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Abstract
Metallic materials engineered at the nanoscale demonstrate strength levels up to three times higher com-
pared to traditional commercial crystalline alloys. This remarkable enhancement stems from recent ad-
vancements in nanostructure design strategies, which have revolutionized how we approach material en-
gineering. Due to their unique characteristics, nanomaterials exhibit exceptional chemical reactivity and
mechanical properties that their conventional counterparts simply cannot match. These advantages arise
from carefully controlled grain sizes and the development of heterogeneous nanostructures in both crys-
talline and non-crystalline metallic materials. Furthermore, innovative approaches like supra-nano-dual-
phase (SNDP) nanostructures combine supra-nano sized crystals with metallic glasses, creating materials
with unprecedented performance capabilities. In this article, we will explore why nanostructured metallic
materials consistently outperform traditional alloys, examine their manufacturing processes, and inves-
tigate their real-world applications across various industries. We will also analyze the cost-effectiveness
and future potential of these advanced materials in engineering applications.
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1. Core Types of Nanostructured Metallic Materials

The semiconductor industry has reached a critical milestone with the 3nm process node, marking
a significant advancement in chip manufacturing capabilities. The 3nm node represents precise
specifications, including a gate length of 16-18nm and a metal pitch of 30nm [1, 2, 3, 4, 5].

Nanostructured metallic materials exhibit extraordinary physicochemical properties primarily be-
cause of their unique structural arrangements at the nanoscale. These materials demonstrate sig-
nificantly enhanced performance compared to their bulk counterparts, particularly in terms of me-
chanical strength and reactivity.

1.1 Surface Area to Volume Ratio Benefits

The reduction of bulk materials to nanometer scale dramatically increases their surface-to-volume
ratio, consequently affecting their chemical reactivity and surface-dependent properties. When ma-
terials are divided into smaller fragments, the total surface area increases exponentially - for instance,
reducing a material’s size can increase its surface area by a factor of up to 109. This enhanced sur-
face area drives chemical, electrical, and biological interactions, while the volume influences weight,
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cost, and momentum-related properties (Fig. 1) [6].

Figure 1. Bimodal nanostructure Cu

1.2 Size Effects on Material Properties

The size-dependent characteristics of nanostructured materials become particularly evident when
dimensions fall below 100 nanometers. These size effects significantly influence. Nanotwinned (NT)
structures represent a significant advancement in nanostructured metallic materials. These struc-
tures contain twin boundaries that act as coherent interfaces, substantially improving mechanical
and physical properties. Notably, hierarchical nanotwinned (HNT) structures, featuring multiori-
entation nanotwins, create complex spatial multidimensional arrangements that effectively hinder
dislocation movement [7, 8].

1.3 Grain-Refined Materials

Grain refinement into the nanoscale significantly strengthensmetallicmaterials through the classical
Hall-Petch relation. Nevertheless, introducing high-density grain boundaries creates a substantial
driving force for migration, potentially leading to grain coarsening under mechanical loading or at
temperatures below typical recrystallization points. Scientists have developed several strategies to
stabilize these refined structures, including solute drag, second phase drag, and chemical ordering.
Metal Matrix Nanocomposites (MMNCs) offer distinct advantages over traditional composites, par-
ticularly in terms of high-temperature stability, strength, and wear resistance. These materials can
be synthesized through various methods [9]:

1. Deformation processing utilizing high strain rates
2. Vapor phase processing for thin film deposition
3. Solidification processing for bulk production

MMNCs have demonstrated remarkable improvements in specific material properties with mini-
mal reinforcement additions. For example, incorporating just one volume percentage of nanosize
ceramics has produced greater strength increases in aluminum and magnesium composites than
higher loading levels of micron-sized additions. Moreover, these nanocomposites exhibit enhanced
thermal stability when thermodynamic and kinetic strategies are effectively combined [10].
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2. How Nanostructuring Changes Metal Properties

Abstract: This section examines the fundamental changes in metallic properties through nanos-
tructuring, focusing on strength-ductility relationships, strain hardening mechanisms, and thermal
stability characteristics. We analyze how various nanostructuring approaches modify material be-
havior and performance under different conditions (Fig. 2) [11].

