the
B/W ratio and oxides (such as WO 3 ).
= Performance : Surface sensitivity ~0.1 at%, resolution ~0.5 eV.
= Application : Detection of WB: surface oxidation (0<0.5 at%) and
confirmation of WB bonds (Chapter 3.2).
0 Elemental Analyzer (EA) :
= Principle : The combustion method is used to measure the C and O
contents (<0.1 wt %), and the inert gas fusion method is used to measure
the N.
= Application : Ensure that nano WB: powder O < 0.05 wt % (Chapter 5.3).
e Technical indicators :
0 Purity : >99.9%, impurities (Fe, Mo, Si) <50 ppm.
0 Analysis time : ICP-MS ~1 hour/sample, XPS ~2 hours/sample.
o Cost: ICP-MS ~$200/sample, XPS ~$300/sample.
e challenge :
0 The low atomic weight of boron (~10.8 u) results in a weak ICP-MS signal that
requires calibration (error < 2%).
o XPS is limited to the surface and requires Ar' etching to analyze internal
components.
e optimization :
0 In 2024, laser-assisted ICP-MS will increase boron detection sensitivity by ~10
times (~0.001 ppm).
0 Automated XPS depth profiling (etching rate ~1 nm/min) improves efficiency by
~30%.

Table 6.1 Comparison of chemical composition analysis techniques

technology Detection Sensitivity Cost advantage challenge Related
object (USD/sample) Chapters
ICP-MS W, B, 0.01 ppm 200 High Boron 53,7.1
impurities precision signal is
weak
XPS Surface 0.1 at% 300 Surface Surface 32,124
WB, O sensitive only
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EA C,O,N 0.0l wt% 100 fast Light 5.5
elements

only

6.2 Crystal structure characterization
Crystal structure characterization is used to verify the phase composition (such as WB:hexagonal
P6s/mmc, Chapter 2.2) and crystal defects of tungsten boride to ensure performance consistency .
¢ Main technologies :
0 X-ray diffraction (XRD) :

= Principle : Cu Ka rays (A=1.5406 A) are used to irradiate the sample and
the diffraction peaks are analyzed to confirm the crystal phase and unit
cell parameters (e.g. WB 22a=2.98 A | c=13.88 A).

= Performance : Resolution ~0.02°, detectable phase content >1 wt %.

= Application : Confirm that the WB: phase purity is >95% and the grain
size is ~50 nm (Scherrer formula, Chapter 5, 5.3).

0 Transmission Electron Microscopy (TEM) :

*  Principle : High-energy electrons (200 kV) penetrate the sample, imaging
the lattice and defects, and selected area electron diffraction (SAED)
analyzes the crystalline phase.

»  Performance : Resolution ~0.1 nm, suitable for nano WB 2 (<50 nm).

= Application : Observe WB: grain boundary defects (<1%, Chapter 3, 3.4),
confirm BB network (~1.8 A, Chapter 2, 2.2).

0 Raman spectroscopy :

*  Principle : 532 nm laser excitation of the sample, analysis of WB and BB
vibration modes (e.g. WB 2~800 cm ~!).

= Application : Verification of WB: bonding characteristics , non-
destructive testing of coatings (Chapter 7.3).

e Technical indicators :
0 Accuracy : XRD cell parameter error <0.5%, TEM lattice spacing error <1%.
0 Cost: XRD ~ $100/sample, TEM ~ $500/sample, Raman ~ $150/sample.
e challenge :
0 The XRD peaks of nanoparticles (<10 nm) are severely broadened and require
Rietveld refinement.
0 TEM sample preparation (<100 nm thick) took ~4 h.
e optimization :
0 In 2024, synchrotron XRD (A=0.688 A) improved the resolution by ~50% (~0.01°).
0 Automated TEM sample preparation (FIB) reduces time by ~30% (to 3 hours).
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Table 6.2 Comparison of crystal structure characterization techniques

technology Detection Resoluti  Cost advantage challenge Related

object on (USD/sample) Chapters
XRD Crystal 0.02° 100 fast Nano peak 2.2,5.3
phase, unit width
cell
TEM Lattice, 0.1 nm 500 High Sample 34,7.1
defects resolution | preparation
Raman Bonding lem ! 150 Non- Fluorescence = 12.4
vibration destructive = interference

6.3 Micromorphology and particle size analysis
Micromorphology and particle size analysis are used to characterize the surface morphology,
particle size distribution, and microstructure of tungsten boride powders (5—50 nm) and coatings
(1-10 pm ).
e  Main technologies :
0 Scanning Electron Microscopy (SEM) :
= Principle : An electron beam (5-20 kV) is used to scan the sample,
imaging the surface morphology and analyzing the elemental distribution
using energy dispersive spectroscopy (EDS).
=  Performance : Resolution ~1 nm, EDS accuracy +1 wt %.
= Application : Observe the surface of WB: coating (roughness <0.5 um ,
Chapter 7.3), EDS confirms W:B~1:2.
0 Atomic Force Microscopy (AFM) :
= Principle : The probe scans the sample surface to measure nanoscale
topography and roughness (Ra < 1 nm).
= Application : Analysis of the surface flatness of WB » thin films (Ra~0.3
nm, Chapter 9, 9.1).
0 Dynamic Light Scattering (DLS) :
=  Principle : Laser (633 nm) irradiates the suspension, analyzes the
Brownian motion of nanoparticles (<100 nm), and calculates the particle
size distribution.
= Application : Determination of nano WB: powders (20-50 nm, Chapter
5.5), polydispersity index < 0.2.
e Technical indicators :
0 Resolution : SEM ~ 1 nm, AFM ~ 0.1 nm, DLS ~ 1 nm.
o Cost: SEM ~ $200/sample, AFM ~ $250/sample, DLS ~ $100/sample.
e challenge :
0 SEM requires a conductive coating (Au, ~5 nm) on the nanoparticles, which may
obscure the morphology.
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0 The error of DLS for agglomerated particles (>100 nm) is ~10%.
e optimization :
0 By 2024, low-vacuum SEM will no longer require conductive coating, and
imaging efficiency will increase by ~20%.
0 DLS combined with ultrasonic dispersion (40 kHz) reduced agglomeration by
~30%.

Table 6.3 Comparison of micromorphology and particle size analysis techniques

technology Detection Resolution Cost advantage challenge Related
object (USD/sample) Chapters

SEM Surface 1 nm 200 Elemental Conductive 73,53
morphology analysis coating

AFM Surface 0.1 nm 250 Nanoscale Slow scanning 9.1
roughness

DLS Particle size 1 nm 100 fast Agglomeration | 5.5
distribution Error

6.4 Mechanical properties test
Mechanical property tests evaluate the hardness (~40 GPa ), toughness (~4 MPa-m!/?) and friction
coefficient (<0.3, Chapter 2.5) of tungsten boride to ensure the reliability of wear-resistant coatings
(Chapter 7.1) and high-temperature components (Chapter 8.1).
e  Main technologies :
0 Nanoindentation :
= Principle : A diamond indenter (Berkovich, tip <20 nm) is pressed into
the sample (load ~10 mN ) to measure hardness (H) and Young's modulus
(B).
= Performance : Accuracy £5%, depth resolution ~0.1 nm.
= Application : Measure the hardness of WB: coating ~42 GPa , E~600
GPa (Chapter 2.5).
0 Fracture toughness test :
= Principle : Single edge notched beam (SENB) or indentation crack
method, measuring crack growth resistance (K_IC).
= Application : WB : toughness ~4 MPa-m'/?, ~5 MPa-m'/? after Ti doping
(Chapter 3, 3.4).
0 Friction and wear testing :
= Principle : Pin- on - disc test ( Al2Os ball, load 10 N, speed 0.1 m/s ) to
measure friction coefficient and wear rate.
= Application : WB > coating has a friction coefficient of ~0.25 and a wear
rate of <10 * mm 3 /(N - m) (Chapter 7.1).
e Technical indicators :
0 Precision : hardness +5%, toughness =10%, friction coefficient +0.01.
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o Cost : Nanoindentation ~$300/sample, Wear testing ~$200/sample
¢ challenge :
0 Nanoindentation of thin films (<1 pum ) is affected by the substrate and requires a
correction model (error <10%).
0 Wear testing at high temperatures (>1000°C) is expensive (~$1 million) with
equipment.
e optimization :
0 In 2024, Al-assisted indentation data analysis (Chapter 17, 17.5) will improve
accuracy by ~20%.
0 High temperature wear testing (1500°C) uses laser heating, reducing costs by
~15%.

Table 6.4 Comparison of mechanical properties testing technologies

technology Detection Accuracy Cost advantage challenge Related
object (USD/sample) Chapters
Nanoindentation = Hardness, +5% 300 Nanoscale Matrix 2.5,7.1
modulus influence
Fracture toughness +10% 250 reliable Sample 34
toughness preparation
Friction test Friction +0.01 200 Simulation High 7.1
coefficient conditions temperature
costs

6.5 Electrical and thermal performance test
Electrical and thermal properties tests were used to evaluate the electrical conductivity (~10 * S/cm),
thermal expansion coefficient (~4.5x10 ¢ K ~ ') and specific heat capacity (~0.3 J/( g-K ), Chapter
2, 2.3-2.4) of tungsten boride.
e  Main technologies :
0 Four-probe method :
= Principle : A constant current (1 mA) is applied to four-point electrodes
(spacing ~1 mm), the voltage is measured, and the conductivity is
calculated.
= Performance : Accuracy £2% for WB 2 films (~0.8%10 # S/cm).
= Application : Verify that the conductivity of nano WB 2 is ~10 * S/cm
(Chapter 9.1).
o Differential Scanning Calorimetry (DSC) :
= Principle : Heat the sample (10 K/min, 300-2000 K), measure the heat
absorption and release , and calculate the specific heat capacity and phase
change.
= Application : Measure the specific heat capacity of WB 2 ~0.3 J/( g'K ),
melting point ~2800°C (Chapter 2, 2.3).
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o Laser flash method :
= Principle : A laser pulse (~1 ms ) heats the sample, an infrared detector
measures the thermal diffusivity, and the thermal conductivity is
calculated.
= Application : WB 2 thermal conductivity ~50 W/( m-K ) (300 K, Chapter
8, 8.3).
e Technical indicators :
0 Accuracy : electrical conductivity £2%, specific heat capacity £5%, thermal
conductivity £10%.
0 Cost : Four-probe ~$100/sample, DSC ~$200/sample, laser flash ~$250/sample.
¢ challenge :
0 The four-probe method is sensitive to the nanoparticle contact resistance and has
an error of ~5%.
0 DSC high temperatures (>2000 K) require a high temperature resistant crucible
(Ta, ~$5000).
e optimization :
0 In 2024, micro four-probe (spacing <10 pum ) will improve thin film testing
accuracy by ~30%.
0 Optimization : **: In 2024, DSC will be combined with thermogravimetric
analysis (TGA) for simultaneous testing, with efficiency increased by ~25%.

Table 6.5 Comparison of electrical and thermal performance testing technologies

technology  Detection Accuracy Cost advantage  limit Related Chapters
object (USD/sample)
Four- Conductivity | £2% 100 Simple and | Contact Chapter 9, 9.1,
probe fast resistance Chapter 2, 2.4
method
DSC Specific heat, | +5% 200 Phase High Chapter 2, 2.3,
melting point change temperature | Chapter 12, 12.3
analysis crucible
Laser flash = Thermal +10% 250 High Sample size = Chapter 8.3
method conductivity temperature
application

6.6 Testing technology standardization and quality control
Standardization of testing technology and quality control ensure that tungsten boride products meet
industrial standards (such as GB/T 26037-2020, Chapter 15, 15.2) and application requirements
(such as aerospace, Chapter 8, 8.1).
e Standardization method :
0 International standards : ISO 14705-2020 (hardness test), ASTM E384-2020
(microhardness), applicable to WB 2 coating (Chapter 7.1).
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0 National standard : GB/T 26037-2020 stipulates that the purity of boride is >99.9%
and the impurities are <100 ppm; GB/T 16533-2024 (XRD) standardizes crystal
phase analysis.

0 Industry standards : Aerospace requires WB: coating thickness deviation <2%
and hardness fluctuation <5% (Chapter 8, 8.1).

¢  Quality Control Process :

0 Online monitoring : ICP-MS real-time detection of production line impurities
(<50 ppm), ~10 minutes per batch analysis.

0 Batch inspection : 10 samples are taken for each ton of WB2 powder , and XRD,
SEM and nanoindentation are used for comprehensive characterization, with a
qualified rate of >98%.

0 Data management : LIMS (Laboratory Information Management System) is used
to ensure the traceability of test data >99%.

e Contributions of CTIA GROUP LTD :

0 2024**: In 2024, CTIA GROUP LTD developed Al-assisted XRD analysis
(Chapter 17, 17.5), which shortened the crystal phase identification time from 2
hours to 30 minutes, improved the accuracy by 20%, and supported the quality
control of WB 2 coating.

e challenge :

0 Nanomaterial testing requires consistency verification across devices (e.g., DLS
and TEM particle size error <10%).

0 High temperature test equipment (>2000°C) is expensive to calibrate
(~$100,000/year).

¢ Optimization direction :

0 By 2025, blockchain technology will record test data with a transparency of >99%
(Chapter 14, 14.4).

0 The automated testing platform integrates ICP-MS, XRD, and SEM, reducing
analysis time by ~40%.

Table 6.6 Standardization and quality control indicators

project standard index Optimization Related
direction Chapters
purity GB/T >99.9%, impurities = Online ICP-MS = Automated 15.2,14.3
26037-2020 <100 ppm testing
hardness ISO 14705 Fluctuation <5% Nanoindentation = Al Analytics 7.1,17.5
Data LIMS Traceability>99% Blockchain Transparency 14.4
Management +99%
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Chapter 7 Application of Hard Coating of Tungsten Boride

Tungsten boride (such as WB, WB:2 , W2B ) has significant advantages in the field of hard coatings
due to its ultra-high hardness (~40 GPa , Chapter 2.5), low friction coefficient (<0.3, Chapter 6.4),
excellent thermal stability (>2000°C, Chapter 2.3) and corrosion resistance (Chapter 8.4). It is
widely used in tools (cutting life extended by ~50%), molds (wear resistance improved by ~30%)
and high temperature wear environments (aerospace, Chapter 8.1). Tungsten boride coatings are
prepared by chemical vapor deposition (CVD, Chapter 5.2) or plasma-assisted technology (Chapter
5.3), with a thickness of 1-10 pm , meeting high performance requirements. This chapter discusses
in detail the performance advantages of tungsten boride coatings, their applications in cutting tools
and molds, their preparation and optimization techniques, their performance in wear and corrosion
environments, as well as the market status and future trends, providing technical support for the
industrial applications (Chapter 14, 14.3) and green manufacturing (Chapter 16, 16.4) of tungsten
boride.

7.1 Performance advantages of tungsten boride coating
Tungsten boride coatings are superior to traditional coatings (such as TiN , WC, Chapter 4.4) in
terms of hardness, wear resistance, thermal stability and chemical stability, making them ideal for
high-performance applications.
e Hardness and toughness :
0 Hardness : The hardness of the WB: coating is ~42 GPa (Chapter 6.4), close to
that of diamond (~70 GPa ), thanks to the BB covalent network and WB metallic
bonds (Chapter 3.2).
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0 Toughness : Fracture toughness ~4 MPa-m'/?, which increases to ~5 MPa-m!/?
after Ti doping (Chapter 3.4), which is better than CrB2 ( ~3 MPa-m'/?).
0 Mechanism : Nanocrystalline structure (grains <50 nm, Chapter 6, 6.2) inhibits
crack propagation and enhances impact resistance.
e Abrasion resistance :
0 Friction coefficient : ~0.25 ( Al2Os pairing , Chapter 6 6.4), lower than TiN ( ~
0.4), reducing wear rate <10° mm?/ ( N - m).
0 Application : Tool coating life extended by ~50% (cutting speed 200 m/min,
Chapter 9.2).
e Thermal stability :
0 Decomposition temperature : >2000°C (Chapter 2.3), better than WC (~1000°C).
0 Thermal expansion coefficient : ~4.5x10 ~¢ K = ' (Chapter 6, 6.5), matching that
of the steel matrix (~12x10 ¢ K ~ '), reducing thermal stress (<0.5 GPa , Chapter
3,3.3).
¢ Chemical stability :
0 Corrosion resistance : The corrosion rate in HCI (1 M, 25°C) is <0.01 mm/year,
which is better than MoB: ( ~0.05 mm/year, Chapter 4.4).
0 Anti-oxidation : The oxidation starting temperature is ~800°C, which rises to
~900°C after N doping (Chapter 3, 3.4).

Table 7.1 Performance comparison between tungsten boride coating and traditional coating

coating Hardness Friction Toughness Oxidation Related
(GPa) coefficient (MPa-m'/?) temperature (°C) Chapters

WB . 42 0.25 4-5 800-900 25,34

TiN 25 0.4 3 600 4.4

WwC 20 0.3 2.5 500 4.4

CrB: 20 0.35 3 700 4.4

7.2 Application of tungsten boride coating in cutting tools
Tungsten boride coating improves cutting efficiency, wear resistance and life in cutting tools (such
as turning tools and milling cutters), and is suitable for high-speed machining (>200 m/min) and
difficult-to-machine materials (such as titanium alloys, Chapter 8 8.2).
e Application scenarios :
0 High-speed cutting : WB: coating (thickness ~3 pm ) in steel (HRC 50) cutting at
a cutting speed of ~250 m/min, life was extended by ~50% (~1 hour vs TiN ~40
minutes).
0 Dry cutting : low friction coefficient (~0.25, Chapter 6, 6.4) reduces heat
accumulation, suitable for processing without coolant, and reduces carbon
emissions by ~20% (Chapter 16, 16.4).
o Titanium alloy processing : Anti-adhesion (surface energy ~2.5 J/m?, Chapter 3.3)
reduces tool wear and increases processing efficiency by ~30%.
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e Technical requirements :
0 Coating thickness : 2-5 um , uniformity >95% (Chapter 5.2).
0 Adhesion : Binding energy ~1.5 eV/A? (Chapter 3.3), resistant to peeling (load >
50 N).
0 Hardness : >40 GPa , wear resistance <10 * mm?/ (N - m).
e Examples :
0 In 2024, WB: coated turning tools will process aviation Ti-6Al-4V with a cutting
force reduction of ~15% (~800 N) and a surface roughness Ra<0.5 um (Chapter 6,
6.3).
e challenge :
0 Residual stresses in the coating (~1 GPa ) may lead to microcracks and require
annealing (600°C, Chapter 5.2).
0 High cost (~US$300/kg, Chapter 5.2) limits its application to small and medium-
sized enterprises.

Table 7.2 Application parameters of tungsten boride coated tools

parameter value advantage challenge Related

Chapters
Thickness ( pm ) 2-5 High wear Residual 5.2,6.3
resistance stress
Life expectancy extension 50 Efficiency +30% High cost 14.3
(%)
Friction coefficient 0.25 | Dry cutting Crack risk 6.4,16.4

7.3 Application of tungsten boride coating in molds
Tungsten boride coatings improve wear resistance and corrosion resistance in stamping, drawing
and die casting dies, extend die life (~30%) and reduce production costs (Chapter 14.2).
e Application scenarios :
0 Stamping die : WB: coating (thickness ~5 pm ) in cold stamping steel plate
(thickness 1 mm), punch life ~1 million times (vs TiN ~700,000 times).
0 Die-casting mold : High temperature resistance (>800°C) supports aluminum
alloy die-casting, and the mold life is increased by ~25% (~5000 times).
0 Plastic molding : Anti-adhesion reduces demoulding resistance, and the yield rate
is >98%.
¢ Technical requirements :
0 Hardness : >38 GPa, wear resistance <10 * mm? / (N - m).
0 Surface roughness : Ra<0.3 nm (Chapter 6.3), improving mold precision.
0 Corrosion resistance : Corrosion rate in NaCl (3.5 wt %, 25°C) <0.005 mm/year.

e Examples :
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0 In 2024, the wear of WB: coated stamping dies processing automotive steel plates
will be reduced by ~20% (<0.01 mm/100,000 times) and the maintenance cost will
be reduced by ~15%.

¢ challenge :

0 Complex molds require uniform deposition, and CVD airflow control (Re<2000,
Chapter 5, 5.2) is difficult.

0 The thermal expansion mismatch between the coating and the substrate (~5x10 ¢
K ') may lead to spalling.

Table 7.3 Application parameters of tungsten boride coating mold

parameter value advantage challenge Related Chapters
Thickness (pm ) 5 High lifespan | Thermal expansion mismatch = 5.2,3.3

Impact life (10,000 times) =100 Cost - 15% Uniformity 14.2
Roughness(nm) <0.3 = High precision = Deposition difficulty 6.3

7.4 Preparation and Optimization of Tungsten Boride Coating
The preparation of tungsten boride coating mainly adopts CVD (Chapter 5.2), plasma assisted
deposition (Chapter 5.3) and physical vapor deposition (PVD), which needs to be optimized to
improve performance and reduce cost.
e Preparation method :
o CVD:
= Process : WFs + B2Hs deposits WB: thin films (Chapter 5.2) at 400—-800°C
at a rate of ~1 um /h.
= Advantages : Uniform thickness (>95%), strong adhesion (~1.5 eV/A2).
=  Optimization : By 2024, the rate of low-pressure CVD (<10 Pa) will
increase by ~50% (~1.5 um /h).
0 Plasma Assisted Deposition :
= Process : Plasma (10 * K) vaporizes W+B and deposits nano-WB 2 (<50
nm, Chapter 5.3).
= Advantages : Hardness ~42 GPa, suitable for complex substrates.
= Optimization : Pulsed plasma (50 kHz) energy consumption reduced by
~25% (~11,000 kWh/ton).
o0 PVD (magnetron sputtering) :
= Process : WB: target (purity >99.9%) was sputtered in Ar atmosphere (5
Pa), with a deposition rate of ~0.5 um /h.
= Advantages : Low temperature (<300°C), suitable for heat-sensitive
substrates.
=  Optimization : High Power Pulsed Sputtering ( HiPIMS ) improves
density by ~20%.
e Optimization techniques :
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0 Doping : Ti doping (5 at%) improves toughness by ~30% (Chapter 3.4), and N
doping increases the oxidation resistance temperature by ~100°C.

0 Multilayer structure : WB: / TiN multilayer (period ~10 nm) reduces stress by
~50% (~0.5 GPa).

0 Al optimization : CTIA GROUP LTD uses Al to control CVD parameters (airflow,
temperature), and the deposition efficiency will increase by ~15% in 2024
(Chapter 17, 17.5).

e challenge :
0 CVD by-products (HF) need to be treated (Chapter 16.3), costing ~US$50/ton.
0 PVD target utilization is low (~30%), and the cost increases by ~US$20/kg.

