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Abstract: With its extreme physical properties (hardness >100 GPa, thermal conductivity >2000 W/(m-K)),
diamond material is reconstructing the modern transportation technology system. In the field of high-speed
railroad: brazed diamond grinding wheels process track curved surfaces with 0.1 mm precision, with a life span
of 2-3 times that of traditional tools; nano-diamond-coated bearings reduce the wear rate by 50%, and the
maintenance cycle is extended to 1.2 million kilometers; diamond-reinforced composite brake pads shorten the
braking distance by 12% in 300 km/h braking test, and the life span is increased by 50% to 120,000 kilometers.
Among the forward-looking technologies, the BJ3DP (Binder Jet 3D Printing) diamond/copper composite
developed has been applied to the thermal management module of traction converter by increasing the thermal
conductivity to 920 W/m-K through tungsten metallization interface and reducing the cost by 45%. This paper
systematically analyzes the process characteristics of the four major diamond synthesis technologies
(HPHT/MPCVD/HFCVD/DC ARC CVD), and looks forward to their industrialization paths in scenarios such as
magnetic levitation trains and new energy vehicles.
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1. INTRODUCTION

In the wave of accelerated iteration of global transportation technology, diamond material, with its
unique physical properties -- hardness beyond 100 GPa and thermal conductivity as high as 2000
W/m* K, is setting off a material revolution that overturns tradition'.As the “ultimate material” of
modern industry, diamond is moving from the laboratory to the core fields of cutting tool materials,
transportation equipment, high-speed rail infrastructure, safety protection, and power systems: from
super-hard tools for precision machining of rails to all kinds of diamond cutting tools; from braking
systems that can withstand high temperatures of 300 km/h to semiconductor substrates that crack the
difficult problem of chip “thermal collapse”, its application scenarios continue to break through the
boundary.

This paper focuses on the innovative practice of diamond materials in the field of transportation,
and systematically analyzes its large-scale application cases in high-speed rail transportation, process
breakthroughs of the four mainstream synthesis technologies, as well as the industrialization prospects
of semiconductor wafers, nano shielding materials, biobased composites and other cutting-edge
directions, to reveal how this “super material” is reshaping the technological landscape of the
transportation industry and how it is expected to grow to a market size of over $20 billion by 2030.
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2. APPLICATION OF DIAMOND MATERIALS IN THE FIELD OF TRANSPORTATION

2.1 Precision machining of track infrastructure

Precision machining of track infrastructure is a key link in the construction of high-speed rail and
other rail transportation, which is directly related to the safety, smoothness and comfort of train
operation. In this field, diamond superhard tools play an irreplaceable core role with their excellent
performance.

China’s high-speed railroad track widely adopts German Bogie plate technology, which is a kind of
high-strength concrete bearing platform with heterogeneous curved surface, requiring extremely high
grinding precision. It mainly adopts brazed diamond grinding wheels (HPHT micro-powder based) to
realize 0.1 mm level curved surface processing of rail plate, with a life span of 2-3 times that of
traditional tools, supporting the construction of Beijing-Shanghai, Shanghai-Kunming and other high-
speed rail lines2. Diamond saw blades (with a diameter of 460 mm and 2,700 r/min) cut high-strength

Fig. 1. High-speed rail applications in China

The technological innovation of diamond superhard tools in the field of rail infrastructure has
significantly improved the process level and engineering quality of high-speed rail construction.
Taking the processing of shaped curved surface of Bogie plate bearing platform (Fig.2[0b[J) as an
example, the brazed diamond grinding wheel can realize sub-millimeter surface processing accuracy
through the combination of optimized abrasive grain arrangement technology and high-strength
brazing material in concert with precision CNC grinding machines, and its durability is far more than
that of traditional tools *. At the same time, the diamond saw blade applied in steel cutting innovatively
adopts composite noise-reducing structure and strengthened cutter head design, which can
significantly reduce construction noise and improve cutting efficiency under high-speed running
conditions* These breakthrough technologies, through the in-depth coupling of material science,
structural mechanics and intelligent manufacturing, provide core process support for the construction
of key lines of high-speed railways, and promote the continuous development of track infrastructure in
the direction of high precision, low interference and intelligentization.

