Techno-Economic Analysis of Preparing Advanced
Functional Polymer Composite Materials from Coal Gangue-

Derived Nano-Alumina and Nano-Silica Sol

Utilizing coal gangue, a traditional industrial solid waste, this analysis explores an
innovative process: "intelligent three-ring kiln activation roasting - hydrochloric acid
graded acid leaching - fractional purification." This process simultaneously prepares
nano-scale a-alumina and nano-scale silica sol. These are then used as core precursors
to develop a series of high-performance, high-value-added functional polymer composite
materials. This technology not only represents a paradigm of the circular economy for the
"complete and high-value utilization" of coal gangue but also opens up a disruptive
technological path to acquire strategic nanomaterials through a non-traditional supply

chain.

The analysis shows that the nano-scale a-alumina (Al,O3) and nano-silica sol (SiO,
sol) extracted from coal gangue can meet or even exceed the stringent standards of
high-end industrial application markets in key quality indicators such as purity, particle
size, specific surface area, and impurity content. They can directly compete with similar
products prepared from traditional minerals (like bauxite). Among them, low-sodium
(Na,O < 0.05%) microcrystalline a-alumina is suitable for advanced electronic ceramics
and precision polishing. The nano-silica sol, with a precisely controlled particle size of
3015 nm and a specific surface area exceeding 500 m#/g, fully meets the needs of

cutting-edge industries like semiconductor chemical mechanical polishing (CMP).

Based on these two high-quality precursors, the feasibility, performance advantages,
and market prospects of three major categories, totaling seven varieties of polymer-
silicon-aluminum composite functional materials, have been systematically identified and

demonstrated:



High-Performance Structural and Mechanical Composites: Including high-
strength lightweight structural parts for aerospace and automotive sectors, and
high-durability wear-resistant materials for industrial equipment and high-end
coatings. Their core advantage stems from the hardness of alumina and the

reinforcing and toughening effect of silica sol.

Advanced Electronic and Energy Functional Materials: Covering high-
thermal-conductivity insulating composites for semiconductor packaging, low-
dielectric-constant and low-loss materials for 5G/6G communications, and high-
energy-density dielectric composites for energy storage devices. The realization
of these materials relies on the sophisticated control and synergy of the thermal,

insulating, and dielectric properties of alumina and silica.

Safety and Environmental Protection Composites: Mainly including high-
efficiency flame-retardant composites that meet strict fire safety standards and
long-lasting anti-corrosion coatings for harsh environments. The key to their
excellent performance lies in the synergistic enhanced charring mechanism formed
by alumina and silica during combustion and the dense physical barrier constructed

in coatings.

This analysis delves into the scientific mechanisms behind the performance

enhancement of these composite materials, especially the "synergistic effect" between

nano-alumina and nano-silica. It also examines the key technological links for the

industrialization of these composite materials, including the surface modification of

nanoparticles and the uniform co-dispersion technology in the polymer matrix. This

"1+1>2" effect is the core driving force for achieving material multi-functionality. For

example, in thermally conductive composites, fillers of two different sizes build a more

efficient phonon transport network; in flame-retardant systems, silica can significantly

enhance the mechanical strength and stability of the char layer formed by alumina.



The technological route of preparing polymer functional composite materials from
coal gangue holds significant strategic value at the economic, environmental, and social
levels. It not only transforms industrial waste into high-value products, achieving a
closed-loop industrial chain and a leap in the value chain, but also provides a new
paradigm for China to build an autonomous, controllable, and cost-effective supply chain

in the field of advanced materials.

1. Precursor Synthesis and Characterization: The Foundation of High-

Value Composite Materials

1.1 Coal Gangue Valorization Process: From Industrial Waste to High-Purity

Nanomaterials

Transforming coal gangue, a solid waste that has long troubled the coal industry,
into high-value nanomaterials is key to achieving resource recycling and industrial
upgrading. The core technology adopted is a highly integrated chemical and physical
process, starting with the precise selection of coal gangue and ending with the separation

and purification of high-purity nano-scale a-alumina and nano-silica sol.

The entire process can be summarized in the following key steps:

Raw Material Pretreatment and Activation Roasting: First, lump coal gangue
(typically 30-300 mm in size) is selected to remove impurities. It is then fed into an
"intelligent three-ring kiln" for "activation roasting." The main component of coal
gangue is kaolinite (Al,Si,Os(OH),), which has a stable structure and very low
efficiency for direct acid leaching. The purpose of activation roasting is to destroy the
crystal water and the layered structure of silica-oxygen tetrahedra and alumina-
oxygen octahedra in kaolinite through precise temperature control (usually 700-
900°C), transforming it into metakaolin or other amorphous silicon-aluminum oxides
with higher chemical activity. This is the prerequisite for subsequent efficient acid

leaching.



Hydrochloric Acid Graded Leaching and Solid-Liquid Separation: The
activated clinker, after being crushed and ground, enters a hydrochloric acid graded
leaching system. In this step, hydrochloric acid reacts with the active alumina to form
an aluminum chloride (AICI;) solution, while the active silica, being insoluble in acid,
remains as a solid (silica residue). Through solid-liquid separation, an aluminum-rich
aluminum chloride solution and a silicon-rich silica residue are obtained, achieving

the initial separation of aluminum and silicon.

Fractional Purification:

Aluminum Component: The aluminum-rich solution undergoes purification and
aluminum powder reduction steps, finally precipitating high-purity aluminum
hydroxide (Al(OH)3). This aluminum hydroxide is both a commercial product and a

precursor for preparing a-alumina.

Silicon Component: The silica residue obtained from solid-liquid separation is
processed through an "alkali dissolution for silicon extraction" process. That is, the
silica is dissolved into a silicate solution under alkaline conditions, followed by ion
exchange and colloidal stabilization treatments, to finally prepare a nano-scale silica

sol product.

Compared to the traditional rotary kilns used for alumina production, the "intelligent

three-ring kiln" has significant advantages in the activation roasting stage. Rotary kilns

are mainly used for high-temperature (1200-1700°C) calcination to achieve phase

transformation (e.g., from aluminum hydroxide to a-alumina). The design of the intelligent

three-ring kiln, however, focuses more on precise thermal control in the medium-low
temperature range to achieve "activation" rather than complete "sintering" of the coal
gangue mineral phases. This is crucial for maximizing the extraction rate in the

subsequent acid leaching.