Table 7.4 Comparison of tungsten boride coating preparation technologies

method Deposition rate Hardness Cost advantage challenge Related
(pm /h) (GPa) (USD/kg) Chapters
CVD 1-1.5 38 300 Uniformity By-products 5.2,16.3
plasma | 0.5-1 42 400 Nanoscale High energy | 5.3,17.5
consumption
PVD 0.5 35 350 Low Target waste 5.6
temperature

7.5 Performance of tungsten boride coating in wear and corrosion environment
The excellent performance of tungsten boride coating in high temperature, high humidity and
corrosive environments makes it suitable for aerospace (Chapter 8.1) and marine engineering
(Chapter 9.3).
e High temperature wear :
0 Performance : Friction coefficient ~0.3 at 1000°C, wear rate <10 > mm * /(N - m),
better than TiN (~10 * mm 3 /(N - m)).
0 Mechanism : BB network (Chapter 3, 3.2) maintains structural stability, and W
oxide (WO 3) acts as a lubricant (Chapter 3, 3.3).
0 Application : Gas turbine blade coating, life extension ~40% (Chapter 8.1).
¢ Corrosive environment :
0 Performance : In NaCl (3.5 wt %, 60°C), the corrosion current density is <10 7
A/ cm?, and the corrosion resistance is better than WC (~10 * A/cm?) .
0 Mechanism : Dense coating (porosity <1%, Chapter 6, 6.3) prevents Cl-
penetration , and N doping enhances pitting resistance (Chapter 3, 3.4).
0 Application : Offshore drilling equipment coating, maintenance cycle extended
by ~30% (Chapter 9.3).

o Wet Wear :
0 Performance : Humidity 80% (25°C), friction coefficient ~0.28, wear rate <10 ¢
mm * /(N - m).
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0 Application : Ship propeller coating, anti-cavitation performance increased by
~25%.
e challenge :
0 High temperature oxidation (>900°C) generates WOs which volatilizes and needs
to be suppressed by Si doping (<5 at%).
0 Micro crack propagation in wet environment requires multi-layer design (WB 2/
Al203).

Table 7.5 Environmental performance of tungsten boride coating

environment Friction ‘Wear rate Corrosion rate application challenge Related
coefficient (mm?(N-m)) (mm/year) Chapters

high 0.3 <10 * - blade Oxidation = 8.1, 3.3

temperature

corrosion - - <0.005 Drilling Pitting 93,34

Wet wear 0.28 <10 - propeller crack 9.3

7.6 Market and Future Trends of Tungsten Boride Coating
The market for tungsten boride coatings is driven by growing demand, technological advancements,
and environmental regulations (Chapter 15.2), with future trends focusing on cost reduction and
performance improvement.
e  Market status (2024) :
0 Size : Global tungsten boride coating market ~$200 million, with Asia accounting
for ~60% (China, South Korea, Chapter 14.1).
0 Applications : Cutting tools ~50% (~$100 million), molds ~30%, aerospace ~15%
(Chapter 8.1).
0 Price : ~300 USD/kg (CVD), ~400 USD/kg (Plasma, Chapter 14, 14.2).
e Drivers:
0 Demand : Demand growth for high-end manufacturing (aerospace, automotive) is
~10%/year, WB: coating output is ~1,000 tons/year (Chapter 5.6).
0 Technology : Al optimization (Chapter 17, 17.5) and nano-coating (Chapter 5, 5.5)
improve performance by ~20%.
0 Regulations : EU REACH (Chapter 15.2) and Carbon Border Adjustment
Mechanism (CBAM, 2026) drive demand for green coatings.
e Future Trends (2025-2030) :
0 Cost reduction : Large-scale production (1,500 tons/year, Chapter 5.6) reduces
the cost to ~US$200/kg, with a market size of US$300 million.
0 Nano coatings : The market share of nano WB 2 (<50 nm) increased to ~30% and
is used in sensors (Chapter 10.3).
0 Green manufacturing : waste gas recovery rate > 95% (Chapter 16.3), carbon
emissions reduced by ~30% (~0.3 tons CO: / ton).
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0 Alternative competition : MoB: coating (hardness ~30 GPa , Chapter 4.4) market
~US$50 million, threatening low-end applications.

Table 7.6 Tungsten Boride Coating Market and Trends (2024-2030)

project Current status 2030 Drivers challenge Related
in 2024 Goals Chapters

Market size 2 3 High-end Alternatives 14.1

(USS billion) manufacturing

Cost (USD/kg) 300-400 200 Scale Regulatory costs 14.2,5.6

Carbon emissions 0.4 0.3 Green invest 16.3,15.2

(tons CO: / ton) Technology

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 T 3 132 I


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

CTIA GROUP LTD
Tungsten Boride Product Introduction

1. Tungsten Boride Overview

Tungsten boride (Tungsten Boride, e.g., WB, WB2, W2B) produced by CTIA GROUP is manufactured
using advanced chemical vapor deposition (CVD) and sol-gel processes, ensuring high purity and
exceptional performance. Tungsten boride is a ceramic material with high hardness and high electrical
conductivity, widely applied in electronics, catalysis, biomedicine, energy, and mechanical fields due to its
chemical stability and multifunctionality. Its unique boron-tungsten bond structure makes it an ideal choice

for high-performance material applications.

2. Tungsten Boride Features
e Chemical Composition: WB, WB2, W2B, purity 299.9%, with minimal impurities.
e Appearance: Gray-black powder or thin film; hexagonal or orthorhombic crystal structure.
e High Hardness: Brinell hardness ~40 GPa, suitable for wear-resistant coatings.
e Excellent Electrical Conductivity: ~10* S/cm, supporting 6G antennas and sensors.
e Chemical Stability: Corrosion rate <0.005 mm/year, ideal for catalysis in harsh environments.

e Multifunctionality: Supports electrocatalysis, battery materials, and biocompatible coatings.

3. Tungsten Boride Product Specifications

Type Particle Size | Purity Bulk Density | Boron Content | Impurities

(um) (Wt%) (g/cm?) (Wt%) (Wt%, max)
Nano-grade 0.01-0.05 299.9 3.5-4.0 10.2-10.8 Fe<0.002, Si<0.001
Micron-grade 10-20 299.8 4.0-4.5 10.0-10.5 Fe<0.003, Si<0.002
Thin-film grade 0.1-2 299.9 10.0-12.8 5.0-8.0 Fe<0.002, 0<0.05

4. Tungsten Boride Packaging and Quality Assurance

e Packaging: Sealed stainless steel cans or vacuum aluminum foil bags, net weight of 100 g, 500
g, or 1 kg, ensuring moisture-proof and oxidation-resistant storage.

e Quality Assurance: Each batch is accompanied by a quality certificate.

5. Tungsten Boride Procurement Information
e  Email: sales@chinatungsten.com
e Phone: +86 592 5129595
e  Website: For more information about tungsten boride, please visit the China Tungsten Online

website (http://www.tungsten-boride.com).
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Chapter 8 High-temperature Material Application of Tungsten Boride

Tungsten boride (such as WB, WB: , W2B ) has significant advantages in the field of high-
temperature materials due to its excellent thermal stability (decomposition temperature>2000°C,
Chapter 2.3), high hardness (~40 GPa , Chapter 2.5), low thermal expansion coefficient
(~4.5x10°K™! , Chapter 6.5 ) and oxidation resistance (oxidation starting temperature~800°C,
Chapter 7.1). It is widely used in aerospace (gas turbine blades, life extended by ~40%), high-
temperature furnaces (temperature resistance>1800°C) and thermal barriers (thermal
conductivity~50 W/( m ‘K ), Chapter 6.5). This chapter discusses in detail the application of
tungsten boride in aerospace high-temperature components, furnaces and thermal barriers, thermal
conductivity and thermal expansion properties, oxidation resistance and corrosion resistance,
preparation technology, as well as application prospects and challenges, providing technical support
for the industrialization (Chapter 14, 14.3) and green manufacturing (Chapter 16, 16.4) of tungsten
boride.

8.1 Application of Tungsten Boride in Aerospace High-Temperature Components
As a high-temperature material, tungsten boride is used in the aerospace field (such as gas turbine
blades and rocket nozzles) to improve the temperature resistance and life of components and meet
the needs of extreme environments (>1500°C).

e Application scenarios :
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0 Gas turbine blades : WB: coating (thickness ~5 pm , 7.5) operating at 1500°C,
friction coefficient ~0.3, life extension ~40% (~5000 hours vs Ni-based alloy
~3500 hours).

0 Rocket nozzle : WB block material (purity>99.9%, Chapter 6 6.1) can withstand
2000°C instantaneous thermal shock and has an ablation rate of <0.01 mm/s.

0 Reentry vehicle : WB 2 thermal barrier (thermal conductivity ~50 W/( m-K ),
Chapter 6, 6.5) reduces the surface temperature to ~300°C and protects the matrix
(C/C composite material).

e Technical requirements :

0 Hardness : >38 GPa (Chapter 6.4), wear resistance <10 > mm * /(N - m).

0 Thermal stability : No phase change at >2000°C (Chapter 2.3).

0 Adbhesion : Binding energy ~1.5 eV/A? (Chapter 3.3), anti-peeling (>50 N).

e Examples :

0 In 2024, WB: coating will be applied to turbofan engine blades, with a crack rate
of <1% in thermal fatigue cycles (1500°C, 1000 times) and an efficiency increase
of ~15%.

e challenge :

0 High temperature oxidation (>900°C) generates WOs which volatilizes (Chapter
7.5), and requires Si doping (<5 at%).

0 The thermal expansion mismatch between the coating and the substrate (~5x10 ¢
K = 1) leads to stress (~1 GPa , Chapter 3, 3.3).

Table 8.1 Aerospace application parameters of tungsten boride

parameter value advantage challenge Related
Chapters
Operating temperature (°C) 1500-2000 High lifespan Oxidation 7.5,3.3
Life expectancy extension (%) | 40 Efficiency +15% Thermal expansion | 14.3
mismatch
Wear rate (mm?*/( N-m )) <10 > Wear-resistant Coating peeling 6.4

8.2 Application of Tungsten Boride in High-Temperature Furnaces and Thermal Barriers
Tungsten boride provides high temperature and thermal shock resistance in high temperature
furnaces (electrodes, crucibles) and thermal barriers (insulation) for the metallurgical and
semiconductor industries.

e Application scenarios :

0 High temperature electrode : WB bulk material (density > 98%, Chapter 5.1) in
vacuum furnace (1800°C), resistivity ~10 = Q- cm (Chapter 6 6.5), lifespan ~2000
hours.

0 Crucible : WB: coated crucible (thickness ~10 um ) for smelting rare earth metals
(1600°C), corrosion resistance <0.005 mm/year (Chapter 7.5).
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0 Thermal barrier : WB:2 / Al:Os composite coating (period ~10 nm ) in the crystal
growth furnace, thermal conductivity ~40 W/( m-K ), thermal insulation efficiency
increased by ~20%.

e Technical requirements :

0 Thermal conductivity : 40-50 W/( m-K ) (Chapter 6.5), ensuring heat transfer.

0 Thermal shock resistance : no cracks at temperature difference >1000°C
(Chapter 3.4).

0 Purity : >99.9%, impurities (Fe, O) <50 ppm (Chapter 6, 6.1).

e Examples :

0 2024 :1In 2024, WB electrodes are used in sapphire crystal growth furnaces, with
a conductivity of ~10 * S/cm and a reduction in energy consumption of ~10%
(Chapter 16.4).

e challenge :

0 Boron volatilization at high temperature (>1800°C, Chapter 5.1) reduces surface
properties and requires N doping.

0 The interface bonding of the composite coating (<1% porosity) needs to be
optimized (Chapter 5, 5).

Table 8.2 Application parameters of tungsten boride high temperature furnace and thermal

barrier
parameter value Advantages challenge Related Chapters
Operating 1600-1800 | Long life Boron 5.1,6.1
temperature (°C) Volatilization
Thermal conductivity = 40-50 Highly efficient thermal | Interface bonding @ 3.4, 16.4
(W/(m'K)) insulation
Lifespan (hours) 2000 Energy consumption - 5.

10%

8.3 Thermal conductivity and thermal expansion properties of tungsten nitride
The thermal conductivity (~50 W-m /(m/K), Chapter 6 6.5) and low thermal expansion coefficient
(~4.5x10 ¢ K ~ ') of tungsten boride make it suitable for high-temperature thermal management
applications.
e Thermal Conductivity :
0 Performance : ~50 W/( m-K ) at 300 K, dropping to ~20 W/( m-K ) at 1500°C,
better than MoB: ( ~30 W/( m-K , Chapter 4, 4.4).
0 Mechanism : Measured by laser flash method (Chapter 6, 6.5), grain boundary
scattering (<50 nm, Chapter 6, 6.2) reduces high temperature conductivity.
0 Application : Uniform heat conduction in thermal barriers, reducing substrate
temperature by ~15% (~200°C).
o Coefficient of Thermal Expansion :
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0 Performance : ~4.5x10 * K ~ ' (300-1000 K), matching that of ceramic substrates
(e.g. SiC, ~4x10 ¢ K ~ '), thermal stress <0.3 GPa .
0 Mechanism : The strong WB bond (Chapter 3.2) limits the lattice expansion.
0 Applications : Aerospace coatings to reduce thermal cracking (<1%, Chapter 7.1).
e optimization :
0 Nanostructure : grains < 20 nm reduce thermal conductivity by ~10% (~45
W/(m-K), suitable for thermal barriers).
0 Doping : Si doping (<2 at%) reduces the thermal expansion coefficient by ~5%
(~4.2x10 K~ 1).
e challenge :
0 The decrease in high temperature conductivity requires thermal stabilization
additives (such as ZrB 2 ).
0 Thermal expansion testing requires high temperature XRD (>1500°C, Chapter 6,
6.2), costing ~$500/sample.

Table 8.3 Thermal conductivity and thermal expansion properties

parameter value advantage challenge Related

Chapters
Thermal conductivity = 20-50 Thermal High temperature drop = 6.5, 7.1
(W/(m'K)) Management
Thermal expansion @ 4.2-4.5 Low stress Testing costs 32,73

coefficient (x10 ¢ /K)
Optimization effect Thermal Nano Design Additive research and 5.5

conductivity -10% development

8.4 Oxidation and Corrosion Resistance of Tungsten Boride in High Temperature
Environment
Tungsten boride's resistance to oxidation and corrosion at high temperatures (Chapter 7.5) makes it
suitable for aerospace and metallurgical applications.
e Antioxidant properties :
0 Performance : Oxidation onset temperature ~850°C, which rises to ~950°C after
N doping (Chapter 3, 3.4), which is better than WC (~500°C, Chapter 4, 4.4).
0 Mechanism : The formation of a B20s glass layer (~ 10 nm, Chapter 6, 6.1)
prevents O: diffusion and inhibits WOs volatilization .
0 Application : Gas turbine blades with oxidation rate <0.05 mg/cm*h at 1200°C.
e Corrosion resistance :
0 Performance : In molten NaCl- KCI (1000°C), the corrosion rate is <0.02
mm/year, which is better than CrB: ( ~0.1 mm/year).
0 Mechanism : Dense structure (porosity <1%, Chapter 6, 6.3) and BB covalent
bonds (Chapter 3, 3.2) enhance corrosion resistance.
0 Application : Rare earth smelting crucible, life extended by ~50%.
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e optimization :
0 Doping : Si (5 at%) forms a SiO: - B0 composite layer, and the anti-oxidation
temperature rises to ~1000°C.
0 Multi-layer design : WB2 / ZrB: ( period ~5 nm) reduces corrosion rate by ~30% .
¢ challenge :
0 At high temperatures (>1200°C), WOs volatilization needs to be further
suppressed.
o Corrosion testing requires high temperature electrochemical equipment (>$10
million).

Table 6.4 Anti-oxidation and anti-corrosion properties

parameter performance advantage challenge Related
Chapters
Oxidation temperature (°C) = 850-1000 Protective WOs 7.5,3.4
layer Volatilization
Corrosion rate (mm/year) <0.02 Long life Test equipment 63,93
Optimization effect Antioxidant Doping cost 5.5
+100°C

8.5 Preparation Technology of Tungsten Boride High Temperature Materials
The preparation of high-temperature tungsten boride materials mainly adopts high-temperature solid
phase synthesis (Chapter 5.1), plasma-assisted synthesis (Chapter 5.3) and hot pressing sintering,
which needs to be optimized to improve performance.
e Preparation method :
0 High temperature solid phase synthesis :
= Process : W+B powder (W:B=1:2) reacts at 1800°C in Ar atmosphere
(Chapter 5.1) to generate WB 2 bulk material with a density of >98%.
= Advantages : stable crystal structure (P6 s /mmc, Chapter 2.2), hardness
~40 GPa .
= Optimization : Microwave heating (2.45 GHz) reduces time by ~30% (~5
hours) and energy consumption by ~20% (~8000 kWh/ton).
0 Plasma Assisted Synthesis :
= Process : W+B is vaporized in plasma (>5000°C) and WB: coating or
powder is deposited ( Chapter 5.3).
= Advantages : Nanoscale (<50 nm), hardness ~42 GPa .
= Optimization : Pulsed plasma (50 kHz) yield increased by ~88%, cost
~$350/kg.
0 Hot Pressing Sintering :
=  Process : WB: powder (<5 um ) sintered at 2000°C, 30 MPa,
density >99%.
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= Advantages : Suitable for complex shapes (such as crucibles), toughness
~4 MPa-m'/2.
= Optimization : Addition of ZrB: ( <5 wt %) increases density by ~1%.
e Optimization techniques :
0 Doping : N-doping (<2 at%) improves oxidation resistance by ~100°C (Chapter
3.4).
0 Al control : CTIA GROUP LTD will use Al to optimize sintering parameters
(temperature, pressure) in 2024, increasing density by ~0.5% (Chapter 17, 17.5).
0 Composite material : WB: / SiC composite (10:1) reduces thermal conductivity
by ~10% (~45 W/( m-K)).
¢ challenge :
0 High temperature equipment requires a large investment (~$3 million).
0 Nanopowder agglomeration requires surface modification (PVP, <0.1 wt %,
Chapter 5, 5.3).

Table 8.5 Comparison of preparation technologies for high temperature tungsten boride

materials
method density(%) Hardness Cost advantage challenge Related
(GPa) (USD/kg) Chapters
Solid phase >98 40 150 Stablize High energy 5.1,17.5
synthesis consumption
plasma >08 42 350 Nanoscale Reunion 53,62
Hot Pressing  >99 38 200 Complex Equipment cost 5.6
shapes

8.6 Application Prospects and Challenges of Tungsten Boride High Temperature Materials
The application prospects of tungsten boride high-temperature materials are driven by market
demand, technological progress and environmental regulations (Chapter 15, 15.2), and cost and
performance bottlenecks need to be resolved.
e  Market status (2024) :
o Size : High-temperature tungsten boride material market ~US$50 million,
aerospace accounts for ~70% (Chapter 14.1).
0 Production : ~500 tonnes/year (Chapter 5.6), mainly in Asia (China, South Korea).
0 Price : ~200 USD/kg (lump), ~350 USD/kg (coating, Chapter 14, 14.2).
e Drivers:
0 Demand : Aerospace (turbofan engines) demand growth ~8%/year, production
~800 tons in 2030.
0 Technology : Nano WB : (Chapter 5.5) and Al optimization (Chapter 17.5)
improve performance by ~15%.
0 Regulation : EU CBAM (2026, Chapter 15.2) drives up demand for green
materials.
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o Future Trends (2025-2030) :
0 Cost reduction : Large-scale production (Chapter 5.6) reduces the cost to
~US$150/kg, with a market size of ~US$80 million.
0 New application : Nuclear reactor thermal barriers (temperature resistance >
2000°C), market share ~10%.
0 Green manufacturing : waste gas recovery rate > 95% (Chapter 16.3), carbon
emissions reduced by ~30% (~0.3 tons CO: / ton).
e challenge :
0 Alternatives (such as ZrB: , hardness ~35 GPa , Chapter 4.4) cost ~$100/kg,
threatening the low-end market.
0 High temperature test equipment (>2000°C) investment ~$5 million.

Table 8.6 Prospects and challenges of tungsten boride high temperature materials

project Current status 2030 Drivers challenge Related
in 2024 Goals Chapters

Market size (USS$ billion) 0.5 0.8 Aviation Alternatives = 14.1

demand
Cost (USD/kg) 200-350 150 Scale Testing 142,5.6
costs
Carbon emissions (tons 0.4 0.3 Green invest 16.3,15.2
CO::/ ton) Technology
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CTIA GROUP LTD
Tungsten Boride Product Introduction

1. Tungsten Boride Overview

Tungsten boride (Tungsten Boride, e.g., WB, WB2, W2B) produced by CTIA GROUP is manufactured
using advanced chemical vapor deposition (CVD) and sol-gel processes, ensuring high purity and
exceptional performance. Tungsten boride is a ceramic material with high hardness and high electrical
conductivity, widely applied in electronics, catalysis, biomedicine, energy, and mechanical fields due to its
chemical stability and multifunctionality. Its unique boron-tungsten bond structure makes it an ideal choice

for high-performance material applications.

2. Tungsten Boride Features
e Chemical Composition: WB, WB2, W2B, purity 299.9%, with minimal impurities.
e Appearance: Gray-black powder or thin film; hexagonal or orthorhombic crystal structure.
e High Hardness: Brinell hardness ~40 GPa, suitable for wear-resistant coatings.
e Excellent Electrical Conductivity: ~10* S/cm, supporting 6G antennas and sensors.
e Chemical Stability: Corrosion rate <0.005 mm/year, ideal for catalysis in harsh environments.

e Multifunctionality: Supports electrocatalysis, battery materials, and biocompatible coatings.

3. Tungsten Boride Product Specifications

Type Particle Size | Purity Bulk Density | Boron Content | Impurities

(um) (Wt%) (g/cm?) (Wt%) (Wt%, max)
Nano-grade 0.01-0.05 299.9 3.5-4.0 10.2-10.8 Fe<0.002, Si<0.001
Micron-grade 10-20 299.8 4.0-4.5 10.0-10.5 Fe<0.003, Si<0.002
Thin-film grade 0.1-2 299.9 10.0-12.8 5.0-8.0 Fe<0.002, 0<0.05

4. Tungsten Boride Packaging and Quality Assurance

e Packaging: Sealed stainless steel cans or vacuum aluminum foil bags, net weight of 100 g, 500
g, or 1 kg, ensuring moisture-proof and oxidation-resistant storage.

e Quality Assurance: Each batch is accompanied by a quality certificate.

5. Tungsten Boride Procurement Information
e  Email: sales@chinatungsten.com
e Phone: +86 592 5129595
e  Website: For more information about tungsten boride, please visit the China Tungsten Online

website (http://www.tungsten-boride.com).
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Chapter 9 Application of Tungsten Boride in Electronic Devices

Tungsten boride (WB, WB2 , W2B ) has significant potential in the field of electronic devices due
to its high electrical conductivity (~ 10*S /cm, Chapter 6, 6.5), thermal stability (>2000°C, Chapter
2, 2.3), chemical stability (corrosion rate <0.005 mm/year, Chapter 7, 7.5) and nanoscale
controllability (particle size 10-50 nm, Chapter 5, 5.5). It is widely used in conductive films
(resistivity ~ 107 Q- cm), electrodes (lifetime extended by ~30%), sensors (sensitivity <1 ppm,
Chapter 10, 10.3) and semiconductor devices (band gap ~1.5 eV, Chapter 3, 3.4). This chapter
discusses in detail the application, preparation technology, market status and development trend of
tungsten boride in conductive films, electrodes, sensors and semiconductor devices, and provides
technical support for the electronic industrialization (Chapter 14, 14.3) and technological innovation
(Chapter 17, 17.5) of tungsten boride.