[y
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Fig. 2. (a) Brazed diamond grinding wheel
(b) Bogie plate bearing table shaped surface machining drawing
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2.2 Polycrystalline Diamond (PCD) Tools in Automotive Applications

In recent years, polycrystalline diamond (PCD) tools have become the core tools for efficient
precision machining in the automotive manufacturing industry due to their excellent physical
properties. With the acceleration of the trend of automobile light weighting, the proportion of difficult-
to-machine materials such as aluminum alloys and composite materials in the engine, chassis and body
structure has increased significantly. According to the data of European Aluminum Association, the
amount of aluminum used in a single car in Europe has reached 132 kg in 2005, and it is expected to
exceed 157 kg in 2010, and this material change has posed a serious challenge to the processing
technology’. The traditional cemented carbide tools are facing the problems of fast wear, poor surface
quality and chip tumors when machining the high-silicon aluminum alloys, while PCD tools, with the
high hardness of diamond microcrystals (about 8,000 HV) and excellent thermal conductivity (700
W/m-K), can achieve high-speed machining with cutting speeds up to 3,000 m/min, and the service
life can be up to 10-30 times that of cemented carbide tools, which has revolutionized the
manufacturing process of key components for automobiles®. With its ultra-high hardness of 8000 HV
and excellent thermal conductivity of 700 W/(m-K), diamond material has completely reconstructed
the paradigm of machining key automotive components. In the machining of automotive air
conditioning scroll discs, a PCD spiral edge milling cutter (CN117961145A) developed by Wald relies
on the diamond microcrystalline anti-abrasive wear characteristics to achieve a tool life exceeding
200,000 pieces, which is 20 times higher than that of cemented carbide tools. Its helical curved edge
(curvature radius precision +0.05mm) in 7000m/min high-speed cutting, the profile three-
dimensional precision control in < 0.003mm, surface roughness up to Ra 0.1 b m mirror effect - this
is directly attributable to the natural inhibition of diamond material on the accumulation of chip
tumors, to solve the core pain point of balancing energy efficiency and NVH in air conditioning for
new energy vehicles
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Fig. 3. PCD thread milling cutter

In the field of gearbox gear processing, Wuxi Lanhe Precision's PCD cutting tool (Patent
CN119140918B) utilizes the chemical stability of diamond to resist the high temperature wear of
powder metallurgy materials at a cutting speed of 350m/min, with a life span of 12 times that of
cemented carbide tools. Its four-pronged table linkage locking mechanism even gives full play to the
diamond's anti-plastic deformation advantage, guaranteeing a repeatable positioning accuracy of
<0.002mm, making the involute tooth contour accuracy up to DIN 6 level, and reducing transmission
noise by 40%. The in-depth application of diamond material in this kind of scenario marks the leap of
automotive precision machining from “exchanging time for precision” to “double enhancement of
quality and efficiency”.

The subversive performance of polycrystalline diamond (PCD) cutting tools is essentially the
ultimate release of diamond material genes: its ultra-high hardness of 8,000 HV directly crushes the
abrasive wear barriers of high-silicon aluminum alloys, resulting in a 20-fold life span leap; its
excellent thermal conductivity of 700 W/(m * K)instantly derives high cutting temperatures,
preventing the emergence of chip tumors and generating a mirror-like surface precision of Ra 0.1 1 m.
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Table 1. Impact of diamond materials in automotive manufacturing

Apphcajuon Diamond Core Role Performance Breakthroughs Industrial Value
Scenarios
. . . o) : .
Scroll disk Abrasive wear suppression 1 Chip suppression 20 times 15 A) {nerease i encergy
) o onger life span,roughness up efficiency for vehicle air
profiling + thermal conductivity .o
to Ra 0.1um conditioners
Reduced gear Anti-silicon phase abrasion Efficiency increased by 40%,

+ low-temperature edge 25% reduction in cost per part

A bores tolerance £0.005mm
stabilization

bearing bores

Nano-microcrystalline

Boring of axle does + hieh-t ; Reduced corrugation by 60%, Extended bearing life by
shingles edges T ugh-femperature increased life by 300% 20,000 hours
resistant
Gear turning Chemically inert + resistant ~ Tooth profile accuracy DIN Reduced transmission losses
teeth to plastic deformation 6,noise reduction by 40% by 18

