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Abstract: Nanotechnology, leveraging the unique effects at the nanoscale, can optimize the structure and properties of non-
metallic materials at the microscopic level, serving as the core support for their development towards high performance 
and multi-functionality. This article elaborates on the scientific basis and core modification mechanisms of nanotechnology 
in enhancing high-performance non-metallic materials, analyzes core innovation directions such as nano-reinforced 
composites and nano-coatings, introduces their engineering applications in key fields such as aerospace and new energy, 
points out the four major bottlenecks in industrialization, namely, large-scale preparation, cost, interface compatibility, and 
environmental safety, and proposes targeted solutions and optimization suggestions to provide beneficial references for 
relevant researchers.
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1. Introduction
High-performance non-metallic materials are the core basic materials in modern high-end manufacturing 
and cutting-edge technologies, and have been widely applied in key fields such as aerospace, new energy, 
and information electronics. Utilizing the special effects at the nanoscale, nanotechnology can act on the 
microscopic structure of materials to optimize their internal architecture and external performance, improving 
the mechanical, thermal, electrical, and other comprehensive properties of non-metallic materials, promoting 
the development of materials towards lightweight, multi-functionality, and intelligence, and providing stable 
basic support for high-end equipment manufacturing and industrial technology upgrading.
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2. The scientific basis of nanotechnology enhancing high-performance non-metallic 
materials
2.1. Nano-scale effect and performance mutation mechanism
The nano-scale effect refers to the phenomenon where materials with a size of 1–100nm exhibit significant 
changes in physical and chemical properties. These can be summarized into four core effects: size effect, 
where the melting point, magnetic properties, optical and catalytic characteristics of nanoparticles deviate 
from the regular patterns of macroscopic scales; surface/interface effect, which increases the specific surface 
area of the material and enhances the ability of interface bonding and reaction diffusion; quantum size effect, 
which enables precise control of conductive, heat-conductive and optical properties; and macroscopic quantum 
tunneling effect, which allows materials to possess special electrical and magnetic properties. Nanostructures 
can become the key units for regulating the macroscopic properties of non-metallic materials, and their core 
relies on the collaborative effect of these four effects.

2.2. Core mechanism of nano-modifying non-metallic materials
The performance improvement of non-metallic materials after nano-modification relies on five core 
mechanisms. Dispersion strengthening and load transfer can hinder crack propagation and enhance the strength 
and toughness of the material; interface regulation and functional modification can enhance the bonding force 
of the matrix and optimize the mechanical stability [1]; building a continuous heat/conductive network within 
the material can reconstruct the heat/electric transmission path and complete the functional transformation of 
the material; filling the defects of the matrix with nano-particles can improve density and optimize corrosion 
resistance and aging resistance; functional synergy and multi-field response can add optical, electrical, catalytic 
and other functions to the material, achieving integration of structure and function.

3. Core innovative directions of nanotechnology in high-performance non-metallic 
materials
3.1. Nano-reinforced composites: The mainstream path for achieving lightweight and high-
strength non-metallic materials
To enable non-metallic materials to simultaneously achieve lightweight and high strength, nano-reinforced 
composites are a very suitable technical path. These materials use polymers, ceramics, glass, etc. as the matrix, 
and introduce 0D, 1D, 2D, etc. low-dimensional nano-reinforcing bodies, which can optimize the internal 
structure of the material at the microscopic level and simultaneously enhance the mechanical, thermal, and 
various functional properties of the material. Compared with conventional material reinforcement methods, 
nano-reinforcing bodies have a larger specific surface area, stronger interface bonding ability, and higher 
enhancement efficiency. Adding only a small amount of such substances can improve the strength, toughness, 
and high-temperature stability of the material. Now, such materials have been widely applied in multiple high-
end equipment fields such as aerospace, new energy vehicles, and rail transportation, supporting lightweight 
design, high reliability, and long service life. They promote the development of structural materials towards 
high performance, multi-functionality, and integration.