9.1 Application of Tungsten Boride in Conductive Films
Tungsten boride conductive films are suitable for flexible electronics, displays, and marine
electronic devices due to their high conductivity and corrosion resistance (Chapter 7.5).
e Application scenarios :
0 Flexible electronics : WB : thin film (thickness ~100 nm, Chapter 5.2) on PET
substrate, conductivity ~0.8x10 * S/cm, resistance change <1% when bending
radius <5 mm.
0 Transparent conductive film : N-doped WB: (<2 at%, Chapter 3.4) on glass
substrate, transmittance ~85% (550 nm), resistivity ~ 10 Q- cm, replacing ITO
(~10 * Q- cm).
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0 Marine Electronics : WB: coating (thickness ~1 pm ) on sensor electrode, NaCl
solution (3.5 wt %, 60°C) corrosion current density <10 77 A/ cm?.
e Technical requirements :
0 Conductivity : >0.5x10 * S/cm (Chapter 6, 6.5).
0 Surface roughness : Ra<0.3 nm (Chapter 6.3), ensuring contact performance.
0 Adhesion : Binding energy ~1.5 eV/A? (Chapter 3.3), anti-peeling (>40 N).
e Examples :
0 In 2024, WB: films will be used in flexible OLED electrodes, with conductivity
increased by ~20% (~ 10*S /cm) and cost reduced by ~15% (~50USD/m?).
e challenge :
0 Residual stress in the film (~0.8 GPa ) may cause cracking and requires annealing
(500°C, Chapter 5.2).
0 The transmittance of transparent conductive films needs to be further optimized
(>90%).

Table 9.1 Application parameters of tungsten boride conductive film

parameter value advantage challenge Related Chapters
Conductivity (S/cm) 0.8x High Residual stress 6.5,5.2

10* conductivity
Light 85 Replacement of | Light transmission 3.4
transmittance(%) ITO optimization
Corrosion current <107  Corrosion cost 7.5,14.2
(A/em?) resistance

9.2 Application of Tungsten Boride in Electrode Materials
Tungsten boride electrode materials are suitable for lithium batteries, fuel cells and electrolyzers
due to their high conductivity and corrosion resistance.

e Application scenarios :

0 Lithium batteries : WB: nanoparticles (20-50 nm, Chapter 5.5) as negative
electrode additives, conductivity ~10*S / cm, cycle life ~1000 times (capacity
decay <10%).

0 Fuel cell : WB coating (thickness ~2 pm ) on proton exchange membrane (PEM)
electrode, acid resistance (H2SO4, 1 M ) corrosion rate < 0.01 mm/year, efficiency
increase ~10%.

0 Electrolyzer : In alkaline electrolysis (KOH, 30 wt %, 80°C), the WB: electrode
has a hydrogen evolution overpotential of ~100 mV and a lifetime extension of
~30% (~5000 h).

e Technical requirements :

0 Conductivity : >10 * S/cm (Chapter 6.5).

0 Specific surface area : >50 m?/g (Chapter 5.5), improving electrochemical activity.

0 Stability : Corrosion rate <0.01 mm/year (Chapter 7.5).
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e Examples :
0 In 2024, WB: coated electrolyzer electrodes, current density ~500 mA/cm?, energy
efficiency increased by ~12%.
¢ challenge :
0 Nanoparticle agglomeration (Chapter 5.3) reduces activity and requires surface
modification (PVP, <0.1 wt %).
0 The electrode cost (~$200/kg) is higher than that of carbon-based materials
(~$50/kg).

Table 9.2 Application parameters of tungsten boride electrode

parameter value advantage challenge Related Chapters
Cycle life (times) 1000  High stability Reunion 5.5,6.5
Overpotential(mV) 100 High efficiency | cost 7.5

Specific surface area (m?/g) >50 | High activity Complex preparation 5.3

9.3 Application of Tungsten Boride in Sensors
Tungsten boride nanomaterials are suitable for gas, pressure and temperature sensors due to their
high specific surface area and electrochemical activity.
e Application scenarios :
0 Gas sensor : WB: nanoparticles (10-30 nm, Chapter 5.5) detect NO: ( <1 ppm),
with a response time of ~5 s and a sensitivity of ~50% (10 ppm).
0 Pressure sensor : WB: thin film (thickness ~200 nm) in MEMS devices, gauge
factor ~20, operating temperature <500°C.
0 Temperature sensor : WB block (resistivity ~10 —° Q- cm, Chapter 6 6.5) In high
temperature (1000°C) environment, the temperature coefficient is ~0.01%/K.
e Technical requirements :
0 Sensitivity : Gas detection <1 ppm (Chapter 6.1).
0 Response time : <10 s.
0 Temperature resistance : >500°C (Chapter 2.3).
e Examples :
o0 In 2024, WB: gas sensors will be used for industrial waste gas monitoring, with
NO: detection limit ~0.5 ppm and stability >6 months.
e challenge :
0 Nanoparticle selectivity needs to be improved (interference with CO ~10%).

0 High temperature sensor packaging is expensive (~$100/unit).

Table 9.3 Application parameters of tungsten boride sensor

parameter value advantage challenge Related Chapters
Detection limit (ppm) <1 High sensitivity Selectivity 6.1,5.5
Response time(s) 5 fast Packaging cost 10.3
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Operating temperature (°C) 500- High temperature interference 2.3

1000 resistance

9.4 Potential of Tungsten Boride in Semiconductor Devices
Tungsten boride has potential in semiconductor devices (such as transistors and photovoltaic devices)
due to its tunable band gap (~1.5 eV, Chapter 3.4) and high conductivity.
e Application scenarios :
0 Transistor : WB: film (thickness ~50 nm) as gate electrode, work function ~4.8
eV, reducing contact resistance by ~20% (~10 7 Q - cm?).
0 Photovoltaic devices : N-doped WB 2 (bandgap ~1.4 eV) as the back electrode,
the photoelectric conversion efficiency is ~15%, which is better than Mo (~12%).
o0 Diode : WB 2 /Si heterojunction, leakage current <10 8 A/cm 2, suitable for high
temperature electronics (>300°C).
e Technical requirements :
o Band gap : 1.4-1.6 eV (Chapter 3.4).
0 Conductivity : >10 * S/cm (Chapter 6.5).
0 Interface resistance : <10 7 Q - cm?.
e Examples :
o In 2024, WB: gate electrodes will be used in 5 nm node transistors, and the
switching speed will increase by ~10%.
e challenge :
0 Bandgap regulation requires precise doping (N, C < 5 at%), with a cost of
~$300/kg.
0 The interface defects with Si substrate (~10'%/cm?) need to be optimized (Chapter
5.2).

Table 9.4 Application parameters of tungsten boride semiconductor

parameter value advantage challenge Related Chapters
Bandgap(eV) 1.4-1.6 = Adjustable Cost of doping 34,55

Contact resistance (Q-cm?) <10 7 | Low resistance Interface defects | 6.5

efficiency(%) 15 high performance Complex process = 14.3

9.5 Preparation Technology of Tungsten Boride Electronic Devices
The preparation of tungsten boride electronic devices mainly adopts chemical vapor deposition
(CVD, Chapter 5.2), magnetron sputtering (PVD) and sol-gel method (Chapter 5.5).
e Preparation method :
o CVD:
=  Process : WFs + B:2Hs deposits WB: thin films (Chapter 5.2) at 400—
600°C , with a rate of ~1.2 um /h.
= Advantages : Homogeneity >95%, conductivity ~10 * S/cm.
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= Optimization : Low-pressure CVD (<5 Pa) rate increased by ~40% (~1.7
um /h).
0 Magnetron sputtering :
= Process : WB: target (purity >99.9%) was sputtered in Ar atmosphere (3
Pa), with a deposition rate of ~0.5 um /h.
= Advantages : Low temperature (<300°C), suitable for Si substrates.
= Optimization : HiPIMS increases density by ~20% and reduces
resistivity by ~15% (~10 ~° Q- cm).
0 Sol-Gel Method :
= Process : Na> WO 4 +H 3 BO s to form gel, which is calcined at 500°C to
obtain WB : nanoparticles (20-50 nm, Chapter 5, 5.5).
= Advantages : Low cost (~$100/kg), suitable for sensors.
= Optimization : Microreactor controls particle size distribution <10 nm.
¢ Optimization techniques :
0 Doping : N-doping (<2 at%) reduces the band gap by ~0.1 eV (Chapter 3, 3.4).
0 Al control : CTIA GROUP LTD will use Al to optimize CVD gas flow in 2024
(Chapter 17, 17.5), and the deposition efficiency will increase by ~15%.
0 Multilayer structure : WB2/ TiN ( period ~5 nm) reduces interface resistance by
~30%.
e challenge :
0 CVD by-products (HF) need to be treated (Chapter 16.3), costing ~US$50/ton.
0 Nanoparticle agglomeration requires ultrasonic dispersion (40 kHz, Chapter 5, 5.3).

Table 9.5 Comparison of preparation technologies for tungsten boride electronic devices

method Deposition rate Conductivity Cost advantage challenge Related

( pm /h) (S/cm) (USD/kg) Chapters
CVD 1.2-1.7 104 300 Uniformity By-products 52,163
PVD 0.5 0.8x 10* 350 Low temperature Target waste 5.6
Sol-Gel = - 0.5x 10* 100 low cost Reunion 5.5,17.5

9.6 Market and Development Trends of Tungsten Boride Electronic Devices
The tungsten boride electronic device market is driven by the demand for 5G, Internet of Things
and new energy, and needs to solve cost and scale bottlenecks.
e  Market status (2024) :
0 Size : Global tungsten boride electronic devices market ~US$30 million, with Asia
accounting for ~65% (China, Japan, Chapter 14.1).
0 Applications : Sensors ~40%, battery electrodes ~30%, semiconductors ~20%.
o Price: ~$300/kg (film), ~$100/kg (nanoparticles, Chapter 14, 14.2).
e Drivers:
0 Demand : 5G and IoT equipment growth ~12%/year, production ~300 tons in 2030
(Chapter 5, 5.6).
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0 Technology : Nano WB : (Chapter 5.5) and Al optimization (Chapter 17.5)
improve performance by ~20%.
0 Regulations : EU RoHS (Chapter 15.2) promotes green electronic materials.
o Future Trends (2025-2030) :
0 Cost reduction : Large-scale production (Chapter 5.6) reduces the cost to
~US$200/kg, with a market size of ~US$50 million.
0 New applications : 6G antennas (frequency > 100 GHz) and quantum devices,
accounting for ~15%.
0 Green manufacturing : waste gas recovery rate > 95% (Chapter 16.3), carbon
emissions reduced by ~30% (~0.2 tons CO: / ton).
¢ challenge :
0 Carbon nanotubes (conductivity ~10 5 S/cm) cost ~$50/kg, threatening the low-
end market.
0 Semiconductor applications require breakthroughs in interface engineering
(defects < 10'/cm?).

Table 9.6 Tungsten Boride Electronic Device Market and Trends

project Current status 2030 Drivers challenge Related
in 2024 Goals Chapters

Market size 0.3 0.5 5G Demand Alternatives 14.1

(USS$ billion)

Cost (USD/kg) 100-300 200 Scale Interface 14.2,5.6

Engineering
Carbon emissions 0.3 0.2 Green invest 16.3,15.2
(tons CO: / ton) Technology

COPYRIGHT AND LEGAL LIABILITY STATEMENT

Copyright© 2024 CTIA All Rights Reserved
FRAEX IR A S CTIAQCD-MA-E/P 2024 ik

www.ctia.com.cn

B1E/TEL: 0086 592 512 9696
CTIAQCD-MA-E/P 2018-2024V

sales@chinatungsten.com
% 6571 3 132 71


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

Chapter 10 Catalysis and Chemical Applications of Tungsten Boride

Tungsten boride (such as WB, WB: , W2B ) has significant potential in catalytic and chemical
applications due to its high specific surface area (>50 m?/g, Chapter 5 5.5), excellent electrochemical
activity ( hydrogen evolution overpotential ~100 mV, Chapter 9 9.2), chemical stability (corrosion
rate <0.005 mm/year, Chapter 7 7.5) and adjustable electronic structure (band gap ~1.5 eV, Chapter
3 3.4). It is widely used in electrocatalysis (water decomposition efficiency ~85%), photocatalysis
(degradation efficiency ~90%) and chemical reaction catalysis (conversion rate>95%). This chapter
discusses in detail the application of tungsten boride in electrocatalysis, photocatalysis, chemical
reaction catalysis, surface chemistry and active sites, preparation and optimization technology, as
well as industrial prospects and challenges, to provide technical support for the catalytic
industrialization (Chapter 14 14.3) and green chemistry (Chapter 16 16.4) of tungsten boride.

10.1 Application of Tungsten Boride in Electrocatalysis
Tungsten boride is suitable for electrocatalytic water splitting, CO: reduction and fuel cells due to
its high electrical conductivity (~ 10*S / cm , Chapter 6 6.5) and low overpotential.

e Application scenarios :

0 Hydrogen evolution reaction (HER) : WB: nanoparticles (20—50 nm, Chapter
5.5) have an overpotential of ~100 mV (10 mA/cm?) in acidic medium (0.5
MH:S0s4), which is better than Ni (~200 mV ) .

0 Oxygen evolution reaction (OER) : N-doped WB 2 (<2 at%, Chapter 3.4) in
alkaline medium (1 M KOH) has an overpotential of ~300 mV and a stability
of >1000 hours.

0 CO: reduction : WB: thin films (thickness ~200 nm, Chapter 5.2) selectively
generate CO (Faraday efficiency ~90%, -0.8 V vs RHE) .

e Technical requirements :
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0 Overpotential : <150 mV (HER), <350 mV (OER).
0 Specific surface area : >50 m*g (Chapter 5.5).
0 Stability : Cycle life> 1000 hours (Chapter 9.2).
e Examples :
0 In 2024, WB: electrocatalytic electrodes are used in alkaline electrolyzers with a
current density of ~500 mA/cm? and an energy efficiency increase of ~10%.
¢ challenge :
0 Nanoparticle agglomeration (Chapter 5.3) reduces active sites and requires surface
modification (PVP, <0.1 wt %).
0 Stability needs to be improved at high current densities (>1 A/cm?).

Table 10.1 Application parameters of tungsten boride electrocatalysis

parameter value advantage challenge Related Chapters
HER overpotential(mV) 100 Efficient Reunion 5.5,9.2

OER stability (hours) >1000 Long life High current @ 3.4

CO: efficiency (%) 90 High selectivity = cost 52,142

10.2 Application of Tungsten Boride in Photocatalysis
Tungsten boride nanomaterials are suitable for photocatalytic degradation and hydrogen production
due to their tunable band gap (~1.4—-1.6 eV, Chapter 3.4) and high chemical stability.

e Application scenarios :

0 Organic matter degradation : WB: nanoparticles (10-30 nm, Chapter 5.5)
degraded methylene blue (10 mg/L) under visible light (>420 nm) with an
efficiency of ~90% (2 hours).

0 Photocatalytic hydrogen production : The WB: / TiO: composite ( 1:10)
produces hydrogen at a rate of ~500 umol /( g-h ) under ultraviolet light (365 nm),
which is better than that of pure TiO2 (~200 pmol /( g-h)).

0 CO: photoreduction : N-doped WB: (<2 at%) produces CHa with a selectivity of
~80% (-0.5 V vs NHE).

e Technical requirements :

o Band gap : 1.4-1.6 eV (Chapter 3.4).

o Light absorption : >80% (400—700 nm).

o Stability : >500 hours (Chapter 7.5).

o Examples :

0 In 2024, WB: / TiO2 photocatalysts will be used for wastewater treatment, with a

degradation rate of ~95% and a cycle stability of >10 times.
e challenge :

0 The recombination rate of photogenerated carriers is high (~30%), requiring
heterojunction optimization.

0 The visible light response needs to be further enhanced (>90%).
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Table 10.2 Tungsten boride photocatalytic application parameters

parameter value advantage  challenge Related
Chapters

Degradation efficiency (%) 90 Efficient Carrier recombination | 5.5, 7.5

Hydrogen production rate 500 High Visible light response | 3.4

(pmol /(g-h)) activity

Stability (times) >10 Recyclable | cost 14.2

10.3 Application of Tungsten Boride in Chemical Reaction Catalysis
Tungsten boride exhibits high catalytic activity in hydrogenation, desulfurization and oxidation
reactions and is suitable for petrochemicals and fine chemicals.

e Application scenarios :

0 Hydrogenation reaction : WB: nanoparticles (<50 nm, Chapter 5.5) catalyze the
hydrogenation of benzene to cyclohexane with a conversion rate of ~95% (150°C,
2 MPa).

0 Hydrodesulfurization (HDS) : WB: thin films (thickness ~500 nm) reduce sulfur
content from 500 ppm to <10 ppm in diesel desulfurization with an efficiency of
~98%.

0 Oxidation reaction : WB: catalyst has a conversion rate of ~90% in CO oxidation
(200°C), which is better than NiO (~80%).

e Technical requirements :

0 Conversion rate :>95%.

0 Selectivity :>90%.

0 Temperature resistance : >300°C (Chapter 2.3).

e Examples :
0 In 2024, WB: catalyst will be used for petrochemical hydrogenation, with yield
increased by ~10% and catalyst life of ~2000 hours.
e challenge :
0 Active sites are inactivated under high pressure reactions (>5 MPa).
0 The catalyst cost (~200 USD/kg) is higher than Ni (~50 USD/kg).

Table 10.3 Application parameters of tungsten boride chemical catalysis

parameter value advantage challenge Related Chapters
Conversion rate (%) 95 Efficient Inactivation = 5.5, 2.3
Selectivity(%) 90 High Selection | cost 14.2

Lifespan (hours) 2000 | Long life high pressure = 9.3

10.4 Surface Chemistry and Active Sites of Tungsten Boride Catalysts
The catalytic performance of tungsten boride depends on the surface chemistry and active sites,
which need to be optimized through characterization and theoretical analysis.

¢ Surface Chemistry :
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0 WB bond : W 4f (~31 eV) and B 1s (~188 eV, Chapter 6, 6.1) form a metal-
covalent mixed bond (Chapter 3, 3.2), enhancing electron transfer.
0 Surface states : N doping (<2 at%) introduces BN bonds (~190 eV), reducing the
work function by ~0.2 eV (Chapter 3, 3.4).
O Adsorption energy : H* adsorption energy ~0.5 eV (HER), better than Pt (~0.4
eV), DFT calculation (Chapter 3, 3.3).
e Active site :
0 W site : catalyzes HER and hydrogenation, and provides electrons to H*
(adsorption rate ~90%).
B site : promotes O* adsorption (OER), with adsorption energy ~1.0 eV.
Grain boundary : Nano-WB 2 (<20 nm, Chapter 6.2) Grain boundary site density
~10"3/cm?, activity increase ~30%.
¢ Characterization techniques :
0 XPS : Analysis of surface states (Chapter 6.1), N doping accounts for ~1.5%.
0o TEM : Observe grain boundary sites (resolution ~0.1 nm, Chapter 6, 6.2).
0 Raman : Confirmed WB vibration (~800 cm !, Chapter 6, 6.2).
e optimization :
0 Doping : Ni (<1 at%) enhances HER activity with a ~20% drop in overpotential
(from 100 mV to ~80 mV).
0 Nano-design : porous WB : (pore size ~5 nm) with a surface area increase of ~50%
(~100 m¥/m’/g).
e challenge :
0 Active sites are deactivated at high temperatures (>500°C) and require thermally
stable doping.
0 DFT calculations require high-precision models (error < 0.1 eV).
Table 10.4 Surface chemistry and active site characteristics

parameter value advantage challenge Related
Chapters
Adsorption energy (eV) | 0.5 (H*) High activity Heat inactivation 3.3,6.1
Specific surface area 100 High point Calculation 5.5,6.2
(m?/g) accuracy
Doping effect Overpotential - | Efficiency cost 34
20% increase

10.5 Preparation and Optimization of Tungsten Boride Catalyst
The preparation of tungsten boride catalysts mainly uses the sol-gel method (Chapter 5.5), plasma-
assisted synthesis (Chapter 5.3) and chemical vapor deposition (CVD, Chapter 5.2).
¢ Preparation method :
0 Sol-Gel Method :
= Process : Na: WO 4 +H 3 BO s to form gel, which is calcined at 600°C to
obtain WB : nanoparticles (10-30 nm, Chapter 5, 5.5).
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= Advantages : Low cost (~§100/kg), surface area >60 m?/g.
= Optimization : Microreactor controls particle size distribution <5 nm,
activity increases by ~20%.
0 Plasma Assisted Synthesis :
=  Process : WHB is vaporized in plasma (>5000°C) to produce WB 2
nanopowder (<50 nm, Chapter 5.3).
= Advantages : high purity (>99.9%, Chapter 6.1), high activity.
= Optimization : Pulsed plasma (50 kHz) yield increased by ~88%, cost
~$200/kg.
o CVD:
= Process : WFs + B2Hs deposits WB: thin film (Chapter 5.2) at 400—600°C
with a thickness of ~200 nm.
= Advantages : Homogeneity >95%, suitable for electrodes.
= Optimization : CTIA GROUP LTD will use Al to optimize airflow in
2024 (Chapter 17, 17.5), increasing efficiency by ~15%.
¢ Optimization techniques :
0 Doping : N and Ni doping (<2 at%) increases HER activity by ~30% (Chapter 3,
3.4).
0 Porous structure : Template method ( SiO: , pore size ~5 nm) increases specific
surface area by ~50% (~100 m%g).
o0 Composite material : WB: / TiO: ( 1:10) photocatalytic efficiency increased by
~40% .
e challenge :
0 The cost of treating CVD byproduct (HF) is ~US$50/ton (Chapter 16.3).
0 Nanoparticle agglomeration requires ultrasonic dispersion (40 kHz, Chapter 5, 5.3).

Table 10.5 Comparison of preparation technologies of tungsten boride catalysts

method Specific surface Cost advantage challenge Related
area (m?/g) (USD/kg) Chapters
Sol-Gel >60 100 low cost Reunion 5.5,6.1
plasma | >50 200 High purity = High energy | 5.3,17.5
consumption
CVD - 300 Uniformity = By-products 5.2,16.3

10.6 Industrial Prospects and Challenges of Tungsten Boride Catalytic Application
The tungsten boride catalytic application market is driven by new energy and environmental
protection needs, and needs to solve cost and scale issues.
o  Market status (2024) :
0 Size : Global tungsten boride catalyst market ~US$20 million, with Asia
accounting for ~60% (China, Japan, Chapter 14.1).
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Application : Electrocatalysis accounts for ~50%, photocatalysis ~30%, and
chemical catalysis ~20%.
Price : ~$100/kg (nanoparticles), ~$300/kg (thin films, Chapter 14, 14.2).

e Drivers:

(0]

(0]

Demand : Hydrogen energy and carbon neutrality goals will push up the demand
for electrocatalysis by ~15%/year, with production reaching ~200 tons in 2030
(Chapter 5, 5.6).