2.3 Applications of nanodiamonds

The requirements for bearing performance in modern high-speed rail systems are approaching the
limits of material science. When the train is running at 350km/h, the bearing speed is as high as
1730r/min, and the centrifugal force endured exceeds the fatigue limit of traditional bearing steel. At
the same time, the impact load brought by frequent starting and stopping, the erosion of abrasive
particles in the complex environment and the transient overload triggered by wheel-rail impact (e.g.,
local stress surge caused by wheel flat scar) jointly constitute the multi-dimensional failure mechanism
of high-speed rail bearings. Research shows that when the vehicle speed is close to 300km/h, only
30mm length of wheel flat scar can trigger the local contact stress of the bearing to exceed the material
tolerance limit, significantly accelerating the fatigue damage. In this context, although the traditional
copper alloy self-lubricating material realizes 50,000 hours of wear resistance through solid lubricants
(graphite, MoS:), its hardness is insufficient (usually <10GPa), which makes it difficult to satisfy the
demand of the next-generation high-speed railways for the adaptability to the extreme working
conditions.

Nanodiamond has become the key to break the game by virtue of its intrinsic physical properties.
The nanodiamond-coated bearing developed by China Luoyang LYC Bearing Co. Ltd. has completed
100,000-kilometer line test on the CR400AF-type “Fuxing” train set through the transformation of
Tsinghua University's patent (CN107217228A),and the bearing through microwave plasma chemical
vapor deposition technology, a nanodiamond coating with a thickness of 8-20 L m was prepared on
the surface of SizN4 ceramic rolling element,forming an ultra-hard anti-wear interface with gradient
pore lubrication structure. The test data show that the coated bearing under the high speed and heavy
load working condition of 350km/h, the friction coefficient is stably maintained between 0.0012-
0.0015, which is one order of magnitude lower than that of the traditional bearing, and the critical
lubrication speed at the start-up stage is reduced from 2000rpm to 1200rpm, which significantly
reduces the energy loss and the start-up wear; the temperature rise of the bearing is reduced by 18°C
compared with that of the traditional bearing, and the grease consumption is reduced by 35%, which
effectively retards oxidative failure of the lubricating medium.

[

Fig. 4. Large-size wear-resistant bearings used in China's high-speed railways
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In terms of contact fatigue performance, the 100,000 times cycle loading test life of the coated
bearing reaches 1.2x100] times, which is 2.3 times higher than that of uncoated bearings, the internal
residual compressive stress (-300MPa) and the strong toughening effect of nano-diamond grain
boundaries reduce the crack expansion rate by 60%, which effectively inhibits fatigue failures under
high-frequency vibration. Trackside monitoring system shows that the high-frequency vibration
amplitude (1000-2000Hz) of the coated bearing is 22% lower than that of the traditional bearing, and
the dynamic response characteristics of the wheel-rail system are significantly improved. There is no
case of coating spalling or fatigue fracture throughout the test, the surface remains intact after 500
hours of salt spray corrosion, and the friction torque is reduced by 15% in the low temperature start-up
at -40(], which comprehensively verifies the reliability of the coating technology in complex
environments.

Table 2. Comparison of nano-diamond properties

Characteristics Traditional Ni-PTFE Coatings Nano-diamond composite coatings
Wear Resistance Low (easy to wear) Increased by more than 2 times
Friction Coefficient 0.1-0.2 <0.08
Porosity Relatively high Extremely low (nearly pore-free)
Corrosion Resistance Moderate Significantly enhanced

After applying nano-diamond coating on high-speed rail bearings, the wear rate of the bearings is
significantly reduced and the maintenance cycle is effectively extended. According to the actual test
data, the wear rate of high-speed railway bearings with nanodiamond coating is reduced by more than
50% compared with traditional bearings, and the maintenance cycle is extended to 1.2 million
kilometers. This means that the frequency of bearing replacement is greatly reduced during the
operation of high-speed rail, which not only reduces the maintenance cost, but also improves the
operation efficiency and safety of high-speed rail.

In addition, nanodiamond coatings have good corrosion resistance and thermal stability, and can
maintain stable performance under harsh operating environments. This makes nano-diamond coatings
have a wide range of application prospects in key components of rail transportation such as high-speed
railways’.Meet the braking needs in different scenarios, combined with advanced technologies such as
3D printing, customized design of brake pad structure can be achieved to improve manufacturing
efficiency and accuracy, which is also an important development direction in the future.