3.2. Polymer-based, ceramic-based, and carbon-based nanocomposites
The core classification of nano-modified non-metallic materials consists of three types: polymer-based, 
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ceramic-based, and carbon-based nanocomposites. Among them, polymer-based nanocomposites have the widest 
application range. After adding fillers such as carbon nanotubes, graphene, and nano-ceramic particles, the strength, 
toughness, heat resistance, and flame retardancy of the material are all improved, and they can be used in the 
production and manufacturing of aerospace components and wind turbine blades. Ceramic-based nanocomposites 
introduce nano-phase modification to slow down the growth rate of crystal grains and avoid excessive growth, 
improving the toughness, thermal shock resistance, and ablation resistance of the material, and are suitable for 
the actual usage requirements of high-temperature components in aerospace engines, etc. [2]. Carbon-based and 
biomimetic nanocomposites refer to achieving a balance of rigidity and flexibility by referring to the structure 
of natural materials, and the nano-cellulose-based material is environmentally friendly and lightweight, with 
good comprehensive performance, and can be used in various high-end scenarios, such as satellite brackets and 
flexible electronics, with broad application expansion space.

3.3. Nano-coatings and films: The ultimate solution for surface functionalization
When performing surface functionalization treatment on non-metallic materials, nano-coatings and films are 
the core technology. This technology builds a nano-scale dense structure layer on the material surface without 
changing the inherent properties of the substrate, allowing the material to obtain multiple functions such as anti-
corrosion, wear resistance, high-temperature resistance, heat insulation, self-cleaning, and optical regulation, 
which can broaden the application scope and extend the service life. Among them, nano-ceramic coatings can 
improve high-temperature resistance, thermal insulation nano-coatings can reduce energy consumption during 
use, and nano-self-cleaning coatings are suitable for the protection needs of buildings and marine engineering, 
and nano-optical films can improve the operating efficiency of optical devices. These technologies are currently 
essential surface modification means in high-end equipment, building energy conservation, and optoelectronic 
information fields.

3.4. Nano fibers and biomimetic nano-structured materials
Nano-fibers have high specific surface area, high porosity, and good air permeability, making them ideal carriers 
for filtration, protection, heat insulation, catalysis, etc. Ceramic nano-fibers can be used for high-temperature 
protection, electrostatic spinning polymer nano-fibers perform well in air purification and water treatment, 
and MXene composite fiber membranes have both electromagnetic shielding and photothermal conversion 
capabilities, meeting the actual usage requirements of special needs such as aerospace. Biomimetic nano-
structured materials imitate the multi-level assembly mode in nature and achieve structural and performance 
optimization at the nanoscale, such as pearl-like layer structures, mica-based nano-paper, etc., showing obvious 
advantages in heat conduction, self-repair, insulation, and high-temperature resistance, providing new ideas for 
the structural innovation of high-performance non-metallic materials.

3.5. Self-repairing nano-functional materials: Key technologies for intelligent life extension
Self-repairing nano-functional materials are an important development direction of intelligent non-metallic 
materials. By introducing nano-microcapsules, carbon nanotubes, and dynamic covalent bond systems, the 
material can automatically repair when there are microcracks and surface damage, thereby extending service 
life, reducing maintenance costs, and improving equipment safety and reliability. In the aerospace field, it can 
repair microcracks under high-speed and high-pressure conditions; in the automotive field, it can automatically 
eliminate coating scratches; in the construction and electronic fields, it can inhibit crack expansion and repair 
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device damage. With the continuous progress of intelligent material technology, self-repairing nano-materials 
will be more widely applied in high-end manufacturing, infrastructure, and electronic information fields, 
promoting materials to develop towards intelligence and long service life.

4. Engineering applications of nanotechnology in key fields
4.1. Aerospace field: Core materials for lightweighting in extreme environments
The materials used in the aerospace field must meet high requirements such as strength, temperature resistance, 
corrosion resistance, and lightweighting.

