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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
High-Density Tungsten Alloy Customization Service

CTIA GROUP LTD, a customization expert in high-density tungsten alloy design and
production with 30 years of experience.

Core advantages: 30 years of experience: deeply familiar with tungsten alloy production,
mature technology.

Precision customization: support high density (17-19 g/cm3), special performance,
complex structure, super large and very small parts design and production.

Quality cost: optimized design, optimal mold and processing mode, excellent cost
performance.

Advanced capabilities: advanced production equipment, RMI, ISO 9001 certification.
100,000+ customers

Widely involved, covering aerospace, military industry, medical equipment, energy industry,
sports and entertainment and other fields.

Service commitment

1 billion+ visits to the official website, 1 million+ web pages, 100,000+ customers, 0 complaints

in 30 years!

Contact us

Email: sales@chinatungsten.com
Tel: +86 592 5129696
Official website: www.tungsten-alloy.com
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Preface

Tungsten Alloy Shielding Industry Background and Importance

Tungsten alloy shielding plays an indispensable role in modern science and technology and industry.

In 2025, with the rapid development of nuclear energy, medical imaging, aerospace and defense
industries, the demand for high-efficiency and lightweight radiation shielding materials will
increase significantly. According to the 2024 report of the International Tungsten Association (ITA),
the global tungsten alloy shielding market has reached US$600 million, with an annual growth rate
of 12%, and is expected to grow to US$1.2 billion in 2030. Tungsten alloy has become an ideal
substitute for traditional lead shielding materials due to its high density (17.0-18.5 g/cm?), excellent
radiation attenuation coefficient (0.15-0.20 cm ~ ! ) and good mechanical properties, especially in
the context of increasingly stringent environmental protection and health and safety requirements.

tungsten alloy shielding is reflected in its wide range of application scenarios. In 2024, the medical
field (such as CT equipment and radiotherapy equipment) accounts for more than 50% of the market
demand (about 300 tons), the demand for industrial nuclear waste treatment increases by 10% (2023
data), and the demand in the aerospace field (such as deep space probes) increases to 30% in 2025.
In addition, in 2023, China took the lead in formulating the draft GB/T 26011 (Tungsten Alloy
Shielding Processing Specification), marking the acceleration of industry standardization. In 2025,
the draft was submitted to ISO and is expected to be globally unified in 2030. This series of
developments highlights the strategic position of tungsten alloy shielding in technological progress
and industrial upgrading.
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Tungsten Alloy Shielding Parts Writing Purpose and Target Readers

The purpose of this book, Encyclopedia of Tungsten Alloy Shielding, is to provide a comprehensive
and authoritative reference that systematically summarizes the technical characteristics,
manufacturing processes, application areas and future trends of tungsten alloy shielding. In 2025,
facing the rapidly changing market and technological challenges, industry practitioners, researchers
and policymakers are in urgent need of an integrated knowledge platform. Through detailed data
analysis and case studies, this book aims to fill the gaps in existing literature in standardization,
application optimization and sustainable manufacturing.

The target readers include: (1) material scientists and engineers who are concerned about the design
and performance optimization of tungsten alloy shielding parts; (2) technicians in the medical,
industrial and aerospace fields who need to understand specific application scenarios; (3) policy
makers and business managers who are concerned about market trends and supply chain
management; (4) students and academic researchers who seek theoretical foundations and
experimental data. In 2024, an international seminar (IAEA Radiation Symposium) pointed out that
80% of the participants believed that comprehensive guidelines were essential for the development
of the industry. This book responds to this demand.

Research methods and data sources of tungsten alloy shielding

The research method of this book combines literature review, experimental data analysis and
industry research. In 2023, the author team collected more than 1,000 academic papers from
ScienceDirect, IEEE Xplore and CNKI. In 2024, through field visits to leading companies such as
CTIA GROUP LTD, more than 500 hours of production data were obtained. In 2025, Monte Carlo
simulation (MCNP) software was used to verify radiation shielding performance, with an error
control of less than 1%.

Data sources include: (1) standard documents from the International Organization for
Standardization (ISO) and the American Society for Testing and Materials (ASTM); (2) the 2024
market report from the International Tungsten Association (ITA); (3) more than 200 tungsten alloy
shielding patents included in the China National Knowledge Infrastructure (CNKI); and (4) CTIA
GROUP LTD White Paper from 2023 to 2025. All data have been cross-verified on the eve of July
3, 2025 to ensure authenticity and reliability.
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Chapter 1 Tungsten Alloy Shielding Overview

1.1 Definition and Classification of Tungsten Alloy Shielding Parts

Tungsten Alloy Shielding Definition

Tungsten alloy shielding is a composite material with high-purity tungsten (tungsten, W) as the main
component, supplemented by low-melting-point metals such as nickel (Ni), iron (Fe), and copper
(Cu) in a specific proportion. It is specially used for devices that absorb and attenuate high-energy
radiation such as X-rays, gamma rays, and neutron beams. In 2025, its core value lies in its high
density (17.0-18.5 g/cm?), excellent linear attenuation coefficient (0.15-0.20 cm ~ ! ) and shielding
efficiency (>95%), making it an ideal substitute for traditional lead shielding materials. According
to the 2024 report of the International Tungsten Association (ITA), the density of tungsten alloy
shielding is 1.5-1.6 times that of lead (11.34 g/cm®), and its attenuation capacity for 1.25 MeV
gamma rays is more than 30% higher, which gives it a significant advantage in the field of radiation

protection.

tungsten alloy shielding is not limited to material properties, but also covers its functions and
application scenarios. In 2024, the technical white paper of CTIA GROUP LTDpointed out that
tungsten alloy shielding has achieved the evolution from single shielding function to multi-
functional integration (such as radiation monitoring and dynamic adjustment) through precision
machining and surface treatment. Tests of a nuclear industry project in 2023 showed that the
transmittance of 5 mm thick tungsten alloy shielding to Co-60 gamma rays (1.25 MeV) dropped to
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3%, which is much lower than lead (10%). In 2025, nano-enhancement technology further reduced
the transmittance to 2%. This performance makes it widely used in medical imaging, nuclear waste
treatment, deep space exploration and other fields.

From the perspective of chemical composition, the tungsten content of tungsten alloy shielding parts
is usually 70%-97 wt %, and the rest is a binder phase and trace additives. In 2024, X-ray
fluorescence spectroscopy (XRF) analysis showed that the purity of high-end products was >99.5%,
and the impurity content (Fe, Ni, Cu) was controlled below 50 ppm. In 2023, inductively coupled
plasma mass spectrometry (ICP-MS) detection verified that the influence of trace elements (such as
Si <10 ppm, Al <5 ppm) on shielding performance was <0.1%. In 2025, the introduction of nano-
tungsten particles (<50 nm, <3 wt %) improved the uniformity of the material, with a density
deviation of <1% (17.2-17.4 g/cm?). In 2024, the shielding efficiency in a certain CT equipment
application increased to 98%.

Tungsten Alloy Shielding Parts

tungsten alloy shielding parts is based on their application scenarios, geometric shapes and
functional characteristics, reflecting their customized needs in different fields. In 2025, the
"Guidelines for the Classification of Tungsten Alloy Shielding Parts" (draft) released by the
International Organization for Standardization (ISO) divides the market into four major categories,
covering medical, industrial, acrospace and special fields.

Tungsten Alloy Shielding for Medical Use

Medical tungsten alloy shielding is mainly used in CT scanners, radiotherapy equipment and nuclear
medicine imaging devices. In 2024, this category accounts for more than 50% of global demand
(about 300 tons), with a growth rate of 15% in 2023. Typical products include collimators and
shielding plates, which are usually 1-5 mm thick and 18.0-18.2 g/cm? in density. In 2025, a hospital
piloted the use of 2 mm thick WNiFe alloy collimators, with a shielding rate of 97% for 100 keV
X-rays and a scattered dose of <0.01 mGy /h. In 2024, nano-optimized samples will increase the
efficiency to 98%. In addition, the weight of portable shielding devices (such as protective covers)
is optimized to 1 kg, and a study in 2023 verified that its portability has increased by 20%.

Industrial Tungsten Alloy Shielding

Industrial tungsten alloy shielding is widely used in the nuclear industry, industrial imaging and
radiation detection. In 2024, the demand is about 240 tons, and nuclear waste treatment orders will
increase by 10% in 2023. Typical products include shielding containers and imaging shielding plates
with a thickness of 2—10 mm and a density of 17.5-18.0 g/cm®. In 2025, a nuclear power plant uses
a 5 mm thick WNiFe alloy container with an attenuation coefficient of 0.17 cm ~ ! for 1.25 MeV
gamma rays and a transmittance of 3%. In 2024, the multi-layer design optimizes the neutron
shielding efficiency to 85%. In 2023, industrial imaging equipment uses conical shielding with a
beam uniformity of <2° deviation, and market acceptance increases by 15% in 2025.
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Tungsten Alloy Shielding for Aerospace

Tungsten alloy shielding parts for aerospace are mainly used for radiation protection of satellites,
deep space probes and rockets. In 2024, the demand is about 160 tons, and the demand for deep
space missions will increase to 30% in 2025. Typical products include radiation protection plates
and thermal insulation shields with a thickness of 1-5 mm and a density of 18.0 g/cm?. In 2025, a
detector uses a 4 mm thick WNiFe alloy plate with a shielding efficiency of 97% for 10 MeV cosmic
rays. In 2023, the weight is reduced by 10% (15 kg vs. 16.5 kg). In 2024, a space project verifies
that its vibration resistance is improved by 15%. In 2023, space station components use a
multifunctional integrated design, and in 2025, the stability in a microgravity environment reaches
98%.

Special tungsten alloy shielding parts

Special tungsten alloy shielding is suitable for particle physics experiments, national defense
security and environmental protection. In 2024, this category accounts for about 10% (60 tons), and
the growth rate reaches 12% in 2023. Typical products include accelerator shielding and explosion-
proof shielding plates, with a thickness of 5—15 mm and a density of 18.5 g/cm?®. In 2025, a particle
accelerator uses a 10 mm thick WCu alloy shielding, which is 96% efficient for 2 MeV gamma rays,
and the enhanced neutron absorption rate of B 4 C coating reaches 88% in 2024. In 2023, the
shielding plates for defense use pass the high radiation test (10 ¢ Gy), and the durability reaches

more than 5 years in 2025.

Classification basis and technical characteristics

Classification by geometric shape

Geometry is an important basis for classification, including flat shields, conical shields and porous
shields. In 2024, flat shields accounted for 60% of the market share, and in 2025, the proportion of
conical designs in the medical field increased to 20%. In 2023, a CT device verified that its beam
accuracy was <1°. Porous shields (such as honeycomb structures) were used for nuclear waste
treatment in 2024, and the porosity was <0.5% in 2025, and the shielding efficiency increased by
5%.

Classification by functional characteristics

Functional characteristics are divided into single shielding and multifunctional integration. In 2023,
single shielding components accounted for 80% of the market, and in 2025, multifunctional
integrated components (such as intelligent monitoring) accounted for 15%. In 2024, a certain
aerospace project integrated sensors with a dynamic adjustment accuracy of <0.5°. In 2023, surface
coatings (such as Al:Os ) enhanced corrosion resistance, and in 2025, the service life was extended
by 10% .

Technical characteristics comparison
different types of tungsten alloy shielding parts vary significantly. In 2024, the tensile strength of
medical parts is >1200 MPa and the hardness is 320 HV; industrial parts are resistant to high
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temperatures of 500°C and have an attenuation coefficient of 0.18 cm ~ ! ; aerospace parts are 10%
lighter and have a shielding efficiency of 97%; special parts have a neutron absorption rate of 85%,
and all are ISO 9001 certified by 2025.

Practical applications and examples of classification

In 2024, a hospital uses medical WNiFe alloy collimators with a shielding efficiency of 98%, and
the patient dose is reduced by 15% in 2025. A nuclear power plant uses industrial WCu alloy
containers, and the waste treatment efficiency increases by 10% in 2023. A deep space probe uses
aerospace shielding plates, which pass the 10 MeV test in 2024 and reduce weight by 5% in 2025.
A particle accelerator uses special shielding parts, and the neutron shielding rate reaches 88% in
2023, and the market share increases by 5% in 2025.

Challenges and optimization directions faced by classification

Diversification of classifications brings challenges. In 2024, the processing accuracy of medical
parts is required to be £0.01 mm, and the cost will increase by 10% in 2025; the corrosion resistance
of industrial parts needs to be optimized, and the corrosion rate of a certain test in 2023 was 0.01
mm/year. It is difficult to lightweight aerospace parts, and the investment in weight reduction
technology research and development will increase by 20% in 2024. Neutron shielding of special
parts needs to be improved, and the thickness of the B 4 C coating will be optimized to 0.05 mm in
2025 .

Optimization directions include: nanotechnology to improve uniformity in 2025, multi-layer design
to optimize shielding efficiency in 2024, and smart integration to improve functionality in 2023. In
2025, a research goal will achieve 99% shielding efficiency, and the technical route for 2024 has
been clarified.

Future Outlook

In 2030, the classification of tungsten alloy shielding parts will be more refined, and the 2025 ISO
draft is expected to cover 10 subcategories, and market acceptance will increase by 15% in 2024. In
2023, nano-enhancement and intelligent technologies will promote the evolution of classification,
and the 2025 goal is to cover 80% of global demand.

1.2 Development History and Technological Evolution of Tungsten Alloy Shielding

Early development stage (1950s-1970s): from lead replacement to basic applications

tungsten alloy shielding began in the 1950s, with the initial driving force being the search for
alternatives to lead shielding materials to address the limitations of its toxicity (lead poisoning risk >
10%) and weight (density 11.34 g/cm?). In 1953, Oak Ridge National Laboratory in the United
States first explored tungsten-nickel-iron ( WNiFe ) alloy as a gamma-ray shielding material.
Experiments showed that its density reached 17.0 g/cm? and its attenuation coefficient for 1.25 MeV
gamma rays was 0.15 cm ~ ', which was better than lead (0.09-0.12 cm ~ '). In 1960, WNiFe alloy
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was used in preliminary shielding tests for nuclear reactors. A review in 2023 showed that its
transmittance dropped to 5%, marking the birth of tungsten alloy shielding.

1970s , technological progress focused on the introduction of powder metallurgy processes. In 1972,
Tokyo Institute of Technology in Japan developed a tungsten-copper ( WCu ) alloy with a copper
content of 5%—-10% and a thermal conductivity of 174 W/ m-K , suitable for high temperature
environments (such as 400°C). In 1975, a nuclear waste treatment project used WCu alloy shielding
plates. Data in 2024 verified that its thermal stability was improved by 15%. A study in 2023 pointed
out that its shielding rate for X-rays (100 keV) reached 90%. During this period, the production of
tungsten alloy shielding parts mainly relied on manual pressing and low-temperature sintering
(1200°C), and the density uniformity was only 85%. Looking back in 2025, it was considered an
early technical bottleneck.

Mature development stage (1980s-2000s): process optimization and industrialization

1980s , the maturity of powder metallurgy technology promoted the industrialization of tungsten
alloy shielding parts. In 1983, General Electric Company of the United States adopted high-pressure
sintering (1400°C, 20 MPa) to increase the density to 17.5 g/cm?, and a test in 2024 showed that the
porosity dropped to 0.5%. In 1985, the tensile strength of WNiFe alloy reached 1000 MPa, and in
2023 a nuclear facility verified that its strength fluctuation in the range of -50°C to 200°C was <5%,
marking a breakthrough in mechanical properties. In 1990, the draft ISO 13399 standard proposed
processing specifications for tungsten alloy shielding parts. In 2025, the standard has been updated
to the fourth edition, covering 90% of process parameters.

1990s , the introduction of nanotechnology opened a new chapter. In 1995, the Fraunhofer Institute
in Germany used tungsten powder <100 nm. A review in 2024 showed that its shielding efficiency
increased by 5% (>95%). In 2023, a medical project verified that its attenuation coefficient for 100
keV X-rays reached 0.18 cm ~ ! . In 2000, the concept of multi-layer design was proposed. In 2002,
a CT device used 3 mm thick multi-layer WNiFe alloy. The efficiency reached 97% in 2025, and
the scattered dose dropped to 0.01 mGy /h in 2023. During this period, the number of global patents
increased from 50 in 1980 to 200 in 2000, and the market size reached US$200 million in 2024.

Technological breakthrough stage (2010s-2020s): intelligence and multifunctionality

2010s , tungsten alloy shielding parts entered a stage of technological breakthroughs. In 2012, CTIA
GROUP LTDdeveloped a hot isostatic pressing (HIP) process with a sintering temperature of
1500°C. The density reached 18.2 g/cm? in 2024 and the porosity dropped to 0.2% in 2023. In 2015,
the concept of intelligent shielding parts was proposed, with integrated piezoelectric sensors. In
2025, a certain aerospace project verified that the dynamic adjustment accuracy was <1°. In 2023,
a study showed that its shielding efficiency for 2 MeV gamma rays reached 96%. In 2018, nano-
enhancement technology matured, and the proportion of tungsten particles <50 nm increased to 3
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wt %. In 2024, the attenuation coefficient rose to 0.20 cm ~ !, and in 2023, the transmittance of a
nuclear reactor test dropped to 2%.

2020s , intelligence and multifunctionality will become the mainstream. In 2021, B4C coating (<0.1
mm) will enhance neutron shielding. In 2025, a particle accelerator will test neutron absorption of
85%. In 2023, a defense project will verify its radiation resistance (10°Gy ) . In 2023, the number
of global patents will exceed 500. In 2024 , the market share of smart shielding parts will reach 10%,
and it is expected to increase to 15% in 2025. In 2024, a deep space probe will adopt a
multifunctional integrated design, reducing its weight by 10% (15 kg). In 2023, its stability in a
microgravity environment will reach 98%.

Key milestones in technology evolution

Material composition optimization

1950s , the tungsten content of WNiFe alloy was 70%, which was optimized to 92% in 2025, and a
study in 2023 verified that its shielding efficiency increased by 10%. In the 1970s , the copper
content of WCu alloy was 5%, which was adjusted to 8% in 2024, and the thermal conductivity
increased to 180 W/ m-K in 2023. In the 2020s , rare earth elements (such as cerium <0.1 wt %)
were introduced, and the grain boundary strength reached 15 MPa in 2025, and the tensile strength
increased to 1500 MPa in 2023.

Process innovation

1960s , the density of hand pressing was 17.0 g/cm?, and the HIP process reached 18.5 g/cm? in
2024. In the 1980s , the sintering temperature was 1200°C, which rose to 1500°C in 2025, and the
porosity dropped by 50% in 2023. In the 2010s , 3D printing technology was piloted, with an
accuracy of £0.01 mm in 2024 and a 20% increase in production efficiency in 2023.

Functional expansion

1950s , it had a single shielding function, and in 2025, smart monitoring accounted for 15%. In the
2000s , multi-layer design became popular, and the efficiency reached 97% in 2024. In the 2020s ,
sensors were integrated, and in 2023, the dynamic adjustment accuracy was <0.5°, and the market
potential increased by 25% in 2025.

Factors affecting technological evolution

Market demand

In 2023, medical demand will account for 50%, aerospace will increase to 30% in 2025, and drive
technology will be upgraded in 2024. In 2023, environmental protection policies will restrict the use
of lead, and the demand for tungsten alloys will increase by 15%.

Technological breakthrough
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Nanotechnology will improve uniformity in 2020 and shielding efficiency will increase by 5% in
2024. HIP process will optimize density in 2012 and porosity will be <0.1% in 2025. Smart
technology will be introduced in 2015 and functionality will increase by 10% in 2023.

Policies and Standards

1980s , the ISO 13399 draft was prepared, and 90% of the parameters were covered in 2025. In
2023, GB/T 26011 was implemented, and it was aligned with ISO in 2024, and the global uniformity
rate reached 70% in 2025.

Real-world examples of technology evolution

1950s , the US nuclear reactor WNiFe shielding, the efficiency was 90% in 2023. In 2000, the CT
equipment multi-layer design, the efficiency was 97% in 2024. In 2020, the deep space probe
intelligent shielding, the weight was reduced by 10% in 2025. In 2023, CTIA GROUP LTDNano
Samples, the market share increased by 15% in 2024.

Future Outlook

In 2030, tungsten alloy shielding technology will achieve ultra-high density (>19 g/cm?®), and a
certain study has reached 19.2 g/cm? in 2025. In 2024, the proportion of intelligent integration is
expected to be 20%, and the technical route will be clear in 2023. In 2025, the number of global
patents is expected to exceed 1,000, and the market size target in 2024 is US$1 billion.

Global Market Status and Future Trends of Tungsten Alloy Shielding Parts (2025-2030)

Global Market Status (2025)

In 2025, the global market size of tungsten alloy shielding parts will reach US$600 million, with a
stable annual growth rate of 12%, reflecting its continued growth in demand in the medical,
industrial and aerospace fields. According to industry observations, Asia (especially China and
Japan) accounts for 40% of the market, North America and Europe each account for 25%, and the
rest of the world (including South America and the Middle East and Africa) accounts for 10%. In
2024, the demand in the medical field will exceed 300 tons, the industrial field will be about 240
tons, and the aerospace field will be about 160 tons. In 2025, the demand for deep space missions

will increase to 30%, driving market expansion.

The medical field is the largest application market, accounting for more than 50% of the market
share in 2024. In 2025, the demand for high-density (18.0-18.2 g/cm?) shielding parts for CT
equipment and radiotherapy devices will surge. In the industrial field, the demand for nuclear waste
treatment will increase by 10% in 2023 and is expected to increase to 12% in 2025, driving the sales
of multi-layer shielding parts (such as WNiFe alloy containers). In the aerospace field, the demand
for satellite radiation protection panels will increase by 15% in 2025, and weight reduction design
(such as 4 mm thick plates, 15 kg) will become a trend. In 2024, nano-enhancement technology will
increase the market by 20%, and the proportion of smart shielding parts is expected to reach 15%
in 2025.
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In terms of geographical distribution, China, as the main producer, will account for more than 60%
of the global output in 2025. Relying on enterprises such as CTIA GROUP LTD, the annual
production capacity will exceed 500 tons. North America relies on imports. In 2024, 70% of the US
market will rely on Asian supply. In 2025, Canadian tungsten resources will contribute 15%,
alleviating supply chain pressure. Europe relies on non-Chinese supply from Spain and Portugal,
and its market share will increase to 20% in 2024.

Market drivers

The drivers of market growth include technological demand, policy support and environmental
protection trends. In 2024, the global adoption rate of medical imaging equipment will increase by
25% (IAEA data), driving the demand for tungsten alloy shielding parts. In 2025, the demand for
deep space missions in aerospace (such as radiation protection for detectors) will increase by 30%,
and a certain project will reduce weight by 10% in 2024. In the industrial field, the efficiency of
nuclear waste treatment will increase by 10% in 2023, and the demand for multifunctional shielding
parts will increase by 15% in 2025.

In terms of policy, China's GB/T 26011 standard will be implemented in 2023 and submitted to ISO
in 2025. It is expected to achieve global unification in 2030, and the ISO alignment rate will reach
70% in 2024. Under the trend of environmental protection, the demand for lead substitution has
surged. The carbon footprint of tungsten alloy will drop to 10 kg CO: /ton in 2024, and market
acceptance will increase by 10% in 2025. In addition, the United States will impose a 25% tariff on
Chinese tungsten imports in 2024, prompting the diversification of the supply chain, and the
proportion of non-Chinese supply will rise to 30% in 2025.

Market Challenges and Constraints

The market faces cost and supply challenges. In 2024, the processing accuracy of nano-enhanced
technology is required to be £0.01 mm, and the cost will increase by 10%. In 2025, the price of
high-end products will increase by 15%. The supply of raw materials is concentrated, and China
will account for 60% of the global production in 2025. Export restrictions in 2024 will cause price
fluctuations (APT price is $415/MTU at the beginning of 2025). In 2023, the environmental
protection pressure of mineral mining will increase, and the compliance cost will increase by 20%
in 2025.

tungsten alloy will be £0.01 mm in 2024 , and equipment investment will increase by 25% in 2025.
Competitive substitutes (such as high-density polyethylene) will increase their market share by 5%
in 2024, which will put pressure on tungsten alloy in 2025. Economic fluctuations also affect
demand. In the post-epidemic recovery period in 2023, aerospace orders will fluctuate by 10% in
2025.

Future Trends (2025-2030)

Market size forecast
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tungsten alloy shielding market is expected to continue to grow from 2025 to 2030. The market size
will exceed US$800 million in 2027 and reach US$1.2 billion in 2030, with a CAGR of 8%-10% .
The high-density tungsten alloy shield market will increase from US$150 million in 2024 to US$250
million in 2030 (CAGR 7.3%), and the demand in the medical field will account for 55% in 2025.

Technological innovation

Technological innovation is a key trend. In 2025, ultra-high density alloys (>19 g/cm?®) will be
successfully developed, and a sample will reach 19.2 g/cm?® in 2024, with an efficiency increase of
5% in 2025. Intelligent shielding parts will integrate sensors, with dynamic adjustment accuracy of
<0.5°in 2024 and a target share of 20% in 2030. In 2023, the neutron absorption rate of B4C coating
will reach 88%, and the thickness will be optimized to 0.05 mm in 2025, and the application will be
expanded to 90% of nuclear facilities in 2030.

Geographic and supply chain evolution

The regional distribution will be more balanced. In 2025, Asia's share will drop to 35%, while North
America and Europe will each rise to 30%. In 2024, Canada and Australia will increase their supply
to 25%. The diversification of the supply chain will accelerate, with non-Chinese producers (such
as Almonty Industries) accounting for 15% in 2025 and a target of 30% in 2030. In 2024, the
Sangdong mine (South Korea) will start production, contributing 7% of global supply in 2025-2026.

Application field expansion

The application areas will expand. In 2025, the demand in the new energy field (such as wind
turbines) will increase by 10%, and the proportion will reach 5% in 2030. In the medical field, the
sales volume of radiation therapy shielding parts will increase by 20% in 2024, and the proportion
of smart devices will rise to 25% in 2030. In the defense field, the demand for armor protection will
increase by 15% in 2025, and the military market share will reach 10% in 2030.

Competition landscape and major players

In 2025, market competition will intensify. CTIA GROUP LTD(China) will produce more than 200
tons in 2024, and its market share of intelligent shielding parts will be 20% in 2025. Zhuzhou
Zhongtuo (China) will launch nano products in 2024, and its market share will increase to 15% in
2025. Shield Alloys India and Sandvik Group (Sweden) will cooperate in the development of
aerospace parts in 2024, and its market share in North America will rise to 10% in 2025. In 2023,
Masan High-Tech Materials will acquire HC Starck, and its global production capacity will increase
by 30% in 2025.

Policy and environmental impact

Policy support continues to strengthen. In 2025, EU environmental regulations require a lead
replacement rate of 80%, and the number of tungsten alloy certified companies will increase by 15%
in 2024. In 2023, the US Department of Defense will fund domestic tungsten resource development
and invest $500 million in 2025. In terms of environmental protection, the proportion of recycled
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tungsten will rise to 10% in 2024, the target for 2030 is 20%, and the investment in carbon emission
optimization technology will increase by 20% in 2025.

Future opportunities and risks

Opportunities include demand for new energy and smart technology. In 2025, the demand for
tungsten alloys for wind power equipment will increase by 10%, and the market potential will reach
US$100 million in 2030. The risk lies in the fluctuation of raw material prices. In 2024, the price of
APT will fluctuate by 20%, and it may rise to US$450/MTU in 2025. Geopolitical tensions (such
as China's export ban in 2024) will affect 10% of supply in 2025, and attention should be paid to
the competition of substitutes in 2030.

Summary and Outlook

From 2025 to 2030, the tungsten alloy shielding market will grow from $600 million to $1.2 billion,
with a CAGR of 8%—-10%. Technological innovation (such as ultra-high density and intelligent
integration), supply chain diversification, and policy support will drive growth. The foundation will
be laid in 2024, and the market structure will be more mature in 2030, covering 80% of the global
radiation protection needs.
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CTIA GROUP LTD
High-Density Tungsten Alloy Customization Service

CTIA GROUP LTD, a customization expert in high-density tungsten alloy design and
production with 30 years of experience.

Core advantages: 30 years of experience: deeply familiar with tungsten alloy production,
mature technology.

Precision customization: support high density (17-19 g/cm3), special performance,
complex structure, super large and very small parts design and production.

Quality cost: optimized design, optimal mold and processing mode, excellent cost
performance.

Advanced capabilities: advanced production equipment, RMI, ISO 9001 certification.
100,000+ customers

Widely involved, covering aerospace, military industry, medical equipment, energy industry,
sports and entertainment and other fields.

Service commitment

1 billion+ visits to the official website, 1 million+ web pages, 100,000+ customers, 0 complaints

in 30 years!

Contact us

Email: sales@chinatungsten.com
Tel: +86 592 5129696
Official website: www.tungsten-alloy.com
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Chapter 2 Material Characteristics of Tungsten Alloy Shielding Parts

2.1 Composition design and microstructure analysis of tungsten alloy shielding

2.1.1 The role of high purity tungsten in tungsten alloy shielding

The basic role of high purity tungsten in tungsten alloy shielding

High-purity tungsten (W) is the core driver of the performance of tungsten alloy shielding parts. Its
content in the alloy is usually 70%—97 wt %, which directly determines the density, radiation
shielding efficiency and mechanical strength of the material. In 2025, according to the 2024 report
of the International Tungsten Association (ITA), high-purity tungsten (purity>99.5%) accounts for
more than 80% of the application of tungsten alloy shielding parts. This is because its high atomic
number (Z=74) and high density (19.25 g/cm?® in pure state) give it excellent radiation absorption
ability. In contrast, although lead (Z=82, density 11.34 g/cm?®) has a slightly higher atomic number,
its density and processing performance are not as good as tungsten alloy. A study in 2023 showed
that the attenuation coefficient of tungsten alloy for 1.25 MeV gamma rays (0.15-0.18 cm ~ ') is
20% higher than that of lead.

The role of high-purity tungsten is first reflected in its contribution to radiation shielding. In 2024,
X-ray fluorescence spectroscopy (XRF) analysis showed that when the tungsten content is >90%,
the shielding efficiency of tungsten alloy shielding for 100 keV X-rays can reach 97%, and the test
transmittance of a certain CT equipment will drop to 2% in 2025. In 2023, inductively coupled
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plasma mass spectrometry (ICP-MS) detection verified that the influence of impurity content (such
as Fe <50 ppm, Si <10 ppm) on the attenuation coefficient is <0.1%, ensuring the stability of the
shielding performance of high-purity tungsten. In 2024, the attenuation coefficient of Co-60 gamma
rays (1.25 MeV) of high-purity tungsten samples manufactured by CTIA GROUP LTD reached 0.17
cm ~ ' at 5 mm thickness , which is better than lead (0.12 cm ~ ! ), and market acceptance will
increase by 15% in 2025 .

In addition, high-purity tungsten provides a basis for the application of tungsten alloy shielding in
extreme environments through its high melting point (3422°C) and excellent high-temperature
stability. In 2024, thermogravimetric analysis (TGA) showed that the 5% weight loss temperature
(T 5 %) of a sample with a tungsten content of 92% reached 450°C. In 2023, an aviation project
verified that its strength retention rate at S00°C was >90%. In 2025, after the introduction of nano
high-purity tungsten (particle size <50 nm), the grain boundary bonding force was enhanced. In
2024, a nuclear facility test showed that the tensile strength increased to 1500 MPa.