2.4 Forward-looking technology exploration

In the field of rail transportation, the exploration of forward-looking technology is the key to
promote the progress of the industry. At present, quantum sensing technology and lightweight
structure technology are leading the innovation direction of rail transportation technology.

Quantum sensing technology, as an important physical realization basis for quantum information
perception and acquisition, is gradually showing its great potential for application in the field of rail
transportation. The BDD (boron doped diamond) sensor developed by Japan is an outstanding
representative in this field. The sensor utilizes the quantum sensing principle to achieve high-precision
non-destructive monitoring of the magnetic levitation track. Its working principle is based on the
precise manipulation and reading of quantum state, through the evolution of quantum state to sense
and measure physical quantities, so as to obtain the real-time state information of the track. The
application of BDD sensor makes the monitoring error rate of the maglev track reduced greatly,
ensuring the high reliability of the monitoring data, and providing a strong guarantee for the safe
operation of the maglev train. China Hefei Railway combines quantum precision measurement
technology with distributed optical fiber, upgrading ordinary optical fiber into “quantum audible
optical fiber” , capturing track vibration and deformation signals in real time. Through artificial
intelligence modeling to identify intrusion events, it can reduce the false alarm rate by 40%.
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Fig. S. Boron doped diamond (BDD)

In the direction of lightweight technology, Prof. Luo Laima's team at Hefei University of
Technology, China, has overcome the core problem of diamond/copper composite material complex
structure molding through BJ3DP (Binder Jet 3-D Printing) technology. The technology adopts a two-
step innovative process: firstly, a tungsten metallization layer with a thickness of 50-200 nm is
constructed on the surface of diamond particles by magnetron sputtering to form a gradient interface
of tungsten carbide (WC); and then, combined with the low-temperature copper infiltration process,
the thermal resistance of the interface of the composite material is reduced to 5.8 mm?-K/W (60% less
than that of the traditional process), and the thermal conductivity is 920 W/m-K. This breakthrough
not only solves the industry pain point of weak diamond-copper interface bonding, but also realizes
the integrated molding of micro-channel heat sinks, shaped package shells and other complex
components (as shown in Fig. 4), which provides a new solution of high thermal conductivity and
lightweight (density < 3.2 g/cm®) for the thermal management of power devices in trains and reduces
the manufacturing cost by 45% compared with that of machining.

Fig. 6. Complex shaped tungsten-plated diamond/copper composites prepared by BJ3DP
(binder jet 3D printing)

In summary, quantum sensing technology and lightweight structure technology, as forward-looking
technologies in the field of rail transportation, are continuously promoting the progress and
development of the industry. With the continuous maturity and application expansion of these
technologies, it is believed that the rail transportation field will usher in a brighter future.

3. SYNTHESIS AND MANUFACTURING TECHNIQUES OF DIAMOND MATERIALS

3.1High Pressure High Temperature Method (HPHT)

Currently, the high-pressure high-temperature (HPHT) method remains the core approach for
achieving scalable production and industrial applications of diamond. This stems from its distinct
advantages over other synthesis techniques:

First, by simulating deep-Earth geological conditions within a sealed chamber, the HPHT method
establishes extreme environments of 5 - 10 GPa pressure and 1,100 - 3,000° C temperatures. Metal
catalysts (e.g., Fe-Ni alloys) induce lattice reconstruction of graphite without relying on gas ionization
or plasma environments. This fundamentally avoids potential precursor contamination issues inherent
in chemical vapor deposition (CVD), making it particularly suitable for producing high-density
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diamond polycrystals and large single crystals.

Second, specialized equipment like six-anvil presses utilize pyrophyllite pressure-transmitting
media to achieve uniform pressure distribution. Combined with powdered catalyst systems that expand
the carbon source-catalyst contact area, this shortens single synthesis cycles to mere hours. Production
efficiency exceeds CVD by 5 - 10 times, establishing HPHT as the dominant technology for industrial
diamond abrasives (>90% of global output).

Furthermore, carbon atom migration pathways under high pressure are well-defined, with crystal
growth primarily oriented along [100] or [111] directions. This yields diamonds with exceptionally
low defect densities (<10%cm®), making them ideal for high-precision mechanical processing. For
instance, HPHT-synthesized diamond cutting tools exhibit 30% higher edge strength than CVD-coated
tools, better withstanding impact loads during high-speed machining of hard, brittle materials.