Technology : Nano WB 2 (Chapter 5.5) and Al Optimization (Chapter 17.5)
increase activity by ~20%.

Regulation : EU REACH (Chapter 15.2) promotes green catalysts.

o Future Trends (2025-2030) :

(0]

Cost reduction : Large-scale production (Chapter 5.6) reduces the cost to
~US$80/kg, and the market size is ~US$40 million.

New application : Electrocatalytic ammonia synthesis (NHs , efficiency >90%),
accounting for ~10%.

Green manufacturing : waste gas recovery rate > 95% (Chapter 16.3), carbon
emissions reduced by ~30% (~0.2 tons CO: / ton).

e challenge :

(o}
(o}

Ni-based catalysts (cost ~$30/kg) threaten the low-end market.
Industrial scale-up requires breaking through catalyst deactivation (>5000 hours).

Table 10.6 Tungsten Boride Catalyst Market and Trends

project Current status 2030 Drivers challenge Related
in 2024 Goals Chapters
Market size (USS$ billion) = 0.2 0.4 Hydrogen Alternatives = 14.1
demand
Cost (USD/kg) 100-300 80 Scale Inactivation = 14.2,5.6
Carbon emissions (tons 0.3 0.2 Green invest 16.3,15.2
CO:/ ton) Technology
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Chapter 11 Biomedical Applications of Tungsten Boride

Tungsten boride (such as WB, WB:2 , W2B ) has shown unique potential in the biomedical field due
to its high hardness (~40 GPa , Chapter 2 2.5), chemical stability (corrosion rate <0.005 mm/year,
Chapter 7 7.5), nanoscale controllability (particle size 10-50 nm, Chapter 5 5.5) and potential
biocompatibility. It is suitable for medical coatings (implant wear resistance improved by ~30%),
drug delivery (drug loading efficiency>80%) and biosensors (detection limit <1 nM ). Although the
research on tungsten boride in biomedicine is still in its early stages, its high conductivity (~10%S /
cm, Chapter 6 6.5) and surface chemical activity (Chapter 10 10.4) provide the basis for its
application. This chapter discusses in detail the applications, biocompatibility and safety,
preparation technology, as well as prospects and challenges of tungsten boride in biomedical
coatings, drug delivery, and biosensors, providing technical support for the biomedical
industrialization (Chapter 14, 14.3) and safety assessment (Chapter 15, 15.3) of tungsten boride.

11.1 Application of Tungsten Boride in Biomedical Coatings
Tungsten boride coatings are suitable for orthopedic implants and dental tools due to their high
hardness, low coefficient of friction (~0.25, Chapter 6 6.4) and corrosion resistance.
e Application scenarios :
0 Orthopedic implants : WB: coating (thickness ~2-5 pum , Chapter 5.2) on
titanium alloy hip joints, hardness ~42 GPa , wear rate <10° mm?* / (N - m), and
life extension of ~30%.
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0 Dental tools : WB coating (thickness ~1 pum ) on the drill bit surface, friction
coefficient ~0.25, wear resistance improved by ~25%, and reduced thermal
damage (<50°C).

0 Vascular stents : WB: films (thickness ~100 nm) reduce thrombosis rate by ~20%
and are corrosion resistant (NaCl, 3.5 wt %, 37°C) <0.005 mm/year.

e Technical requirements :

0 Hardness : >38 GPa (Chapter 6, 6.4).

0 Surface roughness : Ra<0.3 nm (Chapter 6.3), reducing cytotoxicity.

0 Adhesion : Binding energy ~1.5 eV/A? (Chapter 3.3), anti-peeling (>40 N).

e Examples :

0 In 2024, the wear of WB: - coated hip implants in in vitro simulation (PBS, 37°C)

was reduced by ~15% (<0.01 mm/year).
e challenge :

0 Residual stress in the coating (~0.8 GPa ) may lead to microcracks and require
annealing (400°C, Chapter 5.2).

0 Long-term in vivo stability needs further verification (>5 years).

Table 11.1 Application parameters of tungsten boride biomedical coatings

parameter value advantage challenge Related Chapters
Hardness ( GPa) 42 High wear resistance = Residual stress 6.4,5.2

Wear rate (mm*/( N-m)) <10 | Long life Long-term stability | 7.5
Roughness(nm) <0.3 Low toxicity Complex process 6.3

11.2 Application of Tungsten Boride Nanoparticles in Drug Delivery
are suitable for targeted drug delivery and photothermal therapy due to their high specific surface
area (>50 m%g, Chapter 5.5) and functionalizable surface.

e Application scenarios :

0 Targeted drug delivery : WB: nanoparticles (10-30 nm, Chapter 5.5) were
surface-modified with PEG (<0.1 wt %), with drug loading efficiency of ~80%
( doxorubicin ) and release rate of ~60% (pH 5.5, 24 h).

0 Photothermal therapy : WB: nanoparticles have a photothermal conversion
efficiency of ~40% under near-infrared light (808 nm, 1 W/cm?) and a tumor cell
killing rate of >90% (from 37°C to 50°C).

0 Imaging guidance : WB: nanoparticles are used as CT contrast agents with a
Hounsfield unit of ~200 HU, which is superior to iodine contrast agents (~150 HU).

e Technical requirements :

o Particle size : 10-50 nm (Chapter 5.5).

0 Drug loading efficiency :>80%.

0 Biocompatibility : Cell viability >90% (ISO 10993-5).

o Examples :
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0 In 2024, PEG-modified WB: nanoparticles were used for targeted treatment of
lung cancer, with the accuracy of drug release increased by ~25% (in vitro).
e challenge :
0 The metabolic pathway of nanoparticles in vivo is unclear, and long-term toxicity
studies (>6 months) are required.
0 Photothermal therapy requires optimized light absorption (>50%).

Table 11.2 Drug delivery parameters of tungsten boride nanoparticles

parameter value advantage challenge Related Chapters ‘
Drug loading efficiency (%) @ 80 High Loading Capacity = Metabolic pathway = 5.5

Photothermal efficiency (%) @ 40 Highly effective killing = Light absorption 10.2

Particle size (nm) 10-30 Targeting Toxicity studies 6.3

11.3 Application of Tungsten Boride in Biosensors
Tungsten boride nanomaterials are suitable for detecting biomolecules due to their high conductivity
(~10 * S/cm, Chapter 6 6.5) and surface activity.
e Application scenarios :
0 Glucose sensor : WB: nanoparticles (20 nm, Chapter 5.5) modified electrode,
detection limit ~0.1 uM , response time ~3 s, linear range 0.1-10 mM.
0 DNA sensor : WB: film (thickness ~50 nm, Chapter 5.2) functionalized nucleic
acid probe, detection limit ~1 nM , specificity >95%.
0 Protein sensor : WB : nanoarray (pore size ~5 nm) detects cancer marker (PSA)
with a sensitivity of ~0.01 ng/mL.
e Technical requirements :
0 Detection limit : <1 nM .
0 Response time : <5 s.
o0 Stability : >30 days (Chapter 6, 6.5).
e Examples :
o In 2024, WB: glucose sensors are used for diabetes monitoring with an accuracy
of >98% (in vitro).
e challenge :
0 Biomolecule interferences (~10%) require improved selectivity.
0 Sensor miniaturization is costly (~$50/unit).

Table 11.3 Application parameters of tungsten boride biosensor
parameter value advantage challenge Related Chapters ‘
Detection limit 0.1 uM (glucose) High sensitivity = interference 6.5,5.5
Response time(s) | 3 fast cost 9.3
Stability (days) = >30 reliable Miniaturization = 6.1

11.4 Biocompatibility and safety of tungsten boride
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Biomedical applications of tungsten boride need to ensure biocompatibility and low toxicity, which
need to be verified through in vitro and in vivo tests.
¢ Biocompatibility :
0 Cytotoxicity : WB: nanoparticles (<50 nm, concentration <100 pg /mL) have an
effect on the viability of L929 cells >90% (ISO 10993-5, 24 hours).
0 Blood compatibility : WB: coating (thickness ~1 pm ) hemolysis rate <1%,
platelet adhesion rate <5% (37°C, PBS).
0 Tissue reaction : WB > implants (rabbit bone, 4 weeks) showed no obvious
inflammation and bone formation rate ~80%.
e Security :
o Toxicity : Acute toxicity (mouse, LD50>2000 mg/kg), no obvious organ damage.
0 Metabolism : PEG-modified WB: particles (<30 nm) are metabolized by the liver
and kidneys, with a half-life of ~24 hours in vivo.
0 Regulations : Must comply with ISO 10993 and FDA guidelines (Chapter 15.3).
e Test method :
0 MTT assay : assess cell viability (Chapter 6, 6.1).
0 Animal testing : Verification of in vivo safety (ISO 10993-6).
0 XPS : Analysis of surface oxidation (0<0.5 at%, Chapter 6, 6.1).
e challenge :
0 There is insufficient data on long-term toxicity (>1 year), and chronic experiments
are needed.

0 Nanoparticle aggregation may induce immune responses (~5%).

Table 11.4 Biocompatibility and safety parameters of tungsten boride

parameter value advantage challenge Related Chapters
Cell survival rate (%)  >90 Low toxicity Long-term toxicity = 6.1, 15.3
Hemolysis rate (%) <1 Blood compatibility = Immune response | 7.5

Half-life (hours) twenty four =~ Fast metabolism Insufficient data 5.5

11.5 Preparation Technology of Tungsten Boride Biomedical Materials
The preparation of tungsten boride biomedical materials mainly adopts sol-gel method (Chapter
5.5), chemical vapor deposition (CVD, Chapter 5.2) and plasma-assisted synthesis (Chapter 5.3).
e Preparation method :
0 Sol-Gel Method :
= Process : Na: WO 4 +H 3 BO s to form gel, which is calcined at 500°C to
obtain WB :» nanoparticles (10-30 nm, Chapter 5, 5.5).
= Advantages : Low cost (~$100/kg), suitable for drug delivery.
= Optimization : The microreactor controls the particle size distribution to
<5 nm, and the drug loading efficiency increases by ~10%.

o CVD:
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= Process : WFs + B2Hs deposits WB: thin film (Chapter 5.2) at 400-500°C,
with a thickness of ~100-500 nm.
= Advantages : Homogeneity >95%, suitable for coating.
=  Optimization : CTIA GROUP LTD will use Al to optimize airflow in
2024 (Chapter 17, 17.5), increasing deposition efficiency by ~15%.
0 Plasma Assisted Synthesis :
=  Process : WHB is vaporized in plasma (>5000°C) to produce WB 2
nanopowder (<50 nm, Chapter 5.3).
= Advantages : High purity (>99.9%, Chapter 6.1), suitable for sensors.
= Optimization : Pulsed plasma (50 kHz) yield increased by ~88%, cost
~$200/kg.
¢ Optimization techniques :
0 Surface modification : PEG, SiO: coating (<0.1 wt % ) improves compatibility
and reduces cytotoxicity by ~10%.
0 Doping : N-doping (<2 at%) enhances surface activity and increases sensor
sensitivity by ~20% (Chapter 3, 3.4).
0 Porous structure : Template method (pore size ~5 nm) surface area increased by
~50% (~100 m¥g).
e challenge :
0 The cost of treating CVD byproduct (HF) is ~US$50/ton (Chapter 16.3).
0 Nanoparticle agglomeration requires ultrasonic dispersion (40 kHz, Chapter 5, 5.3).

Table 11.5 Comparison of preparation technologies for tungsten boride biomedical materials

method Particle Cost advantage challenge Related
size/thickness (USD/kg) Chapters
Sol-Gel | 10-30 nm 100 low cost Reunion 5.5,6.1
CVD 100-500 nm 300 Uniformity | By-products 5.2,17.5
plasma <50 nm 200 High purity = High energy 5.3
consumption

11.6 Prospects and Challenges of Biomedical Applications of Tungsten Boride
The tungsten boride biomedical application market is driven by precision medicine and
nanotechnology, which requires addressing biosafety and cost issues.
e  Market status (2024) :
0 Size : Global tungsten boride biomedical market ~$0.05 billion, with Asia
accounting for ~50% (China, Japan, Chapter 14.1).
0 Applications : Coatings ~60%, drug delivery ~30%, sensors ~10%.
0 Price : ~§100/kg (nanoparticles), ~$300/kg (thin films, Chapter 14, 14.2).
e Drivers:
0 Demand : Demand for precision medicine and implants grows by ~10%/year, with
production reaching ~50 tons in 2030 (Chapter 5.6).
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0 Technology : Nano WB : (Chapter 5.5) and Al optimization (Chapter 17.5)
improve performance by ~15%.
0 Regulations : ISO 10993 and FDA guidance (Chapter 15.3) drive safety studies.
o Future Trends (2025-2030) :
0 Cost reduction : Large-scale production (Chapter 5.6) reduces the cost to
~US$80/kg, and the market size is ~US$100 million.
0 New applications : neural interfaces (conductivity ~10 4 S/cm) and tissue
engineering, accounting for ~15%.
0 Green manufacturing : waste gas recovery rate > 95% (Chapter 16.3), carbon
emissions reduced by ~30% (~0.2 tons CO: / ton).
¢ challenge :
o Titanium-based coatings (cost ~$50/kg) compete at the low end of the market.
0 Clinical trials have a long cycle (>5 years) and require an investment of ~$10
million.

Table 11.6 Tungsten Boride Biomedical Market and Trends
project Current status 2030 Drivers challenge Related
in 2024 Goals Chapters

Market size (USS billion) = 0.05 0.1 Precision compete 14.1
Medicine
Cost (USD/kg) 100-300 80 Scale Clinical 14.2,5.6
cycle
Carbon emissions (tons 0.3 0.2 Green invest 16.3, 15.3
CO:/ ton) Technology
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Chapter 12 Energy Application of Tungsten Boride

Tungsten boride (such as WB, WB:2 , W2B ) has significant potential in the energy field due to its
high conductivity (~ 10*S /cm, Chapter 6, 6.5), excellent chemical stability (corrosion rate
<0.005mm/year, Chapter 7, 7.5), high specific surface area (>50m?/g, Chapter 5, 5.5) and catalytic
activity ( hydrogen evolution overpotential ~100mV, Chapter 10, 10.1). It is widely used in batteries
(cycle life ~1000 times), fuel cells (efficiency ~60%), solar cells (conversion efficiency ~18%) and
hydrogen storage materials (hydrogen storage capacity ~2 wt %). This chapter discusses in detail
the application, preparation technology, market status and development trend of tungsten boride in
batteries, fuel cells, solar cells and hydrogen storage materials, and provides technical support for
the energy industrialization (Chapter 14, 14.3) and green energy (Chapter 16, 16.4) of tungsten
boride.

12.1 Application of Tungsten Boride in Battery Materials
Tungsten boride is suitable for lithium -ion batteries, sodium-ion batteries and solid-state batteries
due to its high electrical conductivity and electrochemical stability.
e Application scenarios :
0 Lithium- ion batteries : WB: nanoparticles (20-50 nm, Chapter 5.5) as negative
electrode additives, conductivity ~10*S / cm, cycle life ~1000 times (capacity
decay <10%), specific capacity ~500mAh / g.
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0 Sodium-ion batteries : WB: film (thickness ~200 nm, Chapter 5.2) as current
collector, corrosion resistance (NaCl, 1 M) <0.01 mm/year, capacity ~300 mAh /g.
0 Solid-state battery : WB: coating (thickness ~1 pum ) at the solid electrolyte
interface, interface resistance <10 Q-cm?, stability >500 cycles.
¢ Technical requirements :
0 Conductivity : >10 * S/cm (Chapter 6.5).
0 Specific surface area : >50 m*g (Chapter 5.5).
0 Cycle life : >1000 times (Chapter 9.2).
e Examples :
0 In 2024, WB: additives will be used in lithium battery negative electrodes, with
charging rates increased by ~20% (2C) and energy density ~250 Wh /kg.
e challenge :
0 Nanoparticle agglomeration (Chapter 5.3) reduces activity and requires surface
modification (PVP, <0.1 wt %).
0 The cost (~200 USD/kg) is higher than graphite (~20 USD/kg).

Table 12.1 Application parameters of tungsten boride battery materials

parameter value advantage challenge Related Chapters
Cycle life (times) 1000 = High stability = Reunion 5.5,9.2
Specific capacity (mAh /g) | 500 High Energy cost 6.5

Interface resistance (Q2-cm?) <10 Low resistance = Complex process = 7.5

12.2 Application of Tungsten Boride in Fuel Cells
Tungsten boride is suitable for proton exchange membrane fuel cells (PEMFC) and solid oxide fuel
cells (SOFC) due to its low overpotential and high corrosion resistance.

e Application scenarios :

o PEMFC : WB: nanoparticles (<50 nm, Chapter 5.5) as oxygen reduction reaction
(ORR) catalysts with an overpotential of ~200 mV (0.1 A/cm?) and a Faradaic
efficiency of ~95%.

0 SOFC : WB: coating (thickness ~2 pum , Chapter 5.2) at the electrode interface,
high temperature resistance (800°C) corrosion rate <0.005 mm/year, power density
~1 W/em?,

o Bipolar plate : WB: film (thickness ~1 pm ) on stainless steel plate, contact
resistance <10 mQ-cm?, acid resistance (H2SO4, 1 M ) <0.01 mm/year.

e Technical requirements :

0 Overpotential : <250 mV (ORR).

0 Conductivity : >10 * S/cm (Chapter 6.5).

0 Stability : >5000 hours (Chapter 10.1).

o Examples :

0 In 2024, WB: catalyst will be used in PEMFC, with efficiency increased by ~10%

(~60%) and cost reduced by ~15% (~100 USD/kg).
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¢ challenge :
0 Catalysts are deactivated at high temperatures (>800°C) and require N doping (<2
at%, Chapter 3.4).
0 Coating uniformity (>95%) needs to be optimized (Chapter 5.2).

Table 12.2 Application parameters of tungsten boride fuel cell

parameter value advantage challenge Related Chapters ‘
ORR overpotential (mV) 200 Efficient Inactivation = 10.1, 3.4

Contact resistance (mQ-cm?) <10 Low resistance | Uniformity @ 6.5

Stability (hours) >5000 Long life cost 7.5

12.3 Application of Tungsten Boride in Solar Cells
Tungsten boride is suitable for silicon-based and perovskite solar cells due to its tunable band gap
(~1.4-1.6 eV, Chapter 3.4) and high conductivity.

e Application scenarios :

o Silicon-based solar cells : WB: thin film (thickness ~50 nm, Chapter 5.2) as back
electrode, work function ~4.8 eV, conversion efficiency ~18%, contact resistance
<107Q - cm?.

0 Perovskite cells : N-doped WB: (<2 at%) as hole transport layer, bandgap ~1.4 eV,
efficiency ~20%, stability >1000 h (85°C, 85% RH).

0 Transparent electrode : WB: thin film (thickness ~100 nm) transmittance ~85%
(550 nm), resistivity ~ 10 Q- cm, replacing ITO.

e Technical requirements :

o Band gap : 1.4-1.6 eV (Chapter 3.4).

o Light transmittance : >85% (Chapter 9, 9.1).

o Efficiency :>18%.

e Examples :

o0 In 2024, WB: back electrodes are used for silicon cells, with efficiency increased

by ~1% (from 17% to 18%) and cost reduced by ~10% (~50 USD/m?).
e challenge :

0 Residual stress in the film (~0.8 GPa ) causes cracking and requires annealing
(400°C, Chapter 5.2).

0 The stability of perovskite batteries needs to be improved (>2000 hours).

Table 12.3 Application parameters of tungsten boride solar cells

parameter value advantage challenge Related Chapters
Conversion efficiency (%) @ 18-20 Efficient stability 34,9.1

Contact resistance (2-cm?) | <10 77 | Low resistance Residual stress 6.5

Light transmittance(%) 85 Replacement of ITO = Complex process = 5.2
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12.4 Potential of Tungsten Boride in Hydrogen Storage Materials
Tungsten boride has potential as a hydrogen storage material due to its high specific surface area
and suitable H* adsorption energy (~0.5 eV, Chapter 10, 10.4).
e Application scenarios :
0 Physical hydrogen storage : porous WB 2 (pore size ~5 nm, Chapter 5.5) with
specific surface area ~100 m?*g and hydrogen storage capacity ~2 wt % (77 K, 10
MPa).
0 Chemical hydrogen storage : WB: nanoparticles (<30 nm) catalyze the
hydrolysis of NaBHa with a hydrogen production rate of ~1000 mL/( g-min ) and
a cycle stability of >10 times.
0 Electrochemical hydrogen storage : WB: electrode (thickness ~1 pm ) in alkaline
medium (1 M KOH), hydrogen storage capacity ~50 mAh /g, efficiency ~90%.
e Technical requirements :
0 Hydrogen storage capacity : >2 wt %.
0 Hydrogen production rate : >500 mL/( g-min ).
0 Stability : >10 cycles.
e Examples :
0 In 2024, WB: catalyst will be used for NaBH. hydrogen storage, and the hydrogen
production efficiency will increase by ~15% (~1000 mL/( g-min )).
e challenge :
0 The room temperature hydrogen storage capacity is low (<0.5 wt %) and requires
doping (Mg, <5 at%).
0 The catalyst cost (~200 USD/kg) is higher than Ni (~30 USD/kg).

Table 12.4 Parameters of tungsten boride hydrogen storage materials

parameter value advantage challenge Related
Chapters
Hydrogen storage capacity ( wt %) 2 High Capacity = Room temperature = 5.5, 10.4
performance
Hydrogen production rate | 1000 Efficient cost 10.1

(mL/( g'min ))

Cycle stability (times) >10 Repeatable Doping 34

Preparation Technology of Tungsten Boride Energy Materials
tungsten boride energy materials mainly adopts chemical vapor deposition (CVD, Chapter 5.2), sol-
gel method (Chapter 5.5) and plasma-assisted synthesis (Chapter 5.3).
¢ Preparation method :
o CVD:
= Process : WFs + B:2Hs deposits WB: thin films (Chapter 5.2) at 400—
600°C , with a rate of ~1.2 um /h.
= Advantages : Homogeneity >95%, conductivity ~10 * S/cm.
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=  Optimization : CTIA GROUP LTD will use Al to optimize airflow in
2024 (Chapter 17, 17.5), increasing efficiency by ~15%.
0 Sol-Gel Method :
= Process : Na> WO 4 +H 3 BO s to form gel, which is calcined at 500°C to
obtain WB 2 nanoparticles (20-50 nm, Chapter 5, 5.5).
= Advantages : Low cost (~100 USD/kg), surface area >60 m?/g.
= Optimization : Microreactor controls particle size distribution <10 nm,
activity increases by ~20%.
0 Plasma Assisted Synthesis :
=  Process : WHB is vaporized in plasma (>5000°C) to produce WB 2
nanopowder (<50 nm, Chapter 5.3).
= Advantages : High purity (>99.9%, Chapter 6.1), suitable for catalysts.
= Optimization : Pulsed plasma (50 kHz) yield increased by ~88%, cost
~200 USD/kg.
¢ Optimization techniques :
0 Doping : N and Ni doping (<2 at%) increases the catalytic activity by ~30%
(Chapter 3, 3.4).
0 Porous structure : Template method ( SiO: , pore size ~5 nm) specific surface
area increased by ~50% (~100 m?/g).
0 Composite material : WB . /graphene (1:10) conductivity increased by ~20%
(~1.2x10 * S/cm).
e challenge :
0 The cost of treating CVD byproduct (HF) is ~50 USD/ton (Chapter 16.3).
0 Nanoparticle agglomeration requires ultrasonic dispersion (40 kHz, Chapter 5, 5.3).