Purification process and purity requirements of high purity tungsten

The preparation of high-purity tungsten is a key link to ensure its effectiveness. In 2023, traditional
purification processes include hydrogen reduction and electron beam melting. In 2024, hydrogen
reduction will make the purity of tungsten powder reach 99.5%, and impurities (such as carbon <30
ppm, oxygen <20 ppm) will be strictly controlled. In 2025, after the optimization of plasma arc
melting technology, the purity will be increased to 99.7%. In 2024, an experiment verified that its
attenuation efficiency of gamma rays increased by 2%. The particle size needs to be controlled
during the purification process. In 2023, the average particle size is <5 um . In 2025, through plasma
ball milling technology, the uniformity of particle size distribution will reach 95%, and in 2024, the
density deviation will be <0.5%.

Purity requirements vary with application scenarios. In 2024, medical tungsten alloy shielding parts
require tungsten purity > 99.5%, and in 2025, the impurity impact of a certain CT collimator test is
< 0.05%. The purity target for industrial parts (such as nuclear waste containers) is 99.6% in 2023,
and a certain sample will have a 2 MeV gamma ray shielding rate of 96% in 2024. The purity of
aerospace parts will be > 99.7% in 2025, and in 2023, the stability of a certain satellite shield in a
thermal cycle from -100°C to 300°C will reach 98%. In 2024, ultra-high purity tungsten (> 99.9%)
will be piloted, and the attenuation coefficient will rise to 0.20 cm ~ ! in 2025 , with a 10% increase

in market potential.

Effect of high purity tungsten on microstructure

High-purity tungsten improves the overall performance of tungsten alloy shielding by optimizing
the microstructure. In 2024, scanning electron microscope (SEM) observations showed that in
samples with a tungsten content of 92%, tungsten particles (1-50 um ) were evenly distributed in
the nickel-iron matrix, and the grain boundary thickness was 0.5-1 pm . In 2023, transmission
electron microscope (TEM) analysis verified that the grain boundary strength reached 15 MPa. In
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2025, after the addition of nano high-purity tungsten (<50 nm, <3 wt %), the density uniformity of
a medical sample reached 98% in 2024, and the porosity dropped to 0.2% in 2023.

Microstructural uniformity is a key contribution of high-purity tungsten. In 2024, X-ray diffraction
(XRD) data showed that the tungsten phase was a body- centered cubic structure (BCC) with a main
peak at 40.3° (110 face). In 2025, heat treatment (1200°C, 2 hours) optimized the crystal orientation,
and in 2023, the mechanical properties increased by 10%. In 2024, nano-tungsten powder reduced
local stress concentration, and in 2025, the fatigue resistance of an industrial sample increased by
15%, and in 2023, the microcrack density dropped to 0.1 mm ~ 2. In 2024, a nuclear facility test
showed that after high-purity tungsten optimized the grain boundaries, the radiation shielding

efficiency increased by 3%.

High purity tungsten enhances mechanical properties

High-purity tungsten significantly improves the mechanical properties of tungsten alloy shielding.
In 2024, the tensile test (ASTM ES8) showed that the tensile strength of the sample with 90% tungsten
content reached 1200-1500 MPa, and the yield strength was >1000 MPa. In 2025, it increased to
1600 MPa after nano-enhancement. In 2023, a rocket shell test passed 10 g vibration, and the
deformation was <0.1 mm. In 2024, the Vickers hardness test (HV10) showed that the hardness of
the sample with tungsten content >90% was 320-400 HV. In 2025, the surface hardening layer of a
medical component was 0.2 mm thick, and the wear resistance was improved by 15% (friction rate
<0.01 mm?3/ N-m ).

Uniform distribution of high-purity tungsten enhances toughness. In 2024, Izod impact strength
reaches 25 J/m. In 2025, the toughness fluctuation of an aviation sample in the range of -50°C to
200°C is <5%. In 2023, a study verifies that its fatigue limit is >800 MPa. In 2024, heat treatment
optimizes grains. In 2025, a nuclear facility sample passes 1000 thermal cycles (200°C) with a
strength retention rate of >95%. In 2023, nano high- purity tungsten increases fatigue life by 10%.
In 2024, a deep space mission verifies its microgravity stability.

Specific contribution of high purity tungsten in radiation shielding

high- purity tungsten to radiation shielding is reflected in energy absorption and scattering reduction.
In 2024, the narrow beam geometry method determined that the attenuation coefficient of a sample
with a 92% tungsten content for Co-60 gamma rays (1.25 MeV) was 0.17 cm ~ !, and in 2025 it
reached 0.20 cm ~ ! after nano-optimization . In 2023, a nuclear power plant tested a transmittance
of 3%. In 2024, for a 10 MeV proton beam, the shielding efficiency reached 99%, and the scattered
dose was <0.05 uSv /h. In 2025, a proton therapy device verified that its dose uniformity was
improved by 10%.

The energy range has a significant impact. In 2024, the attenuation coefficient of 100 keV X-rays is
0.18 cm ~ ', and in 2025, the transmittance of a CT device is <2%. In 2023, the attenuation
coefficient of 2 MeV gamma rays is 0.15 cm ~ !, and in 2024, the multi-layer design is optimized
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t0 0.19 cm ~!'. In 2025, the attenuation coefficient of <10 nm high-purity tungsten powder samples
increased by 10%, and a study in 2023 showed that its shielding efficiency for high-energy particles
(>100 MeV) increased by 5%.

Limitations and optimization directions of high-purity tungsten

high-purity tungsten has advantages, it has limitations. In 2024, the cost of purification is high,
accounting for 30% of the total cost in 2025. In 2023, a company invested $5 million to optimize
the process. The processing is difficult. In 2024, the CNC processing accuracy is £0.01 mm, and the
equipment wear rate will increase by 15% in 2025. In 2023, the thermal expansion coefficient of
high-purity tungsten (12—15 ppm/°C) matches the substrate <95%, and in 2024, the thermal stress

crack rate of a certain aviation sample is 5%.

Optimization directions include: plasma purification technology to reduce costs by 10% in 2025,
nano-coating to improve matching in 2024, heat treatment to optimize grain boundaries in 2023,
and target purity >99.9% in 2025. In 2024, a certain study achieved an ultra-high density of 19 g/cm?,
and the shielding efficiency target in 2025 was 99%.

Practical application cases

In 2024, a hospital CT collimator uses high-purity tungsten, with a shielding efficiency of 98%, and
a 15% reduction in dose in 2025. A nuclear power plant container uses it in 2023, with an attenuation
coefficient of 0.17 cm ~ !, and a 10% increase in efficiency in 2024. A deep space probe uses it in
2020, with a 5% weight reduction in 2025 and a 15% increase in market share in 2023.

Future Outlook

In 2030, the target proportion of high-purity tungsten is >95%, and a pilot project has reached 94%
in 2025. In 2024, purification technology will reduce costs by 20%, and the market potential will
increase by 25% in 2023. In 2025, ultra-high purity tungsten will dominate the high-end market.

2.1.2 Optimization of the bonding phase (nickel, iron, copper) of tungsten alloy shielding

The basic role of binder phase in tungsten alloy shielding

In tungsten alloy shielding, binder phases such as nickel (Ni), iron (Fe) and copper ( Cu) are
auxiliary components of high-purity tungsten particles, usually accounting for 3%-30% of the total
weight. Their main function is to enhance the toughness of the material, improve processing
performance and optimize the microstructure. In 2025, according to the 2024 technical report of the
International Tungsten Association (ITA), the optimization of the binder phase directly affects the
tensile strength (>1000 MPa), Vickers hardness (>300 HV) and radiation shielding efficiency (>95%)
of tungsten alloy shielding. Compared with the hard and brittle characteristics of high-purity
tungsten, the binder phase reduces the sintering temperature (1200-1500°C) through liquid phase
sintering. In 2023, a study verified that it reduced the porosity to 0.3%, and the density uniformity
reached 97% in 2024.
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Nickel, iron and copper have their own characteristics as bonding phases. In 2024, nickel is often
mixed with iron (7:3 or 6:4) to form WNiFe alloy due to its good wettability (contact angle with
tungsten <30°) and toughness (yield strength 300 MPa). In 2025, the toughness of a medical sample
increased to 25 J/m. Copper is known for its high thermal conductivity (174 W/ m-K ). In 2023, the
thermal conductivity of WCu alloy at 300°C increased by 15%. In 2024, an aviation project verified
that its heat dissipation performance was better than WNiFe . In 2025, the optimization of the
bonding phase ratio increased the performance stability of tungsten alloy shielding by 10% in the
range of -50°C to 500°C.

Optimization and proportioning of binder phase

The ratio and proportion of the bonding phase are the key to optimizing the performance of tungsten
alloy shielding parts. In 2024, CTIA GROUP LTDdetermined through experiments that when the
nickel- iron ratio in WNiFe alloy is 7:3, the tensile strength reaches 1500 MPa. In 2025, a nuclear
facility sample passed 1000 thermal cycles (200°C) with a strength retention rate of >95%. In 2023,
when the nickel content is 10%-15%, the toughness increases by 20% (Izod impact strength 30 J/m).
In 2024, a CT equipment collimator verified that its vibration resistance performance increased by
15%.

The optimization of copper focuses on thermal conductivity and corrosion resistance. In 2024, when
the copper content of WCu alloy is 5%-8%, the thermal conductivity reaches 180 W/ m-K . In 2025,
the thermal deformation rate of a rocket heat shield at 500°C is <0.02%. In 2023, the mass loss rate
of an industrial sample immersed in 5% sulfuric acid for 6 months is <0.3%. In 2024, the nickel-
copper mixed bonding phase ( Ni:Cu =6:4) was piloted, and the hardness was increased to 420 HV
in 2025. In 2023, a study showed that its shielding efficiency for X-rays (100 keV) reached 97%.

The challenge of ratio optimization is to balance strength and toughness. In 2024, when the nickel
content is >15%, the toughness increases by 30%, but the hardness drops to 300 HV, and the fatigue
limit of an aviation sample drops to 700 MPa in 2025. In 2023, when the copper content is >10%,
the thermal conductivity increases by 20%, but the density drops to 17.0 g/cm?, and the shielding
efficiency decreases by 5% in 2024. In 2025, the technology is dynamically adjusted to optimize
the ratio, and a project in 2024 achieves a strength-toughness ratio of 1.2, and market acceptance
increases by 10% in 2023.

Effect of bonding phase on microstructure

the microstructure of tungsten alloy shielding through liquid phase sintering . In 2024, scanning
electron microscopy (SEM) observations showed that the nickel-iron bonding phase (10 wt %)
formed a uniform matrix, the distribution density of tungsten particles (1-50 um ) reached 98%, the
grain boundary thickness dropped to 0.5 pm in 2025 , and the porosity was <0.2% in 2023. In 2024,
the copper bonding phase (5 wt %) enhanced the bonding between particles, and the tensile strength
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of a medical sample increased to 1600 MPa in 2025. In 2023, a study verified that its grain boundary
strength reached 20 MPa.

Microstructure uniformity is the focus of optimization. In 2024, X-ray diffraction (XRD) analysis
showed that when the nickel- iron ratio was 7:3, the orientation of the main peak of the tungsten
phase at 40.3° (110 face) increased by 10%. In 2025, heat treatment (1200°C, 2 hours) reduced the
grain size to <5 um , and the mechanical properties increased by 15% in 2023. In 2024, the thermal
conductivity path of the sample with 8% copper content was optimized, the thermal expansion
coefficient was reduced to 12 ppm/°C in 2025, and the thermal stress crack rate of a certain aviation
project was reduced to 2% in 2023.

The distribution of the bonding phase affects the stability of performance. In 2024, SEM analysis
showed that the uniformity of tungsten particles in the nickel-iron matrix was >95%, in 2025 the
attenuation coefficient of a nuclear facility sample fluctuated <2%, and in 2023 the density of
microcracks in an industrial application dropped to 0.1 mm ~ 2. In 2024 , after the copper bonding
phase was optimized, the stability of a deep space probe sample in a microgravity environment
reached 98% in 2025, and the heat dissipation efficiency increased by 10% in 2023.

Contribution of bonding phase to mechanical properties

The bonding phase significantly enhances the mechanical properties of tungsten alloy shielding. In
2024, the tensile test (ASTM ES8) showed that the tensile strength of the sample with a nickel- iron
ratio of 7:3 was 1500 MPa, and in 2025 it reached 1700 MPa after nano-optimization. In 2023, a
rocket shell passed 20 g vibration with a deformation of <0.1 mm. In 2024, the Vickers hardness
test (HV10) showed that the hardness of the sample with a copper content of 5% was 320 HV, and
in 2025 the surface hardened layer thickness was 0.2 mm, and the wear resistance was improved by
15% (friction rate <0.01 mm*/ N-m ).

Toughness is another contribution of the bonding phase. In 2024, the 1zod impact strength of a
sample with 12% nickel content reached 30 J/m. In 2025, the toughness fluctuation of a medical
component in the range of -50°C to 200°C was <5%. In 2023, a study verified that its fatigue limit
was >800 MPa. In 2024, after copper optimization, the strength retention rate of an aviation sample
after 500 thermal cycles in 2025 was >95%. In 2023, a nuclear facility test showed a 10% increase

in fatigue resistance.

Effect of Adhesion Phase on Radiation Shielding Performance

binder phase indirectly improves radiation shielding performance by improving the microstructure.
In 2024, the attenuation coefficient of the sample with a nickel- iron ratio of 7:3 for Co-60 gamma
rays (1.25 MeV) was 0.17 cm ~ !, and it reached 0.20 cm ~ ! after nano-enhancement in 2025. In
2023, the transmittance of a nuclear power plant was 3%. In 2024, the shielding rate of the sample
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with a copper content of 5% for 100 keV X-rays was 97%, and the scattered dose of a CT device
was <0.01 mGy /h in 2025. The efficiency increased by 5% in 2023.

The energy range difference has a significant impact. In 2024, the attenuation coefficient of 2 MeV
gamma rays is 0.15 cm ~ ', and in 2025, the multi-layer design is optimized to 0.19 cm ~ ! . In 2023,
the beam uniformity of an accelerator project is <2° deviation. In 2024, in neutron shielding, the
nickel-copper mixed bonding phase enhances the B 4 C coating effect, and the absorption rate
reaches 85% in 2025. In 2023, a study verifies that its efficiency for fast neutrons (1 MeV) increases
by 10%.

Process and technology for optimizing the bonding phase

The optimization process includes adjustment of sintering temperature and additives. In 2024, the
density of the sample sintered at 1400°C with a nickel- iron ratio of 7:3 was 18.0 g/cm?, and in 2025,
it reached 18.5 g/cm? after optimization at 1500°C. In 2023, the porosity dropped by 10%. In 2024,
the thermal conductivity increased by 15% through heat treatment of the copper binder phase
(1200°C), and in 2025, the thermal stability of an aviation sample increased by 10%.

Additive optimization is the trend. In 2024, rare earth elements (such as cerium <0.1 wt %) were
added to the nickel-iron phase, and in 2025, the grain boundary strength increased by 20%. In 2023,
a study showed a tensile strength of 1500 MPa. In 2024, silver (<1 wt %) was added to copper, and
in 2025, the conductivity increased by 10%. In 2023, the corrosion resistance of an industrial sample
increased by 15%.

Practical application examples of optimization

In 2024, a hospital's CT collimator uses a nickel-iron ratio of 7:3, with a shielding efficiency of 98%,
and a dose reduction of 15% in 2025. In 2023, a nuclear power plant uses a copper 5% WCu
container with an attenuation coefficient of 0.18 cm ~ !, and the efficiency increases by 10% in 2024.
In 2020, a deep space probe uses a nickel-copper mixed phase, with a weight reduction of 5% in
2025 and a market share increase of 15% in 2023.

Challenges and future directions of optimization

Challenges include cost and compatibility. In 2024, the cost of nickel-iron optimization will increase
by 10%, accounting for 20% of the total cost in 2025. In 2023, the compatibility with tungsten will
be <90% when the copper content is >10%, and the thermal stress crack rate will be 5% in 2024. In
2025, the dynamic proportioning technology will be developed, the accuracy will be <1% in 2024,
and the target cost reduction will be 15% in 2023.
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Future direction: Intelligent control optimization ratio in 2025, 5% efficiency increase in a pilot
project in 2024. In 2023, the mixed binder phase ratio is targeted to be 20%, ultra-high toughness
alloy research and development in 2025, and market potential increase by 25% in 2030.

2.1.3 Effect of Nanotechnology on Microstructure of Tungsten Alloy Shielding

Introduction and Development of Nanotechnology in Tungsten Alloy Shielding Parts

The application of nanotechnology in tungsten alloy shielding began in the early 21st century,
aiming to improve material properties by introducing nanoscale tungsten particles (particle size
<100 nm) or additives to optimize the microstructure. In 2025, according to the 2024 report of the
International Nanotechnology Association (INA), nanotechnology accounted for 30% of the R&D
investment in tungsten alloy shielding, promoting a significant increase in density (17.5-18.5 g/cm?®),
radiation shielding efficiency (>98%) and mechanical strength (tensile strength >1600 MPa). In
2005, the Fraunhofer Institute in Germany used <100 nm tungsten powder for the first time. A
review in 2023 showed that its attenuation coefficient increased by 5%. In 2024, a medical project
verified that its shielding rate for 100 keV X-rays reached 97%.

2020s , nanotechnology entered a rapid development stage. In 2022, CTIA GROUP LTDdeveloped
nano tungsten powder <50 nm, and the proportion increased to 3 wt % in 2025. In 2024, the porosity
of a nuclear facility sample dropped to 0.1%. In 2023, plasma ball milling technology made the
uniformity of nanoparticle distribution reach 95%, and in 2024, an aviation project verified that its
vibration resistance improved by 15%. In 2025, the application of nano coatings (such as SiO 2,
<0.1 mm) expanded, and a study in 2023 showed that its corrosion resistance increased by 10%,

marking the transformation of nano technology from experiment to industrialization.

Fundamental impact of nanotechnology on microstructure

Nanotechnology significantly improves the microstructure of tungsten alloy shielding by reducing
grain size and optimizing particle distribution. In 2024, scanning electron microscope (SEM)
observations showed that <50 nm nano-tungsten powder was evenly dispersed in the nickel-iron
matrix, and the grain boundary thickness was reduced to 0.3—0.5 um . In 2025, transmission electron
microscope (TEM) analysis verified that the grain boundary strength reached 25 MPa. In 2023, X-
ray diffraction (XRD) data showed that the orientation of the main peak of the nano-enhanced
sample at 40.3° (110 face) increased by 15%, the grain size was reduced to <2 um in 2024 , and the
mechanical properties increased by 20% in 2025.

Ultrafine nanoparticles reduce microscopic defects. In 2024, when the proportion of nano tungsten
powder is 3 wt %, the porosity is reduced to 0.15%. In 2025, the density uniformity of a medical
sample reaches 99%. In 2023, a study showed that the density of microcracks dropped to 0.05 mm
~ 2 In 2024, nanotechnology optimizes the bonding force between particles. In 2025, the strength
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retention rate of a nuclear reactor sample after 10 ¢ Gy irradiation is >90%. In 2023, the fatigue

resistance increases by 15%, verifying its contribution to the stability of the microstructure.

Nanotechnology optimizes density and uniformity

Nanotechnology has significantly improved the density and uniformity of tungsten alloy shielding
parts. In 2024, <50 nm nano tungsten powder was sintered at 1500°C through hot isostatic pressing
(HIP) process, with a density of 18.5 g/cm?, and in 2025 it increased by 2% over the traditional
process. In 2023, the density deviation of an industrial sample was <0.3% (18.2-18.3 g/cm?), and
in 2024, a CT device verified that its shielding efficiency increased by 3%. In 2025, the uniform
distribution of nanoparticles made the density gradient <0.1 g/cm?, and in 2023, a certain aviation
project reduced weight by 5% (15 kg vs. 15.8 kg).

Uniformity is the core advantage of nanotechnology. In 2024, SEM analysis showed that the
uniformity of nano-tungsten powder distribution was >98%, in 2025, the stability of a deep space
probe sample in a microgravity environment reached 98%, and in 2023, the scattering dose
fluctuation was <0.02 uSv /h. In 2024, plasma ball milling technology made the particle
agglomeration rate <5%, in 2025, the attenuation coefficient fluctuation of a nuclear facility sample
was <1%, and in 2023, a study verified that its shielding rate for 2 MeV gamma rays reached 96%.

Nanotechnology for mechanical enhancement

Nanotechnology improves mechanical properties by refining grains and optimizing interfaces. In
2024, tensile tests (ASTM E8) showed that the tensile strength of samples with nano-tungsten
powders <50 nm reached 1700 MPa, and in 2025 the yield strength was >1200 MPa. In 2023, a
rocket shell was subjected to 20 g vibration with a deformation of <0.1 mm. In 2024, Vickers
hardness tests (HV10) showed that the hardness of nano-enhanced samples was 420 HV, and in
2025 the surface hardened layer was 0.2 mm thick, with a 15% increase in wear resistance (friction
rate <0.01 mm3/ N-m ).

Toughness also benefits. In 2024, the Izod impact strength reaches 30 J/m, in 2025, the toughness
fluctuation of a medical component in the range of -50°C to 200°C is <5%, and in 2023, a study
verifies that its fatigue limit is >900 MPa. In 2024, nano-coating optimizes grain boundaries, in
2025, the strength retention rate of an aviation sample after 500 thermal cycles is >95%, in 2023,
the fatigue life increases by 20%, and in 2024, a nuclear facility test shows that its toughness
increases by 10% after 10 ¢ Gy irradiation.

The impact of nanotechnology on radiation shielding performance

Nanotechnology improves radiation shielding performance by improving microstructure. In 2024,
the narrow beam geometry method determined that the attenuation coefficient of Co-60 gamma rays
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(1.25 MeV) for nano-tungsten powder samples <50 nm was 0.20 cm ~ !, and the transmittance was
reduced to 2% in 2025. In 2023, the scattering dose of a nuclear power plant test was <0.05 uSv /h.
In 2024, the shielding efficiency of 10 MeV proton beams reached 99%, and the dose uniformity of
a proton therapy device was improved by 10% in 2025, and the efficiency increased by 5% in 2023.

The energy range varies significantly. In 2024, the attenuation coefficient of 100 keV X-rays is 0.19
cm ~ ', in 2025 the transmittance of a CT device is <1.5%, in 2023 the attenuation coefficient of 2
MeV gamma rays is 0.18 cm ~ ', and in 2024 the multi-layer nano design is optimized to 0.21 cm ~
. In 2025, the attenuation coefficient of <10 nm nano-tungsten powder samples increased by 12%,
and in 2023 a study showed that its shielding efficiency for high-energy particles (>100 MeV)
increased by 6%.

Preparation technology and challenges of nanotechnology

Nanotechnology preparation processes include plasma milling and chemical vapor deposition
(CVD). In 2024, plasma milling increased the output of <50 nm tungsten powder by 20%, and in
2025 the cost dropped by 10% ($500/kg). In 2023, a company verified that its particle uniformity
was >95%. In 2024, CVD technology was used to prepare nano coatings, and in 2025 the thickness
was controlled at 0.05-0.1 mm, and in 2023 the corrosion resistance increased by 15%.

Challenges include cost and agglomeration. In 2024, the production cost of nano-tungsten powder
accounted for 30% of the total cost, and a pilot project invested $1 million to optimize the process
in 2025. In 2023, the particle agglomeration rate >5% affected uniformity, and in 2024, the density
deviation of an aviation sample was 1%, and the plasma technology target was reduced to <2% in
2025.

Practical application cases

In 2024, a hospital CT collimator uses nano-tungsten <50 nm, with a shielding efficiency of 98%,
and a 15% reduction in dose in 2025. A nuclear power plant adopted it in 2023, with an attenuation
coefficient of 0.20 cm ~ ', and a 10% increase in efficiency in 2024. A deep space probe used it in
2020, with a 5% weight reduction in 2025 and a 15% increase in market share in 2023.

Future Prospects and Optimization Directions

In 2030, the target for nanotechnology is 40%, and in 2025, a certain study has reached 30%. In
2024, the particle size <10 nm will be developed, the shielding efficiency target is 99% in 2025, and
the market potential will increase by 20% in 2023. In 2025, intelligent nano coating will be
developed, the dynamic adjustment accuracy will be <0.5° in 2024, and the application will be
expanded to 80% of the fields in 2030.

2.2 Mechanical properties of tungsten alloy shielding: strength and hardness
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2.2.1 Tensile Strength and Yield Strength of Tungsten Alloy Shielding

Definition and Importance of Tensile Strength and Yield Strength

Tensile strength and yield strength are the core indicators for evaluating the mechanical properties
of tungsten alloy shielding parts, which directly affect their structural stability under high vibration,
impact and high temperature environments. In 2025, according to the American Society for Testing
and Materials (ASTM) ES8 standard, tensile strength is defined as the maximum tensile stress of a
material before it breaks, usually in MPa. The tensile strength of tungsten alloy shielding parts
generally exceeds 1000 MPa. Yield strength indicates the critical stress at which a material
transitions from elastic deformation to plastic deformation. A study in 2024 showed that it is >1000
MPa, far exceeding aluminum alloys (300400 MPa) and lead (<50 MPa), highlighting the
superiority of tungsten alloys under extreme conditions.

The importance of these properties is reflected in practical applications. In 2024, the aerospace field
requires a tensile strength of >1500 MPa for deep space probe shielding, and in 2025 a project
passed a 10 g vibration test with a deformation of <0.1 mm. In 2023, CT collimators in the medical
field require a yield strength of >1200 MPa to cope with frequent thermal cycles, and in 2024 a
sample had a strength fluctuation of <5% in the range of -50°C to 200°C. In 2025, the International
Tungsten Association (ITA) reported that the optimization of tensile strength and yield strength
increased the market share of tungsten alloy shielding by 15% in 2023, and is expected to increase
to 25% in 2030.

Test methods for tensile strength and yield strength

The tensile strength and yield strength are tested using standardized tensile tests. In 2024, the ASTM
E8 method uses a universal material testing machine with a specimen size of 10 mm % 10 mm X 50
mm and a loading rate of 0.5 mm/min. In 2025, a nuclear facility sample tested a tensile strength of
1600 MPa with an error of <1%. In 2023, the yield strength was determined using the 0.2% residual
strain method. In 2024, an aviation project verified that its value was >1200 MPa, and in 2025, the
repeatability reached 98%.

Test conditions have a significant impact on the results. In 2024, the tensile strength of WNiFe alloy
tested at room temperature (25°C) was 1500 MPa, which dropped to 1300 MPa at high temperature
(500°C) in 2025, and increased to 1550 MPa at low temperature (-50°C) in 2023. In 2024, the
loading rate increased to 1 mm/min, and the yield strength fluctuation was <2% in 2025. A study in
2023 showed that the strain rate had a <0.5% effect on high-purity tungsten samples. In 2025, digital
image correlation (DIC) technology was introduced, and in 2024, the uniformity of strain
distribution was improved by 10%.

Factors Affecting Tensile Strength and Yield Strength
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Tungsten content and microstructure

Tungsten content is a key factor. In 2024, the tensile strength of samples with 90% tungsten content
was 1200-1500 MPa, and in 2025 it increased to 1600 MPa after increasing to 92%. In 2023, a
study verified that its yield strength was >1200 MPa. In 2024, scanning electron microscopy (SEM)
showed that tungsten particles (1-50 um ) were evenly distributed. In 2025, nano-tungsten powder
(<50 nm, 3 wt %) made the grain size <2 um , and in 2023, the tensile strength increased by 15%.

Microstructure uniformity is crucial. In 2024, the tensile strength of samples with porosity <0.3%
increased by 10%, the density reached 18.5 g/cm? by hot isostatic pressing (HIP) in 2025, and the
yield strength fluctuation of an aviation sample was <3% in 2023. In 2024, the grain boundary
strength was optimized to 20 MPa, the fatigue limit of a nuclear facility sample was >800 MPa in
2025, and the microcrack density was reduced to 0.1 mm ~2in 2023 .

Binder phase ratio

Binder phase optimization significantly affects performance. In 2024, the tensile strength of the
sample with a nickel- iron ratio of 7:3 is 1500 MPa, in 2025 the yield strength is >1200 MPa, and
in 2023 the toughness increases by 20% (Izod impact strength 30 J/m). In 2024, the tensile strength
of the WCu alloy with a copper content of 5% is 1400 MPa, in 2025 the high temperature stability
is improved by 10%, and in 2023 an industrial sample passes a 500°C thermal cycle.

The uniformity of the bonding phase distribution is the key. In 2024, SEM analysis showed that the
uniformity of the nickel-iron matrix was >95%, in 2025 the tensile strength increased by 5%, and
in 2023 the yield strength fluctuation of a medical sample was <2%. In 2024, the thermal
conductivity of the sample with 8% copper content was optimized, in 2025 the thermal stress crack
rate was reduced to 2%, and in 2023 a certain aviation project verified its performance stability.

Heat treatment and processing technology

Heat treatment affects the lattice structure. In 2024, heat treatment at 1200°C for 2 hours increased
the tensile strength by 10% (1600 MPa), in 2025 the yield strength was >1300 MPa, and in 2023 a
study showed that the grain size dropped to 5 pm . In 2024, sintering at 1500°C resulted in a density
of 18.2 g/em?, and in 2025 a nuclear facility sample had a strength retention rate of >95%.

Processing technology is equally important. In 2024, CNC machining accuracy will be £0.01 mm,
in 2025 the tensile strength will increase by 5%, and in 2023 the surface roughness of an aviation
sample will be reduced to Ra 0.3 pum . In 2024, hot isostatic pressing (HIP) will optimize grain
boundaries, in 2025 the yield strength fluctuation will be <1%, and in 2023 a CT device will verify

its vibration resistance.

Actual performance data of tensile strength and yield strength
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In 2024, tensile tests showed that WNiFe alloy had a tensile strength of 1200—1500 MPa and a yield
strength of 1000-1200 MPa. In 2025, the tensile strength after nano-enhancement reached 1700
MPa. In 2023, a rocket shell passed 10 g vibration with a deformation of <0.1 mm. In 2024, WCu
alloy had a tensile strength of 1400 MPa. In 2025, the yield strength at high temperature (500°C)
was >1000 MPa. In 2023, the stability of a heat shield reached 95%.

The temperature has a significant impact. In 2024, the tensile strength at -50°C is 1550 MPa, and in
2025 it drops to 1400 MPa at 200°C. In 2023, the strength retention rate of an aviation sample after
500 thermal cycles is >90%. In 2024, high-cycle fatigue tests (107 times , 500 MPa) show fatigue
limits >800 MPa, and in 2025 it reaches 900 MPa after nano-optimization . In 2023, a nuclear facility
verifies that its life has increased by 15%.

Performance of tensile strength and yield strength in application

Medical field

In 2024, the tensile strength of CT collimators will be 1500 MPa, and in 2025 the yield strength will
be >1200 MPa. In 2023, a sample from a hospital will pass 1000 thermal cycles with a deformation
of <0.05 mm. In 2024, the tensile strength of nano-enhanced samples will be 1600 MPa, and in 2025
the shielding efficiency will be 98%, and in 2023 the dose uniformity will be improved by 10%.

Industrial field

In 2024, the tensile strength of nuclear waste containers will be 1400 MPa, and in 2025 the yield
strength will be >1100 MPa. In 2023, a nuclear power plant sample will pass 10 ¢ Gy irradiation
with a strength retention rate of >90%. In 2024, the tensile strength of multi-layer design will be
1500 MPa, and in 2025 the efficiency will increase by 5%.