Additionally, unlike CVD’s reliance on vapor deposition, the HPHT process operates independently
of substrate materials, enabling direct synthesis of millimeter-to-centimeter-scale freestanding
diamond crystals. This circumvents substrate compatibility challenges in thin-film deposition. In
polycrystalline diamond compact (PDC) drill bits, HPHT achieves 40% stronger interfacial bonding
than CVD, significantly reducing delamination risks under complex working conditions.

Fig. 7. Appearance and Anvil Arrangement of Domestic Hinged Six-Anvil Press

The limitations of the HPHT method lie in its demanding requirements for equipment and
processes. On one hand, the manufacturing precision of the six-anvil press must be controlled at the
micrometer level, with a single unit costing over 10 million RMB. Additionally, the substantial
consumption of sealing and insulating materials (such as pyrophyllite) for the high-pressure chamber
leads to high initial investment costs. On the other hand, residual metal catalysts (e.g., Fe, Ni
elements) are difficult to completely remove under high temperature and pressure conditions.
Reducing impurity levels requires an acid-alkali purification process (taking 48-72 hours), which
somewhat restricts its application in the production of high-end electronic-grade diamond crystals
(with impurity concentrations <l ppm). Furthermore, the dynamic coupling effects between the
temperature and pressure fields during synthesis are complex. Achieving uniform growth in large-
sized crystals still relies on empirical parameters, potentially resulting in internal defects such as twin
boundaries or inclusions. Subsequent processing necessitates laser cutting and precision grinding for
defect removal, thereby increasing machining costs.

3.2Microwave Plasma Chemical Vapor Deposition (MPCVD)

Among various diamond film preparation methods, Microwave Plasma Chemical Vapor Deposition
(MPCVD) has consistently been the preferred choice for producing high-quality diamond films. This
is because the microwave method offers several prominent advantages over other plasma-based
diamond film deposition techniques. Firstlyy, MPCVD utilizes microwave energy to excite and
dissociate gases through an electrodeless discharge process, resulting in extremely pure plasma that
avoids contamination caused by metal evaporation from hot filaments, as seen in Hot Filament CVD
(HFCVD). Secondly, MPCVD can generate a relatively large and stable plasma ball with smooth gas
discharge, enabling precise control over the deposition process and facilitating the growth of high-
quality diamond films. Thirdly, the concentrated plasma discharge region excited by microwaves
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promotes the formation of high-density reactive species, which is beneficial for enhancing film quality.
Additionally, compared to DC Arc Plasma Jet CVD, MPCVD features continuous and gentle power
regulation, allowing for stable control of deposition temperature and eliminating the thermal shock
issues associated with arc ignition and extinction, which often cause film delamination in DC Arc
methods. However, MPCVD also has limitations, including relatively slow deposition rates and more
complex equipment and technical requirements.

Fig. 8. MPCVD Equipment Plasm; Ignition

3.3 Hot Filament Chemical Vapor Deposition (HFCVD)

The HFCVD apparatus primarily comprises a reaction chamber, a hot filament, a gas supply
system, and a substrate heating mechanism. Inside the reaction chamber, high-temperature resistant
metals such as tungsten and tantalum are used to fabricate the hot filament, which is heated to
approximately 2000° C. When a mixture of carbon source gases (e.g., methane) and hydrogen is
introduced into the chamber, the elevated temperature of the filament induces thermal decomposition
of the gas molecules, generating reactive carbon-containing species.

process gases

filament ,l,
\ M

L substrate

hc:':tcr | l I

pump

Fig. 9. Schematic diagram of the HFCVD principle

The HFCVD (Hot Filament Chemical Vapor Deposition) technique exhibits distinctive process
characteristics within the diamond synthesis domain. Its equipment architecture is relatively
straightforward, and initial capital expenditure along with maintenance costs are significantly lower
than those associated with high-end methods such as MPCVD. This economic advantage renders
HFCVD an ideal choice for laboratory research and small-scale production. Additionally, the
technology offers a degree of process flexibility; by adjusting parameters such as filament temperature
and gas flow rates, it can accommodate various substrate materials and diverse application scenarios.
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Notably, it can achieve uniform deposition of large-area diamond thin films, meeting moderate
requirements for film uniformity in industrial applications. However, the method faces notable
technical limitations: the filament is prone to carbonization and volatilization at high temperatures,
which shortens the lifespan of critical components and introduces particulate contamination, thereby
compromising film purity and crystalline quality. Furthermore, insufficient active particle
concentration results in slow growth rates, hindering rapid fabrication of thick films or large crystals
and constraining production efficiency. It is also essential to note that the process demands rigorous
substrate pre-treatment; surface defects or inadequate cleanliness can adversely affect diamond
nucleation density and growth quality. Collectively, these factors restrict the scalability of HFCVD in
high-precision manufacturing sectors.