Comparison of preparation technologies of tungsten boride energy materials

method performance Cost advantage challenge Related
(USD/kg) Chapters
CVD Conductivity ~10 * S/em = 300 Uniformity = By-products 5.2,17.5
Sol-Gel | Specific surface area>60 = 100 low cost Reunion 5.5,6.1
m%/g
plasma | Purity>99.9% 200 High High energy 5.3
activity consumption

12.6 Market and Development Trends of Tungsten Boride Energy Applications
The tungsten boride energy application market is driven by new energy demand and carbon
neutrality goals, and needs to address cost and scale issues.
o  Market status (2024) :
0 Size : Global tungsten boride energy materials market ~US$40 million, with Asia
accounting for ~65% (China, Japan, Chapter 14.1).
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0 Applications : Batteries ~40%, fuel cells ~30%, solar cells ~20%, hydrogen
storage ~10%.
0 Price : ~100 USD/kg (nanoparticles), ~300 USD/kg (film, Chapter 14.2).
e Drivers:
0 Demand : Electric vehicles and renewable energy growth ~12%/year, production
~500 tons in 2030 (Chapter 5, 5.6).
0 Technology : Nano WB : (Chapter 5.5) and Al Optimization (Chapter 17.5)
improve performance by ~20%.
0 Regulation : EU CBAM (2026, Chapter XV, 15.2) promotes green energy
materials .
o Future Trends (2025-2030) :
0 Cost reduction : Large-scale production (Chapter 5.6) reduces the cost to ~80
USD/kg, and the market size is ~US$70 million.
0 New applications : All-solid-state batteries and efficient hydrogen storage,
accounting for ~15%.
0 Green manufacturing : waste gas recovery rate > 95% (Chapter 16.3), carbon
emissions reduced by ~30% (~0.2 tons CO: / ton).
e challenge :
0 Carbon-based materials (cost ~20 USD/kg) compete in the low-end market.
0 Industrial scale-up requires breakthroughs in material stability (>10,000 hours).

Table 12.6 Tungsten Boride Energy Market and Trends

project Current status in 2030 Drivers challenge Related
2024 Goals Chapters

Market size (USS billion) 0.4 0.7 New Energy compete 14.1

Cost (USD/kg) 100-300 80 Scale stability 14.2,5.6

Carbon emissions (tons 0.3 0.2 Green invest 16.3,15.2

CO::/ ton) Technology
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Chapter 13 Mechanical and Structural Applications of Tungsten Boride

Tungsten boride (such as WB, WB: , W2B ) is widely used in the field of machinery and structure
due to its ultra-high hardness (~40 GPa , Chapter 2 2.5), low friction coefficient (~0.25, Chapter 6
6.4), excellent wear resistance (wear rate <10°mm? / (N - m), Chapter 7 7.4) and thermal stability
(>2000°C, Chapter 8 8.1) . It is suitable for wear-resistant coatings (life extension ~50%), cutting
tools (cutting speed increase ~20%) and structural composite materials (strength ~1.5 GPa ) . This
chapter discusses in detail the application, mechanical properties and microscopic mechanism,
preparation technology, market status and development trend of tungsten boride in wear-resistant
coatings, cutting tools, and composite materials, and provides technical support for the mechanical
industrialization (Chapter 14 14.3) and green manufacturing (Chapter 16 16.4) of tungsten boride.

13.1 Application of Tungsten Boride in Wear-Resistant Coatings
Tungsten boride wear-resistant coatings are widely used in mechanical parts and molds due to their
high hardness and low friction coefficient.
e Application scenarios :
0 Mechanical parts : WB: coating (thickness ~2—5 pum , Chapter 5.2) on gear
surface, hardness ~42 GPa , wear rate <10° mm?*/ (N - m), life extended by ~50%
(~10,000 hours).
0 Die : WB coating (thickness ~1 um ) on stamping die, friction coefficient ~0.25,
wear resistance improved by ~30%, reduced adhesion (<5%).
0 Bearings : WB: film (thickness ~3 um ) on ball bearings, corrosion resistance
(NaCl, 3.5 wt %, 60°C) <0.005 mm/year, friction loss reduced by ~20%.
e Technical requirements :
0 Hardness : >38 GPa (Chapter 6, 6.4).
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0 Friction coefficient : <0.3 (Chapter 7.4).
0 Adhesion : Binding energy ~1.5 eV/A? (Chapter 3.3), anti-peeling (>50 N).
e Examples :
0 In 2024, WB: coating will be used on automotive transmission gears, reducing
wear by ~25% (<0.01 mm/year) and increasing efficiency by ~10%.
¢ challenge :
0 Residual stress in the coating (~0.8 GPa ) may cause spalling and require annealing
(500°C, Chapter 5.2).
0 High temperature (>1000°C) oxidation requires doping (Si, <5 at%, Chapter 8,
8.4).

Table 13.1 Application parameters of tungsten boride wear-resistant coating

parameter value advantage challenge Related
Chapters
Hardness ( GPa) 42 High wear resistance = Residual stress = 6.4, 5.2
Wear rate (mm?®/(N-m)) <10 ¢  Long life Oxidation 7.4,8.4
Friction coefficient 0.25 | Low friction Flaking 33

13.2 Application of Tungsten Boride in Cutting Tools
Tungsten boride coatings and blocks are suitable for high-speed cutting and hard material processing
due to their high hardness and thermal stability.
e Application scenarios :
0 Tool coating : WB: coating (thickness ~3 um , Chapter 5.2) on carbide tools,
cutting speed ~300 m/min, life extended by ~40% (~5000 cuts).
0 Drill : WB block (density>98%, Chapter 5.1) machining titanium alloy, wear rate
<10 ® mm 3 /(N - m), cutting temperature reduction ~15% (<600°C).
0 Milling cutter : WB 2/ Al 2 O 5 composite coating (period ~10 nm), hardness ~40
GPa , wear resistance improved by ~25%.
e Technical requirements :
0 Hardness : >40 GPa (Chapter 6, 6.4).
0 Thermal stability : >1500°C (Chapter 8.1).
0 Toughness : ~4 MPa-m'/? (Chapter 6, 6.3).
e Examples :
0 In 2024, WB: coated tools will be used for aviation titanium alloy processing, with
cutting efficiency increased by ~20% and tool life ~6000 minutes.
e challenge :
0 The thermal expansion mismatch between the coating and the substrate (~5x10 ¢
K~ ', Chapter 8, 8.3) leads to stress (~1 GPa).
0 The coating uniformity (>95%) of complex shapes needs to be optimized (Chapter

5.2).
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Table 13.2 Application parameters of tungsten boride cutting tools

parameter value advantage challenge Related
Chapters
Cutting life (times) 5000 Long life Thermal expansion = 8.3,5.2
mismatch
Hardness ( GPa) 40 High wear | Uniformity 6.4
resistance
Cutting temperature = <600 Low fever stress 8.1
O

13.3 Application of Tungsten Boride in Structural Composite Materials
Tungsten boride is used as a reinforcement phase in composite materials to improve strength and
wear resistance, and is suitable for aerospace and automotive structural parts.
e Application scenarios :
0 Metal matrix composites : WB: particles (<5 um , Chapter 5.5) reinforced Al
matrix composites, strength ~1.5 GPa , wear resistance improved by ~30%.
0 Ceramic matrix composites : WB: / SiC composite (10:90), fracture toughness
~5 MPa-m!/?, temperature resistance >1500°C (Chapter 8, 8.1).
0 Polymer-based composites : WB: nanoparticles (<50 nm) reinforced epoxy resin,
increasing hardness by ~20% (~2 GPa).
e Technical requirements :
0 Strength : >1 GPa.
0 Toughness : >4 MPa-m'/? (Chapter 6, 6.3).
o Dispersibility : Particle agglomeration <5% (Chapter 5.3).
e Examples :
0 In2024, WB:/Al composite materials will be used in automobile pistons, reducing
weight by ~10% (~0.5 kg) and increasing service life by ~25%.
e challenge :
o Particle agglomeration reduces performance and requires surface modification
(PVP, <0.1 wt %, Chapter 5, 5.3).
0 High temperature interfacial reactions (>1000°C) need to be suppressed (Chapter
8, 8.4).

Table 13.3 Application parameters of tungsten boride structural composite materials

parameter value advantage challenge Related Chapters
Strength ( GPa) 1.5 Gao Qiang Reunion 5.5,6.3
Toughness (MPa-m'/?) 5 Crack resistance | Interface reaction | 8.1, 8.4
Improved wear resistance (%) 30 Long life cost 7.4
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13.4 Mechanical Properties and Microstructure of Tungsten Boride
The mechanical properties of tungsten boride depend on the crystal structure and micromechanism,
which need to be optimized through experimental and theoretical analysis.
e Mechanical properties :
0 Hardness : ~40-42 GPa (Chapter 6, 6.4), due to the high strength of the WB
covalent bond (Chapter 3, 3.2) (~1.5 eV/A2).
0 Toughness : ~4 MPa-m'/? (Chapter 6.3), grain boundary sliding (<50 nm, Chapter
6.2) enhances crack resistance.
0 Wear resistance : wear rate <10 * mm * /(N - m), dense surface (porosity <1%,
Chapter 6, 6.3).
e  Microscopic mechanism :
0 Crystal structure : WB 2 (P6 5 /mmc, Chapter 2.2) layered structure, strong shear
resistance (~20 GPa).
0 Defect control : dislocation density <10'?/cm? (Chapter 6.2), improving toughness
by ~15%.
0 Surface state : B-terminated surface (Chapter 6.1) reduces the friction coefficient
by ~10% (~0.25).
¢ Characterization techniques :
0 Nanoindentation : Measuring hardness and toughness (Chapter 6, 6.4).
0 TEM : Observe grain boundaries and dislocations (resolution ~0.1 nm, Chapter 6,
6.2).
0 DFT calculations : Analysis of WB bond energies (Chapter 3.3, error < 0.1 eV).
e optimization :
0 Doping : Zr (<2 at%) improves toughness by ~20% (~4.8 MPa-m'/?).
0 Nanostructure : grains <20 nm (Chapter 5.5) Hardness increased by ~5% (~44
GPa).
e challenge :
0 Athigh temperatures (>1500°C), toughness decreases and thermally stable doping
is required.

0 Microscopic characterization equipment is expensive (~$5 million).

Table 13.4 Mechanical properties and mechanisms of tungsten boride

parameter value advantage challenge Related Chapters
Hardness ( GPa) 42 Gao Qiang Decreased toughness = 6.4, 3.2
Toughness (MPa-m'/?) 4 Crack resistance | Characterization Cost | 6.3, 5.5

Wear rate (mm?/( N-m)) <10 ° Wear-resistant high temperature 7.4

13.5 Preparation Technology of Tungsten Boride Mechanical Materials

The preparation of tungsten boride mechanical materials mainly adopts hot pressing sintering
(Chapter 5.1), chemical vapor deposition (CVD, Chapter 5.2) and plasma assisted synthesis
(Chapter 5.3).
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e Preparation method :
0 Hot Pressing Sintering :
= Process : WB:2 powder (<5 um , Chapter 5.5) sintered at 2000°C, 30 MPa,
density >99%.
= Advantages : Suitable for complex shapes (knives), hardness ~40 GPa .
=  Optimization : CTIA GROUP LTD will use Al to optimize sintering
parameters in 2024 (Chapter 17, 17.5), increasing density by ~0.5%.
o CVD:
= Process : WFs + B2Hs deposits WB: coating (Chapter 5.2) at 400—600°C
with a thickness of ~2—5 um .
= Advantages : uniformity >95%, high wear resistance.
= Optimization : Low-pressure CVD (<5 Pa) rate increased by ~40% (~1.7
um /h).
0 Plasma Assisted Synthesis :
=  Process : W+B is vaporized in plasma (>5000°C) to produce WB :
nanopowder (<50 nm, Chapter 5.3).
= Advantages : High purity (>99.9%, Chapter 6.1), suitable for composite
materials.
= Optimization : Pulsed plasma (50 kHz) yield increased by ~88%, cost
~200 USD/kg.
¢ Optimization techniques :
0 Doping : Si (<5 at%) improves oxidation resistance to ~100°C (Chapter 8, 8.4).
0 Multilayer structure : WB > / TiN (period ~5 nm) wear resistance increased by
~20%.
0 Nanoparticles : grains <20 nm (Chapter 5.5) Hardness increases by ~5%.
e challenge :
0 The cost of treating CVD byproduct (HF) is ~50 USD/ton (Chapter 16.3).
0 High temperature equipment requires a large investment (~$3 million).

Table 13.5 Comparison of tungsten boride mechanical material preparation technologies

method performance Cost advantage challenge Related
(USD/kg) Chapters

Hot Press = Density>99% 200 Complex Equipment cost 5.1,17.5
Sintering shapes

CVD Uniformity>95% | 300 Wear- By-products 52,163

resistant
plasma Purity>99.9% 200 Nanoscale High energy 5.3
consumption
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13.6 Market and Development Trends of Tungsten Boride Mechanical Applications
The tungsten boride mechanical application market is driven by manufacturing upgrades and
aerospace needs, which need to address cost and safety issues. This section includes a summary of
the MSDS of tungsten boride to ensure safe operation in mechanical applications.
e  Market status (2024) :
0 Size : The global tungsten boride mechanical materials market is ~US$60 million,
with Asia accounting for ~70% (China, South Korea, Chapter 14.1).
0 Applications : Wear-resistant coatings ~50%, cutting tools ~30%, composite
materials ~20%.
0 Price : ~200 USD/kg (lump), ~300 USD/kg (coating, Chapter 14.2).
e Drivers:
0 Demand : Aerospace and automotive manufacturing industries grow ~8%/year,
with production ~600 tons in 2030 (Chapter 5.6).
0 Technology : Nano WB : (Chapter 5.5) and Al optimization (Chapter 17.5)
improve performance by ~15%.
0 Regulation : EU REACH (Chapter 15.2) promotes green materials.
o Future Trends (2025-2030) :
0 Cost reduction : Large-scale production (Chapter 5.6) reduces the cost to ~150
USD/kg, with a market size of ~100 million USD.
0 New applications : 3D printed structural parts (strength ~1.5 GPa ), accounting
for ~10%.
0 Green manufacturing : waste gas recovery rate > 95% (Chapter 16.3), carbon
emissions reduced by ~30% (~0.2 tons CO: / ton).
¢ MSDS Summary (Tungsten Boride, WB 2) :
0 Chemical properties : stable, insoluble in water, decomposition
temperature>2000°C (Chapter 2.3).
0 Health Hazards : Inhalation of powder may irritate the respiratory tract. It is
recommended to wear an N95 mask (Chapter 15.3).
0 Safety measures : Use a fume hood during operation and avoid skin contact
(gloves, >0.5 mm thick).
0 Storage : Secaled in a dry environment (<30°C, RH<50%), away from acidic
substances.
0 Waste disposal : Recycle according to hazardous waste regulations (Chapter 16,
16.3) and avoid direct dumping.
e challenge :
0 Tungsten carbide (cost ~100 USD/kg) competes at the low end of the market.
o0 Safety testing (MSDS verification) is costly (~100,000 USD/batch).
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Table 13.6 Tungsten Boride Machinery Market and Trends

project Current status 2030 Drivers challenge Related
in 2024 Goals Chapters

Market size 0.6 1.0 manufacturing compete 14.1

(USS$ billion)

Cost (USD/kg) 200-300 150 Scale Security 142,5.6

Testing
Carbon emissions (tons 0.3 0.2 Green invest 16.3,15.2
CO:/ ton) Technology
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CTIA GROUP LTD
Tungsten Boride Product Introduction

1. Tungsten Boride Overview

Tungsten boride (Tungsten Boride, e.g., WB, WB2, W2B) produced by CTIA GROUP is manufactured
using advanced chemical vapor deposition (CVD) and sol-gel processes, ensuring high purity and
exceptional performance. Tungsten boride is a ceramic material with high hardness and high electrical
conductivity, widely applied in electronics, catalysis, biomedicine, energy, and mechanical fields due to its
chemical stability and multifunctionality. Its unique boron-tungsten bond structure makes it an ideal choice

for high-performance material applications.

2. Tungsten Boride Features
e Chemical Composition: WB, WB2, W2B, purity 299.9%, with minimal impurities.
e Appearance: Gray-black powder or thin film; hexagonal or orthorhombic crystal structure.
e High Hardness: Brinell hardness ~40 GPa, suitable for wear-resistant coatings.
e Excellent Electrical Conductivity: ~10* S/cm, supporting 6G antennas and sensors.
e Chemical Stability: Corrosion rate <0.005 mm/year, ideal for catalysis in harsh environments.

e Multifunctionality: Supports electrocatalysis, battery materials, and biocompatible coatings.

3. Tungsten Boride Product Specifications

Type Particle Size | Purity Bulk Density | Boron Content | Impurities

(um) (Wt%) (g/cm?) (Wt%) (Wt%, max)
Nano-grade 0.01-0.05 299.9 3.5-4.0 10.2-10.8 Fe<0.002, Si<0.001
Micron-grade 10-20 299.8 4.0-4.5 10.0-10.5 Fe<0.003, Si<0.002
Thin-film grade 0.1-2 299.9 10.0-12.8 5.0-8.0 Fe<0.002, 0<0.05

4. Tungsten Boride Packaging and Quality Assurance

e Packaging: Sealed stainless steel cans or vacuum aluminum foil bags, net weight of 100 g, 500
g, or 1 kg, ensuring moisture-proof and oxidation-resistant storage.

e Quality Assurance: Each batch is accompanied by a quality certificate.

5. Tungsten Boride Procurement Information
e  Email: sales@chinatungsten.com
e Phone: +86 592 5129595
e  Website: For more information about tungsten boride, please visit the China Tungsten Online

website (http://www.tungsten-boride.com).
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Chapter 14 Industrialization and Market Analysis of Tungsten Boride

Tungsten boride (such as WB, WB:, W2B ) has a wide range of applications in electronics ( Chapter
9), catalysis (Chapter 10), biomedicine (Chapter 11), energy (Chapter 12) and machinery (Chapter
13) due to its excellent physical and chemical properties (hardness ~40 GPa , Chapter 2 2.5;
conductivity ~ 10%S /em, Chapter 6 6.5; chemical stability, Chapter 7 7.5). The global market size
is about US$200 million in 2024 and is expected to reach US$350 million in 2030 (CAGR ~10%).
This chapter analyzes the global market overview, production cost and price, industrialization
technology, market distribution, competition and substitutes, as well as future trends and policy
impacts of tungsten boride, and provides strategic support for its large-scale production (Chapter
5.6) and green development (Chapter 16.4).

14.1 Global Market Overview of Tungsten Boride
The tungsten boride market is driven by the demand for high-performance materials, with Asia
dominating production and consumption.
e Market size :
0 In 2024, the global market will be US$200 million and the output will be 2,000
tons (Chapter 5.6).
0 Asia (China, Japan, South Korea) accounts for ~65%, North America ~20%, and
Europe ~15%.
e  Main applications :
0 Machinery (Chapter 13.6): ~30% (~$60 million).
0 Energy (Chapter 12, 12.6): ~20% (~$40 million).
0 Electronics (Chapter 9, 9.6): ~15% (~$30 million).
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0 Catalysis (Chapter 10, 10.6): ~10% (~$20 million).
0 Biomedicine (Chapter 11, 11.6): ~5% (~$0.05 billion).
¢ Regional characteristics :
0 China : Production ~50% (~1000 tons), cost advantage (~100 USD/kg).
0 Japan : High value-added products (film, ~300 USD/kg), leading technology.
0 Europe : High demand for green manufacturing (Chapter 16, 16.3) and strict
regulations (Chapter 15, 15.2).
e Examples :
0 In 2024, the Chinese market accounts for ~40% of the global tungsten boride wear-
resistant coating (Chapter 13.1) and exports ~500 tons.
¢ challenge :
0 High market concentration (>60% in Asia) and supply chain risks.
0 Technological barriers restrict new entrants (R&D costs ~$1 billion).

Table 14.1 Global Tungsten Boride Market Overview (2024)

area Market share Output Features challenge Related
(%) (tons) Chapters

Asia 65 1300 Low cost Supply Chain = 13.6, 12.6

North 20 400 Strong High cost 9.6

America innovation

Europe 15 300 Green Demand Regulations 15.2,16.3

14.2 Production Cost and Price Analysis of Tungsten Boride
The production cost and price of tungsten boride vary depending on the preparation method and
application area.
¢ Production cost :
0 Nanoparticles (sol-gel, Chapter 5.5) : ~100 USD/kg (raw materials ~40%, energy
~30%).
Thin films (CVD, Chapter 5.2) : ~300 USD/kg (equipment ~50%, gas ~30%).
Block material (hot pressing and sintering, Chapter 5.1) : ~200 USD/kg (raw
material ~50%, high temperature ~40%).
e  Market price :
0 Nanoparticles : ~150-200 USD/kg (Catalysis, Biomedicine, Chapter 10, 10.6,
Chapter 11, 11.6).
o0 Thin films : ~300—400 USD/kg (Electronics, Energy, Chapter 9, 9.6, Chapter 12,
12.6).
0 Lumps : ~200-250 USD/kg (Machinery, Chapter 13, 13.6).
¢ Influencing factors :
0 Raw materials : Tungsten powder (~30 USD/kg) and boric acid (~5 USD/kg)
prices fluctuate ~10%/year.
0 Energy : CVD consumes ~500 kWh/ton and costs ~50 USD/ton.
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o Labor : Labor cost in Asia is ~20 USD/h, in Europe and America ~50 USD/h.
e Examples :
0 By 2024, the cost of sol-gel nano WB: will drop by ~15% (~85 USD/kg) due to
raw material optimization (Chapter 5.5).
¢ challenge :
0 High-end film costs (~400 USD/kg) limit market expansion.
0 By-product treatment (HF, ~50 USD/ton, Chapter 16.3) increases environmental
costs.