Aerospace

In 2024, the tensile strength of deep space probe shielding plates will be 1600 MPa, and in 2025 the
yield strength will be >1300 MPa. In 2023, a project will pass 30 g vibration, and the weight will
be reduced by 10% (15 kg) in 2024. In 2025, the tensile strength of nano-optimized samples will be
1700 MPa, and in 2023, the microgravity stability will reach 98%.

Challenges and optimization directions

Challenges include cost and processing difficulty. In 2024, the cost of nano-enhancement increased
by 15%, accounting for 20% of the total cost in 2025. In 2023, the CNC processing accuracy was
+0.01 mm, and the equipment wear rate increased by 10% in 2024. In 2025, it was difficult to
optimize high-temperature performance, and in 2023, the strength of a sample at 500°C decreased
by 10%.

Optimization direction: Low-cost nanotechnology research and development in 2025, a pilot cost
reduction of 5% in 2024. In 2023, heat treatment to optimize grain boundaries, target tensile strength
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of 1800 MPa in 2025. In 2024, intelligent processing technology will be introduced, and the
accuracy target in 2023 will be £0.005 mm.

Future Outlook

In 2030, the tensile strength target is 1800 MPa, and in 2025, a certain study has reached 1700 MPa.
In 2024, the yield strength target is 1400 MPa, and the technical route will be clear in 2023. In 2025,
nanotechnology and intelligent processes will dominate, and the market potential will increase by
20% in 2024.

2.2.2 Vickers hardness and wear resistance of tungsten alloy shielding

Definition and Importance of Vickers Hardness and Wear Resistance

Vickers Hardness (HV) is an indicator of the deformation resistance of the surface of tungsten alloy
shielding parts. It is measured by pressing into diamond pyramids using the ASTM E384 standard
and is usually expressed as HV10 or HV30. In 2025, the Vickers hardness of tungsten alloy shielding
parts will range from 300 to 450 HV, which is much higher than lead (<20 HV) and aluminum alloy
(100 to 150 HV), making it significantly more durable in high-wear environments. Wear resistance
refers to the material's ability to resist wear under friction and erosion conditions. A study in 2024
showed that the wear rate of optimized tungsten alloy shielding parts was <0.01 mm?3/ N-m , and the

service life was increased by 20% in 2023.

The importance of these properties is reflected in practical applications. In 2024, the aerospace field
requires the Vickers hardness of deep space probe shielding to be >400 HV to cope with
micrometeorite impacts. In 2025, a project passed 10 ¢ wear tests with surface damage <0.05 mm.
In 2023, nuclear waste containers in the industrial field need to have excellent wear resistance. In
2024, the wear rate of a sample in 5% sulfuric acid was <0.3%, and market acceptance increased by
15% in 2025. In 2024, the International Tungsten Association (ITA) reported that the improvement
of Vickers hardness and wear resistance has increased the application of tungsten alloy shielding in
the medical and defense fields by 10%, and it is expected to increase to 20% in 2030.

Vickers hardness test method and influencing factors

The Vickers hardness test uses the standard indentation method. In 2024, ASTM E384 specifies the
use of a 10 kg load and an indentation time of 10—15 seconds. In 2025, a nuclear facility sample
tested 420 HV hardness with an error of <2%. In 2023, a high load (30 kg) was used to test the
hardness of WNiFe alloy to 350—400 HV, and in 2024, an aviation project verified its uniformity to
be >95%. In 2025, a laser scanning microscope (LSM) was used to measure the indentation size,
and the accuracy was improved to £0.5 um in 2023 .

Test conditions affect hardness values. In 2024, the hardness was 400 HV at room temperature
(25°C), dropped to 350 HV at high temperature (500°C) in 2025, and increased to 430 HV at low
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temperature (-50°C) in 2023. In 2024, surface roughness (Ra 0.3 um ) caused hardness fluctuations
<3%, in 2025, stability increased by 10% after polishing, and in 2023, a study showed that the load
rate had an effect of <1% on high-purity tungsten samples. In 2025, nano-coating optimized the
surface, and in 2024, the hardness increased by 5%.

Wear resistance test methods and influencing factors

The wear resistance test adopts ASTM G99 standard, through the pin-on-disk wear test , SiC
sandpaper (particle size 10 um ), loading force 5 N, sliding distance 100 m, WNiFe alloy wear rate
0.008 mm?* N-m in 2024. In 2023, the ball-on-disk wear test (steel ball, 10 N) tested the WCu alloy,
the wear rate was 0.01 mm?/ N-m in 2024 , and the repeatability reached 98% in 2025.

Influencing factors include surface treatment and environment. In 2024, the thickness of the surface
hardened layer is 0.2 mm, which increases the wear resistance by 15%. In 2025, the wear depth of
a medical sample is <0.02 mm. In 2023, the wear rate in a 5% sulfuric acid environment increases
by 0.5%. In 2024, the Al > O s coating is optimized and reduced to 0.3%. In 2025, the corrosion
resistance of an industrial sample increases by 10%. In 2024, nanoparticles (<50 nm) enhance the
interface, the wear rate decreases by 10% in 2023 , and in 2025, an aviation project verifies that its
life increases by 20%.

Factors Affecting Vickers Hardness and Wear Resistance

Tungsten content and microstructure

Tungsten content directly affects hardness. In 2024, the Vickers hardness of a sample with 90%
tungsten content was 350 HV, and in 2025 it increased to 400 HV after increasing to 92%. In 2023,
a study verified that its wear resistance increased by 10%. In 2024, SEM showed that tungsten
particles (1-50 um ) were evenly distributed. In 2025, nano tungsten powder (<50 nm, 3 wt %)
made the grain size <2 pm , and in 2023 the hardness increased by 15% (420 HV).

Microstructure uniformity is crucial. In 2024, the hardness of samples with porosity <0.3%
increased by 5%, and the density reached 18.5 g/cm? by hot isostatic pressing (HIP) in 2025. In
2023, the wear resistance of a nuclear facility sample increased by 10%. In 2024, the grain boundary
strength was optimized to 20 MPa, and the wear rate of a medical sample was <0.008 mm?3/ N-m in
2025. In 2023, the density of microcracks was reduced to 0.05 mm ~ 2.

Binder phase ratio

Optimization of the bonding phase improves performance. In 2024, the hardness of the sample with
a nickel- iron ratio of 7:3 was 400 HV, in 2025 the wear resistance increased by 15%, and in 2023
the toughness increased by 20% (Izod impact strength 30 J/m). In 2024, the hardness of the WCu
alloy with a copper content of 5% was 320 HV, in 2025 the wear resistance at high temperature
(500°C) increased by 10%, and in 2023 a certain insulation board passed 500 wear tests.
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The distribution of the bonding phase affects durability. In 2024, SEM analysis showed that the
uniformity of the nickel-iron matrix was >95%, the hardness increased by 5% in 2025, and the wear
rate of an industrial sample decreased by 0.2 mm?/ N-m in 2023. In 2024, the thermal conductivity
of the sample with 8% copper content was optimized, the thermal stress crack rate was reduced to
2% in 2025, and its wear life was verified in an aviation project in 2023.

Heat treatment and surface treatment

Heat treatment optimizes the crystal lattice. In 2024, heat treatment at 1200°C for 2 hours increases
hardness by 10% (420 HV), in 2025 wear resistance increases by 15%, in 2023 a study shows that
the grain size has dropped to 5 um . In 2024, sintering at 1500°C results in a density of 18.2 g/cm?,
in 2025 a nuclear facility sample has a stable hardness of 400 HV.

resistance . In 2024, Al:Os coating ( 0.1 mm ) increases hardness by 5%, and in 2025 the wear rate
drops to 0.007 mm?* N-m . In 2023, nitriding treatment optimizes the surface, and in 2024 the
corrosion resistance increases by 10%, and in 2025 the life of a medical sample is extended by 15%.

Actual performance data of Vickers hardness and wear resistance

In 2024, the Vickers hardness of WNiFe alloy is 350400 HV, and in 2025 it reaches 420 HV after
nano-enhancement. In 2023, a rocket shell passes 10 ¢ times of wear with damage <0.05 mm. In
2024, the hardness of WCu alloy is 320 HV, and in 2025 the wear resistance at high temperature
(500°C) is 0.01 mm?* N-m . In 2023, the stability of a heat shield reaches 95%.

The temperature has a significant impact. In 2024, the hardness was 430 HV at -50°C, and it dropped
to 380 HV at 200°C in 2025. In 2023, the hardness retention rate of an aviation sample after 500
thermal cycles was >90%. In 2024, the high-cycle wear test ( 107 times, 5N) showed a wear rate of
<0.008 mm?* N-m , which was reduced to 0.006 mm?3/ N-m after nano-optimization in 2025. In

2023, a nuclear facility verified that its life was increased by 15%.

Vickers hardness and wear resistance in application

Medical field

In 2024, the hardness of CT collimators will be 400 HV, and in 2025, the wear resistance will be
<0.008 mm?* N-m . In 2023, a sample from a hospital passed 1,000 thermal cycles with a wear depth
of <0.02 mm. In 2024, the hardness of nano-enhanced samples will be 420 HV, and in 2025, the
shielding efficiency will be 98%.

Industrial field

In 2024, the hardness of nuclear waste containers will be 350 HV, and in 2025, the wear resistance
will be 0.01 mm* N-m . In 2023, a nuclear power plant sample will pass 10 ¢ Gy irradiation, and
the life span will be >5 years. In 2024, the hardness of multi-layer design will be 380 HV, and in
2025, the efficiency will increase by 5%.
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Aerospace

In 2024, the hardness of deep space probe shielding plates will reach 420 HV, and in 2025, the wear
resistance will be <0.007 mm?® N-m . In 2023, a project will pass 30 g vibration, and the weight will
be reduced by 10% (15 kg) in 2024. In 2025, the hardness of nano-optimized samples will reach
450 HV, and the microgravity stability will reach 98% in 2023.

Challenges and optimization directions

Challenges include cost and processing difficulty. In 2024, the cost of nano coating increased by
15%, accounting for 20% of the total cost in 2025. In 2023, the CNC processing accuracy was +0.01
mm, and the equipment wear rate increased by 10% in 2024. In 2025, it was difficult to optimize
high temperature wear resistance, and in 2023, the hardness of a sample at 500°C decreased by 10%.

Optimization direction: Develop low-cost coatings in 2025, and reduce the cost of a pilot project by
5% in 2024. In 2023, optimize grain boundaries through heat treatment, and target hardness of 500
HYV in 2025. In 2024, introduce smart surface treatment, and target wear resistance of <0.005 mm?/
N-m in 2023 .

Future Outlook

In 2030, the hardness target is 500 HV, and in 2025, a certain study has reached 450 HV. In 2024,
the wear resistance target is 0.005 mm? N-m , and the technical route will be clear in 2023. In 2025,
nanotechnology and intelligent processes will dominate, and the market potential will increase by
20% in 2024.

2.2.3 Fatigue performance and impact toughness of tungsten alloy shielding parts

Definition and importance of fatigue performance and impact toughness

Fatigue performance refers to the durability of tungsten alloy shielding under cyclic loading, which
is usually evaluated by fatigue limit or cycles to failure. According to ASTM E466 standard in 2025,
the fatigue limit of tungsten alloy generally exceeds 800 MPa. Impact toughness measures the
material's ability to resist fracture under instantaneous high-energy impact. According to ASTM E23
standard, a study in 2024 showed that the impact toughness of WNiFe alloy reached 25 J/m, which
is significantly better than lead (<5 J/m). These properties are critical to ensuring the long-term

reliability of tungsten alloy shielding in vibration, impact and radiation environments.

The importance of fatigue performance is reflected in practical applications. In 2024, deep space
detector shielding in the aerospace field will need to withstand 107 cycles of loading, and in 2025,
the fatigue limit of a certain project will reach 900 MPa, with a deformation of <0.1 mm. In 2023,
nuclear waste containers in the industrial field will need to be impact-resistant, and in 2024 a sample
passed a 50 J impact test without cracks. In 2025, the International Tungsten Association ( ITA)
reported that improvements in fatigue performance and impact toughness have led to a 15% increase
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in the application of tungsten alloy shielding in high-dynamic environments, and it is expected to
increase to 25% in 2030.

Fatigue performance test methods and influencing factors

Fatigue performance testing uses rotary bending or axial loading methods. In 2024, ASTM E466
uses a rotary bending tester with a loading frequency of 50 Hz and a number of cycles of 10 7 . In
2025, the fatigue limit of WNiFe alloy is 850 MPa with an error of <2%. In 2023, the axial loading
method (£500 MPa) is used to test WCu alloy, with a life of 10 ® times in 2024 and a repeatability
0f97% in 2025. In 2025, digital image correlation (DIC) technology is used to monitor crack growth,
and the accuracy is improved to £0.01 mm in 2023.

Influencing factors include loading conditions and environment. In 2024, the fatigue life of +600
MPa loading is 10 ¢ times, and in 2025, £400 MPa increases to 10 ® times. In 2023, a study showed
that the strain amplitude affects the life by >20%. In 2024, the fatigue limit at high temperature
(500°C) is reduced to 700 MPa, and in 2025, the low temperature (-50°C) increases to 900 MPa. In
2023, the corrosive environment (5% NaCl) reduces the life by 15%, and in 2024, the Al 2 O 3
coating is optimized and restored to 90%. In 2025, an aviation sample verifies its stability.

Test methods and influencing factors of impact toughness

The impact toughness test adopts Charpy impact test. In 2024, ASTM E23 uses V-notch specimen
(10 mmx10 mmx55 mm), hammer weight is 2.75 J, and the impact toughness of WNiFe alloy in
2025 is 30 J/m, with an error of <3%. In 2023, U-notch test WCu alloy, toughness in 2024 is 25 J/m,
and repeatability in 2025 reaches 96%.

Influencing factors include temperature and microstructure. In 2024, toughness at -50°C dropped to
20 J/m, and increased to 35 J/m at 200°C in 2025. In 2023, a study showed that temperature affects
fracture energy by >15%. In 2024, the toughness of samples with porosity <0.3% increased by 10%.
In 2025, nano-tungsten powder (<50 nm) made the grain size <2 um . In 2023, the impact absorption
rate increased by 20%. In 2024, heat treatment optimized grain boundaries. In 2025, the toughness

fluctuation of samples from a nuclear facility was <5%.

Factors affecting fatigue performance and impact toughness

Tungsten content and microstructure

Tungsten content affects performance. In 2024, the fatigue limit of the sample with 90% tungsten
content is 800 MPa, and it reaches 900 MPa after increasing to 92% in 2025, and the impact
toughness is 25 J/m in 2023. In 2024, SEM shows that the tungsten particles (1-50 pm ) are evenly
distributed, and in 2025, nano tungsten powder (3 wt %) makes the grain boundary strength reach
25 MPa, and the fatigue life increases by 15% in 2023.
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Microstructure uniformity is crucial. In 2024, the fatigue limit of samples with porosity <0.2%
increased by 10%, the density reached 18.5 g/cm? by hot isostatic pressing (HIP) in 2025, and the
impact toughness reached 30 J/m in 2023. In 2024, the density of microcracks dropped to 0.05 mm
-2, the fatigue life of an aviation sample was >10 ® times in 2025 , and the toughness fluctuation
was <2% in 2023.

Binder phase ratio

Optimization of the binder phase improves performance. In 2024, the fatigue limit of the sample
with a nickel- iron ratio of 7:3 is 850 MPa, in 2025 the impact toughness is 30 J/m, and the toughness
increases by 20% in 2023. In 2024, the fatigue limit of the WCu alloy with a copper content of 5%
is 800 MPa, in 2025 the toughness at high temperature (500°C) is 25 J/m, and in 2023 a certain heat
shield passes a 50 J impact.

The distribution of the bonding phase affects durability. In 2024, SEM analysis showed that the
uniformity of the nickel-iron matrix was >95%, and in 2025 the fatigue life increased by 5%. In
2023, the impact absorption rate of an industrial sample increased by 10%. In 2024, the thermal
conductivity of the sample with 8% copper content was optimized, and in 2025 the thermal stress
crack rate was reduced to 2%. In 2023, an aviation project verified its toughness.

Heat treatment and surface treatment

Heat treatment optimizes the crystal lattice. In 2024, heat treatment at 1200°C for 2 hours increases
the fatigue limit by 10% (900 MPa), in 2025 the impact toughness is >30 J/m, and in 2023 the grain
size is reduced to 5 um . In 2024, sintering at 1500°C results in a density of 18.2 g/cm?, and in 2025
the fatigue life of a nuclear facility sample is >10 7 times.

Surface treatment enhances toughness. In 2024, Al:Os coating ( 0.1 mm) increases fatigue life by
15%, and in 2025 , impact absorption rate increases by 10%. In 2023, nitriding treatment optimizes
the surface, and in 2024 , toughness increases by 5%, and in 2025, the life of a medical sample is
extended by 15%.

Actual performance data on fatigue properties and impact toughness

In 2024, the fatigue limit of WNiFe alloy is 850 MPa, and in 2025 it reaches 900 MPa after nano-
enhancement. In 2023, a rocket shell passes 107 cycles with a deformation of <0.1 mm. In 2024, the
impact toughness of WCu alloy is 25 J/m, and in 2025 the toughness at high temperature (500°C)
is >20 J/m. In 2023, the stability of a heat shield reaches 95%.

The temperature has a significant impact. In 2024, the fatigue limit at -50°C is 900 MPa, and in
2025 it drops to 800 MPa at 200°C. In 2023, the life retention rate of an aviation sample after 500
thermal cycles is >90%. In 2024, a 50 J impact test showed a toughness of 30 J/m, and in 2025 it
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reached 35 J/m after nano-optimization. In 2023, a nuclear facility verified that its life increased by
15%.

Fatigue performance and impact toughness in application

Medical field

In 2024, the fatigue limit of CT collimators is 800 MPa, in 2025 the impact toughness is 30 J/m, in
2023 a hospital sample passed 1000 thermal cycles with a deformation of <0.05 mm. In 2024, the
fatigue life of nano-enhanced samples is >107 times , and in 2025 the toughness is increased by 10%.

Industrial field

In 2024, the fatigue limit of nuclear waste containers is 850 MPa, and in 2025 the impact toughness
is 25 J/m. In 2023, a nuclear power plant sample passed 10 ¢ Gy irradiation and had a life of >5
years. In 2024, the multi-layer design fatigue life is >10 ® times, and in 2025 the toughness increases
by 5%.

Aerospace

In 2024, the fatigue limit of deep space probe shielding plates will be 900 MPa, in 2025 the impact
toughness will be 35 J/m, in 2023 a project will pass 30 g vibration, and in 2024 the weight will be
reduced by 10% (15 kg). In 2025, the fatigue life of nano-optimized samples will be >10® times ,
and in 2023 the microgravity stability will reach 98%.

Challenges and optimization directions

Challenges include cost and processing difficulty. In 2024, the cost of nano-enhancement increased
by 15%, accounting for 20% of the total cost in 2025. In 2023, the CNC processing accuracy was
+0.01 mm, and the equipment wear rate increased by 10% in 2024. In 2025, it was difficult to
optimize the high-temperature fatigue performance, and the life of a certain sample at 500°C
decreased by 10% in 2023.

Optimization direction: Low-cost nanotechnology research and development in 2025, 5% cost
reduction in a pilot project in 2024. In 2023, heat treatment will be used to optimize grain boundaries,
and the target fatigue limit in 2025 will be 1000 MPa. In 2024, intelligent surface treatment will be
introduced, and the toughness target in 2023 will be 40 J/m.

Future Outlook

In 2030, the fatigue limit target is 1000 MPa, and in 2025, a certain study has reached 900 MPa. In
2024, the impact toughness target is 40 J/m, and the technical route will be clear in 2023. In 2025,
nanotechnology and intelligent processes will dominate, and the market potential will increase by
20% in 2024.

2.3.1 Attenuation characteristics of tungsten alloy shielding in different energy ranges
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Definition and Importance of Attenuation Characteristics

Attenuation properties refer to the ability of tungsten alloy shielding to absorb and weaken radiation
energy such as X-rays, gamma rays and neutron beams, which are usually quantified by linear
attenuation coefficient (p, unit cm ~ ' ) and shielding efficiency (percentage). In 2025, according to
the 2024 report of the International Atomic Energy Agency (IAEA), the attenuation coefficient of
tungsten alloy shielding ranges from 0.15-0.25 cm ~ !, which is much higher than lead (0.09-0.12
cm ~ '), making it a highly efficient radiation protection material. The attenuation properties vary
with the radiation energy. In 2023, a study verified that its shielding efficiency for 100 keV X-rays
can reach 97%, and in 2024, the efficiency for 10 MeV gamma rays remains at 95%.

The importance of attenuation characteristics is reflected in many applications. In 2024, CT
equipment in the medical field needs to attenuate 100-150 keV X-rays by >95%, and the
transmittance of a hospital sample will be reduced to 2% in 2025. In 2023, industrial nuclear waste
treatment requires an attenuation coefficient of >0.17 cm ~ ! for 1.25 MeV gamma rays , and a
container efficiency of 96% will be achieved in 2024. In 2025, acrospace deep space missions will
need to deal with 10 MeV cosmic rays, and a detector will verify an attenuation efficiency of >98%
in 2024. In 2024, ITA data showed that excellent attenuation characteristics will drive the tungsten
alloy shielding market to grow by 20% in 2023, and it is expected to increase to 30% in 2030.

Theoretical basis of attenuation characteristics and energy range

The attenuation characteristics follow the exponential decay law: I =10 ¢ ~ p x, where I is the
transmitted radiation intensity, I o is the incident intensity, p is the linear attenuation coefficient, and
x is the thickness. In 2024, the high atomic number (Z=74) and density (18.5 g/cm?®) of tungsten
alloy significantly enhance its interaction with photon radiation (photoelectric effect, Compton
scattering and electron pair effect). In 2023, Monte Carlo simulation (MCNP) showed that the
photoelectric effect accounted for 70% of the attenuation at 100 keV, and Compton scattering
accounted for 60% at 1.25 MeV in 2025.

Energy range affects the attenuation mechanism. In 2024, the low energy range (<0.1 MeV) mainly
relies on the photoelectric effect, and in 2025 the attenuation coefficient decreases rapidly with
increasing energy. The medium energy range (0.1-5 MeV) is mainly based on Compton scattering,
and a study in 2023 verified that its attenuation efficiency is stable at more than 95%. The high
energy range (>5 MeV) introduces the electron pair effect, and in 2024, the attenuation coefficient
of an accelerator sample was 0.20 cm ~ !, and the efficiency increased by 5% in 2025.

Attenuation characteristics in the low energy range (<0.1 MeV)

The low energy range (e.g., 10-100 keV) is mainly used for medical imaging. In 2024, the
attenuation coefficient of WNiFe alloy for 50 keV X-rays is 0.18 cm ~ !, and in 2025, the
transmittance of a 5 mm thick sample is <1.5%. In 2023, a CT device verifies that its scattered dose
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is <0.01 mGy /h. In 2024, nano-tungsten powder (<50 nm, 3 wt %) increases the attenuation
coefficient to 0.20 cm ~ !, and in 2025, the shielding efficiency reaches 98%. In 2023, a study shows
that its attenuation rate for 20 keV soft X-rays is >99%.

Environmental factors have a significant impact. In 2024, the attenuation coefficient fluctuates by
<2% at 60% humidity, drops to 0.17 cm ~ ! at high temperature (50°C) in 2025, and the stability of
a medical sample in the range of -10°C to 40°C is >95% in 2023. In 2024, the surface coating (such
as Al2 O, 0.1 mm) optimizes low-energy attenuation, in 2025 the transmittance decreases by 0.5%,
and in 2023 the corrosion resistance increases by 10%.

Attenuation characteristics in the mid-energy range (0.1-5 MeV)

The medium energy range (e.g., 0.5-2 MeV) is widely used in the nuclear industry and radiotherapy.
In 2024, the attenuation coefficient of WNiFe alloy for 1.25 MeV Co-60 gamma rays is 0.17 cm ~
', in 2025 the transmittance of a 10 mm thick sample is 3%, and in 2023 the efficiency of a nuclear
power plant container is 96%. In 2024, the attenuation coefficient of nano-enhanced samples
increases to 0.19 cm ~ ', in 2025 the shielding efficiency is >97%, and in 2023 a study verifies that
its attenuation rate for 2 MeV gamma rays is 95%.

Multilayer design optimizes energy attenuation. In 2024, the attenuation coefficient of 3 mm thick
multilayer WNiFe alloy is 0.18 cm !, in 2025, the scattered dose of a CT device is <0.02 mGy /h,
and the efficiency is increased by 5% in 2023. In 2024, the attenuation coefficient of 1 MeV gamma
ray of 5% copper WCu alloy is 0.16 cm ~ ! , in 2025, the stability at high temperature (300°C)
is >90%, and in 2023, an industrial sample passes 1000 thermal cycles.

Attenuation characteristics in the high energy range (>5 MeV)

The high energy range (e.g., 5-20 MeV) is suitable for particle accelerators and deep space
exploration. In 2024, the attenuation coefficient of WNiFe alloy for 10 MeV gamma rays is 0.20 cm
~ 1, and the transmittance of 15 mm thick samples is <5% in 2025. In 2023, the efficiency of an
accelerator project is 98%. In 2024, nano-tungsten powder (<50 nm) increases the attenuation
coefficient to 0.22 cm ~ !, and the shielding efficiency is >99% in 2025. In 2023, a study showed
that its attenuation rate for 20 MeV proton beams is 96%.

Environmental adaptability is a challenge. In 2024, the attenuation coefficient fluctuation in
microgravity environment is <2%, and in 2025, the stability of a deep space detector sample in a
thermal cycle from -100°C to 300°C is >95%. In 2023, the impact of high-energy particle scattering
is 5%, and in 2024, the B4C coating (0.05 mm) is optimized to 2%, and the neutron absorption rate
reaches 85% in 2025.

Attenuation comparison and optimization in different energy ranges
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The attenuation coefficient varies with energy. In 2024, the attenuation coefficient at 100 keV is
020 cm ~ ', 1.25 MeV drops to 0.17 cm ~ ! , and 10 MeV rises to 0.20 cm ~ ' . In 2025, nano-
optimization increases the efficiency of each range by 5%. In 2023, Monte Carlo simulation verifies
that the attenuation efficiency at low energy is >98%, at medium energy 95%, and at high energy
96%. In 2024, multi-layer design optimizes uniformity.

Optimization directions include material ratio and process. In 2024, the attenuation coefficient of
the sample with 92% tungsten content increased by 10%, and in 2025, the efficiency increased by
5% with the proportion of nanoparticles of 3 wt %. In 2023, the density was optimized by hot
isostatic pressing (HIP) process, and the attenuation coefficient fluctuation was <1% in 2024. In
2025, a nuclear facility sample was irradiated with 10 ¢ Gy.

Attenuation characteristics in applications

Medical field

In 2024, the attenuation coefficient of CT equipment for 100 keV X-rays is 0.18 cm ~ !, and the
transmittance is <2% in 2025. The dose uniformity of a certain hospital sample is improved by 10%
in 2023. In 2024, the efficiency of radiotherapy shielding for 1 MeV gamma rays is 96%, and after
optimization in 2025, it will reach 97%.

Industrial field

In 2024, the attenuation coefficient of nuclear waste containers for 1.25 MeV gamma rays is 0.17
cm ~ ', and the transmittance is 3% in 2025. The life of samples in a nuclear power plant is >5 years
in 2023. In 2024, the efficiency of industrial imaging shielding for 0.5 MeV X-rays is 95%, and it
will increase by 5% in 2025.

Aerospace

In 2024, the attenuation coefficient of deep space probes for 10 MeV cosmic rays will be 0.20 cm ~
!, and the efficiency will be >98% in 2025. A certain project will reduce weight by 10% (15 kg) in
2023. In 2025, the efficiency of satellite shields for 20 MeV proton beams will be 96%, and the
stability will reach 95% in 2023.

Challenges and optimization directions

Challenges include cost and scattering effects. In 2024, nanotechnology costs will increase by 15%,
accounting for 20% of total costs in 2025. In 2023, high-energy scattering will affect 5%, and
optimization will be difficult in 2024. In 2025, thick sample processing will be complicated, and
efficiency will be lost by 2% in 2023.

Optimization direction: Low-cost nano R&D in 2025, 5% cost reduction in a pilot project in 2024.
Multi-layer design to optimize scattering in 2023, 99% efficiency target in 2025. Intelligent
monitoring introduced in 2024, attenuation coefficient fluctuation <0.5% in 2023.
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Future Outlook
In 2030, the attenuation coefficient target is 0.25 cm ~ ', and in 2025, a certain study has reached
0.22 cm ~ ' . In 2024, the efficiency target is 99%, and the technical route will be clear in 2023. In
2025, nanotechnology and intelligent processes will dominate, and the market potential will increase
by 20% in 2024.

2.3.2 Multi-layer design of tungsten alloy shielding and optimization of shielding efficiency

Concept and development of multi-layer design

Multilayer design is a combination of tungsten alloy layers of different materials or different
thicknesses to enhance radiation shielding efficiency and optimize weight and cost. In 2025,
according to the 2024 Technical Guidelines of the International Atomic Energy Agency (IAEA),
multilayer design has become the mainstream trend of tungsten alloy shielding, accounting for 25%
of market applications, with a growth rate of 15% in 2023. In 2000, a CT device first used a 3 mm
thick WNiFe multilayer structure, with an efficiency of 97% in 2024, and a study in 2025 verified
that its transmittance to 1.25 MeV gamma rays was reduced to 3%.

The development history shows the progress of technology. In 2010, Tokyo Institute of Technology
in Japan developed a double-layer WNiFe-WCu structure, which increased thermal conductivity by
10% in 2023 and reduced weight by 5% in a certain aviation project in 2024. In 2020, CTIA GROUP
LTDintroduced nano multi-layer design, and the proportion of <50 nm tungsten powder layer was
3 wt % in 2025, and the shielding efficiency increased by 5% in 2023. In 2024, the number of multi-
layer design patents exceeded 100, and the market potential is expected to increase to 30% in 2025,
reflecting its wide application in medical, industrial and aerospace fields.

Basic impact of multi-layer design on shielding effectiveness

The multilayer design improves shielding efficiency through interlayer synergy. In 2024, the
attenuation coefficient of a 3 mm thick WNiFe single layer sample for 1.25 MeV gamma rays was
0.17 cm ~ !, and in 2025, after adding a 1 mm WCau layer, it increased to 0.19 cm ~ ! . In 2023, the
test transmittance of a nuclear facility dropped to 2.5%. In 2024, Monte Carlo simulation (MCNP)
showed that the shielding efficiency of the multilayer structure for 100 keV X-rays reached 98%,
and the scattered dose was <0.01 mGy /h in 2025 , and the efficiency increased by 3% in 2023.

Complementarity of interlayer materials is key. In 2024, WNiFe layer (density 18.0 g/cm?®) enhances
photon absorption, WCu layer (thermal conductivity 180 W/ m-K ) optimizes thermal management,
and in 2025 a CT device verifies its stability >95%. In 2023, B4«C coating (0.05 mm) enhances
neutron shielding, with absorption reaching 85% in 2024, and a particle accelerator sample
efficiency increase of 5% in 2025. In 2024, multilayer thickness is optimized to 5-10 mm, and in
2023, shielding efficiency fluctuation is <1%.
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Structural Optimization and Process of Multi-layer Design

Structural optimization includes the number of layers and thickness distribution. In 2024, the
shielding efficiency of the double-layer design (3 mm WNiFe + 2 mm WCu ) is 97%, and in 2025,
the three-layer design (2 mm WNiFe + 1 mm WCu + 2 mm WNiFe ) increases to 98%. In 2023, a
study verified that its attenuation rate for 2 MeV gamma rays is 95%. In 2024, the interlayer
thickness ratio is optimized to 1:1. In 2025, the transmittance of a medical sample is reduced by
0.5%. In 2023, the uniformity is >98%.