1.2 Characterization of Nano-scale a-Alumina Precursor



The aluminum hydroxide obtained through the above process can be further
calcined at high temperatures to prepare a-alumina powder. The quality indicators of the
final product directly determine its application potential in high-end markets. Referring to
the technical indicators of similar high-temperature alumina projects, it can be expected
that the a-alumina obtained from the coal gangue route will have the following key

characteristics:

Chemical Purity and Crystal Phase: The final product is high-purity a-phase
alumina, with an alumina content reaching over 99.4%. The a-phase is the most stable
crystal form of alumina, possessing excellent hardness, wear resistance, and chemical
stability, making it the basis for preparing advanced ceramics and high-performance

abrasives.

Sodium Content Control: Sodium content is a core indicator of high-end alumina
quality, especially in the field of electronic ceramics. Excessive sodium content leads to
ion migration, severely affecting the material's insulation performance and reliability. This
process can strictly control the sodium oxide content to below 0.05%, reaching "low-
sodium" or even "ultra-low-sodium" levels. This allows it to benchmark against
international advanced levels and meet the needs of high-end electronic components

such as 5G filters and ceramic substrates.

Particle Size (Grain Size) Control: By adjusting the calcination process
parameters, products with different crystal grain sizes can be produced. The primary
crystal size of "low-sodium microcrystalline high-temperature alumina" can be controlled
within the range of 0.3—1 pm (i.e., 300—1000 nm). Although macroscopically termed
"microcrystalline," its primary grains are already in the sub-micron or even nano-scale,
providing high-quality raw material for subsequent grinding to prepare nano-level

polishing powder or as a nano-filler.

1.3 Characterization of Nano-scale Silica Sol (Colloidal Silica) Precursor



The silica sol, purified and stabilized from the silica residue, is another highly
valuable nanomaterial product. Its key performance indicators are directly benchmarked

against the core needs of high-tech industries such as semiconductors:

Particle Size: The process allows for precise control over the size of the colloidal
silica particles, achieving a level of 30 £ 5 nm. This particle size range falls perfectly
within the requirements for polishing abrasives in semiconductor chemical mechanical
polishing (CMP) processes (20-150 nm) and meets the particle size requirements for

insulating filling materials in wafer-level packaging (<30 nm).

Specific Surface Area (SSA): The product has an extremely high specific surface
area, greater than 500 m?/g. A high specific surface area means that a unit mass of the
material has more surface active sites, making it an ideal catalyst carrier. For example, in
petrochemical hydrogenation reactions, a high-SSA silica sol as a carrier can significantly

enhance the activity and efficiency of precious metal catalysts.

Purity and Stability: The final stage of the process is "nano-colloidal stabilization,"
aimed at preparing a stable colloidal solution that is not prone to agglomeration and
precipitation. Although the specific content of metal ions is not specified in the project
proposal, its market positioning towards high-end fields such as semiconductors and
artificial intelligence robotics strongly implies that its purity target must reach electronic

grade or higher (e.g., CMP applications require metal ion content below 10 ppm).

1.4 Strategic Validation of Precursor Quality and Market Positioning

By comparing the performance of the precursors obtained from coal gangue with the
demands of high-end markets, a key strategic conclusion can be drawn: This
technological path is not just a waste treatment solution, but a viable route for

producing strategic, high-value nanomaterials.

Table 1: Benchmarking Analysis of Coal Gangue-Derived Nano-Precursors

against High-End Market Demands



Precursor Key Coal Target Required Feasibility
Specification Gangue Application Specification Conclusion
Process
Output
a- Al,O4 299.4% Advanced 299.0% - Fully
Alumina Purity ceramics, 99.4% meets
electronic ceramics
Na,O <0.05% Electronic <0.1%, Meets
Content ceramics, ceramic | high-end < high-end
substrates 0.05% requirements
Grain 03-1.0 Advanced <1um Fully
Size (D50) um ceramics, precision | (microcrystalline) | meets
(controllable) | polishing
Nano- Particle 30+£5 Semiconductor 20 -50 nm Precisely
Silica Sol Size nm CMP polishing (high precision) | matches
Specific > 500 Catalyst > 500 m¥g Fully
Surface Area | m%g carrier meets
Purity Target: Semiconductor Metal ions < Process
(Inferred) Electronic manufacturing 10 ppm target aligned
grade

This comparison clearly shows that the two core precursors produced by the coal

gangue valorization process are not of low-end by-product quality. Instead, they can

directly enter and satisfy the markets with the highest technical barriers and added value.

This conclusion lays a solid technical and commercial foundation for the subsequent




discussion on the broad prospects of using these two precursors to prepare various
polymer composite materials. It elevates the focus of the discussion from "whether it can

be used" to the strategic level of "how to achieve the highest value utilization."

2. Principles of Polymer-Silicon-Aluminum Nanocomposite Formulation

2.1 Definition and Classification of Polymer-Silicon-Aluminum Functional

Composites

In materials science, polymer-silicon-aluminum functional composites belong to a
specific branch of Polymer Matrix Composites (PMCs). They are fundamentally defined
as: multiphase materials prepared through a specific compounding process, with a
polymer as the continuous matrix phase and nano-scale alumina and silica (often

introduced as silica sol) as the dispersed phase or reinforcing/functional fillers.

The term "functional" is crucial here. It indicates that the purpose of adding fillers is
not limited to traditional structural reinforcement (like improving strength and modulus)
but is more focused on imparting or significantly improving specific physical or chemical
properties of the composite material, such as thermal, electrical, optical, flame-retardant,

or wear-resistant properties.

Based on the scale and type of fillers, these materials can be further classified as:

Nanocomposites: Because their fillers (alumina and silica) are in the nano-

scale (1-100 nm) in at least one dimension.

Hybrid Nanocomposites: Because they use two or more different types of

nano-fillers in terms of chemical composition or morphology (i.e., alumina and silica).

2.2 Selection of Polymer Matrix: The Decisive Role of the Continuous Phase

The choice of polymer matrix determines the basic properties, processing methods,

and final application scenarios of the composite material. For nano-alumina and silica sol



fillers, the following three types of polymer matrices are most representative and have the

greatest application potential:

Epoxy Resin: Represented by bisphenol A (BPA) or bisphenol F (BPF) type epoxy
resins, they are the "workhorses" in the field of high-performance composites. Their
advantage lies in the three-dimensional cross-linked network structure formed after
curing, which provides excellent mechanical strength, high modulus, outstanding
dimensional stability, chemical resistance, and strong adhesion to various substrates.
These properties make them the preferred matrix for preparing structural parts, thermal

management materials, electronic packaging materials, and anti-corrosion coatings.