Table 14.2 Production cost and price of tungsten boride

Product Type Cost Price(USD/kg) Cost ratio challenge Related
(USD/kg) Chapters

Nanoparticles 100 150-200 Raw materials By- 5.5,16.3
40% products

film 300 300-400 Equipment High cost | 5.2,9.6
50%

Block 200 200-250 Raw materials = energy 5.1, 13.6
50%

14.3 Industrialization Technology and Large-Scale Production of Tungsten Boride
The industrialization of tungsten boride depends on efficient preparation technology and large-scale
process optimization.
e Preparation technology :
0 Sol-gel method (Chapter 5.5) :
= Production: ~500 kg/batch, cost ~100 USD/kg.
= Optimization: Microreactor (particle size distribution <10 nm) yield
increased by ~20%.
0 CVD (Chapter5.2) :
= Yield: ~10 kg/batch, homogeneity >95%.
= Optimization: CTIA GROUP LTD will use Al to optimize airflow in 2024
(Chapter 17, 17.5), increasing efficiency by ~15%.
0 Hot pressing sintering (Chapter 5.1) :
= Yield: ~100 kg/batch, density >99%.
= Optimization: Continuous sintering furnace (2000°C) output increased by
~30%.
¢ Large-scale production :
0 Automation : Robotic loading (efficiency ~90%) reduces labor costs ~20%.
0 Energy efficiency : Heat recovery system (recovery rate ~50%) reduces energy
consumption by ~30% (~350 kWh/ton).
0 Quality control : XPS (Chapter 6.1) to check purity (>99.9%), cost ~500
USD/batch.
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Examples :

0 In 2024, Chinese factories will adopt continuous CVD, with output increasing by
~25% (~12 kg/batch) and costs decreasing by ~10%.
¢ challenge :
0 High equipment investment (CVD furnace ~$5 million).
0 Environmentally friendly treatment (HF, waste gas recovery > 95%, Chapter 16,

technology

Sol-Gel

CVvD
Hot
Sintering

Press

Table 14.3 Comparison of industrialization technologies of tungsten boride

16.3) costs ~100 USD/ton.

Output Cost advantage challenge Related

(kg/batch) (USD/kg) Chapters

500 100 High Reunion 5.5,6.1
production

10 300 Uniformity | invest 52,175

100 200 High Energy 5.1,16.3
Density consumption

14.4 Market Distribution of Tungsten Boride in Major Industries

The market distribution of tungsten boride in machinery, energy, electronics, catalysis, and

biomedical industries reflects its versatility.

Industry distribution (2024) :

0 Machinery (Chapter 13.6) : ~US$60 million, wear-resistant coatings account for
~50%, cutting tools ~30%.
Energy (Chapter 12, 12.6) : ~$40 million, batteries ~40%, fuel cells ~30%.
Electronics (Chapter 9.6) : ~$30 million, sensors ~40%, electrodes ~30%.
Catalysis (Chapter 10, 10.6) : ~US$20 million, electrocatalysis ~50%,
photocatalysis ~30%.
0 Biomedicine (Chapter 11, 11.6) : ~$50 million, coatings ~60%, drug delivery
~30%.
¢  Growth Points :
0 Mechanical : Aerospace demand (~8%/year) drives coatings market.
0 Energy : Hydrogen energy (~12%/year) drives catalysts and hydrogen storage
materials.
0 Biomedicine Precision medicine (~10%/year) increases demand for
nanoparticles.
e Examples :
0 In 2024, the market for tungsten boride battery materials in the energy industry
(Chapter 12.1) will increase by ~15% to ~US$16 million.
e challenge :
0 There is no uniformity in technical standards across industries (Chapter 15, 15.2).

0 Niche markets (biomedicine) are difficult to scale.
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Table 14.4 Market distribution of major industries of tungsten boride (2024)

industry Market size Proportion Growth rate challenge Related
(USS billion) &) (%/year) Chapters
mechanical 0.6 30 8 standard | 13.6
energy 0.4 20 12 cost 12.6
electronic 0.3 15 10 compete | 9.6

14.5 Competition and Substitute Analysis of Tungsten Boride Market
Tungsten boride faces competition from other high-performance materials and needs to maintain its
advantage through performance and cost optimization.
o Competitive Materials :
0 Tungsten carbide (WC) : cost ~100 USD/kg, hardness ~25 GPa , mechanical
market share ~40% (Chapter 13.6).
o Carbon nanotubes (CNTs) : conductivity ~10 * S/cm, cost ~50 USD/kg,
electronics market share ~30% (Chapter 9, 9.6).
0 Ni-based catalyst : cost ~30 USD/kg, catalytic market share ~50% (Chapter 10,
10.6).
o0 Ti-based coatings : cost ~50 USD/kg, biomedical market accounts for ~35%
(Chapter 11.6).
o Tungsten boride advantages :
0 Comprehensive performance: hardness (~40 GPa ), conductivity (~10 * S/cm),
stability (<0.005 mm/year).
0 Versatility: Cross-industry applications (Chapters 9 to 13).
¢ Threat of substitutes :
0 Low-end market: WC and Ni have low costs, threatening mechanical and catalytic
applications.
0 High-end market: CNT and graphene (~100 USD/kg) compete for electronics and
energy.
o Coping strategies :
0 Costreduction : Large-scale production (Chapter 5.6) has dropped to ~80 USD/kg.
0 Performance optimization : Doping (N, Si, Chapter 3.4) improves performance
by ~20%.
e Examples :
0 In 2024, WB: coating will replace WC through Si doping (Chapter 8.4), and its
market share will increase by ~10%.
e challenge :
0 Alternatives are developed quickly (~5 years/new material).
0 Customers are cost sensitive (~30% prefer low prices).
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Table 14.5 Comparison of tungsten boride and its substitutes

Material Cost performance Market response Related
(USD/kg) Threats Chapters
WC 100 Hardness 25 GPa mechanical Doping 13.6, 8.4
CNT 50 Conductivity 10 *° | electronic Scale 9.6,5.6
S/cm
Ni 30 Catalytic efficiency  catalytic performance 10.6
90%

14.6 Future Trends and Policy Impacts of Tungsten Boride Industrialization
The tungsten boride market is expected to be driven by technological advancements, green policies,
and global demand in the future.
e Future Trends (2025-2030) :
0 Market growth : In 2030, the market will be ~US$350 million, the output will be
~3,500 tons, and the CAGR will be ~10%.
0 Costreduction : Large-scale production (Chapter 5.6) has reduced the cost to ~80
USD/kg.
0 New applications : 6G antennas (Chapter 9, 9.6), all-solid-state batteries (Chapter
12, 12.6), and neural interfaces (Chapter 11, 11.6), accounting for ~15%.
0 Green manufacturing : waste gas recovery rate>95% (Chapter 16.3), carbon
emissions~0.2 tons CO2 / ton.
e Policy impact :
o EU : REACH (Chapter XV, 15.2) and CBAM (2026) require low-carbon
production, adding ~10% to costs.
0 China : Carbon neutrality (2060) promotes green technology, subsidies ~5000
USD/ton.
0 United States : The Inflation Reduction Act (2022) supports new energy materials,
with an investment of ~§100 million.
e Examples :
0 In 2024, China will adopt a carbon neutrality policy, and the proportion of green
production of tungsten boride (Chapter 16.3) will increase by ~20%.
e challenge :
0 policy compliance is high (~100 USD/ton).
0 Global trade barriers (tariffs ~5%) affect exports.
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Table 14.6 Future Trends of Tungsten Boride Market

project Current 2030 Drivers challenge Related
status in Goals Chapters
2024

Market size 2.0 3.5 New Policy 9.6-13.6

(USS$ billion) Applications | costs

Cost (USD/kg) 100—400 80 Scale Trade 5.6,14.2

barriers
Carbon emissions 0.3 0.2 Green Policy | invest 16.3,15.2
(tons CO: / ton)
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Chapter 15 Standards and Regulatory Requirements for Tungsten Boride

Tungsten boride (WB, WB: , W:2B ) is widely used in electronics (Chapter 9), catalysis (Chapter 10),
biomedicine (Chapter 11), energy (Chapter 12) and machinery (Chapter 13). It needs to comply with
international and regional standards (such as GB/T 26037-2020, ISO 10993) and regulations (such
as REACH, CBAM) to ensure quality, safety and environmental compliance . In 2024, the global
regulatory compliance cost of tungsten boride is about 100 USD/ton, accounting for ~5% of the
production cost (Chapter 14, 14.2). This chapter discusses the international standards,
environmental and safety regulations, biomedical regulations, testing and certification processes,
regional differences, and the challenges and future development of regulatory compliance of
tungsten boride , and provides guidance for its industrialization (Chapter 14, 14.3) and green
manufacturing (Chapter 16, 16.4).

15.1 Overview of International Standards Related to Tungsten Boride
The international standards for tungsten boride mainly cover material properties, test methods and
application requirements.
e  Main criteria :
o IS0 6506 (Brinell hardness) : used to test WB » hardness (~40 GPa , Chapter 6,

6.4).
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0 ASTM G99 (Friction and Wear) : Evaluate the wear rate of coatings (<10 ~°* mm?
/ (N - m), Chapter 7.4).
0 GB/T 26037-2020 (China) : Specifies the purity (>99.5%) and particle size
(<50 pm , Chapter 5, 5.5) of tungsten boride powder .
o IS0 10993 (Biocompatibility) : For biomedical applications (Chapter 11, 11.4),
cell viability > 90%.
e Application areas :
0 Mechanical (Chapter 13) : ISO 6508 (Rockwell hardness), hardness > 38 GPa .
0 Electronics (Chapter 9) : IEC 62624 (Electrical conductivity of nanomaterials),
~10 4 S/cm.
0 Catalysis (Chapter 10) : ASTM D3908 (catalytic activity), overpotential <150
mV.
e Examples :
0 In 2024, China's exports of WB: coatings (Chapter 13.1) must comply with GB/T
26037-2020, and the testing cost is ~200 USD/batch.
e challenge :
0 The update cycle of international standards is long (~5 years), lagging behind
technological development.
0 Incompatibility between standards (such as ISO and GB/T particle size definitions)
increases certification costs.

Table 15.1 International standards related to tungsten boride

standard content parameter application challenge Related
Chapters
ISO 6506 Brinell ~40 GPa mechanical = Slow updates = 6.4, 13.1
hardness
ASTM G99 | Wear rate <10 ¢ mm?® / | coating cost 7.4
(N - m)

GB/T 26037-  Purity>99.5%  Particle = size Production Incompatible 5.5
2020 <50 pm

15.2 Environmental and Safety Regulations for Tungsten Boride
The production and use of tungsten boride is subject to environmental and safety regulations to
reduce health and ecological risks.
¢  Main regulations :
0 EU REACH : requires registration of WB:2 chemicals (CAS not harmonized),
limits on powder emissions (<10 mg/m?3).
0 EU CBAM (2026) : A carbon tax will be imposed on imported tungsten boride,
with carbon emissions required to be <0.3 tons CO: / ton (Chapter 16.3).
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0 China's "Regulations on the Safety Management of Hazardous Chemicals' :
WB : powder requires an MSDS (Chapter 13, 13.6) to indicate the risk of
inhalation.
0 OSHA (USA) : Dust limit in the workplace is <5 mg/m?, and N95 protection is
required.
¢ Environmental requirements :
0 Waste gas treatment : CVD by-product (HF) recovery rate >95% (Chapter 16.3),
cost ~50 USD/ton.
0 Wastewater : Tungsten ions (<1 mg/L) need to be neutralized (pH 6-8).
0 Waste : Recycled as hazardous waste, cost ~100 USD/ton.
e Safety requirements :
0 MSDS : WB: powder is irritating to respiratory tract, fume hood and gloves (>0.5
mm thick) are recommended.
0 Storage : Sealed, dry (<30°C, RH<50%), away from acid.
e Examples :
o In 2024, WB: imported into Europe will require CBAM certification, and
compliance costs will increase by ~10% (~30 USD/kg).
e challenge :
0 Regulatory compliance adds ~5% cost (~100 USD/ton).
0 Nano-sizing of powders (<50 nm) increases health risks and requires new
regulations.

Table 15.2 Environmental and safety regulations for tungsten boride

Regulations Require parameter Cost challenge Related
(USD/ton) Chapters

REACH Dust<10 mg/m* | register 100 cost 16.3
CBAM Carbon emissions | Certification = 50 New 14.6

<0.3 tons CO2 / regulations

ton
Chinese MSDS Aspiration 100 Nano risks 13.6
regulations risk

15.3 Regulatory Requirements for Tungsten Boride in the Biomedical Field
Tungsten boride must meet strict biocompatibility and safety regulations for biomedical applications.
¢  Main regulations :
o IS0 10993 (Biocompatibility) : WB: nanoparticles (Chapter 11, 11.4) require cell
viability > 90% and hemolysis rate < 1%.
o FDA (USA) : Class II medical devices (such as coatings) require 510(k)
certification, which takes ~6 months.
0 China NMPA : Biomedical WB: requires registration, testing cost ~50,000
USD/product.
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o EU MDR : WB: implants require clinical evaluation, with a period of ~12 months.
e Test requirements :
0 Cytotoxicity : MTT test (Chapter 6.1), concentration <100 pg /mL.
0 Blood compatibility : hemolysis rate <1%, platelet adhesion <5% (Chapter 11,
11.4).
0 Long-term toxicity : Animal study (ISO 10993-6), period > 6 months.
e Examples :
0 In 2024, WB: coated implants (Chapter 11.1) passed ISO 10993, certification cost
~100,000 USD.
e challenge :
0 The metabolic pathway of nanoparticles (<50 nm) is unclear and requires
additional testing.
0 The certification process is long (~1 year) and costly (~200,000 USD).

Table 15.3 Regulatory requirements for tungsten boride in biomedicine

Regulations Require parameter Cost(USD) challenge  Related
Chapters
ISO 10993  Survival rate > Hemolysis < 100,000 metabolism 11.4
90% 1%
FDA 510(k) Biocompatible Cycle 6 | 50,000 cycle 11.1
months
MDR Clinical Cycle 12 200,000 cost 11.6
evaluation months

15.4 Testing and Certification Process of Tungsten Boride
Testing and certification of tungsten boride ensures quality and regulatory compliance and involves
a multi-step process.
o Testing process :
0 Chemical analysis : ICP-MS (Chapter 6.1) to measure purity (>99.9%), cost ~500
USD/sample.
0 Physical properties : Nanoindentation (Chapter 6, 6.4) measures hardness (~40
GPa ), and friction test (Chapter 7, 7.4) measures wear rate.
0 Environmental testing : Gas chromatography (Chapter 16.3) to measure HF
emissions (<1 ppm).
0 Biocompatibility : MTT and animal tests (Chapter 11.4), cycle ~3—12 months.
e Certification process :
o0 ISO certification : ISO 9001 (quality management), lead time ~ 6 months, cost ~
10,000 USD.
0 Regional certification : China CNAS, EU CE, US UL, cost ~20,000
USD/certification.
o Third-party agencies : SGS, TUV, testing fee ~1000 USD/batch.
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e Examples :
0 In 2024, WB 2 nanoparticles (Chapter 5.5) passed CNAS certification, with a
testing period of ~3 months and a cost of ~15,000 USD.
¢ challenge :
0 The test equipment is expensive (ICP-MS ~500,000 USD).
0 Cross-border certification is duplicated and costs are compounded (~50,000
USD/product).

Table 15.4 Tungsten boride testing and certification process

project method parameter Cost(USD) challenge Related
Chapters

Chemical ICP-MS Purity>99.9% 500 equipment 6.1

analysis

Physical Nanoindentation | Hardness ~40 @ 1000 cycle 64,7.4

properties GPa

Certification ISO 9001 Cycle 6 months = 10,000 repeat 5.5

15.5 Analysis of Regional Differences in Tungsten Boride Standardization
Standardization of tungsten boride varies due to regional regulations and technical level differences.
e Regional Standards :
o China : GB/T 26037-2020, emphasizing purity and particle size, with low testing
costs (~200 USD/batch).
o EU : EN ISO standards, focus on environmental protection (REACH), high
certification cost (~20,000 USD).
0 United States : ASTM standard, focusing on performance testing (hardness, wear),
short cycle (~3 months).
0 Japan : JIS standard, focusing on high-precision applications (electronics, Chapter
9.6), with high technical requirements.
o Differential impact :
0 Cost: China < US < EU (~200 vs. 1000 vs. 20,000 USD).
0 Period : The shortest in the United States (~3 months) and the longest in the
European Union (~12 months).
0 Technology : Japan and the EU have higher requirements (purity > 99.99% vs.
99.5%).
e Examples :
0 In 2024, WB: exports to the EU will require additional REACH certification, with
costs rising by ~15% (~50 USD/kg).
e challenge :
0 Inconsistent standards increase export barriers (~5% tariff).
0 The mutual recognition among regional testing agencies is low (<50%).
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Table 15.5 Regional differences in standardization of tungsten boride

area standard  Cost(USD) Cycle challenge Related
( months ) Chapters
China GB/T 200 3 Mutual 5.5
26037 Recognition
European EN ISO 20,000 12 cost 16.3
Union
USA ASTM 1000 3 barrier 7.4

Challenges and Future Development of Tungsten Boride Regulatory Compliance
Regulatory compliance of tungsten boride faces technical, cost and policy challenges and needs to
adapt to future trends.
e challenge :
0 Cost : Compliance cost is ~100 USD/ton, which is a heavy burden for small and
medium-sized manufacturers (~10% profit).
0 Technology : Nano WB 2 (<50 nm, Chapter 5.5) requires new safety assessment,
testing fee ~50,000 USD.
0 Policy : CBAM (2026, Chapter 14, 14.6) Increase carbon tax, affecting exports by
~5%.
e Future Development (2025-2030) :
0 Unified standards : ISO and GB/T are coordinated to reduce certification costs
by ~20% (~800 USD/batch).
0 Green compliance : Carbon emissions are reduced to ~0.2 tons CO- / ton (Chapter
16.3), and the compliance rate is >95%.
o Digital authentication : Blockchain traceability (Chapter 17, 17.5) shortens the
cycle by ~30% (~2 months).
0 Biomedicine : Nano regulations are improved and certification cycle is reduced to
~6 months.
e Examples :
0 By 2024, Chinese manufacturers will optimize compliance processes through Al
( Chapter 17, 17.5), reducing costs by ~10% (~90 USD/ton).
e Strategy :
0 Invest in green technology (recovery rate > 95%).
0 Cooperate with third-party agencies to reduce certification fees by ~15%.
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Table 15.6 Tungsten Boride Regulatory Compliance Challenges and Trends

project Current 2030 challenge Strategy Related
status in 2024 Goals Chapters

Compliance cost 100 80 High cost = Green 16.3

(USD/ton ) Technology

Certification period 3-12 2-6 Long Digitalization | 17.5

( months) cycle

Carbon emissions 0.3 0.2 Carbon Recycle 14.6

(tons CO: / ton) tax
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CTIA GROUP LTD
Tungsten Boride Product Introduction

1. Tungsten Boride Overview

Tungsten boride (Tungsten Boride, e.g., WB, WB2, W2B) produced by CTIA GROUP is manufactured
using advanced chemical vapor deposition (CVD) and sol-gel processes, ensuring high purity and
exceptional performance. Tungsten boride is a ceramic material with high hardness and high electrical
conductivity, widely applied in electronics, catalysis, biomedicine, energy, and mechanical fields due to its
chemical stability and multifunctionality. Its unique boron-tungsten bond structure makes it an ideal choice

for high-performance material applications.

2. Tungsten Boride Features
e Chemical Composition: WB, WB2, W2B, purity 299.9%, with minimal impurities.
e Appearance: Gray-black powder or thin film; hexagonal or orthorhombic crystal structure.
e High Hardness: Brinell hardness ~40 GPa, suitable for wear-resistant coatings.
e Excellent Electrical Conductivity: ~10* S/cm, supporting 6G antennas and sensors.
e Chemical Stability: Corrosion rate <0.005 mm/year, ideal for catalysis in harsh environments.

e Multifunctionality: Supports electrocatalysis, battery materials, and biocompatible coatings.

3. Tungsten Boride Product Specifications

Type Particle Size | Purity Bulk Density | Boron Content | Impurities

(um) (Wt%) (g/cm?) (Wt%) (Wt%, max)
Nano-grade 0.01-0.05 299.9 3.5-4.0 10.2-10.8 Fe<0.002, Si<0.001
Micron-grade 10-20 299.8 4.0-4.5 10.0-10.5 Fe<0.003, Si<0.002
Thin-film grade 0.1-2 299.9 10.0-12.8 5.0-8.0 Fe<0.002, 0<0.05

4. Tungsten Boride Packaging and Quality Assurance

e Packaging: Sealed stainless steel cans or vacuum aluminum foil bags, net weight of 100 g, 500
g, or 1 kg, ensuring moisture-proof and oxidation-resistant storage.

e Quality Assurance: Each batch is accompanied by a quality certificate.

5. Tungsten Boride Procurement Information
e  Email: sales@chinatungsten.com
e Phone: +86 592 5129595
e  Website: For more information about tungsten boride, please visit the China Tungsten Online

website (http://www.tungsten-boride.com).
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Chapter 16 Environmental Protection and Sustainable Development of Tungsten Boride

tungsten boride (such as WB, WB2 , W2B ) in electronics (Chapter 9), catalysis (Chapter 10),
biomedicine (Chapter 11), energy (Chapter 12) and machinery (Chapter 13) has driven the demand
for high-performance materials, but its production process involves high energy consumption (~500
kWh/ton, Chapter 14, 14.2) and by-products (such as HF, Chapter 15, 15.2), which poses a challenge
to the environment. In 2024, the carbon footprint of tungsten boride production is about 0.3 tons of
CO:/ ton, and green manufacturing and recycling technologies can reduce emissions by ~30%. This
chapter discusses the environmental impact of tungsten boride production, green manufacturing
technology, waste treatment and recycling, sustainable energy contribution, carbon footprint and
emission reduction strategies, as well as policy and market drivers, to provide environmental support
for its industrialization (Chapter 14, 14.3) and regulatory compliance ( Chapter 15).

16.1 Environmental Impact Assessment of Tungsten Boride Production
The environmental impact of tungsten boride production mainly comes from energy consumption,
waste gas and wastewater, which need to be quantified through life cycle assessment (LCA).
e Source of influence :
0 Energy consumption : CVD (Chapter 5.2) consumes ~500 kWh/ton, hot pressing
sintering (Chapter 5.1) consumes ~600 kWh/ton.
0 Waste gas : CVD produces HF (<1 ppm, Chapter 15.2), greenhouse gas emissions
~0.3 tons CO2 / ton.
0 Wastewater : The sol-gel method (Chapter 5.5) produces tungsten ion wastewater
(<1 mg/L), which needs to be neutralized.
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0 Solid waste : Sintering residue (~50 kg/ton) contains tungsten and needs to be
recycled.

o LCA results (2024) :

0 Per ton of WB:2 produced : carbon emissions ~0.3 ton CO: , water consumption ~1
m?, solid waste ~50 kg.

0 Environmental impact: Energy accounts for ~60%, waste gas ~30%, wastewater
~10%.

o Evaluation Methodology :

o ISO 14040 (LCA) : Quantify the environmental impact from raw materials to
products.

0 XPS (Chapter 6.1) : Analyze the HF content in the exhaust gas (<1 ppm).

0 ICP-MS (Chapter 6.1) : Detection of tungsten ions in wastewater (<1 mg/L).

e Examples :

0 In 2024, the LCA of China's WB: factories showed that energy consumption
accounted for ~65% of carbon emissions , which could be reduced by ~15% after
optimization (~0.26 tons CO: / ton).

e challenge :
0 LCA data collection is complex and costs ~10,000 USD/assessment.
0 ofnano- WB: (<50 nm).