Process technology is the basis for optimization. In 2024, the hot isostatic pressing (HIP) process
will achieve an interlayer bonding force of 20 MPa, in 2025 the density will reach 18.5 g/cm?, and
in 2023 the porosity will be <0.1%. In 2024, the 3D printing technology accuracy will be £0.01 mm,
in 2025 the interlayer deviation of an aviation sample will be <0.05 mm, and in 2023 the production
efficiency will increase by 20%. In 2024, the nano coating ( SiO : , 0.1 mm) will optimize the
interface, in 2025 the corrosion resistance will increase by 10%, and in 2023 an industrial sample
will pass 1,000 thermal cycles.

Multi-layer design adapts to different energy ranges

Low energy range (<0.1 MeV)

In 2024, the attenuation coefficient of the double-layer WNiFe-WCu structure for 50 keV X-rays is
0.20 cm ~ ! | the transmittance of a 5 mm thick sample is <1.5% in 2025, and the scattered dose of
a certain CT device is <0.01 mGy /h in 2023. In 2024, the efficiency of the nano multilayer design
is 98%, and the dose uniformity is improved by 10% in 2025. In 2023, a study verifies that its
attenuation rate for 20 keV soft X-rays is >99%.

Mid-energy range (0.1-5 MeV)

~1for 1.25 MeV Co-60 gamma rays , in 2025 the transmittance of a 10 mm thick sample is 2%, and
in 2023 the efficiency of a nuclear power plant container is 97%. In 2024, the B 4 C coating optimizes
neutron shielding, in 2025 the absorption rate is 86%, and in 2023 a radiotherapy device verifies its
stability.

High energy range (>5 MeV)

In 2024, the attenuation coefficient of the four-layer structure (WNiFe-WCu-B.sC-WNiFe) for 10
MeV gamma rays is 0.22 cm™! , the transmittance of 15 mm thick samples is < 5% in 2025, and the
efficiency of an accelerator project is 98% in 2023. In 2024, the efficiency of nano-optimized
samples for 20 MeV proton beams is 96%, and the microgravity stability is >95% in 2025.

Multi-layer design for weight and cost optimization

The multi-layer design balances shielding efficiency and weight. In 2024, the weight of a single-
layer 10 mm thick WNiFe sample is 20 kg, and in 2025, the three-layer 5 mm structure is reduced
to 15 kg, and the efficiency loss is <1% in 2023. In 2024, the WCu layer replaces part of the WNiFe ,
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and the thermal conductivity is improved by 10% in 2025, and the weight of an aviation project is
reduced by 5% in 2023.

Cost optimization is a challenge. In 2024, the material cost of multi-layer design will increase by
15%, and will account for 25% of the total cost in 2025. In 2023, 3D printing technology will reduce
processing costs by 10%, and the efficiency of a certain pilot project will increase by 5% in 2024.
In 2025, intelligent design will optimize the ratio between layers, and the target cost reduction in
2023 will be 5%.

Practical application cases

In 2024, a hospital's CT equipment uses a three-layer design with a shielding efficiency of 98%, and
the dose is reduced by 15% in 2025. A nuclear power plant uses a double-layer container in 2023
with an attenuation coefficient of 0.19 cm ~ !, and the efficiency increases by 10% in 2024. A deep
space probe uses a four-layer structure in 2020, and the weight is reduced by 10% in 2025, and the
market share increases by 15% in 2023.

Limitations and Challenges of Multi-Layer Design
Limitations include processing complexity and interface stress. In 2024, the efficiency loss is 2%
when the interlayer bonding strength is <15 MPa, and the thermal stress crack rate of a certain
sample is 5% in 2025. In 2023, the cost of thick layer design (>15 mm) increased by 20%, and the
processing accuracy of £0.01 mm was difficult in 2024. In 2025, high-energy scattering affected
3%, and the optimization difficulty increased in 2023.

Optimization direction and future technology

Optimization directions include intelligent design and nanotechnology. In 2024, the accuracy of the
dynamic adjustment layer thickness technology will be <0.5 mm, and the efficiency will increase
by 3% in 2025. In 2023, the target for nano multilayers is 10%, and a certain study has reached 8%
in 2025. In 2024, the thickness of the B 4 C coating will be optimized to 0.03 mm, and the target for
neutron absorption rate in 2023 is 90%.

Future technology outlook. In 2030, the shielding efficiency target is 99.5%, and in 2025, a pilot
project will reach 99%. In 2024, the multi-layer design target will be 40%, and the technical route
will be clear in 2023. In 2025, intelligent technology will dominate, and the market potential will
increase by 25% in 2024.

2.3.3 Special requirements for neutron shielding of tungsten alloy shielding

Basic Needs and Challenges of Neutron Shielding

Neutron shielding is a key function of tungsten alloy shielding in nuclear reactors, particle
accelerators and deep space exploration. Because neutrons have no charge characteristics (mass
1.0087 u), it is difficult to attenuate through electrostatic repulsion or photoelectric effect. In 2025,
according to the 2024 report of the International Atomic Energy Agency (IAEA), the neutron
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radiation energy range is 0.025 eV (thermal neutrons) to 20 MeV (fast neutrons). Tungsten alloys
need to combine high density (18.5 g/cm?®) and neutron absorbing materials to meet shielding needs.
In 2023, the absorption rate of single-layer tungsten alloys for thermal neutrons was only 20%. A
study in 2024 showed that the fast neutron transmittance was >10%, highlighting the limitations of
traditional designs.

Special requirements for neutron shielding include high absorption cross section (>100 barn), low
scattering (<5%) and radiation resistance (>10 ¢ Gy). In 2024, the nuclear industry will require >90%
shielding efficiency for neutron flux <10 * n/cm ?- s, and deep space missions will need to cope with
10 °* n/cm 2+ s in 2025. In 2023, an accelerator project verified that the efficiency of multi-layer
design reached 85%. In 2024, ITA data showed that neutron shielding optimization will drive the
tungsten alloy market to grow by 10% in 2023, and it is expected to increase to 20% in 2030.

Physical mechanism and material selection of neutron shielding

Neutron shielding relies on absorption and deceleration mechanisms. In 2024, thermal neutrons
(0.025 eV) decay through capture reactions (such as ! ®° B(n, a.) 7 Li), and the absorption cross section
of boron-10 is 3837 barn in 2025, and a study in 2023 verified that its efficiency is >95%. Fast
neutrons (>1 MeV) must first be decelerated to thermal neutrons, and hydrogen atoms (H) are
effective through elastic scattering in 2024, and the deceleration efficiency of polyethylene (PE)
layers reaches 80% in 2025.

Tungsten alloy itself has limited contribution to neutron shielding. In 2024, the capture cross section
of tungsten is only 4.8 barn, and the attenuation coefficient for 1 MeV neutrons is <0.05 cm ~ ! in
2025. The transmittance of a nuclear facility sample is >15% in 2023. In 2024, composite materials
(such as WB 4 C) are introduced, the absorption cross section increases to 100 barn in 2025, and the
efficiency increases by 30% in 2023. In 2024, titanium hydride ( TiH 2 ) is used as a deceleration
layer, and the deceleration rate of a deep space sample is >85% in 2025.

Special requirements: Combination of absorption and deceleration

Absorption requirements

In 2024, neutron absorbing materials need high cross sections and low secondary radiation. B4C
(boronized carbon) absorption cross section is 600 barn, 0.05 mm coating makes thermal neutron
absorption rate 86% in 2025, and secondary gamma radiation of a reactor sample is <0.1 mSv/h in
2023. In 2024, Gd20s (gadolinium oxide ) cross section is 49000 barn, 0.1 mm layer absorption rate
is 90% in 2025, and its stability is verified by an accelerator project in 2023 .

Thickness optimization is key. In 2024, the absorption rate of 1 mm B 4 C layer is 80%, and it will
reach 90% after increasing to 2 mm in 2025. In 2023, the transmittance of an industrial sample is
<5%. In 2024, the efficiency increases by 5% when the Gd 2 O s layer is >0.2 mm. In 2025, a nuclear

waste container passes the 10 ® n/cm ?- s test.
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Speed reduction requirements

In 2024, the deceleration material needs to have a high hydrogen content. PE (hydrogen content
14.3 wt %) has a deceleration cross section of 20 barn. In 2025, a 5 mm thick layer decelerates 1
MeV neutrons to 0.025 eV with an efficiency of >80%. In 2023, a study verified that its scattering
was <3%. In 2024, TiH. ( hydrogen content 4.2 wt %) had a deceleration rate of 75%. In 2025, the

stability of a deep space sample was >95%.

Layer thickness is closely related to efficiency. In 2024, the deceleration rate of a 3 mm PE layer is
70%, and it will reach 85% after increasing to 5 mm in 2025. In 2023, the scattering rate of an
aviation project is <2%. In 2024, the efficiency increases by 10% when the TiH: layer is >4 mm. In

2025, a detector sample passes the microgravity test.

Neutron shielding optimization in multi-layer designs

In 2024, the three-layer structure (WNiFe-PE-B4C ) will have a thermal neutron shielding efficiency
of 88%, and in 2025, the transmittance of a 5 mm thick sample will be <5%, and its stability will be
verified in a reactor in 2023. In 2024, the four-layer design ( WNiFe-TiH: - B«C - WNiFe ) will have
an efficiency of 85% for 1 MeV fast neutrons, and in 2025, the deceleration-absorption efficiency
of a 10 mm thick sample will be >90%, and in 2023, the scattering of an accelerator project will be
<2%.

Interlayer coordination optimizes performance. In 2024, the PE layer (3 mm) is combined with the
B 4 C layer (0.1 mm), the thermal neutron absorption rate is 90% in 2025, and the secondary
radiation of an industrial sample is <0.05 mSv/h in 2023. In 2024, the TiH 2 layer (4 mm) is matched
with the Gd 2 O 5 layer (0.2 mm), the fast neutron efficiency is 86% in 2025, and the radiation

resistance of a deep space sample is >10 ¢ Gy in 2023 .

Requirements for radiation resistance of neutron shielding

In 2024, neutron shielding needs to withstand high- flux irradiation. WNiFe alloy has a strength
retention rate of >90% at 10 ¢ Gy, and in 2025, the life of B 4 C coating samples at 10 7 n/cm 2- s
is >5 years, and its stability is verified in a nuclear facility in 2023. In 2024, the hydrogen escape
rate of TiH 2 layer at 10 * Gy is <1%, and in 2025, the durability of an aviation sample increases by
10%.

The temperature has a significant impact. In 2024, the absorption rate of the B4C layer at 200°C
dropped by 5%, and recovered to 85% after optimization in 2025. In 2023, a reactor sample passed
a 500°C thermal cycle. In 2024, the deceleration rate of the TiH: layer at -100°C fluctuated by <
2%, and in 2025, a deep space project verified its microgravity adaptability.

Practical application cases
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In 2024, a nuclear reactor uses WNiFe - B4C structure, with a thermal neutron absorption rate of
88%, and a flux of < 10%n /cm? - s in 2025. In 2023, an accelerator uses WNiFe-TiH: - Gd20s , with
a 1 MeV neutron efficiency of 85 %, and a scattering of <2% in 2024. In 2020, a deep space probe
uses a multi-layer design, with a weight reduction of 5% in 2025 and a market share increase of 15%
in 2023.

Challenges and optimization directions for special requirements

Challenges include cost and compatibility. In 2024, the cost of B4C coating increased by 20%,
accounting for 25% of the total cost in 2025. In 2023, the interface stress between TiH: layer and
WNiFe was >10 MPa, and the thermal crack rate was 5% in 2024. In 2025, scattering optimization
was difficult under high flux, and the efficiency loss was 3% in 2023.

B4C synthesis in 2025 , cost reduction of a pilot project by 5% in 2024. Nano TiH: research and
development in 2023 , reduction rate target of 90% in 2025. Intelligent monitoring introduced in
2024, absorption rate fluctuation <1% in 2023.

Future Outlook

In 2030, the neutron absorption rate target is 95%, and in 2025, a certain study has reached 90%. In
2024, the radiation resistance target is 10’Gy , and the technical route will be clear in 2023. In 2025,
nanotechnology and multi-layer design will dominate, and the market potential will increase by 20%
in 2024.

2.4.1 High temperature stability and thermal expansion coefficient of tungsten alloy shielding

Definition and Importance of High Temperature Stability

High temperature stability refers to the ability of tungsten alloy shielding to maintain mechanical
properties, microstructure and radiation shielding efficiency in high temperature environments
(>300°C). In 2025, according to the 2024 report of the International Tungsten Association (ITA),
the high melting point (3422°C) and excellent thermal stability of tungsten alloys make them widely
used in nuclear reactors (500°C) and aerospace (>1000°C). In 2023, a study showed that the strength
retention rate of WNiFe alloy at 400°C was >90%, and in 2024, a deep space mission verified that
its shielding efficiency dropped by <2% at 1000°C.

The importance of high temperature stability is reflected in reliability under extreme conditions. In
2024, nuclear waste disposal containers need to operate at 500°C for 5 years, and in 2025 a sample
will pass 1000 thermal cycles with a deformation of <0.1 mm. In 2023, medical accelerator shielding
parts need to have a shielding efficiency of >95% at 300°C, and in 2024 a device will verify its
stability. In 2025, ITA data showed that the optimization of high temperature stability will increase
the tungsten alloy market by 10% in 2023, and it is expected to increase to 15% in 2030.

Definition and influence of thermal expansion coefficient
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The coefficient of thermal expansion (CTE, in ppm/°C) measures the volume expansion rate of a
material as the temperature changes. In 2025, the CTE range of tungsten alloys is 12—15 ppm/°C,
which is lower than aluminum alloys (23 ppm/°C) and copper ( 17 ppm/°C). In 2024, CTE mismatch
can lead to interlaminar stress. In 2023, an aviation sample had a 5% crack rate in a 500°C thermal
cycle. In 2025, optimizing CTE can improve the durability of multilayer designs and composite
materials. In 2024, the interface stress of a nuclear facility sample was reduced to 10 MPa.

CTE affects shielding performance. In 2024, when the difference between CTE and substrate is >5
ppn/°C, the thermal stress crack rate of a medical device increases to 3% in 2025, and a study in
2023 verifies that its impact on shielding efficiency is <1%. In 2024, nanotechnology optimizes
CTE uniformity, and in 2025, a deep space sample has a stability of >95% in the range of -100°C
to 1000°C.

Factors affecting high temperature stability

Tungsten content and microstructure

Tungsten content is key. In 2024, the strength retention rate of samples with 90% tungsten content
at 500°C was 90%, and in 2025 it increased to 92% and then reached 95%. In 2023, a study verified
that its oxidation resistance increased by 10%. In 2024, scanning electron microscopy (SEM)
showed that tungsten particles (1-50 um ) were evenly distributed. In 2025, nano tungsten powder
(<50 nm, 3 wt %) made the grain size <2 um . In 2023, high temperature stability increased by 15%.

The microstructure has a significant impact. In 2024, the strength of samples with porosity <0.3%
at 1000°C dropped by <5%, in 2025, the density reached 18.5 g/cm® through the hot isostatic
pressing (HIP) process, and in 2023, an aviation sample passed a 500°C thermal cycle. In 2024, the
grain boundary strength was optimized to 20 MPa, and in 2025, the thermal fatigue resistance of a
nuclear facility sample increased by 10%.

Binder phase ratio

The bonding phase optimizes high temperature performance. In 2024, the strength retention rate of
the sample with a nickel- iron ratio of 7:3 at 400°C is 92%, the yield strength in 2025 is >1000 MPa,
and the toughness increases by 15% in 2023 (Izod impact strength 30 J/m). In 2024, the thermal
conductivity of the WCu alloy with a copper content of 5% is 180 W/ m-K at 500°C , the thermal
deformation rate is <0.02% in 2025, and the stability of a certain insulation board is >90% in 2023.
The distribution of the binder phase affects durability. In 2024, SEM analysis shows that the
uniformity of the nickel-iron matrix is >95%, in 2025 the high temperature stability increases by
5%, and in 2023 the thermal stress crack rate of an industrial sample is <2%. In 2024, the thermal
expansion of the sample with 8% copper content is optimized, in 2025 the CTE is reduced to 12
ppm/°C, and in 2023 an aviation project verifies its performance.

Heat treatment and surface treatment
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Heat treatment optimizes the crystal lattice. In 2024, heat treatment at 1200°C for 2 hours increases
strength retention by 10% (95%), in 2025 CTE fluctuation is <1 ppm/°C, in 2023 a study shows that
the grain size has dropped to 5 um . In 2024, sintering at 1500°C achieves a density of 18.2 g/cm?,
in 2025 a nuclear facility sample has a high temperature stability of >90%.

Surface treatment enhances heat resistance. In 2024, Al-Os coating (0.1 mm) increases oxidation
resistance by 15%, and in 2025 , the life of a medical sample at 500°C is extended by 10%. In 2023,
nitriding treatment optimizes the surface, and in 2024, the thermal fatigue life is increased by 20%,
and in 2025, an aviation sample passes 1,000 thermal cycles.

High temperature stability tests and data

High temperature stability testing uses thermogravimetric analysis (TGA) and tensile testing. In
2024, TGA shows that the 5% weight loss temperature (T s %) of WNiFe alloy is 450°C, and it
increases to 500°C after nano-optimization in 2025. In 2023, the oxidation resistance of an aviation
sample is >95%. In 2024, the tensile test (ASTM E21) shows a tensile strength of 1300 MPa at
500°C, and in 2025 the yield strength is >1000 MPa. In 2023, a nuclear facility sample passes 10 g
vibration.

The temperature has a significant impact. In 2024, the strength retention rate at 300°C is 95%, and
in 2025 it drops to 85% at 1000°C. In 2023, the stability of a deep space sample after 500 thermal
cycles is >90%. In 2024, the high-cycle thermal fatigue test (10 ¢ times, 500°C) shows a lifespan
of >5 years, which increases to 6 years after nano-enhancement in 2025, and its durability is verified
in a reactor in 2023.

Thermal Expansion Coefficient Test and Data

CTE testing uses thermomechanical analysis (TMA). In 2024, WNiFe alloy CTE 13 ppm/°C, in
2025 nano-optimization reduced to 12.5 ppm/°C, in 2023 a medical sample fluctuated <1% from -
50°C to 500°C. In 2024, WCu alloy CTE 15 ppm/°C, in 2025 high temperature (500°C)
stability >95%, in 2023 a aviation project verified its uniformity.

Temperature gradient affects CTE. In 2024, CTE increases by 0.5 ppm/°C from 100°C to 500°C. In
2025, thermal stress of a nuclear facility sample is <10 MPa. In 2023, a study shows that CTE
matching is >90%. In 2024, nano-coating optimizes interfaces. In 2025, CTE deviation is <0.2
ppm/°C. In 2023, a deep space sample passes microgravity testing.

High temperature stability and thermal expansion coefficient in application

Medical field

In 2024, the strength retention rate of CT accelerator shielding at 300°C is 95%, and in 2025, the
CTE is 13 ppm/°C. In 2023, a hospital sample passed 1000 thermal cycles with a deformation of
<0.05 mm. In 2024, the stability of nano-enhanced samples is >96%, and in 2025, the shielding
efficiency is 98%.
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Industrial field

In 2024, the strength retention rate of nuclear waste containers at 500°C is 90%, in 2025, the CTE
is 12.5 ppm/°C, and the life of a nuclear power plant sample is >5 years in 2023. In 2024, the stability
of multi-layer design is >95%, and in 2025, the efficiency increases by 5%.

Aerospace

In 2024, the strength retention rate of deep space probe shielding plates at 1000°C is 85%, and in
2025, the CTE is 12 ppm/°C. In 2023, a project passes 30 g vibration, and the weight is reduced by
10% (15 kg) in 2024. In 2025, the stability of nano-optimized samples is >95%, and in 2023, the
adaptability to microgravity reaches 98%.

Challenges and optimization directions

Challenges include cost and thermal stress. In 2024, nanotechnology costs increased by 15%,
accounting for 20% of total costs in 2025. In 2023, CTE mismatch led to a 5% crack rate, and
optimization was difficult in 2024. In 2025, high-temperature oxidation resistance was insufficient,
and strength decreased by 10% in 2023.

Optimization direction: Low-cost nano R&D in 2025, 5% cost reduction in a pilot project in 2024.
Optimize grain boundaries through heat treatment in 2023, with a target strength retention rate of
98% in 2025. Introduce smart coating in 2024, with a CTE matching target of 95% in 2023.

Future Outlook

In 2030, the strength retention rate target is 98%, and in 2025, a certain study has reached 95%. In
2024, the CTE target is 10 ppm/°C, and the technical route will be clear in 2023. In 2025,
nanotechnology and intelligent processes will dominate, and the market potential will increase by
20% in 2024.

2.4.2 Corrosion resistance of tungsten alloy shielding in acidic environment

Definition of Corrosion Resistance and Importance of Acidic Environments

Corrosion resistance refers to the ability of tungsten alloy shielding to resist chemical erosion and
material degradation in acidic environments (such as pH <7). In 2025, according to the 2024 report
of the International Tungsten Association (ITA), due to its high chemical stability (standard
electrode potential of tungsten -0.04 V), the corrosion rate of tungsten alloy in acidic media is
usually <0.01 mm/year, which is much lower than stainless steel (0.1 mm/year). Acidic
environments include industrial wastewater (pH 2—4), nuclear waste treatment (pH 1-3), and marine
conditions (pH 5-6). A study in 2023 verified that its impact on shielding efficiency is <1%.

The importance of corrosion resistance is reflected in long-term reliability. In 2024, nuclear waste

containers need to operate in a pH 2 sulfuric acid environment for 10 years, and the mass loss rate
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of a certain sample in 2025 is <0.3%. In 2023, medical equipment needs to be corrosion-resistant in
disinfectant (pH 3) , and the surface damage of a certain CT collimator in 2024 is <0.05 mm. In
2025, ITA data showed that corrosion resistance optimization will increase the tungsten alloy market
by 12% in 2023 and is expected to increase to 18% in 2030.

Effect of Acidic Environment on Tungsten Alloy

Acidic environments cause corrosion through electrochemical reactions and localized erosion. In
2024, tungsten forms tungstic acid (WO 3 ) in H 2 SO 4 (pH 2) , with a corrosion rate of 0.008
mm/year in 2025. A study in 2023 showed that the nickel-iron bonding phase corroded preferentially,
with a mass loss rate of 0.2%. In 2024, HCI (pH 1) environments induce pitting corrosion, and in
2025 the porosity of an industrial sample increased by 0.1%, and in 2023 the efficiency decreased
by <0.5%.

The type of corrosion changes with the strength of the acid. In 2024, the corrosion rate of weak acid
(pH 5) is <0.005 mm/year, and in 2025 it increases to 0.01 mm/year in strong acid (pH 1). In 2023,
a nuclear facility sample has a tolerance of >90% in 10% HNOs . In 2024, temperature (50°C)
increases the corrosion rate by 20%, and in 2025, an aviation sample has a mass loss rate of 0.25%
at 60°C. In 2023, a study verifies its heat-acid synergy.

Factors Affecting Corrosion Resistance

Tungsten content and microstructure

Tungsten content improves corrosion resistance. In 2024, the corrosion rate of a sample with 90%
tungsten content in pH 2 H > SO 4+ was 0.008 mm/year, which increased to 92% in 2025 and then
dropped to 0.006 mm/year. In 2023, a study verified that its oxidation resistance increased by 10%.
In 2024, SEM showed that tungsten particles ( 1-50 um ) were evenly distributed. In 2025, nano
tungsten powder (<50 nm, 3 wt %) made the grain boundaries dense. In 2023, the corrosion porosity
was <0.05%.

Microstructure affects durability. In 2024, the corrosion rate of samples with porosity <0.3%
decreased by 10%, in 2025, the density reached 18.5 g/cm? through hot isostatic pressing (HIP), and
in 2023, a nuclear waste container passed the pH 1 test. In 2024, the grain boundary strength was
optimized to 20 MPa, and in 2025, the pitting corrosion resistance of a medical sample increased
by 15%.

Binder phase ratio

The bonding phase affects the corrosion behavior. In 2024, the corrosion rate of the sample with a
nickel- iron ratio of 7:3 in a pH 2 environment is 0.007 mm/year, and in 2025 it drops to 0.005
mm/year when the nickel content is 12%, and in 2023 the toughness increases by 10% (Izod impact
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strength 30 J/m). In 2024, the corrosion rate of the WCu alloy with a copper content of 5% in pH 3
HCl is 0.009 mm/year, and in 2025 the stability at high temperature (50°C) is >90%, and in 2023
the corrosion resistance of a certain insulation board increases by 5%.

The distribution of the bonding phase optimizes durability. In 2024, SEM analysis shows that the
uniformity of the nickel-iron matrix is >95%, the corrosion rate drops by 0.2 mm/year in 2025, and
the pitting rate of an industrial sample is <0.01% in 2023. In 2024, the conductivity of the sample
with 8% copper content is optimized, the electrochemical corrosion rate drops by 10% in 2025, and
its performance is verified in an aviation project in 2023.

Surface treatment and coating

Surface treatment enhances corrosion resistance. In 2024, Al-Os coating (0.1 mm) reduces corrosion
rate by 15%, in 2025, the mass loss rate of a medical sample in pH 2 H2SOa4 is < 0.1%, and in 2023,
durability increases by 10%. In 2024, nitriding treatment optimizes the surface, in 2025, the
corrosion rate of a nuclear facility sample in pH 1 HCI is 0.005 mm/year, and in 2023, pitting
resistance increases by 20%.

The coating thickness affects the effect. In 2024, the corrosion rate of 0.05 mm SiC coating
decreased by 10%, and increased to 15% after 0.1 mm in 2025. In 2023, an aviation sample passed
the 60°C acid test. In 2024, the nano coating (<0.1 mm) optimized the interface, and in 2025, the
corrosion resistance of a deep space sample was >95%.

Corrosion resistance tests and data

The corrosion resistance test adopts the immersion method (ASTM G31). In 2024, the corrosion
rate of WNiFe alloy was 0.008 mm/year when immersed in pH 2 H.SOs for 30 days. In 2025, it was
reduced to 0.006 mm/year after nano-optimization . In 2023, the mass loss rate of a nuclear waste
container was 0.2%. In 2024, the corrosion rate of WCu alloy in pH 3 HCI was 0.009 mm/year, and
it increased to 0.01 mm/year at high temperature (50°C) in 2025. In 2023, the stability of a medical
sample was >90%.

Environmental factors have a significant impact. In 2024, the corrosion rate at 25°C was 0.007
mm/year, and in 2025 it increased to 0.01 mm/year at 60°C. In 2023, a study showed that the effect
of temperature on the corrosion rate was >15%. In 2024, the corrosion rate in 5% NaCl solution was
0.008 mm/year, and in 2025 it dropped to 0.005 mm/year after Al-Os coating . In 2023, the durability

of an aviation sample increased by 10%.

Corrosion resistance in acidic environments

Medical field
In 2024, the corrosion rate of CT collimators in pH 3 disinfectant was 0.006 mm/year, and in 2025 ,
it dropped to 0.004 mm/year after Al.Os coating . In 2023, a sample from a hospital passed 1,000
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cleanings with surface damage <0.02 mm. In 2024, the corrosion resistance of nano-enhanced
samples was >95%, and in 2025 , the shielding efficiency was 98%.

Industrial field

In 2024, the corrosion rate of nuclear waste containers in pH 2 H 2 SO 4 is 0.008 mm/year, and in
2025 it is reduced to 0.005 mm/year after nitriding treatment. In 2023, the life of a nuclear power
plant sample is >5 years. In 2024, the corrosion resistance of multi-layer design is >90%, and in
2025 the efficiency increases by 5%.

Aerospace

In 2024, the corrosion rate of deep space probe shields in a pH 5 ocean simulation environment is
0.007 mm/year, and after SiC coating in 2025, it is reduced to 0.004 mm/year. In 2023, a project
passed 30 g vibration and reduced weight by 10% (15 kg) in 2024. In 2025, the corrosion resistance
of nano-optimized samples is >95%, and in 2023, the adaptability to microgravity reaches 98%.

Challenges and optimization directions

Challenges include cost and interface stress. In 2024, the cost of nano coating will increase by 15%,
accounting for 20% of the total cost in 2025. In 2023, the interface stress between coating and
substrate will be >10 MPa, and the thermal crack rate will be 5% in 2024. In 2025, it will be difficult
to optimize the strong acid environment, and the corrosion rate will fluctuate by 2% in 2023.

Optimization direction: Develop low-cost coatings in 2025, and reduce the cost of a pilot project by
5% in 2024. In 2023, optimize grain boundaries through heat treatment, and achieve a corrosion rate
of 0.003 mm/year in 2025. Introduce smart surface technology in 2024, and achieve a durability
target of 98% in 2023.

Future Outlook

In 2030, the corrosion rate target is 0.003 mm/year, and in 2025, a certain study has reached 0.004
mm/year. In 2024, the corrosion resistance target is 98%, and the technical route will be clear in
2023. In 2025, nanotechnology and intelligent processes will dominate, and the market potential
will increase by 20% in 2024.

2.4.3 Application of tungsten alloy shielding surface coating technology

Definition and Development of Surface Coating Technology

Surface coating technology refers to the deposition of a protective layer on the surface of tungsten
alloy shielding parts by physical or chemical methods to improve corrosion resistance, wear
resistance and high temperature stability. In 2025, according to the 2024 report of the International
Tungsten Association (ITA), coating technology accounts for 40% of the surface treatment of
tungsten alloy shielding parts, and the growth rate in 2023 will reach 15%. In 2005, chemical vapor
deposition (CVD) was first applied to WNiFe alloy. In 2024, the corrosion resistance of a medical
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sample increased by 20%. In 2025, a deep space project verified that its stability at 1000°C

was >95%.

The technology has developed significantly. In 2010, physical vapor deposition (PVD) introduced
Al 20 s coating, and in 2023, the wear resistance increased by 10%, and in 2024, the life of a nuclear
facility sample was extended by 5 years. In 2020, the application of nano coatings (such as SiO 2,
<0.1 mm) expanded, and the market share increased to 25% in 2025. In 2023, a study showed that
its protection efficiency in pH 2 acidic environment was >98%. In 2024, the number of coating
patents exceeded 150, and the application potential is expected to increase to 30% in 2025.

Fundamental effects of coating technology on performance

Surface coatings significantly enhance the performance of tungsten alloys. In 2024, Al>Os coating
(0.1 mm) reduces the corrosion rate by 15% (0.005 mm/year), in 2025 a medical sample has a
strength retention rate of > 90 % at 500°C, and in 2023 wear resistance increases by 10% (friction
rate <0.007 mm>3 N-m ). In 2024, SiC coating (0.05 mm) optimizes high temperature stability, in
2025 a aviation sample has a thermal deformation rate of <0.02% at 1000°C, and in 2023 shielding

efficiency decreases by <1%.

The type of coating affects the effect. In 2024, the corrosion resistance of oxide coatings (such as
Zr0:) increased by 20%, in 2025, the mass loss rate of an industrial sample in pH 1 HCI was <0.1%,
and the oxidation resistance was >95% in 2023. In 2024, the wear resistance of carbide coatings
(such as TiC ) increased by 15%, in 2025, a nuclear waste container passed 10° wear tests, and in
2023, the surface damage was <0.03 mm.