Polyurethane (PU): Polyurethane is known for the high designability of its molecular
structure. By adjusting the type and ratio of polyols (soft segments) and isocyanates
(hard segments), a wide range of materials from rigid plastics to flexible elastomers and
high-performance coatings can be prepared. Its outstanding advantages are high
toughness, excellent wear resistance, and impact resistance. Therefore, when the
application requires both strength and flexibility, such as in high-wear coatings or

elastomer parts, polyurethane is the ideal matrix choice.

Silicone Resin: With a polysiloxane main chain, the core advantage of silicone resin
lies in the high bond energy of the Si-O bond, which endows it with unparalleled thermal
stability, excellent high and low-temperature resistance (wide operating temperature
range), hydrophobicity, and biocompatibility. This makes it the first choice for preparing
high-temperature resistant coatings, flexible thermal interface materials (TIMs), and

sealing and bonding materials that work in harsh environments.

2.3 The Role of Hybrid Nanofillers: Respective Contributions

In the composite material, nano-alumina and nano-silica each play different yet

complementary roles:



Nano a-Alumina (a-Al,03): As a high-performance ceramic, its main contributions

are:

Hardness and Wear Resistance: a-alumina has a Mohs hardness of 9, second
only to diamond, which can greatly enhance the surface hardness and scratch/wear

resistance of the composite.

High Thermal Conductivity: Its intrinsic thermal conductivity is relatively high
(bulk material ~30 W/m-K). In composites, it can form a phonon heat transfer
network, making it a key component for improving the material's thermal

conductivity.

Electrical Insulation: As a typical wide-bandgap semiconductor material,
alumina has extremely high electrical resistivity and breakdown strength, ensuring
that the composite maintains excellent electrical insulation while being thermally

conductive.

Nano-Silica: Its role is more diverse:

Mechanical Reinforcement: Nano-silica particles have an extremely high
specific surface area and surface energy, allowing them to form strong interfacial
interactions with the polymer matrix. This effectively transfers stress, thereby
significantly increasing the composite's tensile strength, Young's modulus, and

stiffness.

Toughening Effect: Upon impact, nano-silica particles can induce energy
absorption mechanisms in the matrix, such as crazing and shear banding, or
consume fracture energy through particle debonding and crack deflection. This

improves the composite's toughness and impact strength.



Functional Synergy: In flame-retardant applications, silica is key to forming a
stable, dense, glassy char protective layer. In dielectric materials, it helps to adjust

the dielectric constant and reduce dielectric loss.

2.4 The Power of Synergy: Beyond Simple Physical Mixing

The effect of introducing both nano-alumina and nano-silica into a polymer matrix is
far more than a simple addition of the properties of the two fillers. They exhibit a powerful
synergistic effect in multiple dimensions, which is the core value of preparing

multifunctional composites from the co-produced precursors of coal gangue.

Synergy in Mechanical Properties: A single filler often has trade-offs. A composite
filled only with alumina may be very stiff but brittle, while one filled only with silica may be
tough but not stiff enough. By constructing a hybrid filler system, a perfect balance of
stiffness and toughness can be achieved. The underlying mechanism is that
nanoparticles of different sizes and shapes can achieve a more optimized spatial
packing. The relatively smaller silica particles can fill the voids between the larger
alumina particles, forming a structure similar to "aggregate and fine sand." This greatly
increases the total volume fraction and packing density of the fillers. This structure not
only reduces defects in the matrix but also builds an efficient stress transfer network,
allowing the composite to exhibit high strength, high modulus, and high toughness

simultaneously at the macroscopic level.

Synergy in Thermal Management (High Thermal Conductivity and Insulation):
In thermally conductive insulating composites, the goal is to build an efficient phonon
(heat) transport network that permeates the matrix, while avoiding the formation of
electron (current) pathways. Alumina serves as the main skeleton of this thermal
network. However, reaching the "percolation threshold" required for high thermal
conductivity necessitates a very high filler content, which leads to a sharp increase in
system viscosity, processing difficulties, and particle agglomeration. Here, the

introduction of nano-silica creates a synergistic effect. The small-sized silica particles can



act as "phonon bridges," filling the contact points or near-contact points between alumina
particles. This reduces the interfacial thermal resistance (Kapitza resistance) caused by
the polymer matrix (a poor phonon conductor). This "bridging" effect reduces phonon
scattering at the interface, allowing heat to conduct more smoothly through the alumina
network. Consequently, a higher thermal conductivity can be achieved at a lower total
filler content. At the same time, since silica itself is an excellent electrical insulator, the

insulation performance of the entire system is maintained.

Synergy in Flame Retardancy (Char Formation and Reinforcement): This is one
of the most significant and classic manifestations of synergy. The combustion of polymer
materials is a complex chain reaction. Many flame retardants (like aluminum hydroxide,
ATH, the hydrate of alumina) work by decomposing upon heating, promoting the
dehydration and carbonization of the polymer matrix to form a porous carbonaceous
layer (char layer) on the material surface. This layer provides initial thermal and oxygen
insulation. However, this char layer is often loose, fragile, and easily breaks down under
the scouring of flames. The addition of nano-silica fundamentally changes this situation.
At the high temperatures of combustion, the high-surface-energy nano-silica migrates
and enriches on the material surface, melting to form a continuous, dense glassy (SiO5)
or silicate layer. This glassy substance, like the "rebar" in reinforced concrete, permeates
and encapsulates the carbonaceous layer, greatly enhancing its mechanical strength,
oxidation resistance, and structural integrity. The resulting "ceramified" or "glassified"
reinforced char layer forms a robust and dense physical barrier that more effectively
prevents the escape of flammable pyrolysis gases and the intrusion of external heat and

oxygen, thereby achieving excellent flame-retardant effects.

In summary, using both nano-alumina and nano-silica sol co-produced from coal
gangue is not just about the full utilization of waste components. It is a strategic choice
based on profound scientific principles aimed at maximizing material performance. It is
this multi-dimensional synergistic effect that provides a solid theoretical basis for the

development of the various high-performance composite materials described below.



3. Category One: High-Performance Structural and Mechanical

Composites

By leveraging the hardness of nano-alumina and the reinforcing and toughening
properties of nano-silica, high-performance structural and mechanical composite
materials with significant application value in fields such as aerospace, automotive, and

industrial manufacturing can be developed.