Figure 2. Application areas of nanotechnology

The manipulation of metallic materials at nanoscale creates extraordinary property modifications
that surpass conventional engineering limits. Through careful control of structural features, scien-
tists have discovered methods to overcome traditional material constraints.

2.1 Strength Improvements

The relationship between grain size and material strength follows the Hall-Petch effect until grain
dimensions reach approximately 20 nanometers. Beyond this point, an inverse relationship emerges
where further size reduction actually decreases yield strength. This phenomenon occurs since ex-
tremely small grains cannot support dislocation pile-up, shifting the dominant deformation mecha-
nism to grain boundary sliding [12, 13].

2.2 Ductility Enhancement

Traditionally, increasing material strength resulted in decreased ductility. However, recent advances
in nanostructuring have created pathways to overcome this limitation. The introduction of bimodal
structures, incorporating both nano-scale and micron-level grains, produces materials with excep-
tional strength-ductility combinations.

The incorporation of nanotwinned structures substantially improves mechanical properties through
coherent twin boundaries. Similarly, gradient nanostructures, where grain sizes progressively change
from nano to micro scale, demonstrate remarkable performance advantages [14].

2.3 Thermal Stability

Thermal stability represents a crucial characteristic for nanostructured metals, especially during ex-
tended operation at elevated temperatures. The large volume fraction of grain boundaries in nanos-
tructured materials creates unique challenges for maintaining structural integrity.

Two primary approaches address thermal stability:

1. Thermodynamic Stabilization:
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• Reduces grain boundary energy through solute segregation
• Commonly implemented in Ni-W and Ni-Fe alloys
• Creates resistance to grain coarsening

2. Kinetic Stabilization:
• Employs solute dragging and second phase pinning
• Counteracts driving forces for grain growth
• Achieves higher temperature stability than thermodynamic methods

The effectiveness of these stabilization strategies becomes particularly evident during long-term
exposure to elevated temperatures. Kinetic approaches have demonstrated superior results in main-
taining nanostructured features at higher temperatures.

Recovery processes in nanostructured metals exhibit distinct behavior compared to conventional
materials. Initially, static recovery strengthens nanostructuredmetals, contrary to its softening effect
in coarse-grainedmaterials. Additionally, dynamic recovery during deformation can enhance strain-
hardening capabilities, leading to improved uniform elongation (Fig. 3) [15].

Figure 3. A new perspective on pore growth in anodic alumina films

The supra-nano-dual-phase (SNDP) structure represents an advanced approach to property enhance-
ment. This configuration combines two phases with different structures or compositions, resulting
in superior mechanical properties alongside enhanced functional characteristics such as magnetic
properties and thermal stability [16].

Recent experimental findings indicate that strain partitioning between different structural regions
generates geometrically necessary dislocations (GNDs), contributing significantly to work harden-
ing. This mechanism proves particularly effective in bimodal structures, where the interaction be-
tween coarse and fine grains creates multidirectional stress states and strain gradients. Through
careful control of these nanostructuring approaches, researchers have achieved remarkable combi-
nations of strength and ductility. The key lies in creating heterogeneous structures that maintain
high strength while providing sufficient strain hardening capacity to prevent premature failure [17].
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3. Manufacturing Methods for Nanostructured Metals

This section delves into two primary manufacturing techniques for nanostructured metals: me-
chanical alloying and severe plastic deformation. We examine process parameters, equipment spec-
ifications, and resulting material characteristics that make these methods effective for producing
advanced metallic materials. Manufacturing nanostructured metallic materials requires precise con-
trol over processing conditions alongside sophisticated equipment. These advanced manufacturing
methods create materials with exceptional properties through careful manipulation of microstruc-
ture at the nanoscale.

3.1 Mechanical Alloying Process

Mechanical alloying, developed in 1966, represents a sophisticated powder processing technique
that produces nanostructured materials through repeated cold welding, fracturing, and rewelding of
powder particles. The process maintains a ball-to-powder weight ratio of 10:1 or higher, enabling
efficient material processing (Fig. 4) [18].