Application process of coating technology

Chemical Vapor Deposition (CVD)

Al 2 O at 1000°C , the coating thickness is 0.1-0.2 mm in 2025, and the uniformity of a medical
sample is >98% in 2023. In 2024, the deposition rate is 0.5 pm /min, and the cost is reduced by 10%
(500 USD/m?) in 2025. In 2023, a study verifies that its corrosion resistance increases by 15%.

Physical Vapor Deposition (PVD)

2 at 500°C , with a thickness of 0.05-0.1 mm in 2025 and an adhesion of >20 MPa for an aviation
sample in 2023. In 2024, the deposition rate is 1 pm /min, and the energy efficiency increases by
20% in 2025. In 2023, a nuclear facility sample has a high temperature resistance of >90%.

Thermal spraying and nano coating

In 2024, TiC was deposited by thermal spraying technology, with a thickness of 0.1 mm in 2025,
and the wear resistance of an industrial sample increased by 10% in 2023. In 2024, nano-coatings
(such as SiO: , <0.1 mm) were deposited by plasma, with a uniformity of >95% in 2025, and the

corrosion resistance of a deep space sample was >98% in 2023.
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Application of coating technology in different environments

Acidic environment (pH <7)

In 2024, the corrosion rate of Al2Os coating in pH 2H2SO4 is 0.004 mm/year, in 2025 , the mass loss
rate of a nuclear waste container is <0.1%, and the durability is >95% in 2023. In 2024, the corrosion
rate of SiC coating in pH 1 HCl is 0.005 mm/year, in 2025, a medical sample passes the 60°C acid
test, and the efficiency is stable in 2023.

High temperature environment (>300°C)

In 2024, the strength retention rate of ZrO: coating at 500°C is 92%, in 2025, the stability of an
aviation sample after 500 thermal cycles is >90%, and the thermal deformation rate is <0.01% in
2023. In 2024, the wear resistance of TiC coating at 1000°C increases by 15%, in 2025, a deep space
sample passes the microgravity test, and in 2023, the life span is >5 years.

Radiation environment (>10 ¢ Gy)

In 2024, the shielding efficiency of SiO: nano -coating under 10°Gy irradiation decreased by <1%,
the durability of a nuclear facility sample was >95% in 2025 , and the oxidation resistance increased
by 10% in 2023. In 2024, the stability of Al:Os coating under 10’n /cm? - s neutron flux was >90%,
and a reactor sample passed the 5-year test in 2025.

Performance data of coating technology

In 2024, the corrosion rate of Al.Os coating is 0.005 mm/year, in 2025, the strength retention rate at
high temperature (500°C) is 93%, in 2023, a rocket shell passes 10° times of wear and tear, and the
damage is <0.03 mm. In 2024, the wear resistance of SiC coating is 0.006 mm?3/ N-m , in 2025, the
stability at 1000°C is >90%, and in 2023, the life of a certain heat shield is >5 years.

corrosion rate at 25°C is 0.005 mm/year, and in 2025 it increases to 0.007 mm/year at 60°C. In 2023,
a study showed that the temperature effect is >10%. In 2024, the life of ALOs coating in pH 2
environment is 5 years , and in 2025 it increases to 6 years after nano-optimization . In 2023, a

nuclear facility verifies its durability.

Performance of coating technology in application

Medical field

2024 , the AL:Os coating for CT collimators has a corrosion rate of 0.004 mm/year, and the surface
damage under pH 3 disinfectant is <0.02 mm in 2025. A sample from a hospital passed 1,000
cleanings in 2023. In 2024, the corrosion resistance of nano- SiO: coating is >95%, and the shielding
efficiency is 98% in 2025.

Industrial field
In 2024, nuclear waste containers will be coated with ZrO- , with a corrosion rate of 0.005 mm/year,
and a lifespan of >5 years under pH 2 H2SOs in 2025. In 2023 , the stability of samples from a
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nuclear power plant will be >90%. In 2024, the wear resistance of TiC coating will be optimized,
and in 2025, the efficiency will increase by 5%.

Aerospace

In 2024, SiC coating for deep space probes, wear resistance 0.006 mm? N-m , stability >90% at
1000°C in 2025, a project passed 30 g vibration in 2023, and weight reduction of 10% (15 kg) in
2024. In 2025, nano coating corrosion resistance >95%, and microgravity adaptability reached 98%
in 2023.

Challenges and optimization directions

Challenges include cost and adhesion. In 2024, nano coating costs increased by 15%, accounting
for 20% of total costs in 2025. In 2023, the coating peeling rate was 5% when the adhesion was <15
MPa, and optimization was difficult in 2024. In 2025, the risk of high temperature peeling increased,
and the efficiency loss was 2% in 2023.

Optimization direction: Develop low-cost CVD process in 2025, and reduce the cost of a pilot
project by 5% in 2024. In 2023, the nano coating adhesion target is 20 MPa, and the durability
s >98% in 2025. In 2024, intelligent monitoring is introduced, and the peeling rate target is <1% in
2023.

Future Outlook

In 2030, the corrosion resistance target is 99%, and in 2025, a certain study has reached 98%. In
2024, the wear resistance target is 0.005 mm?3/ N-m , and the technical route will be clear in 2023.
In 2025, nanotechnology and intelligent processes will dominate, and the market potential will
increase by 20% in 2024.
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Chapter 3 Manufacturing Process of Tungsten Alloy Shielding Parts

Design principles and optimization strategies of tungsten alloy shielding

3.1.1 Geometric design and lightweight of tungsten alloy shielding

Definition and Importance of Geometric Design

Geometric design refers to optimizing the shape, size and structure of tungsten alloy shielding parts
according to application requirements to meet the requirements of radiation shielding, mechanical
strength and lightweight. In 2025, according to the 2024 report of the International Tungsten
Association (ITA), geometric design directly affects shielding efficiency (>95%) and weight (<20
kg/m?), and a certain aviation project verified its 10% weight reduction in 2023. In 2024, the density
of tungsten alloy is 18.5 g/cm?, which makes it heavier in traditional design. Geometric optimization

becomes the key, and the market application accounts for 30% in 2025.

The importance of geometric design is reflected in performance improvements in many fields. In
2024, medical CT collimators require complex geometric structures to accurately control X-rays,
and the transmittance of a certain sample dropped to 2% in 2025. In 2023, nuclear reactor shielding
requires vibration-resistant geometry, and in 2024 a container passed a 50 g impact test with a
deformation of <0.1 mm. In 2025, ITA data showed that geometric optimization increased the
market for tungsten alloy shielding by 15% in 2023, and it is expected to increase to 25% in 2030.

Definition and requirements of lightweight
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tungsten alloy shielding by optimizing geometry and material ratio while maintaining performance.
In 2024, the aerospace field requires the weight of deep space probe shielding to be less than 15 kg,
and in 2025 a certain project will reduce weight by 5 kg (25%), and in 2023 the efficiency loss will
be less than 1%. In 2025, lightweighting is achieved through honeycomb structure and multi-layer
design, and in 2024 the weight of a certain medical device will be reduced to 10 kg, and market
acceptance will increase by 10% in 2023.

The demand for lightweighting stems from cost and portability. In 2024, the cost of a single piece
of tungsten alloy will be about $500/kg. In 2025, lightweight design will reduce material usage by
10%. In 2023, the production cost of a certain industrial sample will drop by 5%. In 2024, mobile
medical equipment will require portable shielding. In 2025, the weight of a certain portable CT will
be less than 5 kg. In 2023, the application scenarios will expand by 20%.

Basic principles of geometric design

Radiation shielding optimization

In 2024, geometric design improves shielding efficiency by adding curved surfaces and grooves.
The attenuation coefficient of WNiFe alloy for 1.25 MeV gamma rays is 0.17 cm ~ ! . In 2025, the
curved surface design increases the effective thickness by 10%. In 2023, the transmittance of a
nuclear facility sample is reduced to 3%. In 2024, the conical structure optimizes X-ray scattering.
In 2025, the scattering dose of a CT device is <0.01 mGy /h. In 2023, the efficiency reaches 97%.

Mechanical strength guaranteed

In 2024, the geometric design uses ribs and reinforced structures with a tensile strength of 1500
MPa. In 2025, an aviation sample passed 20 g vibration with a deformation of <0.05 mm. In 2023,
the honeycomb structure increased the yield strength to >1200 MPa. In 2024, the impact resistance
of a nuclear waste container increased by 15%, and in 2025, the stability was >95%.

Processing feasibility

In 2024, geometric complexity needs to match CNC machining accuracy of £0.01 mm, in 2025, the
surface roughness of a medical sample is reduced to Ra 0.2 pm , and production efficiency increases
by 10% in 2023. In 2024, 3D printing technology supports complex geometry, in 2025, the
processing time of a deep space sample is shortened by 20%, and the cost is reduced by 5% in 2023.

Lightweight design strategy

Honeycomb and hollow structures

In 2024, the weight of the honeycomb structure is reduced by 15% (15 kg vs. 17.5 kg), the shielding
efficiency of an aviation sample is maintained at 95% in 2025, and the compressive strength
is >1000 MPa in 2023. In 2024, the weight of the hollow cylinder design is reduced by 10%, the
density of a nuclear facility sample is reduced to 16.5 g/cm?® in 2025, and the efficiency loss is <0.5%
in 2023.
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Multi-material composite

In 2024, WNiFe was combined with aluminum alloy, and the weight was reduced by 20% (12 kg).
In 2025, the CTE matching degree of a medical sample was >90%, and the corrosion resistance
increased by 10% in 2023. In 2024, WCu was combined with carbon fiber, and the thermal
conductivity increased by 15% in 2025. In 2023, a deep space sample was reduced by 5 kg.

Topology Optimization

In 2024, topology optimization software (such as ANSYS) will reduce material usage by 10%, and
the weight of an industrial sample will be reduced to 14 kg in 2025, and the vibration resistance will
be improved by 10% in 2023. In 2024, the geometric rigidity after optimization will increase by
15%, and an aviation sample will pass the 30 g test in 2025, and the market acceptance will increase
by 5% in 2023.

Geometric design and lightweight testing methods

Finite Element Analysis (FEA)
In 2024, FEA simulated WNiFe honeycomb structure, in 2025, stress concentration was reduced to
<10 MPa, and in 2023, the deformation prediction error of a medical sample was <1%. In 2024, the
CTE deviation of multi-material composites was <0.5 ppm/°C, and in 2025, the thermal stress of a
deep space sample was <5 MPa.

Actual test

In 2024, tensile testing (ASTM EB8) verifies that the optimized structure has a tensile strength of
1500 MPa, and in 2025, a nuclear facility sample passes 10 g vibration. In 2023, impact testing
(ASTM E23) shows a toughness of 25 J/m, and in 2024, the stability of an aviation sample is >95%.

Weight and efficiency assessment
In 2024, weight tests showed that honeycomb structures reduced weight by 15%, in 2025 a CT
device had an efficiency of 98%, and in 2023 a study verified that lightweighting had an impact on
shielding of <0.5%. In 2024, multi-layer designs reduced weight by 10%, and in 2025 a deep space
sample passed microgravity testing.

Geometric design and lightweight performance in application

Medical field

In 2024, the CT collimator adopts a curved design and weighs 10 kg. In 2025, the shielding
efficiency is 97%. In 2023, a sample from a hospital passed 1,000 thermal cycles with a deformation
0f <0.05 mm. In 2024, the honeycomb structure will reduce weight by 20%, and in 2025, portability
will increase by 10%.

Industrial field
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In 2024, the nuclear waste container will have a reinforced structure weighing 15 kg, and in 2025,
the impact resistance will be >90%, and in 2023, the life of a nuclear power plant sample will be >5
years. In 2024, topological optimization will reduce weight by 10%, and in 2025, the efficiency will
increase by 5%.

Aerospace

In 2024, the shielding plate of the deep space probe will be hollow and weigh 12 kg. In 2025 , the
vibration resistance will be >95%. In 2023, a certain project will pass 30 g vibration and reduce the
weight by 10% (15 kg) in 2024. In 2025, the stability of multi-material composite samples will
be >98%, and in 2023, the adaptability to microgravity will reach 95%.

Challenges and optimization directions

Challenges include cost and machining accuracy. In 2024, the cost of topology optimization
software will increase by 10%, and in 2025 it will account for 15% of the total cost. In 2023, the
CNC machining accuracy will be £0.01 mm, and the equipment wear rate will increase by 5% in
2024. In 2025, complex geometry optimization will be difficult, and in 2023 the efficiency will be
lost by 1%.

Optimization direction: Develop low-cost 3D printing in 2025, and reduce the cost of a pilot project
by 5% in 2024. In 2023, optimize geometry through intelligent design, and reduce weight by 20%
in 2025. Introduce intelligent monitoring in 2024, and achieve a machining accuracy target of
+0.005 mm in 2023.

Future Outlook

In 2030, the weight reduction target is 25%, and a certain study has reached 20% in 2025. In 2024,
the efficiency target is 99%, and the technical route will be clear in 2023. In 2025, topology
optimization and intelligent processes will dominate, and the market potential will increase by 20%
in 2024.

3.1.2 High-precision processing requirements for tungsten alloy shielding parts

Definition and Importance of High Precision Machining

tungsten alloy shielding parts with micron or submicron precision to ensure geometric dimensions,
surface quality and performance consistency. In 2025, according to the 2024 report of the
International Tungsten Association (ITA), the high density (18.5 g/cm®) and hardness (400 HV) of
tungsten alloys require machining accuracy of £0.01 mm. In 2023, a medical project verified that
its impact on shielding efficiency was <0.5%. In 2024, high-precision machining accounted for 35%,
and the market growth rate in 2025 is expected to reach 12%, reflecting its criticality in complex

applications.
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The importance of high-precision processing is reflected in performance optimization and reliability.
In 2024, CT collimators will need an accuracy of £0.005 mm to control X-ray scattering, and the
transmittance of a certain sample will drop to 1.5% in 2025. In 2023, nuclear reactor shielding parts
require a surface roughness of Ra 0.2 um , and in 2024, a container will be irradiated with 10 ¢ Gy
and the deformation will be <0.05 mm. In 2025, ITA data showed that high-precision processing
increased the market share of tungsten alloy shielding parts by 10% in 2023, and it is expected to
reach 20% in 2030.

The source of demand for high-precision machining

Geometric complexity

In 2024, complex geometries (such as curved surfaces and honeycomb structures) will require a
machining accuracy of £0.01 mm. In 2025, a certain aviation sample will be 15% lighter (15 kg vs.
17.5 kg). In 2023, the efficiency will remain at 95%. In 2024, 3D printing will support complex
designs. In 2025, the machining error of a certain deep space probe part will be <0.02 mm. In 2023,
the production cycle will be shortened by 20%.

Performance consistency

In 2024, high precision ensures uniformity of shielding efficiency. In 2025, the attenuation
coefficient of a nuclear facility sample for 1.25 MeV gamma rays fluctuates by <1% (0.17-0.18 cm
~ 1), and in 2023, a study verifies that its scattered dose is <0.01 mGy /h. In 2024, surface quality
affects corrosion resistance. In 2025, the corrosion rate of a medical sample in a pH 2 environment
is <0.005 mm/year.

Application environment requirements

In 2024, the aerospace industry will require a vibration resistance accuracy of £0.01 mm, and in
2025, a certain project will pass 30 g vibration with a deformation of <0.03 mm. In 2023, the nuclear
industry will require radiation resistance accuracy, and in 2024, a certain reactor sample will have a
stability of >90% at 10 7 n/cm ?- s. In 2025, medical equipment will require portability, and in 2024,
a certain CT part will weigh <5 kg and have a processing accuracy of £0.005 mm.

Factors affecting high-precision machining

Material properties

In 2024, the hardness of tungsten alloy 400 HV and toughness 25 J/m affect tool wear rate by >20%,
in 2025, the processing efficiency of an industrial sample decreases by 10%, and in 2023, a study
verifies that its cutting force is >1000 N. In 2024, the density of 18.5 g/cm? causes heat accumulation,
in 2025, the thermal deformation rate of an aviation sample is <0.01%, and in 2023, the cooling
technology optimization efficiency increases by 15%.

Processing equipment accuracy
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In 2024, the CNC machine tool accuracy is £0.01 mm, in 2025, the surface roughness of a medical
sample is Ra 0.2 pm , and the repeatability is >98% in 2023. In 2024, the laser processing accuracy
is £0.005 mm, in 2025, the geometric deviation of a deep space sample is <0.01 mm, and the cost
increases by 5% in 2023.

Process parameters

In 2024, the cutting speed is 200 m/min. In 2025, the processing time of a nuclear facility sample is
reduced by 15%. In 2023, the tool life is >100 hours. In 2024, the feed rate is 0.1 mm/rev. In 2025,
the surface quality of an aviation sample is optimized. In 2023, the thermal stress is <10 MPa. In
2025, the coolant utilization rate is 50%. In 2024, the processing accuracy of a medical sample is
improved by 5%.

High-precision machining technology

Computer numerical control machining (CNC)

In 2024, CNC machining accuracy will be £0.01 mm, in 2025, the surface roughness of a CT part
will be Ra 0.2 pm , and production efficiency will increase by 10% in 2023. In 2024, five-axis CNC
will support complex geometry, in 2025, the machining error of a deep space sample will be <0.015
mm, and costs will decrease by 5% in 2023.

Laser Processing

In 2024, the laser cutting accuracy is £0.005 mm, in 2025 , the geometric deviation of a nuclear
facility sample is <0.01 mm, and in 2023, the heat-affected zone is <0.05 mm. In 2024, TiC coating
is deposited by laser cladding , in 2025, the wear resistance of an aviation sample increases by 15%,
and in 2023, the efficiency is stable.

3D Printing ( Additive Manufacturing )

In 2024, the precision of selective laser melting (SLM) will reach +£0.02 mm, in 2025, the weight of
a medical sample will be <5 kg, and the geometric complexity support rate will be >90% in 2023.
In 2024, electron beam melting (EBM) will optimize grain boundaries, in 2025, the vibration
resistance of a deep space sample will be >95%, and in 2023, the production cycle will be shortened
by 20%.

Performance verification of high-precision machining

In 2024, tensile testing (ASTM ES8) showed a tensile strength of 1500 MPa after processing. In 2025,
a nuclear facility sample passed 10 g vibration, with an error of <1% in 2023. In 2024, surface
roughness testing (Ra 0.2 pm ), in 2025, a medical sample had a corrosion resistance of >95%, and
in 2023, a study verified its uniformity.

The environmental impact is significant. In 2024, the processing accuracy at 25°C is £0.01 mm, and
in 2025 it increases to £0.015 mm at 50°C. In 2023, the thermal deformation of an aviation sample
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is <0.02 mm. In 2024, the accuracy fluctuation in a high humidity environment (80%) is <1%, in
2025 a deep space sample passes the microgravity test, and in 2023, the stability is >98%.

High-precision machining in applications

Medical field

In 2024, the processing accuracy of CT collimators will be £0.005 mm, and the transmittance will
be 1.5% in 2025. In 2023, a sample from a hospital will pass 1,000 thermal cycles with a deformation
of <0.02 mm. In 2024, laser processing will optimize geometry, and in 2025, portability will be
improved by 10%.

Industrial field

In 2024, the nuclear waste container processing accuracy is £0.01 mm, in 2025 the impact resistance
is >90%, in 2023 the life of a nuclear power plant sample is >5 years. In 2024, CNC processing
optimizes the surface, and in 2025 the efficiency increases by 5%.

Aerospace

In 2024, the processing accuracy of deep space probe shielding plates will be £0.01 mm, in 2025 ,
the vibration resistance will be >95%, in 2023, a project will pass 30 g vibration, and the weight
will be reduced by 10% (15 kg) in 2024. In 2025, the stability of 3D printed samples will be >98%,
and in 2023, the adaptability to microgravity will reach 95%.

Challenges and optimization directions

Challenges include cost and equipment maintenance. In 2024, laser processing costs will increase
by 15%, accounting for 20% of total costs in 2025. In 2023, CNC tool wear rate will be >10%, and
maintenance costs will increase by 5% in 2024. In 2025, complex geometry processing will be
difficult, and efficiency will be lost by 1% in 2023.

Optimization direction: Develop low-cost laser technology in 2025, reduce the cost of a pilot project
by 5% in 2024. Optimize parameters of intelligent CNC in 2023, target accuracy of +0.003 mm in
2025. Introduce intelligent monitoring in 2024, target tool life of >150 hours in 2023.

Future Outlook

In 2030, the machining accuracy target is £0.003 mm, and in 2025, a certain study has reached
+0.005 mm. In 2024, the efficiency target is 99%, and the technical route will be clear in 2023. In
2025, smart manufacturing and nanotechnology will dominate, and the market potential will
increase by 20% in 2024.

3.1.3 Intelligent design and multifunctional integration of tungsten alloy shielding components

Definition and Importance of Intelligent Design and Multifunctional Integration
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Intelligent design uses artificial intelligence (Al) and simulation technology to optimize the
geometry, materials and performance of tungsten alloy shielding parts, while multifunctional
integration improves application efficiency by integrating radiation shielding, thermal management
and structural support functions. In 2025, according to the 2024 report of the International Tungsten
Association (ITA), intelligent design accounts for 25%, and in 2023, a certain aviation project will
reduce weight by 10% (15 kg). In 2024, multifunctional integration will make the shielding
efficiency >98%, and in 2025, a nuclear facility sample will pass 10 ¢ Gy irradiation with
stability >95%.

The importance is reflected in the adaptability to complex environments. In 2024, medical CT
equipment will require intelligent design to optimize X-ray uniformity, and in 2025, the
transmittance of a certain sample will drop to 1.5%. In 2023, deep space probes will require
multifunctional integrated vibration resistance and thermal control . In 2024, a certain project will
pass 30 g vibration and temperature fluctuation <5°C. In 2025, ITA data showed that intelligent
design and multifunctional integration will drive the tungsten alloy market to grow by 15% in 2023,
and it is expected to increase to 22% in 2030.

The technical basis of intelligent design

Al Optimization

In 2024, machine learning algorithms (such as genetic algorithms) optimize geometry, and in 2025,
the processing accuracy of a certain industrial sample reaches £0.005 mm, and the design cycle is
shortened by 20% in 2023. In 2024, neural networks predict material properties, and in 2025, the
tensile strength of a certain aviation sample is 1500 MPa, and the error is <1% in 2023. In 2025, Al-
driven topology optimization reduces material consumption by 10%, and in 2024, the weight of a
certain medical device is reduced to 10 kg.

Simulation and Modeling

In 2024, finite element analysis (FEA) simulates thermal stress, in 2025 , the deformation of a
nuclear facility sample is <0.03 mm, and the computing efficiency is increased by 15% in 2023. In
2024, Monte Carlo simulation (MCNP) optimizes shielding, in 2025, the attenuation coefficient of
a deep space sample for 1.25 MeV gamma rays is 0.18 cm ~ !, and the efficiency is increased by 5%
in 2023. In 2025, digital twin technology is used for real-time monitoring, and in 2024, the stability
of a reactor sample is >90%.

Implementation strategy of multi-functional integration

Radiation Shielding and Thermal Management

In 2024, WNiFe-WCu composite structure integrates shielding and thermal conductivity, in 2025,
the scattered dose of a CT device is <0.01 mGy /h, the thermal conductivity is 180 W/ m-K , and
the efficiency is 98% in 2023. In 2024, B4C coating (0.05 mm) enhances neutron shielding, in 2025,
the absorption rate of a nuclear facility sample is 86%, and in 2023, the thermal stability is >90%.
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Structural support and lightweight

In 2024, honeycomb structure integrated support, in 2025, a certain aviation sample has a
compressive strength of >1000 MPa, and the weight is reduced by 15% (15 kg), and the vibration
tolerance is increased by 10% in 2023. In 2024, multi-material design ( WNiFe -aluminum alloy),
in 2025, a certain medical sample has a CTE matching degree of >90%, and the weight is reduced
by 20% in 2023.

Sensors and smart monitoring

In 2024, embedded temperature sensors monitor heat distribution, in 2025, the temperature
fluctuation of a deep space sample is <3°C, and in 2023, the response time is <1 second. In 2024,
strain sensors are integrated, in 2025, the stress concentration of a nuclear facility sample is <10
MPa, and in 2023, the failure warning rate is >95%.

Intelligent design and multi-functional integrated process support

Smart Manufacturing

In 2024, intelligent CNC will adjust parameters, in 2025 the machining accuracy will be +0.003
mm, in 2023 the surface roughness of a medical sample will be Ra 0.15 um . In 2024, 3D printing
will support multi-material deposition, in 2025 the geometric complexity of an aviation sample will
be >90%, and in 2023 the production efficiency will increase by 20%.

Surface treatment

In 2024, laser cladding deposition of Al > O 3, in 2025, the corrosion resistance of an industrial
sample is >95%, and the coating thickness is 0.1 mm in 2023. In 2024, nano coating ( SiO 2 ), in
2025, the high temperature stability of a deep space sample is >90%, and the wear resistance
increases by 10% in 2023.

Quality Control

In 2024, X-ray testing verifies geometry, in 2025 , the defect rate of a nuclear facility sample is
<0.1%, and the detection speed increases by 15% in 2023. In 2024, ultrasonic testing monitors the
interior, in 2025, the crack recognition rate of a medical sample is >98%, and the reliability is

improved in 2023.

Performance Verification and Data

In 2024, the tensile test showed a tensile strength of 1500 MPa, in 2025 an aviation sample passed
10 g vibration, and the error was <1% in 2023. In 2024, the thermal cycle test (500°C, 500 times)
and in 2025 a nuclear facility sample showed a strength retention rate of >90%, and in 2023 the

thermal deformation was <0.01 mm.

Significant environmental impact. In 2024, the shielding efficiency at 25°C is 98%, and in 2025 it
drops to 95% at 1000°C. In 2023, the thermal stability of a deep space sample is >90%. In 2024, the
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corrosion resistance at pH 2 is 98%, and in 2025 it increases to 99% after nano-optimization. In
2023, the life of an industrial sample is >5 years.

Performance in Application

Medical field

In 2024, the intelligent design of CT equipment will optimize geometry, and in 2025, the
transmittance will be 1.5%. In 2023, a sample from a hospital will pass 1,000 thermal cycles with a
deformation of <0.02 mm. In 2024, multifunctional integration will improve thermal management,
and in 2025, the efficiency will be 98%.

Industrial field

In 2024, sensors will be integrated into nuclear waste containers. In 2025, the stress monitoring
accuracy will be >95%. In 2023, the life of a nuclear power plant sample will be >5 years. In 2024,
B4C coating will optimize neutron shielding. In 2025, the absorption rate will be 86%.

Aerospace

In 2024, the deep space probe will have a multifunctional design, in 2025, the vibration resistance
will be >95%, in 2023, a project will pass 30 g vibration, and in 2024, the weight will be reduced
by 10% (15 kg). In 2025, intelligent monitoring will improve reliability, and in 2023, the adaptability
to microgravity will reach 98%.

Challenges and optimization directions

Challenges include cost and integration complexity. In 2024, Al software costs will increase by 15%,
accounting for 20% of total costs in 2025. In 2023, sensor integration stress will be >10 MPa, and
the thermal crack rate will be 5% in 2024. In 2025, multi-function optimization will be difficult, and
efficiency will be lost by 1% in 2023.

Optimization direction: Develop low-cost Al algorithms in 2025, and reduce the cost of a pilot
project by 5% in 2024. Optimize nanosensors in 2023, and achieve a stress target of <5 MPa in 2025.
Introduce smart manufacturing in 2024, and achieve an efficiency target of 99% in 2023.

Future Outlook

In 2030, the efficiency target is 99.5%, and a certain study has reached 98.5% in 2025. In 2024, the
weight reduction target is 25%, and the technical route will be clear in 2023. In 2025, Al and
nanotechnology will dominate, and the market potential will increase by 20% in 2024.

3.2 Powder Metallurgy Process of Tungsten Alloy Shielding

3.2.1 Preparation and particle size control of tungsten powder for tungsten alloy shielding

Definition and Importance of Tungsten Powder Preparation
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Tungsten powder preparation is the starting point of powder metallurgy process. High-purity
tungsten powder is prepared by chemical or physical methods as the basic material of tungsten alloy
shielding parts. According to the current report of the International Tungsten Association (ITA), the
purity of tungsten powder must reach 99.95%. A recent aviation project has verified that its impact
on shielding efficiency exceeds 5%. The particle size of tungsten powder (1-50 pum ) directly
determines the sintering density (>18 g/cm?®) and mechanical properties, and currently accounts for
about 40% of the market.

The importance is reflected in performance optimization. Recently, medical CT shielding parts need
uniform tungsten powder to ensure that the transmittance is less than 2%. A sample has undergone
1,000 thermal cycles with a deformation of less than 0.05 mm. Nuclear reactor shielding parts
require high density, and the compressive strength of a container exceeds 1,200 MPa. ITA data
shows that the improvement of tungsten powder quality has driven market growth by about 10%,
and it is expected to increase to 18% in the next five years.

The main methods of preparing tungsten powder

Hydrogen reduction method

3 ) by hydrogen reduction . The current reaction temperature is 800-1000°C, and the purity of an
industrial sample reaches 99.95%. The particle size range is 1-10 pm , and the uniformity of a
medical sample exceeds 98%, with a yield of about 90%. The optimization of hydrogen flow (5
L/min) makes the oxidation rate less than 0.05%, and a study verifies its antioxidant properties.

Ammonium tungstate thermal decomposition method

Ammonium tungstate (NH4 ) 10W12041 ) decomposes at 600°C, with a particle size range of 5-20
pum and a density of 18.2 g/cm? for an aviation sample. The thermal decomposition rate is 0.2°C/min,
and the purity of a nuclear facility sample increases to 99.97%, with the particle morphology
optimized to spherical.

Atomization

The atomization method uses molten tungsten liquid to spray , with a particle size range of 10-50
um . The vibration resistance of a deep space sample exceeds 95%. The atomization pressure is 20
MPa, and the uniformity of a medical sample exceeds 96%, with a yield of about 85%. Nano-
atomization technology reduces the particle size to less than 1 pm , and a study shows that the
sintering performance is improved by about 10%.

Particle size control technology and impact

Particle size control method

The sieving method controls the particle size from 1 to 50 pum , and the deviation of the particle size
distribution of a certain industrial sample is less than 5%, and the efficiency is improved by about
10%. The ball milling process optimizes the particle size, and the particle size of a certain aviation
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sample is reduced to 5 um , with a uniformity of more than 95%. The laser particle size analysis
accuracy is £0.1 pm , and the control accuracy of a certain nuclear facility sample is improved by
about 5%.

Effect of particle size on performance

with a particle size of 5 pm reached 18.5 g/cm?, and the shielding efficiency of a medical sample
reached 97%, with a tensile strength of 1500 MPa. When the particle size exceeds 20 pm , the
porosity is higher than 0.3%, and the strength of a deep space sample decreases by about 10%. A
study verified that its effect on corrosion resistance is less than 1%. Nano-tungsten powder (<1 um )
increases the hardness to 420 HV, and the life of a reactor sample is extended by about 15%.

Preparation process optimization and data

The hydrogen reduction method optimizes the temperature to 900°C, the purity of tungsten powder
reaches 99.97%, and the yield of a certain aviation sample is about 92%. The pressure of the
atomization method is adjusted to 25 MPa, the particle size uniformity exceeds 96%, and the density
of a certain medical sample reaches 18.3 g/cm?.

The environmental impact is significant. The oxidation rate is less than 0.1% at 60% humidity, the
stability of a nuclear facility sample exceeds 95%, and the yield drops by about 5% at high
temperature (500°C). With the optimization of nitrogen protection, the oxidation resistance of a deep
space sample has increased by about 10%, and the efficiency remains stable.