3.1 High-Strength Lightweight Materials for Aerospace and Automotive

Development Goal: The core objective is to manufacture composite materials with
high specific strength (strength/density) and high specific modulus (modulus/density) to
replace traditional metal parts (like aluminum alloys, steel). This aims to achieve
structural weight reduction, improve fuel efficiency, increase payload, and enhance

handling performance.

Formulation Strategy: The matrix of choice is primarily epoxy resin due to its
excellent mechanical properties and adhesive strength. In specific applications requiring
flexibility, high-performance polyurethane can also be used. The ratio and total content of
nano-alumina and nano-silica in the filler system need to be precisely optimized. The
goal is to significantly improve mechanical properties while controlling the increase in

material density as much as possible.

Performance Enhancement Mechanism:

Efficient Stress Transfer: When the composite material is under stress, the
stress is transferred through the polymer matrix to the dispersed nanoparticles. The

nano-alumina particles, with their high modulus and strength, bear the main load.

Stiffness-Toughness Synergy: Nano-alumina provides the material with high
stiffness and compressive strength, while nano-silica significantly enhances the

material's toughness and impact resistance through its excellent interfacial bonding



and energy absorption mechanisms (e.g., crack deflection, inducing matrix plastic

deformation), preventing brittle fracture under stress.

Interfacial Bonding is Key: The prerequisite for achieving these properties is a
strong interfacial bond between the filler and the matrix. This usually requires
surface modification of the nanoparticles (see Section 6) to ensure that stress can be
effectively transferred from the soft matrix to the rigid filler, rather than slipping or

debonding at the interface.

Expected Performance: Compared to the pure polymer matrix, the composite
material's tensile strength, flexural strength, flexural modulus, and impact strength will be
substantially improved. For example, studies have shown that adding just 1 wt% of
nanofillers to polyurethane can increase tensile strength by 40-50%. By using an
optimized alumina-silica hybrid system and ensuring good dispersion and interfacial
bonding, the performance improvement is expected to surpass that of single-filler

systems.

Typical Applications:

Aerospace: Interior panels, seat structures, luggage compartments, UAV
fuselages and rotors, fairings, and other non-load-bearing or secondary structural

parts.

Automotive Industry: Engine covers, intake manifolds, battery casings,
bumper brackets, dashboard skeletons, and other lightweight components to reduce

vehicle weight, improving fuel economy or the range of electric vehicles.

3.2 High-Durability Wear-Resistant Coatings and Components

Development Goal: To develop materials that can serve for long periods under

harsh conditions of high friction and wear, significantly extending component lifespan and



reducing maintenance costs. Applications are mainly as surface coatings or integrally

molded wear-resistant parts.

Formulation Strategy: The preferred matrix is polyurethane, known for its excellent
wear resistance, or high-hardness epoxy resin. The core of the formulation is to utilize
the extremely high hardness of a-alumina. Typically, alumina dominates the filler system,

with silica acting as an auxiliary to improve the coating's toughness and adhesion.

Performance Enhancement Mechanism:

Hard Point Reinforcement: The core mechanism is the dense distribution of a-
alumina nanoparticles, with a Mohs hardness of 9, on the surface and subsurface of
the coating or material. When external hard objects (like sand, metal shavings)
contact the surface, these "micro-armors" can effectively resist their plowing and

cutting actions, thus protecting the relatively soft polymer matrix from damage.

Load Bearing and Stress Dispersion: The nanoparticles act as load-bearing
points, dispersing contact stress over a wider area and preventing stress

concentration that could lead to plastic deformation or fracture of the matrix.

Synergistic Toughening: Although alumina is the main contributor to wear
resistance, if the matrix is too brittle, these hard particles can easily be dislodged
from the matrix under impact or shear forces, leading to accelerated wear. The
addition of nano-silica can significantly improve the matrix's toughness, acting like
"glue" to more firmly "anchor" the alumina particles, making them less likely to fall off

during wear. This synergistic effect ensures the durability of the wear resistance.

Expected Performance: Compared to unfilled polymer coatings, the composite
material will exhibit significantly improved scratch resistance (e.g., pencil hardness), a
substantially lower wear rate (e.g., Taber abrasion index), and, in some conditions, a

lower coefficient of friction. Research has shown that the scratch resistance of



polyurethane coatings is closely related to the concentration of nano-alumina, and

optimization can achieve nearly invisible scratches.

Typical Applications:

Industrial Coatings: Protective coatings for construction machinery, pipes,

valves, pump bodies, etc., to resist erosion and abrasion from fluids or particles.

Automotive Paints: In the clear coat (topcoat) of cars to improve resistance to

car wash scratches and daily scuffs.

Architecture and Home: High-wear floor paints, furniture surface coatings,

artificial stone countertops, etc.

Mechanical Components: Replacing some metals or ceramics to manufacture
self-lubricating bearings, gears, seals, guide rails, and other moving parts requiring

high wear resistance.

4. Category Two: Advanced Electronic and Energy Functional Materials

By utilizing the unique combination of thermal and electrical properties of nano-
alumina and nano-silica, a series of advanced functional materials can be developed to
address key challenges in modern electronic devices, such as heat dissipation, high-

frequency signal transmission, and energy storage.

4.1 Thermal Management Composites for Semiconductor Packaging

Development Goal: To design and manufacture composite materials with high
thermal conductivity while maintaining excellent electrical insulation. These are used as
thermal interface materials (TIMs), underfills, and encapsulants to effectively dissipate
the immense heat generated by high-power semiconductor devices (e.g., CPUs, GPUs,

IGBT power modules), ensuring their stable operation and long-term reliability.



Formulation Strategy: The matrix is typically a thermally stable and strongly
adhesive epoxy resin or a flexible silicone resin. To achieve high thermal conductivity, a
very high filler volume fraction (usually >50-60 vol%) is required to build a three-

dimensional, interconnected thermal conduction network throughout the matrix.

Performance Enhancement Mechanism:

Phonon Conduction: In electrically insulating materials, heat is primarily
conducted through lattice vibrations, i.e., the propagation of phonons. a-alumina
itself has a relatively high intrinsic thermal conductivity (~30 W/m-K), making it an

ideal framework material for building efficient phonon transport channels.

