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Abstract: The development of advanced construction materials for typical boilers has been pivotal in enhancing the efficiency,
reliability, and environmental sustainability of power generation systems. Modern boiler designs operate under extreme conditions,
including elevated temperatures (up to 700°C) and high pressures, necessitating materials with exceptional mechanical properties
and resistance to corrosion, oxidation, and creep.

Key advancements include high-strength steels, nickel-based alloys, and advanced austenitic steels. High-strength chromium steels,
such as HCM12, provide an optimal balance of weldability and resistance to creep and corrosion, making them suitable for pressure
parts. Nickel-based alloys, such as Alloy 617 and Alloy 625, are integral for components exposed to the highest thermal stresses,
offering superior creep strength and oxidation resistance. Austenitic steels, such as Sanicro 25, are widely adopted in superheater
and reheater tubes due to their robust high-temperature performance.

Research initiatives, such as the Advanced Ultra-Supercritical (A-USC) Boiler Consortium and the European AD700 program,
have driven material innovation, focusing on achieving higher operational efficiencies while reducing greenhouse gas emissions.
These projects emphasize material testing and qualification to ensure durability under prolonged high-temperature service.

The ongoing evolution of boiler materials is essential for advancing ultra-supercritical and other next-generation power plants,
enabling more efficient energy production with reduced environmental impact. This abstract summarizes the key materials and
trends shaping the future of boiler construction.

I. Introduction:

Boilers play a critical role in power generation, industrial processes, and heating systems, with their performance directly
influencing energy efficiency, operational reliability, and environmental impact. The construction materials used in boilers must
endure extreme conditions, including high temperatures, pressures, and exposure to corrosive environments. As demands for higher
efficiency and reduced emissions intensify, the development of advanced construction materials has become paramount.

Traditional materials, such as carbon steels and low-alloy steels, are no longer sufficient for modern boiler systems operating at
advanced ultra-supercritical (A-USC) parameters, where steam temperatures can exceed 700°C and pressures surpass 30 MPa.
These conditions require materials with exceptional mechanical strength, thermal stability, and resistance to creep, corrosion, and
oxidation.

Advancements in material science have introduced high-performance alloys and steels that meet these stringent requirements. High-
strength chromium steels, nickel-based superalloys, and advanced austenitic steels are among the leading materials enabling the
design of next-generation boilers. These materials offer improved creep strength, better weldability, and enhanced durability,
making them ideal for critical components such as pressure vessels, superheaters, and reheaters.

In addition to addressing mechanical and thermal demands, these advanced materials contribute to environmental sustainability by
enabling boilers to achieve higher thermal efficiencies. This reduces fuel consumption and minimizes greenhouse gas emissions,
aligning with global efforts to transition toward cleaner energy systems.

This paper explores the most advanced construction materials for typical boilers, focusing on their properties, applications, and
contributions to the evolving demands of modern energy infrastructure. It highlights the importance of material innovation in
achieving the performance and sustainability goals of contemporary and future boiler designs.

Advancements in boiler construction materials have significantly enhanced the efficiency, durability, and operational parameters
of modern power plants. Research has focused on developing materials capable of withstanding higher temperatures and pressures,
thereby improving overall plant performance.

Advanced Materials for Boiler Construction:
High-Strength Steels:

12% Chromium Steels (e.g., HCM12): These steels exhibit excellent creep strength, oxidation, and corrosion resistance. Their
duplex microstructure allows welding without preheating or post-weld heat treatment, simplifying fabrication processes.

Nickel-Based Alloys:
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Alloy 617 and Alloy 625: Nickel-based alloys are essential for components exposed to the highest temperatures. They offer superior
creep and corrosion resistance, making them suitable for critical areas in advanced ultra-supercritical (A-USC) boilers.

Austenitic Steels:

Sanicro 25: Developed for high-temperature applications, this austenitic steel provides a balance between strength and corrosion
resistance, making it suitable for superheater and reheater tubes in boilers operating at elevated temperatures.

Research and Development Initiatives:

Advanced 700°C Pulverized Fuel Power Plant (AD700): This European initiative aims to develop materials and technologies for
boilers operating at steam temperatures up to 700°C. The project focuses on high-temperature steels and nickel-based alloys to
achieve higher efficiencies and reduced CO- emissions.

Advanced Ultra-Supercritical (A-USC) Boiler Consortium: This research project evaluates and qualifies high-temperature
materials technology for A-USC boilers, aiming to improve efficiency and reduce emissions in coal-fired power plants.
Considerations for Material Selection:

Creep Strength: Materials must maintain mechanical integrity under prolonged exposure to high temperatures and stresses.

Oxidation and Corrosion Resistance: Resistance to oxidation and corrosion is crucial to prevent material degradation in high-
temperature steam environments.

Fabrication and Welding Properties: Materials should allow for efficient manufacturing processes, including welding, without
compromising structural integrity.

Ongoing research continues to explore and develop materials that can withstand the demanding conditions of modern boiler
operations, contributing to more efficient and environmentally friendly power generation.

High-Strength Steels

High-strength steels are a class of advanced materials designed to provide superior mechanical performance, particularly in terms
of strength, toughness, and wear resistance. These steels are characterized by their ability to withstand high stresses and strains
without significant deformation or failure. They are often alloyed with elements like manganese, silicon, chromium, and vanadium
to enhance their properties. Common applications include automotive components (e.g., crash-resistant structures), construction
(e.g., bridges and buildings), and heavy machinery. Variants like high-strength low-alloy (HSLA) steels combine strength with
improved weldability and corrosion resistance.