Performance in Application

CT collimators use 5 um tungsten powder, the transmittance is reduced to 1.5%, and a hospital
sample has been cleaned 1,000 times. Nuclear waste containers use 20 um tungsten powder, the
compressive strength exceeds 1,200 MPa, and the service life exceeds 5 years. Deep space probes
use <1 um tungsten powder, which reduces weight by about 10% and has a vibration resistance of
more than 95%.

Challenges and optimization directions

nano-tungsten powder increases by about 20%, accounting for about 25% of the total cost. It is
difficult to control the particle size accuracy of +0.1 um , and the efficiency loss is about 1%. The
risk of high-temperature oxidation increases, and the yield fluctuates by about 5%.

Optimization direction: Low-cost nano-preparation, with a pilot cost reduction of about 5%.
Intelligent screening technology, with a target particle size deviation of less than 2%. Intelligent
monitoring is introduced, with an oxidation rate target of less than 0.01%.

Future Outlook

The purity target is 99.99%, and the current research has reached 99.97%. The particle size control
target is <0.5 pm , and the technical route is clear. Nanotechnology and intelligent processes will
dominate, and the market potential is expected to increase to 20%.
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3.2.2 Sintering process and parameter optimization of tungsten alloy shielding parts

Definition and Importance of Sintering Process

The sintering process converts tungsten powder compacts into dense tungsten alloy shielding parts
through high-temperature solid-phase or liquid-phase reactions. According to the current
International Tungsten Association (ITA) report, the sintering temperature is usually 1400-1600°C,
the density of a certain aviation sample can reach 18.5 g/cm?, and the shielding efficiency exceeds
97%. The sintering process directly determines the porosity (less than 0.3%) and mechanical
properties, and is the core step that affects the quality of tungsten alloy shielding parts , currently
accounting for about 45% of the market.

The importance is reflected in performance consistency and application reliability. Medical CT
shielding parts require uniform density to ensure that the transmittance is less than 2%, and the
tensile strength of a certain sample reaches 1500 MPa. Nuclear reactor shielding parts require
radiation resistance. A certain container passed the 10 ¢ Gy test and had a service life of more than
5 years. ITA data shows that optimizing the sintering process has driven market growth of about
12%, and it is expected to increase to 20% in the next five years, reflecting its key role in high-end
applications.

Main types of sintering processes

Solid phase sintering

Solid-phase sintering is carried out at a relatively low temperature, about 1450°C, and the density
of an industrial sample reaches 18.2 g/cm® and the porosity is about 0.2%. The holding time is
usually 2 hours, and the uniformity of a medical sample exceeds 98%, and the oxidation resistance
is higher than 90%. The hydrogen protection environment optimizes the process, and a study verifies
its crack resistance and stability.

Liquid Phase Sintering

The liquid phase sintering temperature is about 1500°C, the nickel-iron flux accounts for about 5%,
and the density of an aviation sample reaches 18.5 g/cm?®. The holding time is about 1.5 hours, and
the hardness of a nuclear facility sample reaches 420 HV and the toughness is about 25 J/m. After
the copper content is optimized, the thermal conductivity of a deep space sample is increased to 180

W/ m-K , significantly improving the thermal management performance.

Microwave sintering

The microwave sintering temperature is about 1400°C, and the processing time of a medical sample
is shortened by about 30%, and the density reaches 18.3 g/cm®. The power is usually 5 kW, and the
uniformity of an industrial sample exceeds 95%, and the energy consumption is reduced by about
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20%. This method is particularly suitable for rapid prototyping of complex geometric structures,
and a study shows that its production efficiency has been significantly improved.

Techniques and Impacts of Parameter Optimization

Temperature control

The sintering temperature has a significant effect on density and microstructure. At 1450°C, the
sintered density reaches 18.2 g/cm?, and at 1500°C it increases to 18.5 g/cm?®, with a porosity of less
than 0.1% for an aviation sample. Above 1600°C, the grains grow, and the strength of a nuclear
facility sample decreases by about 5%, with a study verifying its negative impact on hardness (about
400420 HV) and toughness.

Holding time

The holding time directly affects the degree of densification. The density reached 18.3 g/cm? after
2 hours of holding, and increased to 18.5 g/cm? after 3 hours. The uniformity of a medical sample
exceeded 98%. Grain boundary defects increased after more than 4 hours, and the toughness of a
deep space sample decreased by about 10%. The efficiency fluctuation was less than 1%, indicating
that too long holding time may cause performance degradation.

Atmosphere adjustment

Sintering atmosphere is crucial to material performance. Hydrogen atmosphere keeps the oxidation
rate below 0.05%, and the oxidation resistance of an industrial sample exceeds 95%, while the
density remains stable. After optimization of nitrogen protection, the hardness of a nuclear facility
sample reached 420 HV, and the corrosion resistance increased by about 10%. A study showed its

superiority in acidic environments.

Sintering process optimization and data

Optimizing sintering parameters significantly improves performance. Liquid phase sintering at
1500°C achieves a density of 18.5 g/cm?, and the tensile strength of an aviation sample reaches 1500
MPa. When the microwave sintering power is adjusted to 6 kW, the processing time of a medical
sample is reduced to 1 hour, the energy efficiency is increased by about 15%, and the production

cycle is shortened by about 20%.

Environmental factors have a significant impact on the process. At 60% humidity, the porosity
increases by about 0.1%, the stability of a nuclear facility sample exceeds 90%, and the density
decreases by about 2% at high temperature (500°C). After optimization of the vacuum degree of 10
-3 Pa, the oxidation resistance of a deep space sample exceeds 95%, the efficiency remains stable,
and the thermal stress is controlled below 10 MPa.

Performance in Application
CT collimators use liquid phase sintering, with transmittance reduced to 1.5%. A hospital sample
passed 1,000 thermal cycles with a deformation of less than 0.05 mm. Nuclear waste containers use
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solid phase sintering, with a compressive strength of more than 1,200 MPa, a lifespan of more than
5 years, and excellent radiation resistance. Deep space probes use microwave sintering, with a
weight reduction of about 10% and a vibration resistance of more than 95%. A project passed a 30
g vibration test.

Challenges and optimization directions

The sintering process faces several challenges. Microwave sintering costs increase by about 15%,
accounting for about 20% of the total cost. Temperature control accuracy of £5°C is difficult, and
efficiency loss is about 1%. The risk of high-temperature cracking increases, and density
fluctuations are about 2%, especially in complex geometric structures.

Optimization directions include the development of low-cost microwave technology, with a pilot
cost reduction of about 5%. The introduction of an intelligent temperature control system has
increased the target accuracy to £2°C. The application of intelligent monitoring technology has
reduced the crack rate target to 0.1%, and a study has shown its positive impact on product quality.

Future Outlook

The density target is set at 18.6 g/cm?, and current research is close to 18.5 g/cm?®. The shielding
efficiency target is set at 99%, and the technical route has been basically clarified. Smart processes
and advanced material technologies will dominate future development, and the market potential is
expected to increase to 20%. An industry analysis predicts that its application in the aerospace field

will expand significantly.

3.2.3 Application of Hot Isostatic Pressing (HIP) Technology for Tungsten Alloy Shielding

Definition and Importance of HIP Technology

Hot isostatic pressing (HIP) technology uses high temperature (1000—1400°C) and isostatic pressure
(100200 MPa) to act on tungsten alloy shielding parts to eliminate internal pores and improve
density. According to the current International Tungsten Association (ITA) report, the HIP process
makes the density of tungsten alloy reach 18.5 g/cm?®, and the porosity of a certain aviation sample
is reduced to less than 0.1%, accounting for about 20% of the market application .

The importance is reflected in high performance and reliability. Medical CT shielding parts require
uniform density to ensure that the transmittance is less than 1.5%, and the tensile strength of a certain
sample exceeds 1500 MPa. Nuclear reactor shielding parts require radiation resistance. A certain
container passed the 10 7 n/cm - s test and had a service life of more than 5 years. ITA data shows
that HIP technology optimization has driven market growth by about 10%, and it is expected to
increase to 18% in the next five years, showing significant advantages in extreme environment

applications.

Process principle of HIP technology
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HIP technology uses argon medium to apply uniform pressure. The current process temperature is
about 1300°C and the pressure is 150 MPa . The density of an industrial sample exceeds 99%. The
holding time is usually 2-4 hours. The porosity of a medical sample is reduced to 0.05%, and the
uniformity exceeds 98%. By eliminating microcracks and pores, the process has increased the
vibration resistance of a deep space sample to more than 95%, significantly enhancing the overall
performance of the material.

Equipment and parameters

The pressure accuracy of the HIP equipment is controlled at +5 MPa, the density of a nuclear facility
sample reaches 18.5 g/cm?, and the temperature uniformity is maintained at <£10°C. The heating
rate is about 5°C/min, the thermal stress of an aviation sample is less than 10 MPa, and the efficiency
is improved by about 10%. The current equipment supports the processing of complex geometric
parts, and a study verifies its positive impact on surface quality.

Application Effect of HIP Technology

Density and porosity optimization

After HIP treatment, the density reaches 18.5 g/cm?, the porosity of a medical sample is less than
0.05%, and the compressive strength exceeds 1200 MPa. Compared with the traditional sintering
density of 18.2 g/cm?, the HIP increase is about 5%, the stability of a nuclear facility sample exceeds
90%, and the uniformity of pore distribution is significantly improved.

Improved mechanical properties

After HIP optimization, the tensile strength reaches 1500 MPa, and an aviation sample passes the
20 g vibration test with a toughness of about 25 J/m. The hardness is increased to 420 HV, and the
wear resistance of a deep space sample is less than 0.007 mm?3/ N-m , and the life is extended by
about 15%, meeting the requirements of high-load environments.

Shielding performance improvements

After HIP, the attenuation coefficient of tungsten alloy reaches 0.18 cm ~ !, the transmittance of a
CT sample is less than 1.5%, and the shielding efficiency reaches 98%. The neutron absorption rate
is increased to 86%, and a reactor sample passes the 10 ¢ n/cm - s test with a stability of more than
95%, and the shielding effect of high-energy radiation is significantly enhanced.

HIP process optimization and data

Optimizing HIP parameters significantly improves performance. The 1300°C, 150 MPa process
achieves a density of 18.5 g/cm?, and the porosity of an aviation sample is less than 0.1%. With a
holding time of 3 hours, the uniformity of a medical sample exceeds 98%, the oxidation resistance
is higher than 90%, and the thermal stress is controlled below 10 MPa.
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Environmental factors have a significant impact on the process. At 60% humidity, the density
fluctuation is <0.1%, the stability of a nuclear facility sample exceeds 95%, and the efficiency drops
by about 2% at high temperature (500°C). After optimization of vacuum pretreatment, the oxidation
resistance of a deep space sample exceeds 95%, the efficiency remains stable, and the thermal

deformation rate is less than 0.01%.

Performance in Application

CT collimators use the HIP process, with the transmittance reduced to 1.5%. A sample from a
hospital passed 1,000 thermal cycles with a deformation of less than 0.05 mm and excellent surface
quality. Nuclear waste containers use HIP, with a compressive strength of more than 1,200 MPa, a
service life of more than 5 years, and stable radiation resistance. Deep space probes use HIP, with a
weight reduction of about 10% and a vibration resistance of more than 95%. A project passed a 30
g vibration test and had a microgravity adaptability of 98%.

Challenges and optimization directions

HIP technology faces several challenges. The process cost increases by about 15%, accounting for
about 20% of the total cost, especially in the processing of complex parts. It is difficult to control
the humidity accuracy of +5%, and the efficiency loss is about 1%. The risk of high-temperature
cracking increases, and the density fluctuates by about 2%, which is particularly prominent in high

temperature and high humidity environments.

Optimization directions include the development of low-cost HIP processes, with a pilot cost
reduction of about 5%. The introduction of an intelligent temperature control system, with the target
accuracy increased to £2°C, to reduce the impact of thermal stress. The application of intelligent
monitoring technology, with the crack rate target reduced to 0.1%, has shown its potential to

improve product quality.

Future Outlook

The density target is set at 18.6 g/cm?, and current research has approached 18.5 g/cm?, with the
potential for densification continuing to be explored. The shielding efficiency target is set at 99%,
and the technical route has been basically clarified. Smart processes and advanced material
technologies will dominate future development, and the market potential is expected to increase to
20%. An industry analysis predicts that its application in the nuclear industry and aerospace fields
will be further expanded.

3.3 Tungsten Alloy Shielding Processing Technology and Quality Control

Tungsten alloy is widely used in the manufacture of shielding components in the fields of medical
protection, nuclear energy engineering, industrial non-destructive testing, etc. due to its high density,
excellent radiation shielding performance and good machining performance. The manufacture of
tungsten alloy shielding parts not only places high demands on material properties, but also poses
systematic challenges to processing technology, surface treatment and quality control system. This
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section will systematically explain the processing and quality assurance technology system of
tungsten alloy shielding parts from three aspects: CNC processing and EDM technology, surface
treatment and porosity control, and quality inspection and standard certification.

3.3.1 CNC machining and EDM machining of tungsten alloy shielding parts

Tungsten alloy is much more difficult to process than ordinary metal materials due to its high
hardness, high brittleness and low thermal conductivity. CNC machining is one of the most widely
used forming methods for tungsten alloy shielding parts . High-precision milling and drilling of
tungsten alloy parts can be achieved through high-speed, high-rigidity CNC machine tools and
specially designed carbide tools . However, CNC machining is often accompanied by problems such
as rapid tool wear, high cutting force, and obvious heat-affected zone, which requires optimization

of cutting parameters and cooling and lubrication conditions.

Complementary electrospark machining (EDM) has irreplaceable advantages in the processing of
complex structures of tungsten alloys. Especially for small holes, high aspect ratio structures and
special-shaped grooves commonly found in tungsten alloy shielding parts, EDM can complete
discharge forming with extremely high precision. Wire cutting machining (WEDM) is suitable for
making special-shaped edges or slots; while forming EDM is suitable for finishing thick parts with
deep cavity structures . EDM has no significant mechanical load on the tool and is suitable for highly
hard and brittle tungsten alloys, but its efficiency is relatively low and needs to be weighed in the

process arrangement.

3.3.2 Surface treatment and porosity optimization of tungsten alloy shielding parts

Since tungsten alloys are mostly formed by powder metallurgy, a certain amount of porosity is
inevitable inside them. Porosity not only affects mechanical properties, but also weakens its
radiation shielding ability. Therefore, in the manufacturing process of tungsten alloy shielding parts,
porosity control is one of the core quality indicators. By optimizing sintering parameters and
adopting hot isostatic pressing (HIP) treatment process, the residual porosity inside the material can
be significantly reduced and the density of the structure can be improved.

In terms of surface treatment, in order to improve corrosion resistance, aesthetics and service life,
polishing, electroplating or spraying are often used to strengthen the surface. For example, tungsten
alloy shielding parts used in the medical field often need to be electroplated with nickel or coated
to prevent oxidation reactions when the human body comes into contact with them. Spraying
polymer coating is also a common method, which has good electrical insulation and anti-pollution
properties. Polishing can not only improve the appearance, but also reduce the surface roughness

and avoid the initiation of microcracks.

Quality Inspection and Standard Certification of Tungsten Alloy Shielding Parts
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tungsten alloy shielding parts needs to run through the whole process of raw material inspection,
processing control and finished product inspection . In terms of materials, it is necessary to test its
density (usually measured by Archimedes method), hardness (such as Brinell or Vickers hardness),
microstructure and composition consistency. For high-precision shielding structures, it is also
necessary to test its thickness uniformity, pore distribution and inclusions, which can be done by CT
scanning, X-ray detection and metallographic analysis.

In terms of dimensional inspection, a three-coordinate measuring machine (CMM) is used for high-
precision dimensional verification. For components with complex geometry or high matching
requirements, assembly verification and tolerance matching tests are also required. Surface
roughness and coating thickness can be analyzed using a profilometer or XRF (X-ray fluorescence)
instrument.

In terms of standard certification, different industries have different technical specifications for
tungsten alloy shielding parts. For example, the field of medical radiation protection refers to ISO
13385 or ASTM F2886 standards; while shielding parts used in the nuclear industry may need to
comply with ASME BPVC or ISO 6520 and other specifications. Some end customers will also
formulate enterprise-level quality control standards based on specific applications, and put forward
higher requirements for manufacturing companies.

3.4 Sustainable Manufacturing and Environmental Protection Technology of Tungsten Alloy
Shielding

With the increasing attention paid to sustainable development goals around the world, the
manufacturing industry, especially those involving rare metals and high-energy-consuming
materials, is facing challenges in resource conservation, environmental friendliness, carbon
emission control, etc. As an important high-density metal product, the resource mining, powder
metallurgy sintering, high-energy mechanical processing and post-processing involved in the
production process of tungsten alloy shielding parts will bring a certain degree of environmental
burden. Therefore, establishing a systematic green manufacturing and sustainable development
system is of great significance to the long-term development of the tungsten alloy shielding parts
industry .

This section starts from three aspects: recycling and reuse of waste tungsten alloy shielding parts,
low-carbon manufacturing process, and the future development of green manufacturing. It
systematically explains the frontier exploration and practical path of tungsten alloy shielding parts

in environmental protection and resource conservation.

3.4.1 Recycling and reuse of waste tungsten alloy shielding parts

Tungsten is a rare metal resource with limited global reserves and widespread demand. Recycling
and reuse has become an important means to reduce resource pressure and production costs. In the

manufacturing process of tungsten alloy shielding parts, especially in CNC cutting, EDM and post-
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processing processes, a large amount of chips, wear powder and unqualified parts will be generated.
If these scraps, chips and scrapped parts are not properly handled, it will not only cause a serious
waste of tungsten resources, but also may pollute the environment.

The recycling methods mainly include:

1. Mechanical collection and classification : Metal chips and powder are collected during
processing by negative pressure system or magnetic device. Residues of different particle
sizes and impurity contents can be processed by screening and grading to improve the
efficiency of reuse.

2. Chemical reduction regeneration : Use high-temperature hydrogen reduction or carbon
thermal reduction technology to reduce the oxide in the waste tungsten powder to metallic
tungsten powder and reuse it in the tungsten alloy powder making process.

3. Hydrometallurgical recovery : dissolve tungsten-containing waste in alkaline or acidic
solution (such as NaOH or HCI), extract tungstate or ammonium paratungstate by
precipitation, extraction, crystallization, etc., and then obtain regenerated WO s by
pyrolysis for the production of new powder.

4. Closed recycling chain : In large-scale tungsten product manufacturing enterprises, an
integrated closed-loop system from waste collection, pretreatment, re-crushing and re-
sintering has been established to maximize the utilization and recycling of tungsten
resources.

Statistics show that the use of an efficient recycling and reuse system can increase the raw material
utilization rate of tungsten alloy shielding components by 15%-25%, while significantly reducing
waste disposal costs and environmental emissions. It is one of the core supports for achieving green
manufacturing.

3.4.2 Low-carbon production process of tungsten alloy shielding parts

Traditional tungsten alloy shielding parts production processes, such as high-temperature sintering,
mechanical cutting, surface treatment and other processes are usually accompanied by high energy
consumption and high emissions. In order to respond to the "dual carbon" policy and the company's
own ESG goals, the industry is actively exploring a variety of low-carbon manufacturing

technologies.

1. Low temperature sintering technology and plasma assisted forming: The sintering
temperature of

traditional tungsten alloys is usually as high as 1500-1700°C, which consumes extremely high
energy. By optimizing the alloy ratio, adding densification aids, and introducing plasma sintering
technology (Plasma Activated Sintering, PAS), dense forming can be achieved at a lower
temperature (1000-1300°C), greatly reducing energy consumption. PAS can also shorten the

sintering time, improve the uniformity of the structure, and reduce emissions.

COPYRIGHT AND LEGAL LIABILITY STATEMENT
Copyright© 2024 CTIA All Rights Reserved #3%/TEL: 0086 592 512 9696
AR AR A S CTIAQCD-MA-E/P 2024 iR CTIAQCD-MA-E/P 2018-2024V
\\’\\'\\’.Ctiﬂ.(Oﬂl,Cn sa]os@‘:chi natungsten.com

B 77 t 119 71

=1


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

2. Subtractive manufacturing technology (Near Net Shape Forming):

Near net size forming can be achieved through technologies such as powder injection molding
(MIM) and hot isostatic pressing (HIP) , which can significantly reduce the amount of material
required to be removed for subsequent processing, thereby reducing cutting energy consumption
and chip waste from the source.

3. Clean energy substitution and energy optimization:

Use renewable energy energy supply systems such as solar energy and wind energy in production
workshops; at the same time, carry out energy-saving transformation of key equipment such as
sintering furnaces, cooling systems, ventilation and air compression systems , such as introducing
frequency conversion control, electromagnetic heating and waste heat recovery systems to reduce
carbon emissions per unit product.

4. Green surface treatment process:

alternative to traditional electroplating (containing heavy metals such as chromium and nickel), such
as environmentally friendly PVD coating, nano-ceramic spraying, non-cyanide electroplating , etc.,
which are more environmentally friendly and reduce waste liquid discharge and post-processing
costs.

Although the promotion of these low-carbon technologies requires certain initial investments, they
can reduce manufacturing costs, enhance the sustainable value of the brand, and meet the market
demand for green supply chains in the medium and long term.

3.4.3 Future Prospects of Green Manufacturing of Tungsten Alloy Shielding Parts

The future development of green manufacturing of tungsten alloy shielding parts not only focuses
on environmental protection and energy saving, but also on building a system solution of "green
products-green factories-green industrial chains" from the perspective of the entire life cycle. The
future development trend can be expected from the following aspects:

1. Green manufacturing is integrated with digitalization and intelligent manufacturing:
by building a digital twin manufacturing platform, the energy consumption and emissions of
each process are monitored in real time; artificial intelligence algorithms are introduced to
dynamically optimize production scheduling and energy efficiency; and the Industrial Internet
of Things ( IIoT ) is used to diagnose energy consumption and predict maintenance to

comprehensively improve resource utilization efficiency.

2. Life Cycle Assessment (LCA) and Carbon Footprint Management:
Build a carbon footprint database for tungsten alloy shielding parts from raw material
procurement, production, transportation, use to recycling, and achieve full traceability of
product carbon emissions; promote enterprises to pass ISO 14067, PAS 2050 and other standard
certifications, and provide green and reliable products for the international market.
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3. Cross-industry collaborative recycling:
Tungsten alloy waste is transported to other industries such as powder manufacturing, military
recycling, and cemented carbide regeneration through a shared resource platform, breaking the
boundaries of traditional industries and forming a regional collaborative circular economy
network. For example, medical waste tungsten shielding parts are recycled to new powder
metallurgy factories to become 3D printing tungsten alloy raw materials.

4. Research on new materials and environmentally friendly alternative materials:
Under the premise of ensuring shielding performance, develop lighter and lower-carbonized
tungsten alloy composite materials, such as tungsten-resin-based composite shielding parts,
tungsten-molybdenum alloys or rare earth-doped tungsten materials, to meet the dual
requirements of weight reduction and green performance in aerospace and other fields.

5. Driven by global green policies:

In the future, European and American markets may impose stricter RoHS, REACH and carbon label
requirements on tungsten alloy shielding parts, which will push manufacturing companies to lay out
green certification systems in advance, build a "green pass" and enhance international
competitiveness.

In summary, the sustainable manufacturing of tungsten alloy shielding parts has become an
important direction for the high-quality development of the industry. Through waste recycling, low-
carbon process improvement and green technology innovation, not only can the negative impact on
the environment be significantly reduced, but also the dual improvement of corporate resource
efficiency and social value can be achieved. With the continuous deepening of green transformation,
tungsten alloy shielding parts will gradually move towards a new development stage of integration
of intelligence, digitization and greening.
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CTIA GROUP LTD
High-Density Tungsten Alloy Customization Service

CTIA GROUP LTD, a customization expert in high-density tungsten alloy design and
production with 30 years of experience.

Core advantages: 30 years of experience: deeply familiar with tungsten alloy production,
mature technology.

Precision customization: support high density (17-19 g/cm3), special performance,
complex structure, super large and very small parts design and production.

Quality cost: optimized design, optimal mold and processing mode, excellent cost
performance.

Advanced capabilities: advanced production equipment, RMI, ISO 9001 certification.
100,000+ customers

Widely involved, covering aerospace, military industry, medical equipment, energy industry,
sports and entertainment and other fields.

Service commitment

1 billion+ visits to the official website, 1 million+ web pages, 100,000+ customers, 0 complaints

in 30 years!

Contact us

Email: sales@chinatungsten.com
Tel: +86 592 5129696
Official website: www.tungsten-alloy.com
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Chapter 4 Fields of Tungsten Alloy Shielding Parts

4.1 Tungsten Alloy Shielding Medical Field

With the rapid development of medical imaging, radiotherapy and nuclear medicine technology,
medical radiation equipment and isotope applications have gradually become popular, which has
put forward higher performance requirements for radiation shielding materials. Tungsten alloy has
become an ideal choice to replace traditional lead shielding materials due to its extremely high
density (17.0-18.5 g/cm?), excellent X-ray and gamma-ray absorption ability, good machinability
and biocompatibility. Especially in modern medical equipment that pursues high shielding
efficiency, environmental protection and non-toxicity, and precision structural integration, tungsten
alloy shielding has shown broad application prospects.

tungsten alloy shielding in the medical field from three aspects: CT equipment and radiotherapy,
portable protective devices, and biosafety standards .

411 Tungsten Alloy Shielding in CT Equipment and Radiotherapy

1. Application in CT scanning equipment:
In computed tomography (CT) equipment, in order to ensure the radiation safety of patients and
operators, multiple tungsten alloy shielding components are installed inside the system, usually
including shielding tubes around the target area of the X-ray tube, rotating arm shielding layers,
and imaging cabin shell protective plates. These tungsten alloy parts block X-ray scattering and
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leakage through high density, and at the same time, due to their good machinability and thermal
conductivity, they ensure the structural stability and heat load release of the equipment during

continuous operation.

2. Shielding components in radiotherapy systems:
Modern radiotherapy equipment such as linear accelerators (LINAC), gamma knives, proton
knives, etc., widely use high-energy X-rays or particle beams to irradiate cancerous tissues. The
core role of tungsten alloy shielding is to form** collimator blades, beam shapers (MLC)** and
radiation isolation components. Especially in intensity modulated radiotherapy (IMRT),
tungsten alloy multi-leaf collimators can achieve millimeter-level dynamic shielding,

effectively control radiation dose, and reduce damage to healthy tissues.

3. Comparison of technical advantages:

Compared with traditional lead shielding materials, tungsten alloy has higher density and better
structural stability. Its equivalent shielding capacity is about 1.7 times that of lead. It is not easy to
oxidize and has no volatile toxicity, which is more guaranteed for equipment life and environmental
safety. In addition, complex geometric components can be realized through CNC precision
machining or injection molding, providing technical support for the lightweight and modularization
of CT and radiotherapy equipment.

4.1.2 Tungsten Alloy Shielding Parts in Portable Shielding Devices

1. Growing demand in nuclear medicine and portable diagnosis and treatment:

With the widespread promotion of radionuclide imaging (SPECT, PET) and bedside radiological
examination equipment, the demand for portable shielding equipment in medical institutions has
increased year by year. For example, portable X-ray machines, mobile CT, radionuclide injection
tools, and on-site radiation detection instruments all need to be equipped with lightweight and

efficient shielding units to meet the dual requirements of operational safety and flexible application.

2. Tungsten alloy portable shielding product types:
Tungsten alloy can be widely used in the following portable protective devices:
¢ Nuclide syringe protective shell : The syringe sleeve made of tungsten alloy can
significantly reduce the exposure of the operator's hands to beta and gamma rays;
e Portable X-ray shield : suitable for bedside imaging examinations, providing instant
shielding for medical staff;
¢ Radioactive source transport container : provides a compact and efficient protective
cavity for isotope transportation;
e  Wearable tungsten alloy heavy-duty vest and neck armor : suitable for local high-
density protection design for personnel in special positions.

3. Miniaturization and modularization advantages:

Tungsten alloy has excellent specific gravity and mechanical strength among high-density materials,
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making portable protective equipment smaller and more evenly distributed in weight. For example,
a radiation protection vest made of tungsten alloy is about 30% lighter than a lead vest of the same

shielding level, effectively improving wearing comfort and long-term use tolerance.

4.1.3 Biocompatibility and safety standards of tungsten alloy shielding

All metal materials used in the medical field must meet strict biocompatibility, safety and regulatory
compliance requirements . Although tungsten alloys are mainly used for shielding purposes and are
often in non-implanted contact or short-term contact, their safety impact on the human body and the
compatibility of relevant material regulations still need to be evaluated.

1. Biocompatibility assessment:

Studies have shown that tungsten alloy materials have no significant toxic reactions to skin, body
fluids and cell tissues without damage or oxidation. Especially after surface treatment processes
such as nickel plating, electrophoretic coating, and epoxy packaging, its biological inertness is
further enhanced and can be widely used in direct contact equipment such as surgical operations
and nuclear medicine injections.

2. The international standards that are met include:

o IS0 10993 : Biological evaluation standard system, used to evaluate the long-term effects
of medical device materials on the human body. Tungsten alloys must pass tests such as
cytotoxicity, skin irritation, and sensitization;

¢ RoHS (EU Restriction of Hazardous Substances) : Tungsten alloy itself does not contain
harmful elements such as lead and cadmium, and meets green environmental protection
standards;

o REACH certification : a comprehensive review of chemical ingredients and potential
exposure risks;

¢ FDA registration requirements (for medical components exported to the U.S. market):
Material composition, safety test reports, and applicable usage scenarios must be submitted.

3. Safe packaging and usage recommendations:

To ensure maximum safety, tungsten alloy shielding parts often use a double sealing design, such
as coating the metal surface with a polymer film or ceramic coating, and avoiding sharp corners or
fracture risks. At the same time, medical tungsten products are recommended to undergo regular
integrity checks and surface treatment repairs to ensure that performance degradation and structural

deterioration do not occur during long-term use.

summary

tungsten alloy shielding in the medical field reflects its comprehensive advantages in radiation
shielding performance, structural adaptability and biosafety. Whether in large-scale imaging
equipment, radiotherapy systems, or small portable devices and wearable protective devices,
tungsten alloy can provide more efficient , environmentally friendly and customizable solutions than

COPYRIGHT AND LEGAL LIABILITY STATEMENT
Copyright© 2024 CTIA All Rights Reserved #3%/TEL: 0086 592 512 9696
AR AR A S CTIAQCD-MA-E/P 2024 iR CTIAQCD-MA-E/P 2018-2024V
\\’\\'\\’.Ctiﬂ.(Oﬂl,Cn sa]os@‘:chi natungsten.com

% 83 t 119 71

=1


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

lead. In the future, with the development trend of intelligent and miniaturized medical equipment,
tungsten alloy shielding materials will play a key role in more cutting-edge applications, and through
continuous material improvement and process optimization, further promote the development of
green high-performance medical protection products.

4.2 Tungsten Alloy Shielding Industry

In the industrial field, with the continuous development of high-tech industries such as nuclear
energy development, non-destructive testing, and high-radiation environment operations, the
demand for high-performance radiation protection materials has become more urgent. As an ultra-
high-density metal material, tungsten alloy is significantly superior to traditional shielding materials
in terms of safety, durability, and compactness due to its excellent shielding capabilities for gamma
rays, X-rays, and neutrons, and has gradually become the core protective component for various
high-radiation occasions in the industrial field.

tungsten alloy shielding in industry from three aspects: nuclear industry and nuclear waste treatment,
industrial imaging and detection equipment, and equipment protection in high radiation

environments .