The Challenge of Interfacial Thermal Resistance: The main bottleneck for the
performance of thermally conductive composites is the interfacial thermal
resistance between the filler and the polymer matrix. Due to the severe mismatch in
the phonon vibration spectra (i.e., phonon density of states) between the polymer
(amorphous, soft) and the ceramic filler (crystalline, hard), phonons are strongly
scattered when crossing the interface, leading to a significant drop in heat transfer

efficiency.

Synergistic Network Effect of Hybrid Fillers: This is where the alumina-silica
hybrid system plays a key synergistic role. By scientifically combining alumina and
silica particles of different sizes, a physically denser and more optimized 3D network
for phonon transport can be constructed. Specifically, smaller nano-silica particles
can fill the voids between larger alumina particles, forming "thermal bridges." This
reduces the probability that heat must pass through the low-conductivity polymer
matrix. This structure effectively reduces the overall interface density and phonon
scattering in the system, resulting in a macroscopically higher thermal conductivity

than single-filler systems.

Expected Performance: The goal is to achieve a thermal conductivity of 5-10

W/m-K or even higher, while maintaining a volume resistivity above 10'> Q-cm to



meet stringent electrical insulation requirements. For example, studies have shown that
using an alumina/silica hybrid filler in a rubber matrix can achieve a thermal conductivity
of 2.23 W/mK, far higher than the pure rubber matrix. In a higher-performance epoxy
system, the effect is expected to be even better. By optimizing the filler network structure,
such as introducing bridging fillers, the thermal conductivity can be increased from 1.38

W/mK to 2.62 W/mK.

Typical Applications:

Thermal Interface Materials (TIMs): TIM-1 and TIM-2 thermal pastes, pads, or

adhesives used to fill the microscopic gaps between a chip and its heat sink.

Chip Underfills: Used in flip-chip packaging to fill the gap between the chip and

the substrate, providing both mechanical support and heat dissipation.

Encapsulants and Potting Compounds: Used to package power
semiconductor modules (like IGBTSs), high-brightness LEDs, etc., to protect the chip

and dissipate heat.

4.2 Low-Dielectric-Constant and Low-Loss Materials for 5G/6G

Communications

Development Goal: As communication frequencies move into the millimeter-wave
and even terahertz bands, signal delay and loss in transmission media become
extremely prominent. Developing materials with a low dielectric constant (Dk) and low
dielectric loss (Df) is fundamental to manufacturing high-performance PCB substrates,

antennas, and packaging materials for 5G/6G RF devices.

Formulation Strategy: The matrix must be a polymer with inherently excellent
dielectric properties, such as special epoxy resins, polyimides, or polyphenylene ethers.
The selection and use of fillers must be very careful. Generally, adding ceramic fillers

with a Dk higher than the polymer (e.g., alumina Dk = 9.8, silica Dk = 3.8) will increase



the overall Dk of the composite. Therefore, the strategy here focuses on precise control

to minimize dielectric loss.

Performance Enhancement Mechanism:

Dielectric Constant (Dk): Dk determines the speed of electromagnetic wave
propagation in a medium and the signal delay. The lower the Dk, the faster the

signal travels and the smaller the delay.

Dielectric Loss (Df): Df represents the degree to which signal energy is
converted into heat in the medium. The lower the Df, the smaller the signal
attenuation and the higher the transmission efficiency. Dielectric loss mainly comes

from two sources: conduction loss and polarization loss.

Synergistic Loss Reduction Mechanism: The synergistic effect of alumina and
silica is mainly reflected in suppressing polarization loss. In a high-frequency electric
field, the dipole orientation of polymer segments and interfacial polarization are the main
sources of loss. When rigid nanoparticles (alumina and silica) are introduced into the
polymer matrix, their surfaces interact with the polymer chains, physically restricting
the movement of the polymer segments. This suppresses dipole orientation relaxation
and reduces this part of the loss. Furthermore, a well-dispersed hybrid filler system with
good interfacial bonding can create a more uniform microscopic electric field
environment, reducing interfacial polarization caused by filler agglomeration or
interface defects, thereby further lowering the overall dielectric loss. By precisely
modifying the filler surface chemistry, the interface characteristics can be further
optimized to achieve the ideal effect of a small increase or no change in dielectric

constant, but a significant reduction in dielectric loss.

Typical Applications:



High-Frequency Copper-Clad Laminates: The core substrate for
manufacturing multilayer printed circuit boards (PCBs) for 5G/6G base stations and

terminal equipment.

Radomes and Antenna Substrates: Used to encapsulate antenna arrays
(Antenna-in-Package, AiP), requiring materials that can both protect the antenna and

not interfere with the signal.

Packaging and Interconnect Materials: Dielectric for redistribution layers

(RDL), molding compounds, etc., for high-frequency chip packaging.

4.3 High-Energy-Density Dielectric Nanocomposites for Capacitors

Development Goal: To develop new dielectric materials for advanced thin-film
capacitors, with the goal of significantly increasing the energy storage capacity per unit
volume, i.e., energy density. This is crucial for advancing technologies such as electric

vehicles, hybrid systems, pulsed power weapons, and renewable energy grid integration.

Formulation Strategy: The energy density formula is Ue = 12 €, er Eb?, where ¢r is
the relative dielectric constant (Dk) and Eb is the dielectric breakdown strength. It is clear
that energy density is proportional to the dielectric constant and to the square of the
breakdown strength. Therefore, simply increasing Dk or Eb alone is not the optimal
solution; achieving a synergistic improvement of both Dk and Eb is the key. The
formulation strategy typically involves using a polymer matrix with a relatively high Dk
(like PVDF and its copolymers) and introducing functionally complementary hybrid

nanofillers.

Performance Enhancement Mechanism (Synergistic Optimization Strategy):

Increasing Dielectric Constant (gr): In the alumina-silica system, nano-

alumina (Dk = 9.8) plays the primary role in increasing the overall dielectric constant



of the composite. Dispersing it uniformly in the polymer matrix can effectively

increase the material's polarizability, thereby increasing its energy storage capacity.

Increasing Breakdown Strength (Eb): This is where nano-silica plays a key
synergistic role. The electrical breakdown of a material usually begins with the
distortion of the internal electric field and the growth of "electrical trees." Highly
insulating nano-silica particles in the matrix act as "charge scattering centers" and
"crack growth obstacles.” They can trap and scatter high-energy charge carriers,
interrupting the extension path of electrical trees and making them tortuous and
difficult to penetrate the entire material. This is equivalent to building multiple
"firewalls" at the microscopic level, significantly increasing the maximum electric field

the material can withstand, i.e., its breakdown strength.