Figure 4. Nanoarchitected materials

Modern mechanical alloying facilities demonstrate remarkable production capabilities. Russian fa-
cilities currently produce 40-50 kg of powder within 24-48 hours, whereas high-speed mills achieve
outputs reaching 5,000 kg per hour. Throughout processing, powder particles undergo severe plas-
tic deformation, increasing their surface-to-volume ratio alongside rupturing surface contamination
films.

The technique proves particularly effective in creating unique material combinations. When pro-
cessing ductile-ductile powder mixtures, layered composite particles form through cold welding.
Alternatively, brittle-brittle combinations undergo repeated fracturing, leading to refined particle
sizes. The steady-state condition ultimately yields homogenized microstructures with compositions
matching initial powder proportions [19, 20].

3.2 Severe Plastic Deformation

Severe plastic deformation (SPD) stands out as themost effectivemethod for producing bulk ultrafine-
grained and nanostructured materials. This technique introduces substantial deformation without
breaking or cracking the metal.

Several SPD methods have emerged as industry standards:

1. Angular channel pressing



676 Aleksander Katarzyna et al.

2. High-pressure torsion
3. Multidirectional forging
4. Extrusion-cyclic compression
5. Cumulative climbing connection
6. Consecutive concreting and smoothing
7. High-pressure pipe torsion

The EQD (Eutectoid element alloying→Quenching→Hot deformation) strategy represents an in-
novative approach within SPD processing. This method achieves remarkable stability, with nanos-
tructured Ti6Al4V5Cu alloy maintaining stability up to 973 K. The process proves compatible with
existing industrial production lines, thereby addressing previous challenges of high-cost and low-
efficiency manufacturing. Through careful control of processing parameters, SPD methods create
materials with exceptional properties. The technique generates large densities of lattice defects,
alongside promoting grain refinement to submicrometer or nanometer scales. These structural mod-
ifications lead to enhanced mechanical properties, including superior strength combined with high
ductility.

Recent developments in SPD processing focus on scaling up sample sizes and modifying shapes for
industrial applications. Over 100 SPDmethods or modifications now exist, incorporating techniques
like friction stir processing, hydrostatic extrusion, and KOBO extrusion. These advancements ad-
dress previous limitations in sample size and shape, enabling broader commercial applications. The
mechanochemical processing (MCP) variant offers a cost-effective approach for producing nanopow-
ders. Operating at low temperatures, MCP utilizes conventional ball mills as chemical reactors. The
process increases reaction kinetics through intimate mixing and refinement of grain structure to
nanometer scales [21].

4. Real Performance Data from Industry Tests

Laboratory tests alongside industrial applications reveal remarkable performance improvements in
nanostructured metallic materials. These advancements stem from precise control over material
structure at nanoscale dimensions. Recent testing data demonstrates substantial strength enhance-
ments through nanostructuring. The HPT alloy exhibits exceptional tensile properties, achieving an
ultimate tensile strength of 966 ± 5 MPa alongside a yield strength of 924 ± 3 MPa. Upon natural
aging, these values stabilize at 851 ± 6 MPa for UTS and 796 ± 5 MPa for YS as given in Table 1:

Table 1. Stable Potential Windows

Property HPT Alloy Naturally Aged HPT Conventional Al-Zn-Mg-Cu
UTS (MPa) 966 ± 5 851 ± 6 450-600
YS (MPa) 924 ± 3 796 ± 5 Not Available
EL (%) 1.8 ± 0.1 6.8 ± 0.2 Higher

The naturally agedHPT alloy demonstrates balancedmechanical properties, maintaining high strength
alongside improved ductility. This enhancement primarily results from grain refinement strength-
ening combined with precipitation strengthening mechanisms. Impact toughness evaluations reveal
unique characteristics in nanostructuredmaterials. Contrary to conventionalmetals, nanostructured
titanium exhibits enhanced impact toughness at lower temperatures, specifically at -70°C and -196°C.
This unprecedented behavior contradicts traditional observations in coarse-grained materials.

The improved low-temperature performance stems from increased strength coupled with main-
tained ductility. Smaller fracture dimples at lower temperatures indicate more uniform deforma-
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tion processes. These characteristics make nanostructured materials particularly suitable for low-
temperature applications requiring high impact resistance [22, 23].