Nanotechnology is the core support for upgrading the performance of such materials under extreme 
conditions. Nano-reinforced composite materials have been widely applied in key structural components such 
as fuselages, wings, and cabins. After application, they can achieve a 15%–30% weight reduction, increase the 
structural strength by 40%–60%, reduce the launch cost of spacecraft and fuel consumption of aircraft, and 
enhance the transportation efficiency and endurance. Nano thermal protection coatings and carbon ceramic-
based nano composites can withstand temperatures above 1600°C. They have been applied to various thermal 
end components such as rocket engine nozzles and spacecraft re-entry capsules, which can resist the high-
temperature ablation and aerodynamic heating generated during high-speed flight. Nano insulation and nano 
thermal conductive materials can precisely control the heat transfer process, ensuring the stable operation of 
avionics equipment in complex environments such as high and low temperature variations and strong vibration, 
and enhancing the reliability and safety of the aircraft as a whole. This promotes the upgrading of aerospace 
equipment towards higher performance and longer lifespan.

4.2. New energy vehicles and rail transit: Lightweight + safety + energy efficiency
At present, nano-reinforced plastics have been widely used in vehicle bodies, chassis, and interior components, 
achieving a 20%–40% weight reduction effect. The structural stiffness and collision safety performance will 
also be optimized. The range of new energy vehicles can be directly improved, and the operational efficiency 
of rail transit equipment can also be improved [3]. The thermal management system of battery power can use 
nano thermal conductive composite materials, which can increase the heat dissipation efficiency by 20%–50%, 
keeping the working temperature of the battery within a stable range, optimizing the safety performance and 
cycle life of the battery, and reducing signal interference. Nano wear-resistant modified materials and nano 
flame-retardant systems can enhance the durability and fire safety performance of braking systems and interior 
decorative parts, promoting the development of the new energy vehicle and rail transit industries towards 
greater safety, energy efficiency, and environmental friendliness.

4.3. Microelectronics and 5G/6G communication: High-frequency and high thermal 
conductivity insulation materials
At present, the technology development in the fields of microelectronics and 5G/6G communication is fast, and 
the industry’s performance requirements for non-metallic materials are constantly increasing. Materials need 
to have high-frequency, high-speed, high thermal conductivity, and low-loss characteristics. Nanotechnology 
can break through the performance limitations of traditional materials. Boron nitride nanosheets and graphene-
based composite films have high thermal conductivity and high electrical insulation, and have been applied 
in chip heat dissipation films and high-frequency printed circuit boards, which can promptly disperse the heat 
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generated by the device operation, solve the problem of heat accumulation in high-frequency scenarios, and 
reduce signal interference. Low dielectric constant nano composite materials can reduce signal transmission loss, 
improve transmission rate, enhance operational stability, and can meet the strict usage requirements of 5G/6G 
high-frequency and high-speed communication. Flexible nano materials have good bending and stretching stability 
and can be used as the core substrate and functional materials for flexible screens, wearable devices, and flexible 
sensors, promoting the upgrade of microelectronic devices towards miniaturization, integration, and flexibility.

4.4. Building energy saving and environmental governance: Key materials for green and 
low-carbon
In line with the requirements of the “dual carbon” goal, nanotechnology can meet the demand for green 
and efficient material solutions in the fields of building energy saving and environmental governance. Nano 
insulation coatings and self-cleaning nano coatings can block solar heat, reduce pollutant adhesion, lower 
building air conditioning energy consumption, extend the service life of structures, and maintain a clean 
appearance. Nano filtration membranes and nano adsorption materials have a high specific surface area and 
possess selective adsorption capabilities, which can efficiently filter out micro pollutants, heavy metal ions, 
and VOCs and particles in water and air, with a purification efficiency several times higher than traditional 
materials, providing advanced technical directions for water treatment and air purification fields. High activity 
and strong stability are the prominent features of nano-catalysts, which can be applied in scenarios such as 
industrial waste degradation and wastewater treatment, improving the efficiency of pollutant conversion and 
reducing by-products and secondary pollution [4]. Nano-nonmetallic materials are gradually becoming an 
important support for promoting green buildings and efficient environmental governance.