Synergistic Effect: Through careful design of the ratio, particle size, and
dispersion state of alumina and silica, a "win-win" situation can be achieved. Alumina
is responsible for "increasing capacity" (raising Dk), while silica is responsible for
"strengthening" (raising Eb). This clear functional division of labor and synergy
allows the composite's overall energy density (Ue) to reach a level far beyond what

could be achieved with a single filler.

Typical Applications:

Electric Vehicles: For DC-link capacitors in inverters, achieving higher power

density and smaller volume.

Pulsed Power Systems: For defense applications like electromagnetic railguns

and high-energy lasers, providing instantaneous high-power output.

Grid Energy Storage: For filtering and reactive power compensation in flexible

power transmission systems and renewable energy grid integration.

Table 2: Performance Matrix of Polymer/Alumina-Silica Composites



Applicat Polymer Filler Key Expec Core
ion Matrix System Performa ted Mechanism/Syn
Category (Al;03:Si0, nce Performan ergy
, content) Indicator ce Value
High- Epoxy Optimiz Tensil > 100 Al,O3
Strength Resin ed ratio, 5- | e Strength MPa provides
Structural 20 wt% stiffness, SiO,
Parts provides
toughness,
achieving
stiffness-
toughness
balance.
Wear- Polyuretha Al,O4 Scratc Pencil Al,O; hard
Resistant ne dominant, < h Hardness > points resist
Coatings 10 wt% Resistance 5H abrasion, SiO,
toughens matrix
to anchor fillers.
Thermal Epoxy/Silic Al,O5:S Therm >5 Al,O; builds
Management one i0O, (e.g., al Wim-K thermal skeleton,
(TIM) 4:1),>60 | Conductivit SiO, fills
vol% y voids/bridges
network,

reducing phonon

scattering.




Low- Special Low Dielec <0.01 Rigid
Loss Epoxy/PI content, tric Loss nanoparticles
Dielectric optimized (tand) @ restrict polymer
ratio 10GHz chain motion,
uniform
dispersion
reduces
interfacial

polarization.

High- PVDF/Epo Al,O3:S Energ >10 Al,O3
Energy- Xy iO, (e.g., y Density Jiem? increases
Density 2:1), ~10 (Ue) dielectric
vol% constant, SiO,
inhibits electrical

tree growth,
increasing
breakdown

strength.

5. Category Three: Safety and Environmental Protection Composites

By leveraging the chemical stability and physical behavior under extreme conditions
of nano-alumina and silica, composite materials with excellent safety and protection
performance can be developed, mainly for flame retardant and anti-corrosion

applications.
5.1 Advanced Flame-Retardant Systems

Development Goal: To develop efficient, environmentally friendly flame-retardant

composite materials that meet stringent fire safety regulations (e.g., UL-94 V-0 rating,




high Limiting Oxygen Index (LOI) for construction, electronics, and transportation

sectors).

Formulation Strategy: The filler system can be added to various polymer matrices,
such as polyethylene, polyurethane, and epoxy resin. The core of the filler system is the
synergistic combination of aluminum hydroxide (ATH, i.e., Al,03-3H,0) and nano-
silica. Aluminum hydroxide, the hydrated form of alumina, is a classic halogen-free flame

retardant.

Detailed Synergistic Flame-Retardant Mechanism: This is a multi-stage, multi-

level synergistic process that perfectly embodies the "1+1>2" effect.

Stage 1: Endothermic Decomposition and Dilution (ATH-led): When the
composite is heated, around 220°C, aluminum hydroxide undergoes an endothermic
decomposition reaction: 2Al(OH); — Al,O; + 3H,0. This process absorbs a large
amount of heat from the environment, effectively lowering the polymer's surface
temperature and delaying its thermal decomposition. At the same time, the large
amount of water vapor released dilutes the concentration of oxygen and flammable

gases in the air, acting as a fire suppressant.

Stage 2: Initial Charring (Matrix and Alumina): Under high temperature and
the catalytic effect of the decomposed alumina (active alumina), the polymer matrix
begins to dehydrate and cross-link, forming a porous carbonaceous residue, the

char layer. This initial char layer acts as an insulator against heat and oxygen.

Stage 3: Char Layer Reinforcement (Silica Synergy): This is the core of the
synergistic effect. A char layer formed alone is loose and weak, easily breaking
under the force of flames. Here, nano-silica plays a key "strengthening" role. Due
to its high surface energy, nano-silica migrates and accumulates on the material's
surface during combustion. At high temperatures, it sinters to form a continuous,
dense glassy silica or silicate network. This network structure, like rebar,

physically permeates, supports, and encapsulates the fragile carbonaceous layer.



Stage 4: High-Efficiency Barrier (Synergistic Result): The final silica-
reinforced composite char layer has mechanical strength, oxidation resistance,
and structural integrity far superior to ordinary char layers. It forms a strong and
dense physical barrier that more effectively: (a) prevents the escape of internal
flammable volatiles (fuel); (b) blocks the transfer of external heat inward; and (c)
prevents oxygen from participating in combustion. This high-efficiency barrier
fundamentally cuts off the combustion cycle, thus achieving excellent flame-

retardant effects.

Expected Performance: The Limiting Oxygen Index (LOI, the minimum oxygen
concentration required to sustain combustion) can easily exceed 28-30% (oxygen
concentration in air is ~21%), reaching flame-retardant or non-combustible levels. In the
UL-94 vertical burn test by Underwriters Laboratories, it is expected to achieve a V-1 or
even the highest V-0 rating. Studies have shown that the combination of metal

hydroxides and nano-silica (or nanoclay) can achieve an LOI > 28% and a V-0 rating.

Typical Applications:

Electronics and Appliances: Casings for computers, TVs, servers, etc., and

insulation sheaths for power and data cables.

Building and Construction: Wall insulation panels, fire door cores, decorative

laminates, cable trays, etc.

Transportation: Interior parts, seating materials, and electrical system

components for cars, high-speed trains, and aircraft.