4.1 Fatigue Life Analysis

Fatigue performance represents a critical aspect of material durability. Surface modification through
nanostructuring substantially improves fatigue resistance. The fatigue limit of surface gradient
nanostructured zirconium reaches approximately 204 MPa, marking a 28.3% improvement over the
original sample’s 159 MPa.

Fatigue damage accumulation follows distinct patterns in nanostructuredmaterials. Cracks typically
initiate along persistent slip bands on material surfaces. Surface nanocrystalline layers effectively
suppress crack nucleation through:

1. Reduced strain localization
2. Enhanced surface hardness
3. Residual compressive stress
4. Work-hardened regions

Themean stress effects significantly influence fatigue behavior, primarily in high-cycle fatigue regimes.
Positive mean stresses accelerate fatigue damage accumulation through increased crack opening,
whereas compressive mean stresses benefit fatigue strength. Recent investigations utilizing artifi-
cial neural networks have advanced fatigue life prediction capabilities. These models assess mean
stress effects on fatigue resistance, providing designers with reliable high-cycle fatigue strength data.
The approach proves particularly valuable for metallic materials subjected to predominant tensile
loading conditions.

Surface gradient nanostructures demonstrate remarkable fatigue performance improvements through
multiple mechanisms. The high strength of nanocrystalline structures effectively prevents fatigue
crack initiation. Furthermore, discontinuous growth of surface nanocrystals occurs during fatigue
loading, driven by stored energy within nanocrystals. The synergistic effects of surface nanocrys-
tals, enhanced hardness, alongside residual compressive stress create robust barriers against crack
initiation. This combination prolongs crack initiation life, ultimately extending overall fatigue per-
formance. Through careful control of these parameters, engineers can now design components with
substantially improved service life under cyclic loading conditions [24].

5. Cost vs Performance Analysis

The economic viability of nanostructured metallic materials extends beyond initial production costs,
encompassing their entire operational lifespan. Through careful analysis ofmanufacturing processes
alongside performance benefits, a clearer picture emerges regarding their true value proposition.

Life cycle assessment (LCA) methodologies reveal the comprehensive environmental and economic
impacts throughout a product’s existence. The assessment spans raw material acquisition through
manufacturing phases, ultimately determining long-term value. This systematic approach identifies
material usage, energy consumption, and environmental emissions, providing crucial insights into
total ownership costs as mentioned in Table 2:

The evaluation of nanomaterial products typically follows a cradle-to-gate approach, incorporat-
ing raw material extraction, transportation, and manufacturing processes. Although disposal man-
agement remains challenging without international regulations, most assessments presume similar
handling to conventional products from Table 3 [25, 26]:

Traditional manufacturing methods often require substantial tooling investments, accounting for
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Table 2. Stable Potential Windows

LCA Component Assessment Parameters Value Indicators
Raw Materials Resource consumption, Material quality Material efficiency ratio
Manufacturing Energy usage, Process emissions Production yield rate
Usage Phase Performance benefits, Maintenance needs Operational cost savings
End-of-Life Disposal management, Recycling potential Resource recovery value

Table 3. Stable Potential Windows

Cost Component Percentage of Total Cost Key Considerations
Equipment Investment 45-74% Initial setup, maintenance
Raw Materials 18-30% Material quality, availability
Labor <10% Skilled workforce requirements
Post-Processing 4-13% Quality control, finishing
Tooling 5% Equipment adaptability

over 90% of total production costs. In contrast, advanced manufacturing techniques for nanostruc-
tured materials demonstrate improved efficiency, with tooling expenses representing merely 5% of
total costs [27].

5.1 Manufacturing Cost Breakdown

The production expenses for nanostructured metallic materials encompass multiple cost drivers.
Equipment investment represents the most substantial component, accounting for 45-74% of total
manufacturing costs. Labor expenses remain relatively modest, constituting less than 10% of overall
production costs. Raw material expenses for advanced manufacturing processes exceed traditional
methods by up to eight times on a per-weight basis. Nevertheless, these higher material costs find
balance through reduced complexity, shorter production times, and significantly lower raw material
consumption - often achieving 90% reduction in material usage [28].