5. Key challenges and technical barriers in the industrialization of nano-modified 
non-metallic materials
Firstly, insufficient scale-up of preparation technology, with mainstream preparation methods mostly applicable 
in laboratories, resulting in poor product consistency after industrial amplification, a lack of continuous, low-
defect large-scale preparation technologies, and difficulty in meeting industrial application requirements. 
Secondly, high costs, with core nano-raw materials being expensive, requiring precise equipment and strict 
processes for preparation, and low yield and complex post-treatment, make the cost-performance ratio inferior 
to traditional materials. Thirdly, poor interface compatibility and stability, with significant differences in 
surface properties between nano-phase and matrix, are prone to agglomeration and peeling, and interface 
failure in extreme environments. Fourthly, unclear environmental safety risks, with nano-particles being prone 
to diffusion, potential health and ecological hazards not being clarified, a lack of recycling and degradation 
technologies, and incomplete relevant safety standards and regulations, which restrict the development of green 
industrialization.

6. Solutions and optimization suggestions for key challenges in industrialization
6.1. Optimize preparation technology to break through the bottleneck of large-scale 
development
To solve the bottleneck of preparation technology and large-scale development, focus on promoting the 
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transformation of laboratory technologies to industrial production, developing efficient and continuous 
preparation processes, optimizing existing technologies such as chemical vapor deposition, liquid phase 
exfoliation, and electrospinning, simplifying the process flow, improving production efficiency, and reducing 
performance fluctuations between batches. Develop precise control technologies for nano-structures, introduce 
intelligent control systems, optimize process parameters, and achieve precise control of nano-particle size, 
morphology, and dispersion, reducing product defects. Deepen the collaboration among industry, academia, 
and research institutions, promote the domestication and miniaturization of preparation equipment, reduce 
equipment investment costs, and promote the implementation of large-scale production.

6.2. Reduce production costs and enhance cost-performance competitiveness
Regarding the problem of high costs, propose optimization suggestions from three dimensions: raw materials, 
processes, and production management. One is to develop low-cost nano-raw material preparation technologies, 
develop alternative raw materials to reduce the prices of high-end nano-raw materials such as graphene and 
carbon nanotubes, and improve raw material utilization, reducing waste; the second is to optimize nano-
modification processes, simplify post-treatment procedures, improve production yield, and reduce the process 
cost per unit product; the third is to strengthen the fine management of the production process, optimize 
production layout, achieve the scale effect of large-scale production, further reduce the overall production 
cost, enhance the cost-performance of nano-modified non-metallic materials, and strengthen their market 
competitiveness compared to traditional materials.

6.3. Strengthen interface control to improve material stability and reliability
Interface compatibility and stability are the core issues to be addressed. This article will establish a complete 
interface control system, including three measures: first, use surface functionalization modification technology 
to complete nano-particle modification, introduce active groups to enhance the interface bonding force 
between particles and matrix, reduce agglomeration and peeling phenomena; second, develop new interface 
compatibility agents to optimize the interface structure of nano-phase and matrix, reduce interface defects, and 
improve the mechanical and thermal stability performance of the material; third, improve interface performance 
characterization methods, establish a correlation model between interface structure and material performance, 
provide theoretical support for interface control, and simultaneously develop extreme environment-resistant 
interface modification technologies to enhance the long-term service reliability of the material in high-
temperature, high-humidity, and strong corrosive environments.

6.4. Improve the safety system to prevent environmental and health risks
To handle various risks in the fields of environmental safety and health, work can be advanced in three 
directions: risk assessment, technical prevention, and standard construction. First, conduct ecological and 
health risk research on nanoparticles to understand their migration patterns and hazard formation mechanisms, 
and establish a scientific risk assessment system. Second, tackle the technologies for the recovery and 
degradation of nanoparticles, promote the green recycling of nano-modified non-metallic materials, and control 
the environmental load generated throughout the product lifecycle. Third, accelerate the improvement of 
corresponding safety standards, testing methods, and regulatory systems, clarify the safety requirements for 
each stage of nano-material production, use, and disposal, strengthen supervision, regulate the development 
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direction of the industry, and promote the coordinated development of nanotechnology with the environment 
and health.

7. Conclusion
Nanotechnology provides a key path for the performance breakthrough and functional innovation of high-
performance non-metallic materials. In the future, it is necessary to continuously strengthen basic research, 
break through key core technologies, improve interface control and large-scale production systems, establish 
safety standards and green development mechanisms, and promote the gradual realization of high-quality 
industrialization of nano-modified non-metallic materials, providing important support for the upgrading of 
China’s high-end manufacturing and new material industry.
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