Table 3: Analysis of Alumina-Silica Synergistic Flame Retardancy Performance

and Mechanism



Polymer Filler Limiting UL- Char Layer Synergistic
System Composition Oxygen 94 Description Mechanism
(Example) Index Rating
(LOI, %)
PE/EVA 20wt% > 28 V-0 Dense, ATH:
ATH + 5wt% robust, vitrified endothermic,
SiO, reinforced char diluting, char-
promoting; SiO,:
migrates,
sinters,
physically
reinforces char,
forms efficient
barrier.
Epoxy Resin 15wt% > 30 V-0 Structurally Same as
ATH + 3wt% stable, oxidation- | above; epoxy is
SiO, resistant inherently char-
ceramified char forming,
enhancing
synergy with
fillers.
Polyurethane 25wt% > 29 V-1 Intumescent, Same as
ATH + 5wt% V-0 tough composite above; PU's
SiO, char foaming nature
helps form a
thicker




insulating char

layer.

5.2 High-Performance Anti-Corrosion Coatings

Development Goal: To develop heavy-duty anti-corrosion coatings for protecting
metal substrates (like steel, aluminum alloys) from long-term corrosion in aggressive

environments such as marine, chemical, and infrastructure settings.

Formulation Strategy: The matrix is typically an epoxy or polyurethane resin,
chosen for its good adhesion and chemical resistance. The formulation involves a

uniformly dispersed hybrid system of surface-treated nano-alumina and nano-silica.

Protection Mechanism (Physical Barrier Enhancement):

"Labyrinth Effect”: The core of anti-corrosion is physical barrier protection.
When corrosive species (like water molecules, oxygen, chloride ions) attempt to
permeate the coating to reach the metal surface, the numerous plate-like or
spherical, impermeable nanoparticles (alumina and silica) create an extremely
tortuous and complex path within the coating. This forces the corrosive species to
take a much longer route, significantly extending their permeation path length and
thus dramatically slowing down the corrosion rate. This is known as the "labyrinth

effect” or "shielding effect."

Physical Filling and Densification: Any polymer coating will have microscopic
pores and defects due to solvent evaporation during curing. These are fast channels
for corrosive species to invade. Nanoparticles, especially the smaller silica particles,
can effectively fill these micropores, increasing the coating's density and blocking the

permeation paths at the source.

Enhanced Interfacial Adhesion: The adhesion between the coating and the

metal substrate is vital for anti-corrosion performance. Once adhesion is lost and




blistering or peeling occurs, corrosion can spread rapidly underneath the coating. By
using silane coupling agents for surface modification of the nanoparticles, one end of
the particle can bond with the polymer matrix, while the other end forms chemical or
hydrogen bonds with the oxide layer on the metal surface. This acts like "rivets,"
significantly enhancing the bond strength between the coating and the substrate,

effectively inhibiting the initiation and spread of corrosion.

Expected Performance: In electrochemical tests, compared to pure resin coatings,

the corrosion current density of the composite coating will be reduced by several orders

of magnitude, while the polarization resistance will increase significantly. In accelerated

aging tests like neutral salt spray, the time to blistering and rusting of the coating will be

significantly extended. Studies have shown that adding nano-alumina can increase the

impedance value of an epoxy coating by more than 10 times.

Typical Applications:

Marine Engineering: Anti-corrosion coatings for ships, offshore platforms, and

port facilities.

Chemical and Energy: Internal and external anti-corrosion for storage tanks,

pipelines, and reactors.

Infrastructure: Long-term protection for bridges, steel structures, and

transmission towers.

Automotive Industry: Anti-corrosion coatings for vehicle chassis.

6. Synthesis, Formulation, and Processing Considerations

Successfully translating the excellent properties of nano-alumina and nano-silica sol

into macroscopic composite materials relies on a series of precise chemical and physical

processing techniques. Among them, interface engineering and dispersion technology

are core to determining the final product's success.



6.1 Nanopatrticle Surface Modification: The Key to Interface Engineering

The Challenge: The surface of untreated ceramic nanoparticles (Al,O3, SiO,) is
typically rich in hydroxyl groups, making it hydrophilic. In contrast, most high-
performance polymer matrices (like epoxy, polyurethane) are hydrophobic. This vast
difference in surface properties leads to extremely poor compatibility. At the same time,
nanoparticles have a very high specific surface area and surface energy, and the strong
van der Waals forces between particles make them highly prone to agglomeration,
forming micron-sized aggregates instead of the desired nano-scale dispersion.
Agglomerates not only fail to exhibit nano-effects but also become stress concentration

points and defects within the material, severely degrading the composite's performance.

The Solution: Coupling Agents: The core technology to solve this problem is the
use of coupling agents for chemical surface modification of the nanoparticles. Silane
coupling agents are the most common and effective type, such as KH-550 (y-

aminopropyltriethoxysilane) or GPTMS (3-glycidyloxypropyltrimethoxysilane).

Working Principle: Silane coupling agents are bifunctional molecules. One end of
the molecule is a hydrolyzable group (e.g., -Si(OCHs);), which hydrolyzes in the
presence of water to form active silanol groups (-Si(OH)3). These silanol groups can
undergo a condensation reaction with the hydroxyl groups on the nanoparticle surface,
forming stable covalent bonds (-Si-O-M-, where M is Al or Si), firmly "grafting" the
coupling agent onto the particle surface. The other end is an organic functional group
compatible with the matrix (e.g., amino -NH,, epoxy group). This organic functional group
has good compatibility with the polymer matrix and can even participate in the cross-

linking reaction of the polymer during curing, forming chemical bonds.

Modification Effect: Through this "bridging" action, the silane coupling agent
establishes a strong chemical connection between the inorganic filler and the organic
matrix. This not only fundamentally solves the compatibility problem and inhibits

agglomeration but also ensures that stress or heat can be efficiently transferred through



the interface when the material is subjected to force or heat, which is the physical basis

for achieving mechanical reinforcement and thermal conduction enhancement.

6.2 Dispersion and Compounding Technology

Goal: To overcome the attractive forces between nanoparticles, break up their
agglomerates, and distribute them uniformly throughout the polymer matrix as individual

particles or small aggregates.

Common Methods:

Solvent-Assisted Ultrasonic Dispersion: This is the most basic and effective
dispersion method. The surface-modified nanoparticles are added to a suitable low-
viscosity solvent (e.g., acetone, ethanol, toluene). The cavitation effect produced by
a high-power ultrasonic probe or an ultrasonic cleaning bath generates powerful
shock waves and microjets locally, thereby breaking up the particle agglomerates.
This is an energy input process, and the ultrasonic time, power, and choice of

solvent are key parameters.