Nickel-Based Alloys

Nickel-based alloys are specialized materials composed predominantly of nickel, often combined with elements such as chromium,
molybdenum, cobalt, and iron. These alloys are renowned for their exceptional resistance to heat, corrosion, and oxidation, making
them ideal for use in extreme environments. They are widely utilized in industries such as aerospace (e.g., jet engines), power
generation (e.g., turbines), and chemical processing. Nickel-based alloys also maintain high mechanical strength and stability at
elevated temperatures, making them a preferred choice for high-performance applications requiring durability and reliability.

Austenitic Steels

Austenitic steels are a subclass of stainless steels with a face-centered cubic (FCC) crystal structure, achieved by alloying iron with
chromium and nickel. They are highly valued for their excellent corrosion resistance, formability, and weldability. Austenitic steels
are non-magnetic and maintain their ductility and toughness over a wide temperature range, including cryogenic conditions.
Common grades, such as 304 and 316, are widely used in the food processing, medical, and marine industries. The presence of
molybdenum in some austenitic grades further enhances resistance to pitting and crevice corrosion in chloride-rich environments.

High-Strength Steels

High-strength steels are a class of advanced materials designed to provide superior mechanical performance, particularly in terms
of strength, toughness, and wear resistance. These steels are characterized by their ability to withstand high stresses and strains
without significant deformation or failure. They are often alloyed with elements like manganese, silicon, chromium, and vanadium
to enhance their properties. Common applications include automotive components (e.g., crash-resistant structures), construction
(e.g., bridges and buildings), and heavy machinery. Variants like high-strength low-alloy (HSLA) steels combine strength with
improved weldability and corrosion resistance.

Nickel-Based Alloys

Nickel-based alloys are specialized materials composed predominantly of nickel, often combined with elements such as chromium,
molybdenum, cobalt, and iron. These alloys are renowned for their exceptional resistance to heat, corrosion, and oxidation, making
them ideal for use in extreme environments. They are widely utilized in industries such as aerospace (e.g., jet engines), power
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generation (e.g., turbines), and chemical processing. Nickel-based alloys also maintain high mechanical strength and stability at
elevated temperatures, making them a preferred choice for high-performance applications requiring durability and reliability.

Austenitic Steels

Austenitic steels are a subclass of stainless steels with a face-centered cubic (FCC) crystal structure, achieved by alloying iron with
chromium and nickel. They are highly valued for their excellent corrosion resistance, formability, and weldability. Austenitic steels
are non-magnetic and maintain their ductility and toughness over a wide temperature range, including cryogenic conditions.
Common grades, such as 304 and 316, are widely used in the food processing, medical, and marine industries. The presence of
molybdenum in some austenitic grades further enhances resistance to pitting and crevice corrosion in chloride-rich environments.

The application of advanced materials in typical boilers significantly improves their efficiency, durability, and performance under
harsh operating conditions. Boilers operate in high-pressure and high-temperature environments, requiring materials with excellent
mechanical strength, thermal stability, and resistance to corrosion, erosion, and creep. Below are some examples of advanced
materials and their applications in boiler components:

High-Strength Low-Alloy (HSLA) Steels
Application: Boiler drums and headers.

Benefits: Provide high strength-to-weight ratios, good weldability, and resistance to thermal fatigue. These steels help reduce the
overall weight of the boiler while maintaining structural integrity.

Ferritic and Martensitic Steels
Application: Tubes for water walls and superheaters.

Benefits: Exhibit good thermal conductivity, high temperature resistance, and excellent creep strength, making them suitable for
high-pressure sections of boilers.

Austenitic Stainless Steels
Application: Superheater and reheater tubes.

Benefits: Outstanding resistance to corrosion and oxidation at high temperatures, ensuring longevity and reliability in harsh
environments. They also retain mechanical properties under fluctuating thermal conditions.

Nickel-Based Alloys
Application: Components exposed to extreme temperatures, such as high-temperature superheaters and reheaters.

Benefits: Superior oxidation and creep resistance at elevated temperatures. ldeal for advanced ultra-supercritical (A-USC) boilers
operating at temperatures above 700°C.

Ceramic Coatings and Composites
Application: Boiler tubes and heat exchangers.

Benefits: Provide enhanced resistance to erosion, corrosion, and high-temperature oxidation, extending the life of critical
components. Ceramic coatings also improve heat transfer efficiency.

Inconel and Hastelloy Alloys
Application: Burner tips, fuel injectors, and high-temperature zones.

Benefits: Exceptional resistance to chemical attack, oxidation, and thermal fatigue. These materials are particularly useful in boilers
burning aggressive fuels like biofuels or waste.

Thermal Barrier Coatings (TBCs)
Application: Heat-resistant layers for boiler components.

Benefits: Protect underlying materials from extreme heat, reducing thermal fatigue and improving efficiency. Often used in
conjunction with metallic substrates.

Composite Materials
Application: Structural supports and insulation panels.

Benefits: Lightweight and thermally stable, these materials reduce heat loss and improve the boiler's overall thermal efficiency.
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Cermets (Ceramic-Metal Composites)

Application: Tube shields and erosion-prone areas.

Benefits: Combine the toughness of metals with the hardness and thermal stability of ceramics, offering superior wear and erosion
resistance.

Advanced Coatings (e.g., Chromium and Tungsten-Based Coatings)
Application: Internal and external surfaces of boiler tubes.
Benefits: Prevent scaling, fouling, and corrosion, which can degrade thermal performance and increase maintenance requirements.
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