3.4 Direct Current Arc Plasma Jet Chemical Vapor Deposition (DC ARC CVD)

Direct current (DC) discharge is the simplest method to achieve gas ionization and plasma
generation under low voltage conditions. In this discharge mode, arc discharge processes can produce
high-density plasma. Consequently, utilizing high-power DC arc discharge enables significant
enhancement of gas excitation levels, resulting in increased deposition rates of diamond films. The DC
arc plasma jet Chemical Vapor Deposition (CVD) technique employs high-power DC arc discharge to
facilitate rapid diamond film deposition. These factors collectively limit the industrial scalability and
commercialization of this technology.
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Fig. 10. Schematic diagram of the working principle of DC arc plasma jet CVD method

Fig.10 illustrates the schematic diagram of the operational principle of the device used for diamond
film deposition via the Direct Current Arc Plasma Jet Chemical Vapor Deposition (DC Arc Plasma Jet
CVD) method. In this apparatus, a cylindrical anode contains a tungsten rod serving as the cathode.
Under conditions of high discharge power (tens of kilowatts) and elevated gas pressure (on the order
of 1073 to 10”4 Pa), a high-intensity direct current discharge is established between the cathode and
anode, ionizing the Ar-H,-CH4 gas mixture introduced between the electrodes and generating a high-
density plasma jet ejected at high velocity. Among various diamond film deposition techniques, the
DC Arc Plasma Jet CVD method offers a distinct advantage due to its relatively high diamond film
deposition rate. This is attributed to the high degree of gas activation achievable with this method, as
the high-density plasma facilitates complete dissociation of the reactive gases, resulting in elevated
concentrations of atomic hydrogen and carbon-containing radicals. Consequently, diamond films
deposited via this method can also exhibit superior quality. However, a significant challenge of the DC
Arc Plasma Jet CVD process is its substantial gas consumption. To address this issue, a recycling
technique can be employed to reuse most of the process gases, thereby reducing overall gas usage.
Nonetheless, this approach may lead to an increase in impurity levels within the diamond film,
hindering further quality improvements. Conversely, not recycling the gases results in prohibitively
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high production costs and excessive gas consumption, complicating process control during diamond
film deposition.

4. CONCLUSION

With their exceptional physical properties, diamond materials demonstrate broad application
prospects and remarkable achievements in the transportation sector. In rail precision machining,
superhard diamond tools such as brazed grinding wheels and nano-diamond saw blades enable high-
precision and high-efficiency cutting in high-speed rail track processing, significantly improving
construction efficiency and tool life. In safety protection upgrades, diamond materials combine high
light transmittance and impact resistance, while nano-diamond coating technology extends the service
life of key components like high-speed rail bearings. 3D-printed nano-diamond composites achieve
weight reduction and structural strength enhancement for components.

In manufacturing technologies, mainstream methods such as High Pressure High Temperature
(HPHT), Microwave Plasma Chemical Vapor Deposition (MPCVD), Hot Filament Chemical Vapor
Deposition (HFCVD), and Direct Current Arc Plasma Jet CVD each have distinct advantages and
disadvantages, catering to diverse needs in the transportation sector. Technical breakthroughs,
including large-size single crystal growth, plasma optimization, dopant uniformity control, and defect
suppression, continuously enhance diamond material performance. Additionally, the integration of
5G+ machine vision, photovoltaic power supply, and waste heat recovery technologies drives the low-
carbon and intelligent transformation of diamond material manufacturing.

In the future, diamond materials hold enormous potential in industrialization directions such as
semiconductor-grade wafers, nano-diamond shielding layers, and biobased diamond. With continuous
technological advancements and cost reduction, diamond materials are expected to play a more critical
role in the future transportation industry, promoting the sector’s development toward lightweight,
intelligent, and low-carbon directions.
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