Recent advancements in manufacturing processes have addressed previous economic limitations.
The EQD process, compatible with existing industrial production lines, circumvents traditional high-
cost and low-efficiency challenges. This manufacturing approach enables cost-effective production
while maintaining superior material properties, including tensile strength improvements of 60%
compared to conventional counterparts (Fig. 5) [29].

Post-processing costs typically range between 4-13% of total production expenses, varying based
on specific processes and materials involved. These expenditures remain comparable to traditional
manufacturing methods, reflecting similar finishing requirements across both approaches.

Current market analysis suggests defining ’low-cost’ materials at production costs below 1 USD/kg,
with intermediate and high-cost variants ranging from 3-6 USD/kg and 15-20 USD/kg respectively.
Nonetheless, detailed cost analyzes occasionally reveal that presumed ’low-cost’ alternatives may
prove less economically favorable compared to existing technologies. The economic assessment
must consider both immediate production costs alongside long-term benefits. Enhanced material
properties often justify higher initial investments through extended service life, reduced mainte-
nance requirements, and improved operational efficiency. Accordingly, lifecycle cost evaluations
increasingly demonstrate favorable returns on investment despite higher upfront expenses [30].
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Figure 5. High strength metallic wood from nanostructured nickel inverse opal materials

6. Current Applications in Engineering

Nanostructured metallic materials have found their way into critical engineering applications, offer-
ing unprecedented combinations of strength, durability, and functionality. These advancedmaterials
now serve essential roles in industries where performance demands continue to rise.

6.1 Aerospace Components

Aerospace applications demand materials that excel under extreme conditions. Boron nitride nan-
otubes demonstrate remarkable thermal stability, making them ideal for spacecraft thermal protec-
tion systems and rocket nozzles. Their electrical insulation properties prove crucial for maintaining
component integrity during atmospheric re-entry. Advanced wing designs now incorporate alu-
minum reinforced with boron nitride, enabling complex geometries while maintaining structural
integrity. Graphene-based sensors embedded within aerospace materials provide real-time struc-
tural health monitoring, allowing early detection of stress or damage.

6.2 Automotive Parts

The automotive sector has embraced nanostructured metals to enhance vehicle performance and
safety. Pure titanium components processed through ECAP exhibit ultimate tensile strength of 1290
MPa alongside 13% tensile elongation. These properties enable the production of lighter, stronger
automotive components [31, 32] as in Table 4:

Table 4. Stable Potential Windows

Vehicle Component Material Properties Industry Benefits
Body Panels Nanostructured Steel Weight reduction
Engine Components UFG Titanium Enhanced durability
Brake Systems Silicon Carbide Improved wear resistance
Structural Parts Nanocomposites Superior crash protection
Protective Coatings Silver NPs Antimicrobial properties
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Modern family cars incorporate up to 193 different types of steel, each carefully selected for specific
applications. Super strong nanometals play a vital role in making vehicles lighter while improv-
ing collision protection. Through careful material selection, manufacturers achieve optimal balance
between weight reduction and passenger safety.

6.3 Medical Devices

Medical applications of nanostructured metals have shown remarkable progress, primarily in im-
plant technology. High-strength ultrafine-grained pure titanium enables the production of dental
implants as thin as 2.0 mm in diameter. These refined structures effectively preserve alveolar bone
while maintaining excellent osseointegration [33]. High-purity magnesium demonstrates promis-
ing results in orthopedic applications. Clinical trials show exceptional fixation effects when used in
ARCO stage II/III patients with femoral head necrosis. The material’s controlled degradation rate
promotes osteogenic differentiation of stem cells, accelerating fracture healing without requiring
secondary removal procedures.

Pure titanium processed through ECAP exhibits self-passivation and enhanced corrosion resistance
compared to commercial variants. This advancement enables the development of smaller bone
plates with reduced tissue space occupation, maintaining a low-profile design without compromis-
ing structural integrity [34, 35]. Recent developments in additive manufacturing have opened new
possibilities for pure titanium applications. This technology offers lower production costs alongside
improved biocompatibility, presenting a viable alternative to traditional titanium alloys in medical
implants. The safety considerations for nanostructured medical devices remain paramount. Regu-
latory bodies, including the FDA, have highlighted potential toxicity and immunological reactions
associated with metal implants. Therefore, ongoing research focuses on understanding long-term
biological responses and developing safer alternatives for clinical applications [36, 36].