High-Shear Mixing: When mixing the suspension containing well-dispersed
nanoparticles with a high-viscosity polymer resin, strong mechanical shear force is
required. Commonly used industrial equipment includes three-roll mills, high-
speed dispersers (with Cowles blades), or twin-screw extruders (for
thermoplastics). These devices ensure uniform distribution of particles in the viscous

resin through intense shearing, extrusion, and grinding actions.

In-Situ Polymerization: This is a more advanced dispersion technique. First,
the nanoparticles are uniformly dispersed in a liquid monomer or prepolymer, and
then the polymerization reaction is initiated. During polymerization, the growing
polymer chains "wrap" and "fix" the nanoparticles in place, effectively preventing

their re-agglomeration in subsequent processes.



Special Challenges of Hybrid Systems: The challenge doubles when trying to
disperse both alumina and silica nanoparticles simultaneously. Due to their different
densities, particle sizes, and surface properties (which may differ even after
modification), their behavior during dispersion will also be different. Problems such
as one type of particle dispersing well while the other remains agglomerated, or
selective sedimentation, may occur. Therefore, developing a stable, controllable co-
dispersion process is the technological bottleneck for preparing high-performance
hybrid nanocomposites. Possible strategies include optimizing the modification and
dispersion for each type of particle separately and then mixing the two stable
suspensions, or developing a universal modification and dispersion scheme

applicable to both types of particles.

6.3 Curing and Molding Processes

Curing: This is the final chemical process where the liquid resin transforms into a

solid composite material.

Epoxy Resin: Usually requires the addition of a curing agent (e.g., amines,
anhydrides) and heating at a certain temperature. The curing schedule (temperature-time

curve) has a decisive impact on the final cross-link density and performance.

Polyurethane: Cures through the reaction of polyols with polyisocyanates, usually at

room temperature or with moderate heating in the presence of a catalyst.

Silicone Resin: Curing methods are diverse, including condensation type (room
temperature moisture cure) and addition type (heat cure). The presence of fillers can
sometimes affect the kinetics of the curing reaction, and it may be necessary to fine-tune

the amount of curing agent or the curing process.

Molding Process: The appropriate molding method is chosen based on the final

product's shape.



Casting: Suitable for manufacturing block-shaped parts or for electronic potting.

Molding/Injection Molding: Suitable for mass production of complex-shaped

parts.

Coating: For coating applications, methods such as spraying, dipping, rolling, or

scraping can be used to apply the liquid composite material to the substrate surface.

7. Strategic Analysis and Commercialization Roadmap

7.1 Value Proposition and Market Positioning

The core value proposition of this technological path is that it establishes a complete,
closed-loop industrial chain from low-value industrial waste to high-value-added
advanced materials. This not only solves environmental problems but also creates

enormous economic value.

Value Chain Reshaping: From a strategic perspective, this technology transforms
coal gangue from an "environmental liability" that requires costly disposal into a "strategic
resource" for producing key nanomaterials. It represents an advanced paradigm of
industrial symbiosis and the circular economy. Ilts profound significance lies in
establishing an autonomous and controllable supply chain for strategic
nanomaterials (high-purity alumina and nano-silica sol) for China, independent of
traditional mineral resources (like high-grade bauxite, quartz). In the current context
of intensifying global resource competition and supply chain uncertainty, this autonomy

has immeasurable geopolitical and economic security value.

Market Positioning: Based on the high quality of the precursors and the excellent
performance of the composite materials, its products should not be positioned as low-
cost alternatives, but as premium materials for high-end markets with unique
performance advantages. Its cost advantage is reflected in the front-end raw material

acquisition and purification stages (as shown in the project proposal, the profit margin for



preparing precursors from coal gangue is extremely high). This allows the final composite

products to maintain high-end quality while still having strong market competitiveness.

7.2 Technical Challenges and R&D Recommendations

Despite the promising prospects, several technical challenges remain in moving from

the laboratory to large-scale industrial production.

Primary Challenge: Co-dispersion of Hybrid Systems. As mentioned earlier,
developing a stable, repeatable, and scalable process that can uniformly disperse two
types of nanoparticles with different properties (alumina and silica) simultaneously in a
polymer matrix is the most challenging and critical link in the entire technology chain. It is

the prerequisite for realizing the synergistic effect.

Secondary Challenges:

Interface Chemistry Optimization: For hybrid systems, systematic research
and optimization of the type, amount, and treatment process of surface modifiers are

needed to achieve the best interfacial bonding between the two fillers and the matrix.

Long-Term Service Performance: Comprehensive aging tests (e.g., damp
heat aging, UV aging, thermal cycling) need to be conducted on the final composite
materials to evaluate their long-term performance stability and reliability in actual

application environments.

Scale-Up Production: Scaling up the process from laboratory or pilot scale (like
the 10,000-ton scale planned in the project proposal) to larger-scale industrial
production requires solving a series of engineering problems such as equipment

selection, process parameter control, and quality consistency.

R&D Roadmap Recommendation:



Basic Research: Focus on the co-dispersion mechanism and technology of
hybrid nanoparticles. Systematically study the effects of different surface modifiers
on the two types of particles and use rheology and other methods to deeply

understand and control the stability of the hybrid suspension.

Application Development: Select 1-2 application directions with the greatest
market potential and the most significant technological synergy (such as high-
thermal-conductivity insulating materials and high-efficiency flame-retardant

composites) as breakthroughs for formulation optimization and pilot production.

Performance Verification and Standardization: Collaborate closely with
potential downstream customers to conduct comprehensive performance testing and
verification of the pilot products according to their specific application requirements,

and gradually establish corporate and industry standards.

7.3 Conclusion: A New Paradigm for Industrial Waste Valorization

In conclusion, using intelligent three-ring kiln technology to extract nano-scale a-
alumina and nano-silica sol from coal gangue, and developing functional polymer
composite materials based on this, is a technologically feasible, economically attractive,
and strategically significant development path. It not only provides the highest value-
added solution for the comprehensive utilization of coal gangue to date but also, by
"turning waste into treasure," provides advanced manufacturing with a new generation of
basic materials that have excellent performance, a reliable source, and controllable

costs.

The successful implementation of this technology is expected to liberate coal gangue
from its traditional perception as "solid waste" and redefine it as a valuable "silicon-
aluminum symbiotic mineral resource." What it pioneers is not just a series of new
products, but a brand-new, sustainable industrial paradigm that deeply integrates

environmental protection, resource recycling, and high-end manufacturing.