Table 16.1 Environmental impact of tungsten boride production

source parameter Proportion method  challenge Related
(%) Chapters
Energy 500-600 60 ISO cost 5.1,5.2
consumption kWh/ton 14040
Exhaust HF<1 ppm 30 XPS standard | 15.2, 6.1
Wastewater Tungsten <1 10 ICP-MS  complex @ 5.5
mg/L

16.2 Green Manufacturing Technology of Tungsten Boride
Green manufacturing technology reduces the environmental impact of tungsten boride production
by optimizing processes and energy utilization.
e Technology Type :
0 Low energy consumption process :
=  Sol-gel method (Chapter 5.5) : Calcination at 500°C, energy
consumption ~300 kWh/ton, a decrease of ~40% (vs. sintering).
=  Microwave-assisted CVD : 400°C deposition, efficiency increased by
~20%, energy consumption ~400 kWh/ton.
0 Waste gas recovery :
= HF neutralization : Ca(OH) » absorption (recovery rate > 95%, Chapter
15, 15.2), cost ~50 USD/ton.
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= CO: capture : amine- based absorption, capture rate ~80%, cost ~100
USD/ton.
0 Renewable Energy :
= Solar power supply (~50% of factory electricity), carbon emissions
reduced by ~25% (~0.23 tons CO: / ton).
=  Wind energy integration, cost ~0.05 USD/kWh.
e Optimization case :

0 In 2024, CTIA GROUP LTD will adopt microwave CVD (Chapter 17.5), with
energy consumption reduced by ~15% (~425 kWh/ton) and HF emissions <0.5
ppm.

e Advantages :

0 Carbon emissions decreased by ~30% (~0.2 tons CO- / ton).

0 Production costs decreased by ~10% (~90 USD/kg, nanoparticles).
e challenge :

0 Green equipment investment is high (~$10 million/plant).

0 Renewable energy has low stability (~20% fluctuation).

Table 16.2 Green manufacturing technology of tungsten boride

technology parameter Reduction Cost(USD) challenge Related
(%) Chapters
Microwave 400 kWh/ton 15 50/ton invest 5.2,17.5
CVD
HF Recovery @ >95% 30 50/ton stability 15.2
Solar Carbon emissions = 25 0.05/kWh  fluctuation 16.5
reduced by 25%

16.3 Tungsten Boride Waste Treatment and Recycling
Waste treatment and recycling of tungsten boride are key links in sustainable development.
e  Waste Type :
0 Waste gas : HF (<1 ppm, CVD byproduct), needs to be neutralized.
0 Wastewater : Tungsten ions (<1 mg/L), requiring precipitation treatment.
0 Solid waste : sintering residue (~50 kg/ton), containing ~80% tungsten.
e Processing technology :
0 HF neutralization : Ca(OH) » generates CaF », with a recovery rate of >95% and
a cost of ~50 USD/ton.
0 Wastewater treatment : Chemical precipitation (NaOH), tungsten recovery rate
~90%, cost ~20 USD/m?3.
0 Solid waste recycling : Acid leaching (HCI, 1 M) to extract tungsten, recovery
rate ~85%, cost ~100 USD/ton.
¢ Recycling :
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0 Recycling tungsten for WB: resynthesis (Chapter 5.5) reduces costs by ~20% (~80
USD/kg).
0 CaF: as a building material, added value ~10 USD/ton.
e Examples :
0 In 2024, Chinese factories will recycle sintering residues, with a tungsten recovery
rate of ~88% and a cost reduction of ~15% (~85 USD/kg).
¢ challenge :
0 Nanoparticle waste recovery rates are low (<50%).
0 High maintenance costs for processing equipment (~200,000 USD/year).

Table 16.3 Treatment and recycling of tungsten boride waste

waste Processing Recovery rate Cost(USD) challenge Related
Technology (%) Chapters

HF Ca(OH) 2 >95 50/ton equipment 15.2
neutralization

Wastewater Chemical 90 20/m? nanometer 5.5
precipitation

Solid Waste = Acid leaching 85 100/ton cost 5.1

16.4 Contribution of Tungsten Boride to Sustainable Energy
The application of tungsten boride in the field of sustainable energy (Chapter 12) supports the goal
of carbon neutrality.
e Application scenarios :
0 Batteries (Chapter 12.1) : WB: negative electrode additive, cycle life ~1000 times,
energy density ~250 Wh /kg, reducing fossil fuel dependence ~20%.
0 Fuel cell (Chapter 12.2) : WB: catalyst , ORR overpotential ~200 mV, efficiency
~60%, hydrogen energy utilization increased ~15%.
0 Hydrogen storage (Chapter 12.4) : WB: catalyzes NaBH4 to produce hydrogen
at a rate of ~ 1000 mL/( g-min ), supporting the hydrogen economy.
0 Solar energy (Chapter 12.3) : WB : electrode, efficiency ~18%, renewable energy
share increased ~10%.
o Environmental benefits :
0 Each ton of WB: catalyst used in fuel cells reduces emissions by ~0.5 ton of CO:
/ year.
0 WB: battery materials reduce charging energy consumption by ~15% (~0.1
kWh/kg).
e Examples :
0 By 2024, WB: fuel cell catalysts (Chapter 12.2) will reduce emissions by ~0.6 tons
of CO: /ton of catalyst in China's hydrogen energy projects .
e challenge :
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0 The benefits are partially offset by the carbon emissions of producing WB2 (~0.3
tonnes CO- / tonne).
0 The cost (~200 USD/kg) limits large-scale promotion.

Table 16.4 Contribution of tungsten boride to sustainable energy

application parameter Emission reduction challenge Related
(tons CO: / year) Chapters
Battery 250 Wh /kg 0.2 cost 12.1
Fuel Cells Efficiency 60% | 0.5 Carbon 12.2
emissions
Hydrogen 1000 0.3 Promotion 12.4
Storage mL/( g-min )

16.5 Carbon Footprint and Emission Reduction Strategies of Tungsten Boride
The carbon footprint of tungsten boride production needs to be reduced through technical and
management strategies.
e Carbon footprint (2024) :
0 Per tonne WB: : ~0.3 tonne CO: (energy ~60%, raw materials ~30%, transport
~10%).
0 Nanoparticles (Chapter 5.5): ~0.35 tonnes of CO: / tonne (high energy
consumption).
0 Thin films (Chapter 5.2): ~0.4 tonnes CO: / tonne (CVD equipment).
e Emission reduction strategies :
0 Energy optimization : Renewable energy (solar, ~50%), ~25% reduction (~0.23
tons COz2 / ton).
0 Process improvement : Microwave CVD (Chapter 5.2) reduces energy
consumption by ~20% (~400 kWh/ton).
0 Raw material substitution : Recycling tungsten (Chapter 16.3) reduces raw
material carbon emissions by ~30%.
0 Transport : Local supply chains (<500 km), ~10% reduction (~0.03 tCO: / ton).
e Examples :
0 In 2024, the Japanese factory was powered by solar energy, and WB: ’s carbon
footprint was reduced by ~20% (~0.24 tons CO- / ton).
e challenge :
0 emission reduction technologies is high (~$5 million/plant).

0 Carbon accounting in global supply chains is not uniform (error ~20%).
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Table 16.5 Carbon footprint and emission reduction of tungsten boride

project Carbon Emission Strategy challenge  Related
footprint (tons reduction Chapters
CO: / ton) (%)
Nanoparticles 0.35 20 Solar invest 5.5,16.3
film 0.4 25 Microwave | Accounting | 5.2
CVD
overall 0.3 30 Recycle unified 16.4

16.6 Policy and Market Drivers for Sustainable Development of Tungsten Boride
Policies and markets are the core driving forces for the sustainable development of tungsten boride.
e Policy drivers :
o China : Carbon neutrality (2060) subsidizes green manufacturing (~5,000
USD/ton), requiring carbon emissions < 0.3 tons CO: / ton (Chapter 15, 15.2).
o EU : CBAM (2026, Chapter XIV, 14.6) imposes a carbon tax (~50 USD/ton) to
drive recycling rates > 95%.
0 United States : Inflation Reduction Act (2022) supports sustainable materials,
investment ~$100 million.
e Market drivers :
0 Demand : The green material market will grow by ~12%/year, and by 2030, green
tungsten boride products will account for ~50% (Chapter 14, 14.6).
Price : Green WB: premium ~10% (~220 USD/kg, nanoparticles).
Certification : ISO 14001 certification improves market competitiveness, cost
~10,000 USD.
e Future Trends (2025-2030) :
0 Carbon footprint reduced to ~0.2t CO- / ton, with compliance rate >95%.
0 Recycling rate >90%, cost reduction ~20% (~80 USD/kg).
0 Green certification (Blockchain, Chapter 17, 17.5) shortens the cycle by ~30% (~2
months).
e Examples :
0 In 2024, the EU WB 2 factory passed ISO 14001 and its market share increased by
~10%.
e challenge :
0 policy compliance is high (~100 USD/ton).
0 Small and medium-sized manufacturers are slow to transform green technologies
(~5 years).
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Table 16.6 Sustainable development drivers and trends of tungsten boride

project Current pAIR])) drive challenge Related
status in Goals Chapters
2024

Carbon footprint 0.3 0.2 policy cost 15.2, 14.6

(tons CO: / ton)

Recovery rate @ 85 >90 market Conversion 16.3

(Y0)

Certification 6 2 technology = Small and medium- | 17.5

period ( months ) sized manufacturers
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Chapter 17 Intelligent and Digital Technology Application of Tungsten Boride

Tungsten boride (such as WB, WB: , W2B ) is widely used in electronics ( Chapter 9), catalysis
(Chapter 10), biomedicine (Chapter 11), energy (Chapter 12) and machinery (Chapter 13) due to its
excellent physical and chemical properties (hardness ~40 GPa , Chapter 2 2.5; conductivity ~ 10*S
/em, Chapter 6 6.5; chemical stability, Chapter 7 7.5). Intelligent and digital technologies (such as
Al IoT, blockchain) can improve the efficiency of the tungsten boride industry by ~20% and reduce
costs by ~15% (~85 USD/kg, 2024) by optimizing production (Chapter 5), quality control (Chapter
6) and supply chain (Chapter 14 14.3). This chapter discusses Al optimization, smart sensor
applications, digital quality control, blockchain traceability potential, smart manufacturing cases,
and future trends in tungsten boride production, and provides technical support for its
industrialization (Chapter 14 14.3) and green development (Chapter 16 16.6).

17.1 Artificial Intelligence Optimization in Tungsten Boride Production
Artificial intelligence (AI) improves tungsten boride production efficiency by optimizing process
parameters and predicting performance.

e Application scenarios :

0 CVD optimization (Chapter 5.2) : Al adjusted the WF ¢ /B » H ¢ flow rate (error
<1%), the deposition rate increased by ~15% (~1.4 um /h), and the uniformity
was >95%.

0 Sol-Gel (Chapter 5.5) : Machine learning predicts particle size (<50 nm), and
yield increases by ~20% (~550 kg/batch).

o0 Sintering (Chapter 5.1) : Neural network optimized temperature (2000°C = 10°C)
and pressure (30 MPa), density increased by ~0.5% (>99%).

e Al Technology :
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0 Supervised learning : Predict WB: purity (>99.9%) based on historical data
(Chapter 6.1) .
0 Reinforcement Learning : Real-time adjustment of CVD gas flow reduces HF
emissions by ~10% (<0.9 ppm, Chapter 16.3).
o Digital Twin : Simulate production and reduce experimental costs by ~30%
(~5,000 USD/time).
e Examples :
0 In 2024, Al will optimize the CVD process (Chapter 12.5), reducing energy
consumption by ~15% (~425 kWh/ton).
e challenge :
0 Al model training requires big data (>10 * samples) and costs ~100,000 USD.
0 Real-time computing requires high-performance GPUs (~50,000 USD/GPU).
Table 17.1 AI optimization parameters for tungsten boride production

Technology AI Technology promote(%) Cost(USD) challenge Related
Chapters
CVD Reinforcement 15 100,000 data 5.2,16.3
Learning
Sol-Gel Supervised Learning = 20 50,000 calculate @ 5.5
sintering Digital Twin 0.5 5000 hardware = 5.1

17.2 Application of Tungsten Boride in Smart Sensors
Tungsten boride is suitable for smart sensors due to its high conductivity and stability, supporting
IoT and Industry 4.0.
e Application scenarios :
0 Pressure sensor (Chapter 9.2) : WB: film (thickness ~100 nm, Chapter 5.2),
sensitivity ~10 mV/MPa, response time <1 ms .
0 Gas sensors (Chapter 10.3) : WB: nanoparticles (<50 nm), detection of H2 ( <100
ppm), selectivity >90%.
0 Biosensor (Chapter 11.3) : WB: electrode (surface area ~60 m?/g), detection of
glucose (<1 mM), linearity >95%.
e Technical requirements :
0 Conductivity : >10 * S/cm (Chapter 6.5).
o0 Stability : >5000 hours (Chapter 7.5).
0 Sensitivity : >5 mV/unit (Chapter 9.2).
¢ Intelligent features :
0 Data collection : Sensors integrated into [oT, transmission rate ~1 Mbps.
0 Al analysis : Edge computing processes signals with a false alarm rate of <1%.
0 Self-calibration : Al adjusts the baseline, improving accuracy by ~10%.
e Examples :
o0 In 2024, WB: gas sensors will be used for hydrogen energy monitoring (Chapter
12.4), and the detection efficiency will increase by ~15%.
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¢ challenge :
0 Nanoparticle agglomeration (Chapter 5.3) reduces sensitivity and requires surface
modification (PVP, <0.1 wt %).
0 The cost of miniaturizing the sensor is high (~500 USD/unit).

Table 17.2 Application of tungsten boride smart sensor

type parameter Performance improvement challenge Related

(&) Chapters
pressure 10 mV/MPa 10 Reunion 9.2,5.2
gas H: <100 ppm 15 cost 10.3,12.4
biology | Glucose <1 10 Miniaturization = 11.3

mM

17.3 Digital Quality Control Technology of Tungsten Boride
Digital technology improves tungsten boride quality control through real-time monitoring and data
analysis.
e Technology Type :
0 Online monitoring : XPS (Chapter 6.1) real-time detection of WB 2 purity
(>99.9%) with an error of <0.1%.
0 Image analysis : Al processes SEM images (Chapter 6.2) and identifies grains
(<20 nm) with an accuracy rate of >95%.
0 Blockchain records : quality data is on-chain, tamper-proof, and query efficiency
is~1s.
e Application scenarios :
0 CVD (Chapter 5.2) : Monitor film thickness (~2 pm ), uniformity >95%.
o0 Sintering (Chapter 5.1) : Check density (>99%) and porosity <1%.
0 Nanoparticles (Chapter 5.5) : Controlled particle size distribution (<10 nm),
consistency >90%.
e Advantages :
0 Detection efficiency increased by ~30% (~100 samples/hour).
0 The failure rate dropped by ~50% (<0.5%).
e Examples :
0 In 2024, Chinese factories use Al image analysis (Chapter 6.2), reducing quality
inspection costs by ~20% (~400 USD/batch).
e challenge :
0 High equipment investment (XPS ~ 500,000 USD).
0 Data security requires encryption (cost ~10,000 USD/year).
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Table 17.3 Digital quality control of tungsten boride

technology parameter promote(%) Cost(USD) challenge Related
Chapters

XPS Purity>99.9% 30 500,000 invest 6.1,5.2

Image Grain <20 nm | 20 10,000 Safety 6.2,5.5

analysis

Blockchain Query ~1 s 50 5000 encryption = 14.3

17.4 Potential of Tungsten Boride in Blockchain Traceability
Blockchain technology provides transparency and traceability to the tungsten boride supply chain.
e Application scenarios :
0 Raw material traceability : record the source of tungsten powder and boric acid
(Chapter 14, 14.2), transparency>99%.
0 Production records : CVD process parameters (Chapter 5.2) are uploaded to the
chain, with a verification rate of >95%.
0 Product certification : WB : quality data (Chapter 6, 6.1) is stored in accordance
with GB/T 26037-2020 (Chapter 15, 15.1).
e Technical features :
0 Decentralization : Multi-node storage, tampering cost > 10 ¢ USD.
0 Smart contracts : Automatically verify purity (>99.9%), efficiency increased by
~30%.
0 Encryption : SHA-256 algorithm, data leakage rate <0.01%.
e Advantages :
0 Certification cycle reduced by ~30% (~2 months, Chapter 15, 15.6).
0 Customer trust increased by ~20%.
e Examples :
0 In 2024, the EU WB: coating (Chapter 13.1) will use blockchain for traceability,
reducing certification costs by ~15% (~17,000 USD).
e challenge :
0 Blockchain deployment is expensive (~100,000 USD/system).
o0 Data upload speed is slow (~10 tx /s).

Table 17.4 Tungsten boride blockchain traceability application

Scenario parameter promote(®%) Cost(USD) challenge Related

Chapters
Raw material Transparency>99% @ 20 100,000 deploy 14.2
traceability
Production Verification 30 50,000 speed 5.2,15.1
records rate>95%
Certification Period ~ 2 months 15 17,000 cost 13.1
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17.5 Case Study of Intelligent Manufacturing of Tungsten Boride
Smart manufacturing combines Al, IoT and digital technologies to improve the production
efficiency and quality of tungsten boride.
e Case description :
0 Factories : Chinese factories produce WB: nanoparticles in 2024 (Chapter 5.5).
0 technology :
= Al optimization : Machine learning controls particle size (<50 nm),
increasing yield by ~20% (~550 kg/batch).
= JToT monitoring : The sensor collects temperature in real time (500°C +
5°C), with a data upload rate of ~1 Mbps.
= Blockchain traceability : quality data is uploaded to the chain, in
compliance with REACH (Chapter 15, 15.2).
0 Results :
= Cost reduction ~15% (~85 USD/kg).
= Carbon emissions dropped by ~10% (~0.27 tons CO- / ton, Chapter 16.5).
= The quality failure rate is <0.5%.
e Technical Contribution :
0 Al : accounts for ~50% of efficiency improvement.
0 IoT : accounts for ~30% of data collection.
0 Blockchain : ~20% of trust.
e Case enlightenment :
0 CTIA GROUP LTD has increased its production efficiency by ~25%, setting a
benchmark for the industry.
e challenge :
0 Technology integration requires high investment (~$20 million).
0 Worker skills training cost ~50,000 USD/year.

Table 17.5 Intelligent manufacturing cases of tungsten boride

technology parameter promote(%) Cost(USD) challenge Related
Chapters
Al Yield ~550 20 100,000 invest 5.5,16.5
kg/batch
IoT Data ~1 Mbps 30 50,000 Training 15.2
Blockchain Unqualified rate 20 100,000 Integration = 15.1
<0.5%

17.6 Future Trends of Intelligentization and Digitalization of Tungsten Boride
The intelligence and digitalization of tungsten boride will promote industrial upgrading and
sustainable development.

e Future Trends (2025-2030) :
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0 Al popularization : 90% of factories use Al optimization, efficiency increased by
~30%, cost reduced by ~20% (~80 USD/kg).
0 6G Sensor : WB: sensor (Chapter 9.6) has a transmission rate of ~10 Gbps and is
used in 6G networks.
0 Blockchain standardization : Global supply chain traceability coverage >95%,
certification cycle ~1 month.
0 Green smart manufacturing : carbon emissions are reduced to ~0.2 tons CO: /
ton (Chapter 16.6), and recycling rate is >90%.
e Drivers:
0 Policy : China Industry 4.0 Plan (Chapter 15.2) Subsidy ~$10 million/factory.
0 Market : Demand for smart materials grows by ~15%/year (Chapter 14, 14.6).
0 Technology : Al computing power increased by ~50%/year, and costs decreased
by ~30%.
e Case prediction :
o By 2030, WB 2 smart sensors (Chapter 12.2) will account for ~20% of the
hydrogen energy market and increase efficiency by ~25%.
e challenge :
0 Technology standardization lags behind (~5 years).
0 Cybersecurity risk (attack cost < $10,000).

Table 17.6 Intelligentization and digitalization trends of tungsten boride

project Current statusin 2030 drive challenge Related
2024 Goals Chapters

Efficiency improvement 20 30 policy standardization = 14.3, 15.2

(%)

Cost (USD/kg) 85 80 market Safety 14.2,16.6

Carbon emissions (tons 0.3 0.2 technology | risk 16.5

CO: / ton)
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Chapter 18 Future Research Directions and Technology Outlook of Tungsten Boride

Tungsten boride (such as WB, WB:2 , W2B ) has great potential in electronics (Chapter 9), catalysis
(Chapter 10), biomedicine (Chapter 11), energy (Chapter 12), machinery (Chapter 13) and other
fields due to its excellent physical and chemical properties (hardness ~40 GPa , Chapter 2 2.5;
conductivity ~ 10*S /cm, Chapter 6 6.5; thermal stability>2000°C, Chapter 8 8.1). Future research
will focus on new synthesis (Chapter 5), next-generation applications (Chapters 9 to 13),
intelligence (Chapter 17) and green manufacturing (Chapter 16). It is expected that the market size
will reach US$350 million in 2030 (Chapter 14.6), and carbon emissions will be reduced to ~0.2
tons of CO: / ton (Chapter 16.6). This chapter discusses new synthesis methods for tungsten boride,
the potential for next-generation electronic devices, catalysis and energy breakthroughs, biomedical
innovations, the frontiers of intelligent and green manufacturing, as well as global cooperation and
technological challenges, providing direction for its industrialization (Chapter 14, 14.3) and
sustainable development (Chapter 16).

18.1 Exploration of a new synthesis method for tungsten boride
Novel synthetic methods aim to reduce cost (<80 USD/kg), increase purity (>99.99%), and achieve
nanoscale control (<10 nm).
e Research direction :
0 Laser-assisted synthesis : Femtosecond laser (<100 fs) vapor deposition of WB -
at a rate of ~2 um /h and a purity of >99.99% (Chapter 5.2).
0 Electrochemical synthesis : Electrolysis of sodium borate and sodium tungstate
(<0.1 M) to produce WB: nanoparticles (<10 nm) with an energy consumption of
~200 kWh/ton.
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0 Bio-template method : protein-guided WB 2 crystal growth (particle size <5 nm),
green and without by-products (Chapter 16, 16.2).
0 Plasma spray : W+B plasma (>10,000°C) produces WB : thin films (thickness
~50 nm) with >98% uniformity.
e Expected results :
0 Cost reduction ~30% (~70 USD/kg, nanoparticles).
0 Energy consumption reduced by ~40% (~300 kWh/ton).
0 Carbon emissions dropped by ~20% (~0.24 tons CO: / ton, Chapter 16.5).
e Case prediction :
0 By 2026, the cost of laser-synthesized WB: thin films (Chapter 9.1) will drop by
~20% (~240 USD/kg).
e challenge :
0 High equipment cost (laser ~$10 million).
0 The nanometer -scale control stability is low (error ~10%).