7. Future Development Areas

7.1 New Processing Methods

Recent breakthroughs in manufacturing techniques herald substantial improvements in nanostruc-
tured metallic material production. Dynamic Plastic Deformation stands out as a pioneering ap-
proach for synthesizing bulk nanostructured metals. This method offers superior control over ma-
terial properties alongside enhanced production efficiency. The development of thin-film solid-state
interfacial dealloying presents remarkable opportunities for creating metal-metal composites. This
technique generates porous metals with interconnected "bicontinuous" structures at scales rang-
ing from tens of nanometers to microns. The process utilizes heat to drive self-organizing mecha-
nisms, enabling metals to mix or de-mix into new structural formations [37, 38]. Electrodeposition
emerges as a cost-effective method for creating high entropy alloys. This process, analogous to
chrome-plating motorcycle parts, enables the formation of materials that withstand temperatures
up to 500°C, markedly higher than pure nickel’s limit of 270°C.

7.2 Emerging Applications

The integration of nanostructured metal-organic frameworks into medical applications represents
a significant advancement. These frameworks demonstrate exceptional potential in cancer-targeted
therapy, primarily through their intrinsically high porosity and ultrahigh surface areas. Their unique
properties enable efficient drug molecule loading alongside outstanding stability and real-time in-
tracellular pH sensitivity. The utilization of pulsed laser ablation in organic solvents introduces un-
precedented possibilities for gold nanoparticle synthesis. This method requires multiple laser pulses
for successful particle generation, yet offers superior control over particle characteristics. Along-
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side this advancement, researchers have established correlations between organic phase dielectric
constants and nanoparticle extraction capabilities.

Nanoporous gold thin films, prepared through optimized solid-phase reaction methods, demonstrate
exceptional catalytic performance. These films exhibit heightened sensitivity and reduced detection
limits during amperometric sensing operations, surpassing conventional nanoporous gold materi-
als in analytical applications. The emergence of nanocomposite hydrogels marks another frontier
in biomedical applications. These materials combine the advantages of traditional hydrogels with
enhanced mechanical properties and functionality. Concurrently, innovative thin films and energy
storage devices leverage graphene nanocomposites, establishing new benchmarks in material per-
formance.

Scientists anticipate substantial growth in titanium-based superhydrophobic materials. These inno-
vations utilize novel preparation pathways, potentially revolutionizing surface engineering across
multiple industries. The development pathway focuses primarily on achieving consistent superhy-
drophobicity through controlled nanostructure formation. Research continues to advance manu-
facturing processes while exploring new applications. Scientists expect significant developments in
biomedical applications, energy storage systems, and aerospace materials. These innovations will
likely expand the reach and impact of nanostructured metallic materials across industries. The field
stands ready for further breakthroughs as researchers develop novel processing methods and un-
cover new applications. Therefore, understanding these materials becomes essential for engineers
and materials scientists working at the forefront of technological advancement.

8. Conclusion

Abstract: This section synthesizes the comprehensive analysis of nanostructured metallic materials,
summarizing their superior performance characteristics, manufacturing advancements, real-world
applications, and future development potential while highlighting their transformative impact on
materials engineering. Nanostructured metallic materials represent a significant advancement in
materials science, demonstrating remarkable improvements over traditional alloys. Their enhanced
strength-to-weight ratios, superior mechanical properties, and unique characteristics stem from
carefully controlled grain sizes and innovative manufacturing processes. Modern manufacturing
techniques like mechanical alloying and severe plastic deformation have made these materials com-
mercially viable. Testing data confirms their exceptional performance, with some nanostructured
alloys achieving strength levels three times higher than conventional materials while maintaining
adequate ductility. Economic analysis shows that despite higher initial costs, nanostructured ma-
terials offer substantial long-term value through extended service life and improved performance.
Their implementation across aerospace, automotive, and medical sectors demonstrates their practi-
cal benefits and reliability.
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