4.2.1 Application of tungsten alloy shielding in nuclear industry and waste treatment

1. Radiation shielding components for nuclear reactors:
Tungsten alloys are widely used in nuclear power plants, research reactors and fast neutron
experimental devices to shield high-energy gamma rays and some neutron radiation. Typical
application components include:

o Shielding layer between control rods and reflector;

e Neutron source or gamma source cladding;

e Structural shielding around detectors and control systems.
tungsten alloy can provide shielding effect equivalent to or even better than lead in a limited space,
making the nuclear device more compact and improving system integration. At the same time, its
corrosion resistance and radiation resistance are better than general metal alloys, and it can still

maintain structural stability in a long-term high temperature and high radiation environment.

2. Application in nuclear waste management:
Tungsten alloy can also be used as shielding container materials in the temporary storage and
transportation of high-level radioactive waste. Especially in the scenario where short-term used
spent fuel components or medical nuclides need to be packaged and transported, tungsten alloy
shielding barrels or shielding modules can:

o Effectively suppress the leakage of high-energy gamma rays;

¢ Significantly reduce container volume and improve transportation efficiency;

e Reduce the radiation dose to radiation operators.
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The machinability of tungsten alloy also supports the design of different thicknesses, structures or
internal cavity geometries on demand, thereby meeting the packaging requirements of various
nuclear waste forms.

3. Environmental advantages of replacing lead materials :

Traditional shielding in the nuclear industry mostly uses lead, but lead materials have serious
environmental pollution risks during processing, transportation and disposal. Tungsten alloy is not
only non-toxic and recyclable, but also has a long service life and high structural integrity, meeting
the requirements of modern nuclear industry for clean production and sustainable development.

4.2.2 Application of tungsten alloy shielding in industrial imaging and detection

1. Key components in radiographic nondestructive testing equipment:
In the fields of aerospace, automobile manufacturing, mechanical processing, pressure vessels, etc.,
industrial nondestructive testing (NDT) technology uses X-rays or gamma rays to image and analyze
internal defects of materials. In order to control the radiation direction and prevent the leakage of
radiation from affecting the operator and the surrounding environment, tungsten alloy shielding is
widely used in:

e X-ray source shielding and pipe shielding;

e A fixed container for the gamma source;

e aradiation baffle around the image receptor;

¢ Shielded enclosure on an industrial inspection robot.
Its precise machinability and high density enable tungsten alloy to be used with complex structures
such as directional windows and flexible joints, providing high resolution and high safety for

industrial X-ray detection.

2. Application in industrial real-time imaging systems:

Real-time X-ray imaging systems are widely used in electronic component packaging inspection,
food safety inspection, material defect analysis, etc. Tungsten alloy, as the ray collimator and
background shielding material in the system, can not only reduce backscattering, but also improve

imaging contrast and sensitivity, and enhance detection accuracy.

3. Development trend of flexible shielding components:

With the development of automation and intelligent manufacturing, industrial equipment has put
forward higher requirements for radiation protection components, such as detachable shielding
modules, flexible rotating shielding arms, etc. Tungsten alloy can be used to manufacture shielding
parts with precision matching grooves, rotating bearing holes and cable through holes due to its high

processing accuracy to meet the operation requirements of complex equipment.

4.2.3 Application of tungsten alloy shielding in high radiation environment
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1. Used in radioactive operation workshops and laboratories:
In the fields of high-energy physics research, nuclear fuel processing plants, radioactive drug
production, etc., workers may be exposed to medium-to-high intensity radiation environments for a
long time. Tungsten alloy shielding is commonly used for:

e Local protection of sample handling stations;

e Openable shielding cover for radiation window;

e Internal shielded box for control instruments and electrical systems.
These tungsten alloy parts can be customized into miniaturized embedded structures, which not only
ensures the compactness of the equipment but also achieves radiation safety under complex
operating procedures.

2. Remote control system and robot protection:
In high radiation area operations, tungsten alloy shielding components are also widely used in
remote control robotic arms, detection robots or unmanned inspection equipment to form radiation
protection for core circuits, sensors and actuators. For example:

e Shielding sleeve: used to protect infrared or camera lenses;

¢ Rotary shielded joint: used for high degree of freedom robotic arms;

¢ Folding protective shield: used for working close to high activity sources.
Tungsten alloy has good mechanical properties while maintaining shielding capabilities, making
these high-function devices resistant to impact, radiation and long-term operation.

3. High radiation environment test platform and simulation device:

Before designing nuclear power systems, aerospace radiation protection devices or deep earth
exploration equipment, it is often necessary to establish a radiation simulation platform for
verification. Tungsten alloy shielding modules can be flexibly arranged to build simulation cabins,
test channels, shielding walls and other structures, helping researchers to verify the product's
radiation resistance in a controlled environment and optimize the design scheme.

summary

Tungsten alloy shielding parts have shown strong functional adaptability and safety value in the
industrial field. From high-energy shielding of nuclear energy systems to high-resolution industrial
detection, from nuclear waste transfer containers to radiation protection of remotely operated
equipment, tungsten alloy, with its excellent density, mechanical properties and environmental
advantages, provides a compact, stable and long-life solution for industrial high-radiation scenarios.

With the advancement of green manufacturing, high reliability and precision integration, tungsten
alloy shielding will play a wider role in key areas of the future of industry. Its integration with
artificial intelligence, remote control and digital manufacturing will also bring safer, more efficient

and intelligent operation guarantees to high-radiation industrial environments.

4.3 Tungsten Alloy Shielding Parts in Aerospace
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The aerospace field is a strategic highland for the application of tungsten alloy shielding parts . Its
unique high density, high melting point, excellent radiation shielding performance and thermal
stability make it play an important role in key links such as manned space flight, deep space
exploration, satellite electronic equipment protection and propulsion system insulation. In particular,
when facing extreme challenges such as cosmic rays, high-energy particle storms, ultra-high
temperature aerodynamic thermal environment and microgravity conditions, traditional metal
materials are often unable to cope with them, and tungsten alloy has become one of the preferred
materials due to its comprehensive performance.

4.3.1 Application of tungsten alloy shielding in deep space exploration and satellite protection

1. Shielding of cosmic rays and solar energetic particle radiation:

Spacecraft operating in low earth orbit (LEO), medium earth orbit (MEO) and deep space
environment are exposed to cosmic rays (GCRs) and solar energetic particles (SEPs) for a long time.
These high-energy particles pose a significant threat to aerospace electronic equipment, sensor
systems, and even the health of astronauts. The high atomic number and high density of tungsten
alloy make it excellent in blocking gamma rays, electron flow and some neutron rays, which can
effectively weaken particle flux, reduce single event upset (SEU) and material radiation damage.

2. Local protection structure of satellite electronic equipment:
In high reliability satellites such as communication, navigation, and remote sensing, tungsten alloy
is used as protective shielding for the following key components:

o Shielding for precision optical detection components;

e Radiation barriers for power management systems;

¢ Gamma ray and neutron shielding for radionuclide power supply systems (such as RTG);

¢ Environmental isolation enclosure for microwave components and low noise amplifiers.
Especially in deep space probes used for nuclear power (such as Voyager, Curiosity, etc.), tungsten
alloy can be used as an efficient shielding material between radioactive heat sources and other
systems to ensure long-term and stable operation of the system.

3. Lightweight design for small satellites and aerospace electronic modules:

Modern CubeSat, NanoSat and other micro spacecraft are extremely demanding on weight control.
In this context, tungsten alloy shielding parts, with their "high shielding capacity per unit volume",
can achieve higher protection effects in a smaller space, providing structural optimization and
radiation protection for small satellites integrating key electronic devices.

4.3.2 Application of tungsten alloy shielding in rocket and spacecraft thermal insulation

1. Stamping insulation and aerodynamic thermal environment protection:

When a spacecraft reenters the atmosphere, the surface temperature can reach over 2000°C, and the
thermal protection system (TPS) needs to have extremely strong ablation resistance and thermal
resistance. Tungsten alloy has a melting point of up to 3422°C, high thermal conductivity and low
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thermal expansion coefficient, making it an ideal protective material for local high heat load areas.
Its typical applications include:

e High temperature shielding of rocket nozzle throat and nozzle edge;

e The supporting frame or back heat reflector of the heat shield structure ;

e The tail flame protection module in the propulsion system;

e The middle layer in the thermal protection hierarchy of a reusable vehicle.
In the aerodynamic heating tests of controlled return spacecraft (such as SpaceX's Falcon 9 recovery
stage) and space planes, tungsten alloy components are combined with ceramic- based materials
through multi-layer composites to improve the overall thermal shock resistance and structural
stability.

2. Shielding and heat insulation structures in propulsion systems:
Liquid rocket engines, ion thrusters, nuclear thermal propulsion (NTP) and other systems will
generate high-temperature plasma and radiant heat during operation, which will interfere with
surrounding structures and fuel supply systems. Tungsten alloy shielding rings, vortex covers and
thermal separators can:

e Partially shield infrared heat flow;

e Prevent fuel system from thermal expansion and failure;

¢ Control the thermal load distribution of the propulsion system and extend its service life.
Tungsten alloy is also suitable for anode and ion guide channel materials in future high-power
electric propulsion systems. Combined with its excellent electrothermal stability, it can further

improve system efficiency and safety.

4.3.3 Performance verification of tungsten alloy shielding in microgravity environment

1. Changes in material behavior and adaptability verification under microgravity:
In a microgravity environment, the thermal conductivity, interface contact, welding behavior and
fatigue crack propagation path of the material may change. Tungsten alloy is relatively brittle and
must be verified for mechanical and thermal stability under microgravity before it can be used in
key components. Currently, the International Space Station (ISS) and the Space Materials
Experiment Platform have conducted multiple rounds of tungsten alloy samples under microgravity:

e Thermal expansion and contraction performance measurement;

e  Material microstructure stability analysis;

e Test of crack resistance after space particle impact;

e  Stress response behavior under multi-cycle thermal shock and temperature sudden change

conditions.

The results show that after optimizing the alloy ratio (such as W-Ni-Fe or W-Re system) and
densification processing (such as hot isostatic pressing), tungsten alloy can maintain good thermal-

mechanical coupling stability and impact resistance in a microgravity environment.

2. Structural integration test of space suits and loading devices: Small
tungsten alloy shielding parts used for space suit carrying equipment and cabin personnel protection
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devices are also undergoing functional integration and ergonomic testing in the space station. Its
functions include:
e Resist radiation leakage in the cabin;
e Provide chest or brain protection from short-term high-energy particle exposure;
e Integrated into material transport packages as a dual-function (structure + protection)
component.

3. Research on shielding layout for long-term manned deep space missions:

NASA, ESA and the Chinese space station project are all studying how to layout tungsten alloy
shielding sheets and modules inside the cabin during deep space manned flights to form a temporary
shelter (storm shelter) when a solar particle event (SPE) breaks out. The local embedded installation
characteristics of tungsten alloy are suitable for pre-installation on the ground or rapid assembly in
orbit to form a usable shelter structure to protect the lives of astronauts.

summary
Tungsten alloy shielding components have demonstrated their irreplaceable strategic value in the
aerospace field. Under multiple extreme conditions of strong radiation, extremely high temperature,
precise structure and abnormal gravity, tungsten alloy can not only provide excellent shielding
performance, but also become an indispensable key component material in rockets, satellites,
spacecraft and deep space missions through its thermal stability, mechanical strength and material
machinability.

In the future, with the advancement of technologies in the fields of deep space manned exploration,
space nuclear propulsion, high-speed reentry, etc., tungsten alloy shielding will continue to play a
key role in more complex and changeable application scenarios. Its composite materials, lightweight
and functional integration will also become important research directions in materials science and

aerospace engineering.

Other Emerging Fields of Tungsten Alloy Shielding

With the continuous expansion of emerging applications driven by multiple factors such as scientific
research, national security and sustainable development, tungsten alloy shielding parts are extending
from mainstream application scenarios such as traditional medical, industrial and aerospace to
cutting-edge fields such as particle physics research, high-intensity military protection and green
environmental protection technology. Its high density, high atomic number, excellent radiation
resistance and thermal stability enable it to still play a reliable shielding role in extremely complex
environments, becoming an important material support for future multidisciplinary cross-

applications.

4.4.1 Application of tungsten alloy shielding in particle physics experiments

1. Shielding structures for high-energy accelerators and detection systems:
In large-scale particle physics experimental devices, such as the Large Hadron Collider (LHC) of
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the European Organization for Nuclear Research (CERN), the High Energy Synchrotron Radiation
Facility (HEPS) of China, and the International Thermonuclear Experimental Reactor (ITER), the
experimental equipment will generate high fluxes of gamma rays, neutrons, and secondary particles.
These radiations not only interfere with experimental measurements, but also endanger researchers
and control systems.
Tungsten alloy shielding is widely used in:
e Beam Dump : absorbs high-speed particle flows with energies up to hundreds of GeV.
e Shielding cavity around particle detectors : such as the gamma-ray suppression sleeve
of liquid xenon detectors;
¢ Neutron buffers and artifact shields for neutron generating devices ;
e Structure for suppressing interference between strong laser and radiation in laser
plasma accelerator .
Due to the high Z value of tungsten (74), its blocking efficiency for high-energy gamma rays is
much higher than that of copper and steel, and its structure is stable and not easy to melt. It is an
indispensable key material for building a high-energy physics experimental platform.

2. Ultra-low background shielding for dark matter and neutrino detection experiments:
Tungsten alloys are also used in experiments in ultra-low background radiation environments, such
as:

o Dark matter detection projects (such as XENONnT and LUX-ZEPLIN);

¢ Neutrino mass measurement experiments (such as KATRIN);

¢ Precision measurement experiment of neutron decay and B decay.
These experiments are often built deep underground, with the goal of detecting extremely weak
signals, so the radioactivity content of the surrounding shielding materials is extremely high. By
using low-background tungsten alloy (i.c., made of highly pure raw materials with extremely low
radioactive contamination), an efficient protective layer can be constructed to effectively suppress
natural background radiation and cosmic ray interference.

4.4.2 Application of tungsten alloy shielding in national defense and security protection

1. Protective structures for nuclear weapons related devices:
Tungsten alloys are widely used in the defense industry, especially in the controllable protection of
nuclear weapons, underground nuclear test data analysis and radiation protection system
construction. Tungsten alloy shielding has the following advantages:
e It has high efficiency in absorbing gamma rays and neutrons and can be used for
warhead shielding and closed nuclear device test components;
e Strong impact resistance , can withstand explosion or impact and still maintain integrity;

o Used in criticality safety devices , such as plutonium or uranium reflector shielding cases.

2. Used in military detection equipment and nuclear, biological and chemical protection

equipment:
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In electronic warfare, nuclear detection and emergency protection, tungsten alloy components can
be used for:

e Electronic module shielding for unmanned nuclear radiation detection platforms;

e Internal structural shielding of protective helmets and portable nuclear detectors;

e Radiation protection of optical paths and sensitive components in laser weapon systems.
For example, some military wearable radiation protection vests have begun to use tungsten alloy
weight modules to replace traditional lead plates, taking into account both shielding efficiency and
wearing comfort.

3. Application exploration in the field of anti-terrorism and explosion-proof:
With the increasing demand for urban security and terrorist attack prevention and control, tungsten
alloy materials are also being explored for application in:

¢ Explosion-proof wall and radioactive material isolation chamber;

¢ Mobile radioactive source capture device;

¢ Radioactive material emergency disposal box (used for emergency management in airports,

subways and public places).

Its highly customizable structure, impact resistance and corrosion resistance make it practical in
rapid response scenarios.

4.4.3 Potential of tungsten alloy shielding in environmental protection technology

1. Environmental radiation monitoring and control:
In environmental monitoring systems, especially in nuclear accident areas, abandoned nuclear
facilities, uranium mine management, radioactive waste storage sites and other scenarios, it is
necessary to accurately monitor environmental gamma rays and neutron radiation and establish
physical barriers. Tungsten alloy shielding can be used for:

e Radiation probe protection for local environmental monitoring stations;

e  Modular shielding for nuclear waste storage warehouses;

e  Structure of y source barrier in uranium tailings leachate.
Compared with traditional materials such as steel and lead, it not only has higher shielding efficiency,
but also reduces the risk of secondary pollution.

2. Green and environmentally friendly trend of replacing lead:
Globally, as environmental regulations on lead pollution become increasingly stringent (such as EU
RoHS, REACH, US EPA regulations, etc.), tungsten alloy has become an important direction for
environmentally friendly alternative materials due to its advantages of non-toxicity, recyclability,
and controllable melting treatment . It has been included in the environmentally friendly radiation
material system in some countries, such as:

e Green X-ray detection equipment (tungsten alloy shielding instead of lead shell);

e Environmentally friendly nuclear medical waste transport containers;

e Reusable tungsten alloy shielding packaging module.
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3. Collaborative application with renewable energy systems:

In the development of nuclear fusion energy (such as Tokamak) and advanced fission reactors,
tungsten alloys are not only used as shields, but also as plasma first wall materials , neutron
deceleration layers, etc., and are deeply integrated with clean energy technologies. For example, in
the ITER project, tungsten will be used in key areas to resist high-energy neutron impacts, and also
serve as shielding and structural composite functional components.

summary

Tungsten alloy shielding parts are gradually breaking through traditional application areas and
showing broad development prospects in emerging fields such as particle physics experiments,
national defense security protection and environmental governance. Its unique high density, high
shielding efficiency, good mechanical stability and green controllable properties make it an
important material platform for future multidisciplinary cross-technology.

With the continuous maturity of material purification, green manufacturing and customized molding
technology, tungsten alloy will play a more far-reaching role in high-energy physics, extreme
military environments, radioactive pollution prevention and control, and new energy systems. The
sustainable development of tungsten alloy shielding will also work together with scientific and
technological progress, safety assurance, and environmental governance goals to open up richer and
more complex application boundaries.
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Chapter 5 Challenges and Solutions of Tungsten Alloy Shielding

5.1 Tungsten Alloy Shielding Parts Cost and Supply Chain Management

In the context of tungsten alloy shielding being widely used in medical, industrial, aerospace and
national defense fields, how to achieve controllable manufacturing costs and a stable supply system
while ensuring high performance has become a core issue of common concern to material
manufacturers and end customers. Since tungsten metal itself is a rare resource, its smelting and
alloy preparation costs are relatively high, and the processing technology requirements are strict, so
it is necessary to systematically control costs and optimize configurations in the procurement of raw
materials, supply chain construction, batch manufacturing methods and other links.

5.1.1 Optimization of raw material cost of tungsten alloy shielding parts

1. Cost structure of tungsten raw materials
In the cost structure of tungsten alloy shielding parts, raw materials account for about 60%~70% of
the total cost. The main raw materials include:

e Tungsten powder (W): The price of high-purity tungsten powder directly determines the
final alloy cost and fluctuates greatly due to tungsten mining, international market
conditions and policies.

e Alloy elements: Common added elements include Ni, Fe, Cu, Re, La, etc. Different ratios

and purity requirements affect the price of raw materials.
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e Purification and screening processing: Tungsten powder usually needs to go through steps
such as reduction, granulation, grading, and drying, which increases the unit cost of the

material.

2. Optimization Strategy
1. The use of secondary resources and recycled tungsten powder
utilizes recycled tungsten waste (such as waste tungsten wire, tungsten electrodes, and
old shielding parts) to produce high-purity recycled tungsten powder through
hydrometallurgy or oxidation-reduction method, which can not only reduce the cost of raw
materials by 10%~20%, but also conform to the trend of environmental protection and
sustainable manufacturing.
2. Optimize alloy ratio
while meeting the requirements of shielding performance and mechanical strength, and
replace some expensive elements through process verification. For example:
0 Replace the Ni-Cu system with Ni-Fe;
0 Precisely control the amount of Re added to reduce the cost of high-temperature
materials;
0 Use particle-reinforced structural designs to replace some high-cost elements.
3. The multi-specification raw material procurement strategy
purchases raw materials in different grades according to different types of shielding parts
(such as medical, aerospace, and industrial shielding), for example:
0 Medical use requires high-purity tungsten powder (>99.95%);
o0 For industrial use, a small amount of commercial tungsten powder with a slightly
higher oxygen content can be used to control the price per gram.
4. Joint procurement and long-term agreement mechanisms and
the signing of long-term supply contracts with upstream powder metallurgy companies or
mining companies can help lock in the risk of raw material price fluctuations and improve

bargaining power.

5.1.2 Tungsten Alloy Shielding Parts Supply Chain Diversification Strategy

1. Supply Chain Vulnerability Analysis

Tungsten resources are highly concentrated, with China, Russia, Bolivia and other countries
accounting for more than 70% of the world's tungsten concentrate output. In addition, some
countries have implemented export controls, quota restrictions or strategic reserve policies on
tungsten products , making the tungsten alloy industry vulnerable to multiple interferences such as
geopolitics, tariff policies, and transportation bottlenecks.

In addition, the tungsten alloy processing chain is relatively long, from ore mining, tungsten powder
preparation, alloy pressing, sintering, machining, heat treatment to surface treatment. Instability in

any link will lead to cost increases or delivery delays.

2. Diversified layout strategy
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1. Multiple channels for raw material supply are deployed in parallel
0 Purchase tungsten powder and auxiliary metals through dual channels at home and
abroad ;
O tungsten resource countries in Southeast Asia and Africa to reduce single
dependence;
0 Explore the use of medium purity powders from non-traditional markets for non-
core products.
2. Constructing regional processing centers Establishing
tungsten alloy shielding parts processing centers or modular assembly workshops near
medical equipment or industrial centers can complete CNC processing, assembly and
quality inspection on site, reducing logistics costs and intermediate inventory.
3. The key process links are balanced
between self-control and outsourcing to achieve self-owned production capacity for core
links (such as sintering and precision machining), and flexible capacity allocation is
achieved through strategic outsourcing for non-core processes (such as rough machining
and surface treatment), thereby improving the flexibility of the overall supply chain.
4. The digital supply chain management platform
uses ERP and MES systems to digitally monitor the entire process of raw material
procurement, inventory levels, order delivery, and quality traceability, improving
information transparency and collaborative efficiency and reducing supply chain
redundancy.

5.1.3 Economic Benefits of Large-Scale Production of Tungsten Alloy Shielding Parts

1. Relationship between mass production and unit cost
tungsten alloy shielding parts is complex, involving multiple precision processing and high-
temperature treatment links, and the equipment investment is large. However, after the capacity
utilization rate is improved and the process is standardized, it shows obvious economies of scale ,
which are specifically manifested as follows:
¢ Improved material utilization (scraps can be recycled);
e Molds, tooling and fixtures can be reused to spread out costs;
e Heat treatment furnaces and multi-station machining centers are used in parallel to improve
output efficiency;
e Standardize operations and quality control processes to reduce operational losses and
rework costs.
According to industry experience, if the monthly output exceeds 1,000 pieces (depending on the
complexity of the parts), the unit manufacturing cost can be reduced by 15% to 30%.

2. Collaborative Optimization of Customization and Standardization

Although tungsten alloy shielding parts are mostly customized products, through modular design
and standard parts assembly thinking, small batch customization and large batch standard parts
collaborative production can be taken into account:
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e Develop standard shielding modules with unified interfaces and dimensions;
e Personalized functions can be achieved by replacing internal structures or functional
components;
e Introduce 3D printed tungsten alloy shielding samples as a means of early prototype
development to reduce trial production investment and cycle.
This "standard + customization" parallel strategy helps to control R&D and proofing costs, improve
customer response speed, and enhance market competitiveness.

3. Synergistic growth driven by market and technology
With the improvement of global radiation safety standards and the expansion of high-end
manufacturing markets, tungsten alloy shielding parts are gradually entering the mid-to-high-end
mass market such as industrial equipment, civil testing, and wearable devices from the high-end
niche market of "small batch, strong customization", promoting the following trends:
e The market for smart medical imaging equipment has a large demand for miniaturized
shielding structures;
e Procurement of universal modules for supporting parts of industrial automation ray
detection equipment;
¢ tungsten alloy components for aerospace military platforms has been growing steadily.
This massive growth in market demand in turn drives continuous optimization of manufacturing
processes and continuous reduction in costs, forming a positive cycle.

summary
Tungsten alloy shielding is irreplaceable in the field of high-performance materials, and its cost and
supply chain management capabilities will directly determine the competitiveness of enterprises in
the global market. By optimizing the selection and proportion of raw materials, establishing a
diversified and robust supply chain network, and promoting the realization of large-scale
manufacturing models, it is not only possible to effectively control manufacturing costs and improve
delivery efficiency, but also to enhance the risk resistance and technical service response capabilities
of enterprises.

In the future, with the application of recycled tungsten powder, the development of green
metallurgical technology and industrial digitalization, the manufacturing of tungsten alloy shielding
parts will be more efficient, flexible and sustainable, laying a solid foundation for its popularization
and application in a wider range of fields.

5.2 Processing accuracy and technical difficulties of tungsten alloy shielding parts

Tungsten alloy is a typical difficult-to-process material. In the process of manufacturing tungsten
alloy shielding parts, it is necessary not only to overcome the difficulties in cutting and forming due
to its high hardness, high brittleness and high density, but also to achieve high-precision
manufacturing and excellent surface quality of complex structures. These challenges require
comprehensive optimization in equipment configuration, tool selection, processing parameters,

post-processing technology, etc., and the introduction of advanced manufacturing technologies such
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as additive manufacturing (3D printing) to break through the bottleneck of traditional processing
technology.

5.2.1 Processing Challenges of High Hardness Materials of Tungsten Alloy Shielding

1. Processing characteristics and difficulties of tungsten alloy
Tungsten alloy usually refers to a high-density alloy material composed of tungsten (W) as the
matrix and a certain proportion of Ni, Fe, Cu, Re and other metals. Its typical characteristics include:
e High hardness and high melting point : hardness up to 320~380 HV, melting point over
3400°C;
o High brittleness and poor plasticity : especially prone to edge collapse or cracking at low
temperatures or without annealing;
e High density and high thermal conductivity : pose additional inertia and thermal
management challenges to processing equipment;
o Easy to oxidize and surface harden : It is easy to produce oxide layer or sintered hard
shell during high temperature cutting or grinding.

2. Challenges of Traditional Processing Technology
1. Turning and Milling
Tungsten alloy faces great resistance in turning and milling. Common problems include:
The tool wears quickly and the life of ordinary carbide tools is short;

0 Micro cracks or edge collapse are likely to occur on the processed surface;
0 Cutting heat is concentrated, which can easily lead to thermal deformation;
0 Chip evacuation is difficult and the chips are short and hard, which may damage

the tool or workpiece.
Countermeasures : Use coated ceramic tools and diamond tools; optimize the type and flow of
cutting fluid; control the single feed amount and cutting depth; introduce low-speed, high- torque
machine tools.
2. Grinding and Electrospark Machining (EDM)
Tungsten alloy is suitable for achieving geometric accuracy through fine grinding and EDM,
but there are also problems:

0 High grinding ratio, severe grinding wheel wear;

0 Surface microcracks and discharge pits are easily generated during the EDM

process;

0 Excessive heat affected zone (HAZ) leads to reduced mechanical properties.
Improvement methods : Use super-hard grinding wheels (such as CBN, diamond); perform multiple
fine grinding to control grinding wheel wear; use pulse EDM to control heat input; and use post-
processing to remove the heat-affected layer.

5.2.2 Application Potential of 3D Printing Technology for Tungsten Alloy Shielding

1. Advantages of Additive Manufacturing for Tungsten Alloy Shielding

COPYRIGHT AND LEGAL LIABILITY STATEMENT
Copyright© 2024 CTIA All Rights Reserved #3%/TEL: 0086 592 512 9696
AR AR A S CTIAQCD-MA-E/P 2024 iR CTIAQCD-MA-E/P 2018-2024V
\\’\\'\\'.CHJ.(OITLCH %alos@‘:chi natungsten.com

¥ 97 Tl # 119 T



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

Tungsten alloy has complex structure, high precision requirements and small processing allowance,

which is suitable for solving traditional process problems through additive manufacturing (AM).

The main advantages include:

Free configuration : suitable for shielding module design of complex channels and
embedded cavities ;

Reduce material waste : High-density tungsten alloy raw materials are expensive, and 3D
printing achieves near-net shape ;

Improve processing accuracy : suitable for customized manufacturing of small batch and
highly complex products ;

Optimized thermal stress management : layer-by-layer deposition controls heat input
and reduces the risk of thermal cracking.

2. Key Technology Path

1.

Selective Laser Melting (SLM)
The current mainstream tungsten alloy 3D printing technology is SLM, which selectively
melts tungsten-based alloy powders through high-energy laser beams and accumulates
them layer by layer to produce high-density (>98%) components. Challenges include:

0 Powder spheroidization and flowability control;

0 to crack requires temperature and speed control ;

0 Post-processing to remove internal stress and enhance toughness.
Electron beam melting (EBM) combined with hot isostatic pressing (HIP)
technologyEBM
is suitable for high melting point materials and is not easily oxidized under processing
atmosphere; combined with HIP, it can further eliminate pores and microcracks and
improve density and mechanical strength.
Binder Jetting + sintering
is used for small shielding components with low structural strength requirements, such as
portable shielding modules or neutron guide components. It has low manufacturing cost
and fast speed and is suitable for mass customization.

3. Technical bottlenecks and solutions

Residual stress control : Optimize scanning strategy and preheating system;

Difficulty in powder preparation : Develop tungsten powder with low oxygen content
and high sphericity;

High crack sensitivity after forming : Develop printable tungsten alloys with certain
plasticity such as W-Ni-Fe;

Dimensional stability issues : Establish a correction mechanism for the linkage of

printing-heat treatment-machining.

5.2.3 Precision Control and Surface Quality of Tungsten Alloy Shielding Parts

1. Processing accuracy control requirements
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tungsten alloy shielding parts determine that their structure must have high shape and position
accuracy and joint stability. Typical requirements include:

e Coaxiality and flatness tolerance <0.02 mm;

e Hole size error <+0.01 mm,;

e Thin-walled parts need to have high resistance to deformation;

e  Multi-module splicing needs to maintain structural symmetry and sealing.

2. Surface quality improvement strategy
1. The machining finishing strategy
uses a high-precision CNC machining center, combined with small feed, low cutting depth ,
sufficient coolant and a dedicated fixture system to effectively reduce errors caused by
thermal deformation and vibration.
2. For high-end shielding parts with surface roughness Ra requirements of 0.2~0.8um,
electrochemical polishing and micro shot peening technology often use
tungsten alloy special electrolyte for surface homogenization to remove micro cracks and
cutting marks. Combined with glass beads or ceramic shot peening, it can enhance surface
compressive stress and improve fatigue resistance.
3. Surface coating and plating optimization
0 For medical equipment shielding parts, non-toxic coatings such as TiN and CrN
can be added ;
0 Aecrospace shielding components can use ceramic coatings such as SiC and ZrO:
to enhance heat reflection and anti-oxidation performance;
0 Nickel-copper conductive coating can be added to reduce electromagnetic leakage
under electromagnetic compatibility (EMC) requirements.
4. Surface defect non-destructive testing technology
incorporates ultrasonic scanning, X-ray non-destructive testing, three-coordinate
measurement (CMM) and optical interferometer to ensure that key dimensions and

interface conditions meet design standards.

summary

tungsten alloy shielding parts are the core links that determine their performance reliability and
engineering adaptability. From raw material cutting to high-precision molding, and then to the
frontier exploration of additive manufacturing, the entire processing chain faces the challenges of
high-hardness materials and process difficulties of complex structures.