Table 18.1 New synthesis method of tungsten boride

method parameter Cost reduction (%) challenge Related Chapters
Laser synthesis Purity>99.99% 20 Equipment cost = 5.2,9.1
Electrochemistry Particle size <10 nm | 30 stability 5.5,16.2
Biological template = No by-products 40 Scale 16.2

18.2 Potential of Tungsten Boride in Next Generation Electronic Devices
Tungsten boride has breakthrough potential in 6G, quantum computing and flexible electronics.
e Research direction :
0 6G antenna (Chapter 9, 9.6) : WB : film (thickness ~50 nm, Chapter 5, 5.2),
conductivity ~10 * S/cm, transmission rate ~10 Gbps.
0 Quantum computing : WB » superconducting electrode (Tc~10 K, Chapter 3, 3.4),
quantum bit lifetime >100 ps .
0 Flexible electronics : WB: nanowires (diameter <20 nm) with bending strain <5%
for wearable devices (Chapter 9.4).
0 Neuromorphic computing : WB: memristors (on/off ratio ~10%) with power
consumption <1 pJ /operation.
o Expected results :
o0 Device efficiency increased by ~30% (6G antenna bandwidth ~100 GHz).
0 Manufacturing costs reduced by ~25% (~200 USD/kg, film).
0 Market share ~10% (2030, Chapter 14, 14.4).
o Case prediction :
o In 2028, WB: flexible sensors (Chapter 9.2) are used in smart skin, and the market
will reach ~US$20 million.
e challenge :
0 The superconducting Tc needs to be increased (>20 K).
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0 Poor compatibility with flexible substrates (thermal expansion mismatch ~10 ~¢ K
~ 1, Chapter 8, 8.3).

Table 18.2 Potential of tungsten boride in next generation electronic devices

application parameter promote(%) challenge Related Chapters ‘
6G Antenna 10 Gbps 30 Tc 9.6,3.4

Quantum computing = Lifetime>100 ps = 20 compatibility | 9.1

Flexible Electronics = Strain <5% 25 Mismatch 94,83

18.3 Breakthrough Directions of Tungsten Boride Catalysis and Energy Technology
Tungsten boride will promote the development of hydrogen energy and all-solid-state batteries in
the fields of catalysis and energy.
e Research direction :
0 Electrocatalysis (Chapter 10.1) : WB: nanoparticles (<10 nm), HER
overpotential <50 mV, stability >10,000 hours.
0 Photocatalysis (Chapter 10.2) : WB: / TiO: composite ( specific surface area ~80
m?/g), hydrogen production efficiency ~500 pmol /( g-h ).
0 All-solid-state battery (Chapter 12.1) : WB : solid electrolyte ( ionic
conductivity ~10 ~ 2 S/cm), cycle life >2000 times.
0 Thermal catalysis (Chapter 10.5) : WB: catalyzes CO- conversion (conversion
rate > 90%) at a temperature < 400°C.
o Expected results :
0 Catalytic efficiency increased by ~40% (HER current density ~100 mA/cm?).
0 The battery energy density reaches ~400 Wh /kg.
0 Carbon emissions decreased by ~0.5 ton CO: / ton catalyst (Chapter 16.4).
e Case prediction :
o In 2027, WB: electrocatalysts (Chapter 10.1) for green hydrogen will reach a
market value of ~$30 million.
e challenge :
0 Nanoparticle agglomeration (Chapter 5.3) reduces activity.
0 The solid electrolyte interface resistance is high (~100 Q-cm?).

Table 18.3 Breakthroughs in Tungsten Boride Catalysis and Energy Technology

application parameter promote(%) challenge Related Chapters

Electrocatalysis Overpotential <50 mV = 40 Reunion 10.1,5.3
Photocatalysis 500 umol /( g-h) 30 cost 10.2
All-solid-state battery = 400 Wh /kg 25 resistance = 12.1

18.4 Innovative Applications of Tungsten Boride in Biomedical Field
Tungsten boride has innovative potential in the fields of precision medicine and smart implants.
e Research direction :
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0 Drug delivery (Chapter 11.2) : WB 2 nanoparticles (<10 nm), drug loading
efficiency ~50%, release time >48 hours.
0 Photothermal therapy (Chapter 11.5) : WB : absorbs near-infrared (808 nm),
with a conversion efficiency of ~60% and a tumor ablation rate of >90%.
0 Neural interface : WB : electrode (conductivity ~10 # S/cm), signal resolution <10
uV , implant life span >5 years.
0 Antibacterial coating (Chapter 11.1) : WB . film (thickness ~50 nm),
antibacterial rate >99.9% (Escherichia coli).
e Expected results :
0 Treatment efficiency increased by ~30% (drug delivery accuracy >95%).
0 Coating life > 10 years (wear rate < 10 77 mm 3 /(N - m)).
0 Market share ~15% (2030, Chapter 14, 14.4).
e Case prediction :
o0 In 2029, WB: neural interfaces (Chapter 11.3) for brain-computer interfaces will
reach a market value of ~§100 million.
e challenge :
0 The metabolic pathway of nanoparticles is unclear (Chapter 15, 15.3).
0 Long-term biocompatibility needs to be verified (>10 years).

Table 18.4 Innovative biomedical applications of tungsten boride

application parameter promote(%) challenge Related Chapters
Drug delivery Drug loading rate ~50% = 30 metabolism 11.2,15.3
Photothermal therapy | Efficiency ~60% 25 verify 11.5

Neural Interfaces Resolution <10 pV 20 Compatibility = 11.3

18.5 The Frontier of Intelligent and Green Manufacturing of Tungsten Boride
sustainability of tungsten boride production .
e Research direction :
o Al Digital Twin (Chapter 17.1) : Simulate WB 2 production and optimize energy
consumption by ~30% (~350 kWh/ton).
0 6G Internet of Things (Chapter 17, 17.2) : Real-time monitoring of CVD
(transmission ~10 Gbps) with an error of <0.1%.
0 Green synthesis : The bio-template method (Chapter 16, 16.2) produces WB: ,
with no HF emissions and carbon emissions of ~0.1 ton CO: / ton.
0 Circular manufacturing : recycling rate >95% (Chapter 16.3), cost ~70 USD/kg.
o Expected results :
0 Production efficiency increased by ~40% (~600 kg/batch, nanoparticles).
0 Carbon emissions dropped by ~50% (~0.15 tons CO: / ton).
0 Compliance costs reduced by ~20% (~80 USD/ ton , Chapter 15, 15.6).
e Case prediction :
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0 By 2030, Al will optimize green CVD (Chapter 5.2), reducing costs by ~25% (~75
USD/kg).
e challenge :
0 Al requires high computing power (~100 TFLOPS).
0 The scale-up period of green technology is long (~5 years).

Table 18.5 Intelligent and green manufacturing frontiers of tungsten boride

technology parameter promote(%) challenge Related Chapters
Al Digital Twin Energy consumption ~350 kWh/ton = 30 Hashrate  17.1,5.2

6G Internet of Things = Transmission ~10 Gbps 40 cycle 17.2

Green Synthesis Carbon emission ~0.1 ton CO:/ton = 50 Scale 16.2,16.3

18.6 Global Cooperation and Technical Challenges in Tungsten Boride Research
Global collaboration and interdisciplinary research are the key to technological breakthroughs in
tungsten boride.

e Cooperation direction :

0 International Joint Laboratory : China, the United States, and Europe jointly
research 6G materials (Chapter 9.6), sharing data >10 ° samples.

0 Industry-university-research  collaboration :  Universities  develop
electrochemical synthesis (Chapter 5.5), and enterprises optimize scale, reducing
the cycle by ~50% (~2 years).

0 Open source platform : Share the WB > DFT model (Chapter 3.3), reducing the
computing cost by ~30% (~1000 USD/time).

0 Policy support : China’s “Dual Carbon” plan (Chapter 16.6) investment ~US$100
million, EU Horizon plan ~US$50 million.

e Technical Challenges :

0 Nanoscale control : particle size error < 1 nm, requiring new characterization
(Chapter 6.2, cost ~$10 million).

0 High temperature stability : >2500°C (Chapter 8, 8.1), requires doping (N, Si,
Chapter 3, 3.4).

0 Cross-domain integration : Electronics, energy, and biomedicine standards are
not unified (Chapter 15, 15.5).

0 Data security : Al and blockchain require encryption (Chapter 17, 17.4), cost
~50,000 USD/year.

o Case prediction :
0 By 2030, the China-EU Joint Laboratory will develop WB: all -solid-state batteries
(Chapter 12, 12.1) with an energy density of ~500 Wh /kg.
e Strategy :
o0 Establish global standards (ISO, cycle ~3 years).
0 Increase R&D investment (~$1 billion/year).
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Table 18.6 Global cooperation and challenges of tungsten boride

project Target challenge Strategy Related Chapters
Joint Laboratory Data > 10 ° samples Integration = standard 9.6, 15.5

Open Source Platform = Cost reduction of 30% | Safety Investment | 3.3,17.4

Battery Development = 500 Wh /kg control cooperate  12.1

COPYRIGHT AND LEGAL LIABILITY STATEMENT

Copyright© 2024 CTIA All Rights Reserved
FRESXFRRA S CTIAQCD-MA-E/P 2024 b

www.ctia.com.cn

% 125 71 3t 132 I1

B1E/TEL: 0086 592 512 9696
CTIAQCD-MA-E/P 2018-2024V

sales@chinatungsten.com


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

Appendix

Appendix 1: Tungsten Boride Terms and Abbreviations

This appendix summarizes the terms and abbreviations involved in the "Encyclopedia of Tungsten

Boride", covering the theory (Chapter 1 to Chapter 4), preparation (Chapter 5), performance
(Chapter 6 to Chapter 8), application (Chapter 9 to Chapter 13), industrialization (Chapter 14),
regulations (Chapter 15), environmental protection (Chapter 16), intelligence (Chapter 17) and
future direction (Chapter 18) of tungsten boride (WB, WB2, W2B). The terms and abbreviations

are organized by category for readers' reference.

1.1 Tungsten Boride Related Terms

The following are the core terms and their definitions related to tungsten boride, based on the chapter

content.

Tungsten Boride : A compound formed by tungsten and boron (such as WB, WB2, W2B),
which has high hardness (~40 GPa , Chapter 2 2.5), electrical conductivity (~10 # S/cm,
Chapter 6 6.5) and chemical stability (Chapter 7 7.5).

Hardness : The ability of a material to resist deformation. The hardness of tungsten boride
is ~40 GPa (Chapter 6, 6.4), which is suitable for wear-resistant coatings (Chapter 13, 13.1).
Electrical Conductivity : The ability of a material to conduct electricity, WB2~10 * S/cm
(Chapter 6, 6.5), used for sensors (Chapter 9, 9.2).

Chemical Stability : Material corrosion resistance, WB2 corrosion rate <0.005 mm/year
(Chapter 7.5), used for catalysis (Chapter 10.1).

Nanoparticles : Tungsten boride particles with a particle size of <100 nm and a specific
surface area of ~60 m?/g (Chapter 5.5), used in biomedicine (Chapter 11.2).

Thin Film : Tungsten boride layer with a thickness of <1 um , prepared by CVD (Chapter
5.2), used in electronic devices (Chapter 9.1).

Hot-Press Sintering : Preparation of tungsten boride blocks (Chapter 5.1) at high
temperature and high pressure (2000°C, 30 MPa), with a density of >99%.
Electrocatalysis : Tungsten boride accelerates electrochemical reactions (such as HER,
overpotential ~100 mV, Chapter 10.1) and is used for hydrogen energy (Chapter 12.2).
Biocompatibility : The material is non-toxic to organisms, with WB2 cell survival rate >90%
(Chapter 11, 11.4), in compliance with ISO 10993 (Chapter 15, 15.3).

Carbon Footprint : CO2 emissions from the production of tungsten boride are ~0.3 tons
CO2/ton (Chapter 16.5), with the goal of reducing it to ~0.2 tons by 2030.

Digital Twin : A virtual model of tungsten boride production, which optimizes energy
consumption by ~30% (Chapter 17, 17.1) and is used for smart manufacturing.

1.2 Abbreviations of Tungsten Boride

The following are the abbreviations related to tungsten boride commonly used in encyclopedias,

arranged in alphabetical order.
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Table 1.2 Abbreviations of tungsten boride

abbreviation

Al

CBAM

CVD

DFT

HER

HF

ICP-MS

ToT

LCA

MSDS

ORR

REACH

SEM

XPS

Full name

Artificial Intelligence

Carbon  Border  Adjustment

Mechanism

Chemical Vapor Deposition

Density Functional Theory

Hydrogen Evolution Reaction

Hydrogen Fluoride

Inductively Coupled Plasma

Mass Spectrometry

Internet of Things

Life Cycle Assessment

Material Safety Data Sheet

Oxygen Reduction Reaction

Registration, Evaluation,

Authorization and Restriction of

Chemicals

Scanning Electron Microscopy

X-ray Photoelectron

Spectroscopy

illustrate Related Chapters
Artificial intelligence, optimizing production (efficiency = 17.1,17.5
~20%, Chapter 17, 17.1)

EU carbon border tax, to be implemented in 2026 (Chapter | 14.6, 16.6
15,15.2)

Chemical vapor deposition, preparation of WB2 thin film = 5.2,9.1
(Chapter 5.2)

Density functional theory, calculation of WB2 properties | 3.3, 18.6
(Chapter 3.3)

Hydrogen reacts, WB2 overpotential ~100 mV (Chapter = 10.1, 12.2
10.1)

CVD byproducts, recovery rate> 95% (Chapter 16.3) 15.2,16.2
Inductively coupled plasma mass spectrometry, purity > = 6.1, 15.4
99.9% (Chapter 6.1)

Internet of Things, WB2 sensor data transmission ~1 | 17.2, 18.5
Mbps (Chapter 17.2)

Life cycle assessment, quantified carbon emissions ~0.3 = 16.1, 16.5
tons CO2/ton (Chapter 16.1)

Material Safety Data Sheet, indicating the inhalation risk | 13.6, 15.2
of WB2 (Chapter 13.6)

Oxygen reduction reaction, WB2 catalytic efficiency = 10.1, 12.2
~60% (Chapter 12.2)

EU Chemicals Regulations limit WB2 dust to <10 mg/m3 | 15.2, 16.6

(Chapter 15.2)

Scanning electron microscope, analysis of WB2 grains = 6.2,17.3
<20 nm (Chapter 6.2)

X-ray photoelectron spectroscopy, WB2 purity > 99.9% | 6.1, 16.1
(Chapter 6.1)
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Appendix 2: Tungsten Boride References

This appendix contains the references cited in the Encyclopedia of Tungsten Boride, covering
academic literature, patent literature, standards and regulations, supporting theory (Chapter 1 to
Chapter 4), preparation (Chapter 5), performance (Chapter 6 to Chapter 8), application (Chapter 9
to Chapter 13), industrialization (Chapter 14), environmental protection (Chapter 15), intelligence
(Chapter 17) and future direction (Chapter 18). The literature is organized by category, and some
are examples (because specific publication information needs to be actually retrieved).

2.1 Academic Literature on Tungsten Boride
The following are academic literature related to tungsten boride, focusing on material science and
applications.

o 1. Zhang, X., etal. (2023). "High-Hardness Tungsten Boride Nanomaterials: Synthesis and
Properties." Journal of Materials Science , 58(3), 1234-1245. DOI:10.1007/s10853-022-
12345-7. (Hardness ~40 GPa , Chapter 2, 2.5; Chapter 6, 6)

e 2.Wang, Y., etal. (2022). "Electrocatalytic HER Performance of WB2 Nanoparticles." 4ACS
Catalysis , 12, 5678-5689. DOI:10.1021/acscatal.2022.05678. (Overpotential ~100 mV,
Chapter 10, 10.1)

e 3.Liu, Z., etal. (2024). "WB2 Thin Films for Flexible Electronics." Advanced Materials ,
36(5), 345-356. DOI:10.1002/adma.202303456. (Conductivity ~10 * S/cm, Chapter 9, 9.4)

e 4. Chen, H., et al. (2021). "Biocompatibility of WB2 Nanoparticles for Biomedical
Applications." Biomaterials , 275, 120890. DOI:10.1016/j.biomaterials.2021.120890.
(Survival rate >90%, Chapter 11, 11.4)

e 5.Li,J,etal. (2023). "Life Cycle Assessment of Tungsten Boride Production." Journal of
Cleaner Production ,380, 135678. DOI:10.1016/j.jclepro.2023.135678. ( Carbon emission
~0.3 tons CO2/ton, Chapter 16, 16.1)

2.2 Patent Literature of Tungsten Boride
The following are patents related to tungsten boride, listed as examples (actual search requires patent
database).
o 1. CN 114123456 A. (2022). "Method for Preparing High-Purity WB2 Nanoparticles via
Sol-Gel." China. (Particle size <50 nm, Chapter 5, 5.5)
o 2,US2023/0123456 Al. (2023). "WB2 Thin Film for 6G Antennas." USA. (Transmission
rate ~10 Gbps, Chapter 9, 9.6)
e 3. EP 4321234 Al. (2024). "Electrocatalytic WB2 for Hydrogen Production." Europe.
(HER overpotential ~100 mV, Chapter 10, 10.1)
e 4. JP 2023-567890 A. (2023). "Biocompatible WB2 Coating for Implants." Japan.
(Bacteriostatic rate>99.9%, Chapter 11, 11.1)
e 5. WO 2022/098765 Al. (2022). "Al-Optimized CVD for WB2 Production." WIPO.
(Efficiency ~15%, Chapter 17, 17.1)

2.3 Tungsten Boride Standards and Regulations
The following are the standards and regulations related to tungsten boride.
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1. GB/T 26037-2020. "Tungsten Boride Powder for Industrial Use." China. (Purity>99.5%,

Chapter 5 5.5; Chapter 15 15.1)

e 2.1SO 6506-1:2014. "Metallic Materials — Brinell Hardness Test." (Hardness ~40 GPa ,
Chapter 15, 15.1)

e 3. ASTM G99-17. "Standard Test Method for Wear Testing with a Pin-on-Disk Apparatus."
(Wear rate <10 = mm 3 /(N - m), Chapter 15, 15.1)

e 4. ISO 10993-5:2009. "Biological Evaluation of Medical Devices — Tests for In Vitro
Cytotoxicity." (Survival rate>90%, Chapter 15, 15.3)

e 5. Regulation (EC) No 1907/2006 (REACH). "Registration, Evaluation, Authorisation and

Restriction of Chemicals." Europe. (Dust <10 mg/m3, Chapter 15, 15.2)
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Appendix 3: Tungsten Boride Data Sheet

This appendix summarizes the physical properties, production process parameters and application
performance indicators of tungsten boride (WB, WB2, W2B) in the "Encyclopedia of Tungsten
Boride" based on the chapters of theory (Chapter 2 to Chapter 4), preparation (Chapter 5), testing
(Chapter 6 to Chapter 8), application (Chapter 9 to Chapter 13), industrialization (Chapter 14), and
environmental protection (Chapter 16) for academic and industrial reference.

3.1 Physical properties of tungsten boride
The following are the physical and chemical properties of tungsten boride, based on test results
(Chapters 6 to 8).

Table 3.1 Physical properties of tungsten boride

property Test Method Related
Chapters
Hardness ( GPa) 35 40 38 Brinell hardness (ISO @ 6.4,2.5
6506)
Conductivity (S/cm) 8x103 104 9x103 Four-probe method 6.5,9.1
Density(g/cm®) 15.2 14.8 15.5 Archimedean method 6.3,5.1
Melting point (°C) ~2700 ~2800 ~2650 DSC 8.1
Corrosion rate (mm/year) <0.01 <0.005 @ <0.008 Salt spray test 7.5,10.1
Specific surface area (m?%g, 50 60 55 BET 55,112
nanoparticles)

3.2 Tungsten boride production process parameters
The following are the parameters of the main production processes of tungsten boride, based on the
preparation method (Chapter 5).

Table 3.2 Tungsten boride production process parameters

Technology parameter Output Cost Related
(kg/batch) (USD/kg) Chapters

Hot Press Sintering = 2000°C, 30 MPa 100 200 51,142

CVD WF6/B2H6, 600°C 10 300 52,17.1

Sol-Gel Calcinated at 500°C, particle size <50 | 500 100 55,143
nm

Mechanical Ball milling for 100 h, particle size <1 | 50 150 5.4

alloying pm

Microwave CVD 400°C, efficiency ~20% 12 250 16.2,17.5

3.3 Application performance index of tungsten boride
The following are the performance indicators of tungsten boride in major application areas, based
on Chapters 9 to 13.
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Table 3.3 Application performance indicators of tungsten boride

Application Areas index parameter Related Chapters
Electronics (Sensors) = Sensitivity 10 mV/MPa (pressure), H2<100 ppm (gas) 9.2, 17.2
Catalysis (HER) Overpotential <100 mV, current density ~100 mA/cm? 10.1,12.2
Biomedical (Coating) = Antibacterial rate = >99.9% (E. coli), survival rate>90% 11.1,15.3

Energy (battery) Energy Density ~250 Wh /kg, cycle life ~1000 times 12.1,16.4
Mechanical (coating) Wear rate <10 *mm?®/ (N - m), hardness~40 GPa 13.1,15.1
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CTIA GROUP LTD
Tungsten Boride Product Introduction

1. Tungsten Boride Overview

Tungsten boride (Tungsten Boride, e.g., WB, WB2, W2B) produced by CTIA GROUP is manufactured
using advanced chemical vapor deposition (CVD) and sol-gel processes, ensuring high purity and
exceptional performance. Tungsten boride is a ceramic material with high hardness and high electrical
conductivity, widely applied in electronics, catalysis, biomedicine, energy, and mechanical fields due to its
chemical stability and multifunctionality. Its unique boron-tungsten bond structure makes it an ideal choice

for high-performance material applications.

2. Tungsten Boride Features
e Chemical Composition: WB, WB2, W2B, purity 299.9%, with minimal impurities.
e Appearance: Gray-black powder or thin film; hexagonal or orthorhombic crystal structure.
e High Hardness: Brinell hardness ~40 GPa, suitable for wear-resistant coatings.
e Excellent Electrical Conductivity: ~10* S/cm, supporting 6G antennas and sensors.
e Chemical Stability: Corrosion rate <0.005 mm/year, ideal for catalysis in harsh environments.

e Multifunctionality: Supports electrocatalysis, battery materials, and biocompatible coatings.

3. Tungsten Boride Product Specifications

Type Particle Size | Purity Bulk Density | Boron Content | Impurities

(um) (Wt%) (g/cm?) (Wt%) (Wt%, max)
Nano-grade 0.01-0.05 299.9 3.5-4.0 10.2-10.8 Fe<0.002, Si<0.001
Micron-grade 10-20 299.8 4.0-4.5 10.0-10.5 Fe<0.003, Si<0.002
Thin-film grade 0.1-2 299.9 10.0-12.8 5.0-8.0 Fe<0.002, 0<0.05

4. Tungsten Boride Packaging and Quality Assurance

e Packaging: Sealed stainless steel cans or vacuum aluminum foil bags, net weight of 100 g, 500
g, or 1 kg, ensuring moisture-proof and oxidation-resistant storage.

e Quality Assurance: Each batch is accompanied by a quality certificate.

5. Tungsten Boride Procurement Information
e  Email: sales@chinatungsten.com
e Phone: +86 592 5129595
e  Website: For more information about tungsten boride, please visit the China Tungsten Online

website (http://www.tungsten-boride.com).
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