By optimizing traditional processes, introducing new 3D printing technologies, and improving
precision and surface control methods, the processing accuracy of tungsten alloy shielding parts has
been continuously moving towards a higher level. In the future, with the development of high-
performance tool materials, the improvement of additive manufacturing parameter libraries, and the
application of intelligent detection systems, the high-precision manufacturing of tungsten alloy
shielding parts will be more economical, adaptable, and reproducible , helping them to develop
steadily in high-end manufacturing, advanced medical care, and deep space exploration.
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5.3 Tungsten Alloy Shielding Standardization and Certification Issues

Tungsten alloy shielding parts are widely used in key fields such as medical equipment, industrial
detection, aerospace and nuclear protection, so their manufacturing and application must follow a
set of scientific, unified and implementable standard systems. However, the current industry has
problems such as fragmented standards, insufficient mutual recognition of standards between
countries , and lack of a systematic certification system for new "smart shielding parts", which
brings considerable challenges to international trade, product exchange, quality evaluation and

safety supervision.

This chapter will focus on the core issues of standard system construction, explore the differences
between current international and domestic standards, the standardization progress of intelligent
tungsten alloy shielding components, and feasible paths to promote global collaboration and unified
standards.

Differences between international and domestic standards for tungsten alloy shielding

1. Overview of existing standards
There is no unified independent standard for tungsten alloy shielding parts in the world. The relevant
technical specifications are mainly scattered in the following fields:
¢ General material standards : such as ASTM B777 ( standard specification for tungsten
heavy alloys ), ISO 9001 (quality management system), GB/T 14841 (classification of
tungsten and tungsten alloys);
e Application-oriented standards :
0 Medical radiation protection: IEC 60601, ISO 11137, YY/T 1554;
0 Nuclear industry protection: ISO 7195 (nuclear materials), IAEA RSG-1.7;
0 Industrial X-ray detection equipment: ASTM E181, GB/T 19802;
e Processing and testing standards : such as ISO 2768 (tolerance), GB/T 16865 (test
method for sintered metal powder products), ASTM E10 (Brinell hardness test), etc.
Although tungsten alloy is increasingly important as a shielding material, due to its strong cross-
cutting nature and complex application scenarios, an independent, systematic, and industry-

applicable standard system for tungsten alloy shielding parts has not yet been established .

2. Differences between Chinese and foreign standards
1. Different naming and classification methods :
International standards are mostly based on material density and component classification
(such as Class 1-4 in ASTM B777), while Chinese standards are often divided by process
methods and grades (such as W-Ni-Fe alloy, WCu series), resulting in deviations in the
naming and applicability of the same material.
2. The performance indexes are obviously different :

for similar tungsten alloy shielding materials, foreign standards have stricter requirements
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on radiation resistance, density consistency, and non-destructive testing . For example,
ASTM B777 controls the density error allowable value to be £0.1 g/cm? while some
domestic standards allow an error of +0.3 g/cm?.

Different testing methods and equipment standards :

Some international standards use advanced CT scanning, X-ray three-dimensional imaging,
and fully automatic CMM testing systems, while some domestic companies still rely mainly
on manual testing and spot testing. Differences in standard implementation lead to many
obstacles to product foreign trade certification.

Misalignment of environmental and safety standards :

Foreign standards emphasize RoHS, REACH, and lead-free environmental protection
requirements, while China currently requires additional green certification instructions
when exporting medical and environmentally friendly shielding parts, which increases

export costs and certification process time.

5.3.2 Challenges in Standardization of Tungsten Alloy Smart Shielding Parts

With the development of radiation control technology, microelectronic embedding and material

sensing technology, intelligent tungsten alloy shielding parts are gradually used in high-end medical,

spacecraft, nuclear energy intelligent reactors and other fields. Such shielding parts usually integrate

the following features:

Sensors and monitoring systems : real-time perception of radiation intensity, temperature,
vibration, etc.;

Adaptive response mechanism : adjusting the shielding angle through material structure
deformation or electronically controlled components;

Communication and data acquisition function : realize linkage control with the upper

control system.

These new characteristics mean that the traditional material standard system centered on "physical

form" and "density index" is no longer sufficient to comprehensively evaluate product quality and

safety.

The current standard gaps are mainly concentrated in:

1.

“Intelligent shielding performance” lacks an evaluation index system : such as sensing
accuracy, electromagnetic interference stability, response delay time, data security level,
etc.;

Lack of standards for composite structures : There is no systematic evaluation method
for the mechanical stability, interface strength, and thermal expansion and contraction
compatibility of the multilayer structure shielding components of "tungsten alloy + sensor
+ coating";

Lack of software and hardware integration standards : For example, there is a lack of
unified standards for data transmission interfaces, EMC compatibility, and functional

verification protocols;
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4. Product life cycle testing and failure mode certification have not yet been established :
there are no technical specifications for smart shielding component life prediction, aging
assessment, and stability in extreme environments.

Exploration Path:

e Led by industry leaders, universities and research institutions have jointly formulated the
"General Specifications for Intelligent Tungsten Alloy Shielding Components";

e Refer to the standard framework of IEC and ISO in the field of smart terminals and medical
devices to establish a highly compatible certification model;

e Incorporate evaluation indicators of artificial intelligence in areas such as predictive
maintenance and fault warning to expand the boundaries of standard definitions.

Global Cooperation and Standardization of Tungsten Alloy Shielding Parts

1. Promote the mutual recognition mechanism of standards
At present, the export of tungsten alloy shielding parts faces certification barriers in many countries,
such as:
e EU CE certification requires additional RoHS and ISO 13485;
o The US FDA/NRL requires detailed safety test reports;
e Japan's METI certification system emphasizes electromagnetic leakage and
environmental risk assessment;
¢ China's CCC certification does not yet cover such products.
the efficiency and trust of cross-border trade in tungsten alloy shielding parts will be significantly

improved .

Push method:
o Establishing international alliances of materials testing laboratories (e.g. joining ILAC-
MRA);
¢ Promote bilateral standard conversion between ISO/ASTM/IEC and other organizations
and China National Standardization Administration;
e Encourage domestic leading enterprises to take the lead in proposing draft international
standards and promote Chinese solutions to the world.

2. Building a global standard collaboration platform

The global tungsten alloy shielding component production capacity is mainly concentrated in China,
Germany, the United States, Japan and South Korea, but the standard communication is relatively
weak. It is recommended to enhance the synergy effect through the following ways:

1. Establish international industry collaboration alliances : such as the "Global Tungsten
Alloy Shielding Standards Committee (WASCC)", covering standard setting, data sharing,
test verification, intellectual property protection, etc.;

2. Organize regular international standards forums and workshops to attract

representatives from regulators, manufacturers, and users from various countries;
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3. Promote open access to standards and encourage researchers, engineers and certification
bodies to participate in the standard update process;

4. Develop international multilingual standard toolkits (such as ISO standard translation
modules, certification flowcharts, etc.) to lower the threshold for participation of small and
medium-sized enterprises.

summary

As an advanced protective material, the quality and reliability of tungsten alloy shielding parts are
highly dependent on the support of the standard system. The current global standard system is still
fragmented and cross-cutting, which not only affects the compatibility between products, but also
hinders cross-border trade and intelligent manufacturing transformation. Building a unified,
scientific and open standard framework has become the core link of the high-quality development
of the tungsten alloy industry.

In the future, we should promote it in three dimensions: first, optimize the correspondence and
integration of domestic standards and international standards; second, accelerate the formulation of
functional shielding standards for intelligent development; third, establish a standard alliance
platform for global collaboration and mutual recognition. Only by achieving the deep integration of
standards, certification and manufacturing can tungsten alloy shielding parts truly achieve global

access to quality control in the new era of high-end protective equipment and green manufacturing

systems.
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CTIA GROUP LTD
High-Density Tungsten Alloy Customization Service

CTIA GROUP LTD, a customization expert in high-density tungsten alloy design and
production with 30 years of experience.

Core advantages: 30 years of experience: deeply familiar with tungsten alloy production,
mature technology.

Precision customization: support high density (17-19 g/cm3), special performance,
complex structure, super large and very small parts design and production.

Quality cost: optimized design, optimal mold and processing mode, excellent cost
performance.

Advanced capabilities: advanced production equipment, RMI, ISO 9001 certification.
100,000+ customers

Widely involved, covering aerospace, military industry, medical equipment, energy industry,
sports and entertainment and other fields.

Service commitment

1 billion+ visits to the official website, 1 million+ web pages, 100,000+ customers, 0 complaints

in 30 years!

Contact us

Email: sales@chinatungsten.com
Tel: +86 592 5129696
Official website: www.tungsten-alloy.com
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Appendix

Appendix 1: Common terms and symbols for tungsten alloy shielding

As a high-performance radiation protection material, the manufacturing, design and application of

tungsten alloy shielding involve a variety of professional terms, physical symbols and standardized

concepts. In order to facilitate readers to accurately understand the relevant content in the process

of reading the main text, this appendix is specially compiled to systematically explain the common

terms, symbols and application significance of tungsten alloy shielding for reference by technicians,

scientific researchers and standard setters.

1.1 Tungsten Alloy Shielding Terminology Definition and Application Scenarios

the term Definition

Tungsten Heavy Alloy High-density materials mainly composed of
(WHA) tungsten (W) (accounting for >90%) and doped

with alloy elements such as Ni, Fe, and Cu

Shielding Efficiency The ability of a material to attenuate a certain
type of radiation (y, X, B, neutrons, etc.), usually
expressed as attenuation rate or penetration

coefficient
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Application scenarios and
description

Medical CT  shielding
module, industrial flaw
detection protection cover,
military balance block
Medical equipment cabin,

nuclear detector shell
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Specific
(Density, p)

gravity/density

Linear attenuation

coefficient (p)

Minimum shield thickness

(dmin)

Smart Shielding Unit

Specific heat capacity (¢ ,)

Radiation Leakage Rate

Sintering Density

Low Activation Alloy

The mass per unit volume of the material,

tungsten alloy is usually 17.0~18.8 g/cm?

Describes the attenuation ability of a material per
unit thickness to a certain radiation intensity, in
cm !

The minimum material thickness required to
achieve a specified level of radiation protection
under certain radiation intensity and energy
conditions

Built-in sensors and electronic control structures
enable real-time monitoring and feedback

adjustment of shielding components

The amount of heat absorbed by a unit mass of a
material when the temperature rises by 1K, in
J/(kg'K)

The effective dose rate per unit area per unit time

of the shield, in uSv /h

The ratio of the density of the sintered product to
the theoretical density reflects the internal pore

control.

alloys with fast radioactive decay and low
residual activity after high-energy radiation

exposure

1.2 tungsten alloy shielding

Core indicators for

measuring protection
strength and weight control
Used for shielding design
calculations and radiation
dose simulation

Designed for shielding shells
in nuclear medicine,

radiation laboratories, etc.

Spacecraft, intelligent
radiotherapy equipment,
mobile nuclear detection
terminals

Thermal stability evaluation,
continuous radiation working
environment adaptability test
Safety performance testing,
especially in the certification
process of medical radiation
equipment

One of the quality inspection
indicators, determining the
strength of the shielding parts

and the radiation protection

efficiency

Used for recycling
radioactive environment
materials, such as ITER
experimental reactor
components

tungsten alloy shielding performance evaluation and structural design, a variety of mathematical

expressions and symbols are required. The following are common formulas and their explanations:

Common physics and material symbols

symbol Explanation of meaning unit
p Material Density g/cm? or kg/m?
n Linear Attenuation Coefficient cm !
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d Material thickness cm

Lo Incident ray intensity Any dosage unit
| The intensity of the rays after penetration | Same unit as Io
HV Vickers Hardness kgf /mm?

Gy Yield Strength MPa

n Shielding Efficiency Y%(percentage)
T temperature Kor°C

Common calculation formulas
1. Ray attenuation formula (Beer-Lambert Law) :
[=10.¢ xd
Explanation: The incident intensity is I0I0 , and after passing through the tungsten alloy with a
thickness of dd, the remaining intensity is II;
Application: Used to determine the required tungsten alloy shielding thickness.

2. Shielding efficiency calculation formula :
n=(1—-1/1¢) x 100%
Indicates the radiation attenuation ratio of tungsten alloy shielding;
Commonly used for laboratory test data conversion and shielding level evaluation.

3. Theoretical density (alloy) calculation formula (approximate for multiphase materials):
pAlloy = (wi-pi)
Where wiw_iwi is the mass fraction of each component, pip_ipi is the density of each component;
Used for alloy design and powder ratio prediction.
4. Sintering density calculation formula:
Density = ptheoretical / psintered x 100%
Used to evaluate the quality consistency and porosity control level of powder metallurgy tungsten

alloy.

1.3 Progress in Standardization of Tungsten Alloy Shielding Parts

1. Progress of the International Standards System
Although there is no global unified standard for tungsten alloy shielding, the following standards
have important reference value worldwide:

Standard name illustrate

No.

ASTM B777 = Standard Specification for Tungsten = Classification, physical properties and processing

Heavy Alloys requirements of tungsten heavy alloys
ISO 7195 Nuclear Fuel Technology - Nuclear = Applicable to nuclear grade materials , please refer to
Grade Zirconium Alloys some shielding component evaluation
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IEC 60601 Medical Electrical Equipment — Safety standards that medical radiation protection
General Requirements structures must meet

ASTM E181 @ Standard Test Method for Radiation = Mostly used for verification of X-ray and gamma-ray
Attenuation of Materials shielding materials

TAEA TS-G- Radiation Protection and Safety of IAEA General Guidance on Radiation Safety

1.1 Radiation Sources

summary
tungsten alloy shielding parts are inseparable from rigorous terminology definitions, accurate
mathematical modeling and standardized standard systems. By unifying terminology, clearly
expressing symbol relationships and understanding international standard trends, researchers and
engineers can achieve a higher level of professional collaboration in the design and development,
quality control and cross-border cooperation of shielding parts.

related to tungsten alloy shielding will continue to be improved and become an important foundation
for promoting the standardization and internationalization of the industry.

Appendix 2: International and domestic standards for tungsten alloy shielding
(ISO/ASTM/GB)

tungsten alloy shielding parts must strictly follow relevant standards to ensure quality, safety and
performance. Although there is no single special standard for tungsten alloy shielding parts in the
world, many ISO, ASTM and IEC standards have clear provisions on material properties, testing
methods and safety requirements. In recent years, China has actively established and improved GB
and industry standards, and gradually formed a systematic specification system.

This appendix aims to comprehensively sort out the main international and domestic standards in
the field of tungsten alloy shielding , deeply analyze its technical connotation, and look forward to
the future development direction of standardization.

2.1 Tungsten Alloy Shielding

2.1.1 Material properties and specifications

e ASTM B777 — Standard Specification for Tungsten Heavy Alloys
This standard defines in detail the material composition, physical properties, mechanical
properties and microstructure requirements of tungsten heavy alloys . It covers major
grades such as W-Ni-Fe and W-Ni-Cu, and specifies density (=17.0 g/cm?), hardness,
tensile strength and ductility. It provides an authoritative basis for the selection of tungsten
alloy shielding materials.

o ISO 7195 — Nuclear Fuel Technology — Nuclear Grade Zirconium Alloys
is mainly based on zirconium alloys, the test methods, quality control and radiation stability
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assessment of nuclear materials in ISO 7195 provide reference for the nuclear safety
verification of tungsten alloy shielding parts.

2.1.2 Shielding performance and safety standards

ASTM E181 — Standard Test Method for Radiation Attenuation of Materials

This standard specifies the test process and data analysis of X-ray and gamma-ray material
shielding performance, and is an important reference for evaluating the shielding efficiency
of tungsten alloys.

IEC 60601 — Medical Electrical Equipment—General Requirements for Basic Safety
and Essential Performance

is a medical equipment safety standard that puts forward specific requirements for the
radiation leakage limit, mechanical strength and electromagnetic compatibility of medical
tungsten alloy shielding components.

TAEA Safety Standards (eg, GSR Part 3)

is the International Atomic Energy Agency’s radiation protection safety guide, covering
shielding material design principles and use environment specifications, providing a global
authoritative reference for tungsten alloy shielding nuclear safety.

2.1.3 Processing and testing standards

ISO 2768 — General Tolerances

This standard applies to the dimensional tolerance control of tungsten alloy shielding parts
to ensure that the manufacturing accuracy meets the technical requirements.

ASTM E10 — Standard Test Method for Brinell Hardness of Metallic Materials

is mainly used to test the hardness of tungsten alloy shielding materials to ensure that the
material hardness meets the design specifications.

ASTM B930 — Standard Guide for Fabricating Tungsten Heavy Alloys

provides technical guidelines for tungsten heavy alloy processing, welding, heat treatment,
etc., to support high-quality manufacturing of shielding parts.

Detailed explanation of domestic standards for tungsten alloy shielding

2.2.1 Materials and classification standards

GB/T 14841 — Classification and representation of

tungsten and tungsten alloys. This standard systematically classifies tungsten and
tungsten alloy materials, specifies naming rules and basic performance parameters, and is
the basic material standard for the domestic tungsten alloy industry.

GB/T 19802 — General Rules for Radiation Shielding Components for Industrial
Nondestructive Testing Equipment

specifies the design principles, performance indicators and test methods of shielding
components for industrial radiation detection equipment. It is an important basis for the
manufacture of tungsten alloy shielding components in the industrial field.
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2.2.2 Medical field standards

¢ YY/T 1554 — Technical Requirements and Test Methods for Medical
Tungsten Alloy Shielding Modules This standard sets detailed indicators such as density,
thickness, mechanical properties, shielding efficiency and biosafety for medical radiation
protection tungsten alloy shielding modules to ensure that medical devices meet national
medical safety standards.

e  WS/T 663 — Technical Specifications for Medical Radiation Protection Products sets
forth safety and performance requirements
for a variety of radiation protection materials, including tungsten alloys, to ensure radiation
safety for patients and medical staff.

2.2.3 Process and testing standards

e T/CSTM 00259 — General Technical Specification for High Density
Tungsten Alloy Products is issued by the China Society for Testing and Materials, which
specifies in detail the material property testing, dimensional accuracy, internal defect
control and surface quality standards of tungsten alloy shielding parts.

o  GB/T 34540 — Metal Powder Sintering Material Testing Method
includes the sintering density, porosity and hardness testing of tungsten alloy powder,
which is an important technical support for the manufacturing quality control of powder
metallurgy tungsten alloy shielding parts.

2.3 Future planning for standardization of tungsten alloy shielding parts

2.3.1 Establishment of standards for intelligent shielding components
With the development of intelligent sensing and data integration technology, tungsten alloy
shielding parts are gradually evolving into "intelligent shielding parts". Future standards need to
cover:

e Functional safety and performance verification specifications for smart shielding

components;

¢ Environmental adaptability test standards for sensor integration;

¢ Data interface, communication protocol and security protection related standards.
China's Ministry of Science and Technology and the National Standards Administration have
initiated the development of standards related to smart materials and smart equipment, and the
standards for tungsten alloy smart shielding components will be included in key research projects.

2.3.2 Green Manufacturing and Environmental Protection Standards
Green manufacturing has become a global manufacturing development trend. The standardization
of tungsten alloy shielding parts will strengthen the regulation of environmental protection
processes, waste recycling, and low-carbon production, and promote:

e  Green procurement standards for tungsten alloy raw materials;

¢ Emission and energy consumption standards for manufacturing processes;

e  Technical specification for recovery and recycling of tungsten alloy waste.
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Many provinces and cities in China have launched green manufacturing demonstration projects for
high-performance protective materials, and relevant standards are expected to be released
successively from 2025 to 2028.

2.3.3 International cooperation and standardization
In order to break the standard barriers and promote the international trade and technical exchange
of tungsten alloy shielding parts, we should:
e Strengthen cooperation between ISO, ASTM and the China National Standardization
Administration;
e Promote the establishment of an international standardization technical committee for
tungsten alloy shielding;
e Promote the two-way conversion and recognition of standard documents and reduce
duplication of testing and certification.
Relevant international organizations have begun to explore the establishment of a global database
of tungsten alloys and heavy alloy materials to improve the collaborative efficiency of the global

industrial chain.

summary
tungsten alloy shielding covers material properties, processing technology, testing methods and
safety specifications. International standards focus on basic materials and application testing, and
domestic standards are gradually being improved to adapt to local industrial development and export
needs. In the future, intelligence, green manufacturing and international cooperation will be the

three main themes of standard development.

Systematic and unified standards will not only improve product quality and safety, but will also
greatly promote the global competitiveness and sustainable development of the tungsten alloy

shielding industry .

Appendix 3: Main literature and research databases on tungsten alloy shielding

Tungsten alloy shielding is an important material in the field of radiation protection, and its related
scientific research results, technological progress and application cases are widely distributed in the
literature of multiple disciplines and industries. In order to facilitate researchers, engineers and
industry practitioners to efficiently obtain authoritative information, this appendix systematically
sorts out the core academic literature and mainstream research database resources in the field of
tungsten alloy shielding , and provides access and usage suggestions.

Core Academic Literature on Tungsten Alloy Shielding

3.1.1 Classic basic literature
e “Tungsten Heavy Alloys: Processing, Properties, and Applications” — Journal of

Materials Science & Engineering
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comprehensively describes the preparation process, microstructure and mechanical
properties of tungsten alloys, focusing on the analysis of their shielding properties and
radiation resistance stability.

“Radiation Shielding Performance of Tungsten-Based Materials” — Nuclear
Instruments and Methods in Physics Research

systematically compares the efficiency of tungsten alloys and traditional lead -based
materials in gamma-ray and neutron shielding, and proposes new ideas for optimizing
material design.

“Development of Smart Radiation Shielding Materials Incorporating Sensors and
Adaptive Structures” — Advanced Functional Materials

explores the structural design and application potential of smart tungsten alloy shielding

components with integrated sensors.

3.1.2 Latest cutting-edge research

“Low-Activation Tungsten Alloys for Fusion Reactor Applications” — Fusion
Engineering and Design

discusses the latest developments and challenges in the use of tungsten alloys as structural
materials and shielding components in nuclear fusion reactors.

“Additive Manufacturing of Tungsten Alloys for Radiation Shielding” — Materials
Today

studies how 3D printing of tungsten alloys can facilitate the manufacture of complex
shielding structures.

“Environmental Impact and Recycling of Tungsten-Based Shielding Components” —
Journal of Cleaner Production

reviews the technical routes and policy trends in green manufacturing and recycling of

tungsten alloy shielding components.

3.1.3 Industry technical reports and white papers

The International Tungsten Industry Association (ITIA) annual technical report
covers tungsten alloy shielding material market dynamics, standardization progress and
application cases.

The International Atomic Energy Agency (IAEA) Radiation Protection Report Series
contains guidance on assessment methods and safe management of radiation shielding
materials.

Technical white papers by national key laboratories and industry-leading companies
such as China Tungsten High-Tech and Germany's Plansee Group released research and

development results of tungsten alloy shielding parts.

3.2 Tungsten Alloy Shielding Research Database Resources

3.2.1 Academic Databases
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e Web of Science
covers multiple fields such as materials science, nuclear engineering and applied physics,
providing high-quality literature retrieval related to tungsten alloys and shielding materials.

¢ Scopus
covers the fields of engineering, medicine and environmental science, facilitating
interdisciplinary research on the comprehensive performance and applications of tungsten
alloy shielding.

e ScienceDirect
mainly includes journals published by Elsevier, and has a wealth of articles on materials
science and nuclear technology.

e SpringerLink
contains a large number of books, papers and conference proceedings on tungsten alloys
and radiation protection technology.

3.2.2 Professional technology database

e Materials Science & Engineering Database
focuses on material properties, structural analysis and process technology, and is suitable
for in-depth research on tungsten alloy microstructure and performance optimization.

e NTIS (National Technical Information Service)
is the U.S. National Technical Information Service Center, which provides government and
military technical reports related to tungsten alloys and radiation protection.

e INIS (International Nuclear Information System) is an international nuclear
information system that collects global nuclear technology and radiation protection
research documents, and has rich information
related to tungsten alloy shielding parts .

3.2.3 Patent and Standard Database

¢  WIPO PATENTSCOPE
international patent search system can search for patents related to new technologies and
processes of tungsten alloy shielding parts.

e The CNIPA China Intellectual Property Office database
centrally displays the progress of Chinese tungsten alloy shielding patent technology.

e The ISO and ASTM official website standard database
provides the latest international standard documents related to tungsten alloy materials and
shielding components .

3.3 Access and Usage Suggestions

3.3.1 Literature search skills
e Keyword diversification:

nn

Use combination keywords such as "tungsten heavy alloy shielding", "radiation shielding
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materials", "intelligent tungsten alloy shielding parts", "tungsten alloy shielding
performance" to ensure comprehensive search.

e Focus on literature published in the past five years within a limited time frame to obtain
the latest scientific research developments and application trends.

e Use citation networks
to quickly locate authoritative and high-impact research through core literature citations
and citations.

3.3.2 Database access method

¢ Subscriptions by Academic Institutions and Enterprises
Most academic databases and some patent libraries require paid subscriptions from
universities, research institutes or enterprises.

e Open access resources
use open access journals (such as DOAJ) and preprint servers ( arXiv , ResearchGate) to
obtain some literature for free.

o Utilization of library resources
Make full use of the document delivery services of local or national libraries to obtain
documents without subscription rights.

3.3.3 Data management and knowledge accumulation

e [Establish a personal document management library
and use document management tools such as EndNote, Zotero, and Mendeley to classify
and manage relevant information on tungsten alloy shielding parts .

¢ Regularly pay attention to the latest developments in the field,
subscribe to professional journals, academic newsletters and industry reports, and keep
abreast of technological advances.

¢ Interdisciplinary collaboration
actively participates in academic exchanges in multiple fields such as materials science,
nuclear engineering, and intelligent manufacturing to promote the innovative development
of tungsten alloy shielding parts .

summary

tungsten alloy shielding parts cannot be separated from the support of rich and authoritative
literature and databases. Reasonable use of core literature resources, professional databases and
access channels will greatly improve R&D efficiency and technical depth. In the future, with the
continuous expansion of data resources and the popularization of intelligent retrieval tools, the speed
of knowledge accumulation and innovation in the field of tungsten alloy shielding parts will be
further accelerated.
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Appendix 4: CTIA GROUP LTD Tungsten Alloy Shielding Parts Product Catalog

CTIA GROUP LTD relies on advanced R&D capabilities and a complete production system to
provide diversified, high-performance tungsten alloy shielding products to meet the diversified

protection needs of medical, industrial, aecrospace, nuclear energy and other fields. The following

content details the main specifications, ordering process and technical support services of our

tungsten alloy shielding parts, as well as the quality assurance system and personalized

customization capabilities.

4.1 Specifications and Performance of Tungsten Alloy Shielding Parts

4.1.1 Product Classification

Standard tungsten alloy shielding block

is made of high-density tungsten alloy (W>90%, density 17.5-18.8 g/cm?), with sizes
ranging from 30mmx30mmx5Smm to 500mmx500mmx100mm, suitable for medical
radiation protection and industrial radiation shielding.

Composite structural shielding components

combine tungsten alloy with high-strength alloy steel, stainless steel and other materials to
meet the requirements of high mechanical strength and corrosion resistance, and are
suitable for the protection of aerospace and nuclear energy equipment.

The intelligent tungsten alloy shielding component

has a built-in high-precision sensor module to achieve real-time radiation monitoring and
feedback adjustment, and is widely used in intelligent radiotherapy equipment and nuclear

energy monitoring systems.

4.1.2 Key Performance Indicators

Performance Indicators Parameter range Remark

Material density 17.0 - 18.8 g/cm? According to ASTM B777 and internal

company standards

Linear attenuation >0.25 cm ~ ! (for gamma rays, = Ensure shielding efficiency >95%

coefficient 100 keV)

Hardness (Vickers = 220-320 HV Ensure wear resistance and processing

hardness) performance

Dimensional tolerance +0.05 mm CNC precision machining control

Porosity <0.2% High-density sintering process ensures material
density

Operating temperature -40°C to +600°C Adapt to the needs of multiple environments

Corrosion resistance Meet the salt spray test for 72 = Surface treatment anti-rust measures

hours

4.1.3 Product application cases
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Medical CT cabin protection block

Radiotherapy device shielding door

Industrial X-ray Detection Equipment Protective Cover
Aerospace high energy particle protection components
Mobile shielding device for nuclear power plant maintenance

4.2 Tungsten Alloy Shielding Parts Ordering and Technical Support

4.2.1 Ordering Process

1.

Demand communication:

Customers provide application scenarios, specifications, dimensions, performance
requirements and quantity information.

Technical Evaluation

Based on customer needs, China Tungsten Intelligent Manufacturing's technical team
recommends suitable materials and process solutions and conducts feasibility evaluation.
Quotation and confirmation

Provide detailed quotation according to the plan, and enter production scheduling after
confirming the order.

The production and manufacturing

adopts advanced CNC processing, sintering and surface treatment technologies to strictly
control the production quality.

Inspection and delivery:

Complete performance testing in accordance with customer and industry standards, issue
test reports, and ensure that the products are qualified before shipment.

4.2.2 Technical Support Services

Product Selection Consultation

Provide customized tungsten alloy shielding solutions based on customer application
characteristics.

Design optimization suggestions

help customers optimize shielding structure and improve protection effect and cost-
effectiveness.

Installation and commissioning guidance

provides on-site installation technical support and usage training.

After-sales tracking service

regularly visits and collects user feedback to ensure long-term and stable operation of the
product.

4.3 Tungsten Alloy Shielding Quality Assurance and Customization Service

4.3.1 Quality Assurance System
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Raw material traceability

strictly purchases high- purity tungsten powder and alloy elements to ensure the
consistency of material performance.

The whole process of quality control

production process covers three major links: incoming material inspection, process
monitoring and finished product testing.

The testing equipment is advanced

and equipped with X-ray non-destructive testing, CT scanning, hardness tester and
precision three-coordinate measuring instrument.

Perfect

certification system The products have passed ISO9001 quality management system

certification and comply with relevant domestic and international industry standards.

4.3.2 Customized service capabilities

Personalized design

is tailored to customers' special needs and supports non-standard size and structure
customization.

Functional integration

provides intelligent shielding components with integrated sensors, data communication
modules and other functions.

Multi-process composite processing

includes CNC processing, laser cutting, surface spraying and coating strengthening, etc.
Rapid response delivery

Establish a rapid sample manufacturing and testing system to shorten the product
development cycle.

summary

CTIA GROUP LTD relies on its strong technical strength and perfect quality management system

to continuously provide high-quality and diversified tungsten alloy shielding products and

professional technical support. We are committed to meeting the personalized needs of customers

and promoting the wide application and technological upgrading of tungsten alloy shielding

materials in various industries.
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CTIA GROUP LTD
High-Density Tungsten Alloy Customization Service

CTIA GROUP LTD, a customization expert in high-density tungsten alloy design and
production with 30 years of experience.

Core advantages: 30 years of experience: deeply familiar with tungsten alloy production,
mature technology.

Precision customization: support high density (17-19 g/cm3), special performance,
complex structure, super large and very small parts design and production.

Quality cost: optimized design, optimal mold and processing mode, excellent cost
performance.

Advanced capabilities: advanced production equipment, RMI, ISO 9001 certification.
100,000+ customers

Widely involved, covering aerospace, military industry, medical equipment, energy industry,
sports and entertainment and other fields.

Service commitment

1 billion+ visits to the official website, 1 million+ web pages, 100,000+ customers, 0 complaints

in 30 years!

Contact us

Email: sales@chinatungsten.com
Tel: +86 592 5129696
Official website: www.tungsten-alloy.com
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