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1. Introduction

In the era of Industry 4.0 and the pursuit of Net-Zero, traditional metallic materials are facing serious
physical limitations. Simultaneously optimizing strength and ductility, or enhancing electrical
conductivity without compromising heat resistance, has been been a challenging problem for decades.
The advent of nanostructuring and the design philosophy of high-entropy alloys (HEAS) has significantly
advanced in materials science. By precisely controlling structures from the atomic level and grain
boundaries to nano-precipitation phases, scientists have redefined the performance limits of metals,
transforming them into "smart materials” capable of withstanding the harshest environments [1, 2]. In
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the last decade, advances in electrochemical deposition techniques have further enabled the synthesis of
high-quality nanostructured thin films with tailored microstructures, surface morphologies, and
functional properties. Studies on ternary alloy thin films have demonstrated the strong influence of
deposition parameters — such as bath temperature, applied current density, and potential — on magnetic
features, coercive force, and surface texture [3-6]. These findings highlight the versatility of
electrochemical methods for producing multifunctional metallic coatings. The shift in the global
technology map does not diminish the role of metallic materials; on the contrary, it demands a
revolutionary evolution. Metallic materials have evolved from conventional structural components to
multifunctional engineering platforms capable of simultaneously delivering mechanical integrity and
functional performance [7]. Studies on Schottky barrier diodes and heterojunction structures have
further demonstrated the critical importance of interface engineering for achieving tunable electrical
properties, such as barrier heights and temperature-dependent current-voltage characteristics [8,9]. In
future infrastructure systems, the dual integration of ultra-high mechanical properties and tunable
physical properties (magnetism, electrical properties, chemical corrosion resistance) allows significant
reductions in structural weight, optimization of energy efficiency, and extension of operational life
significantly. Rather than simply using a single base metal (such as traditional iron, aluminum, titanium),
the multi-element systems assembled and modified at the nanoscale is a progress for addressing the
technical barriers of the 21st century [7]. The ability to precisely manipulate and control lattice defects
and phase boundaries at the nanoscale opens up unprecedented application corridors in three strategic
industrial pillars:

Aerospace and Advanced Defense: Heat-resistant nanoalloys and refractive HEAs are capable of
maintaining superior tensile strength limits at temperatures exceeding conventional thresholds [10]. This
capability is critical for manufacturing high-efficiency jet engine turbine blades, hypersonic-resistant
ultralight spacecraft hulls, and high-speed impact systems without creep or material fatigue.
Furthermore, the exceptional thermal stability and oxidation resistance of these materials enable
prolonged operation under extreme thermomechanical loads, significantly improving engine thrust-to-
weight ratios and vehicle survivability in hypersonic flight regimes. By leveraging heterogeneous
microstructures and coherent nanoprecipitates, these advanced alloys also offer enhanced damage
tolerance against thermal shocks and cyclic fatigue, paving the way for next-generation propulsion
systems and re-entry vehicles that outperform today's state-of-the-art nickel-based superalloys [11].
Green energy infrastructure and digital transformation: The combination of nano-twin
structures and hierarchical carbon networks (graphene/CNTSs) creates next-generation conductors that
break Nordheim's law, achieving ultra-high maximum current density [12]. This application directly
solves the energy consumption problem in smart grids and supercomputers. At the same time,
nanoporous metals with exceptionally high specific surface area act as ideal electrochemical catalytic
membranes for the clean hydrogen energy supply chain, serving well for fuel cells and electrochemical
water splitting [13] Their three-dimensional interconnected porous networks facilitate rapid mass
transport and maximize active site exposure, delivering superior bifunctional performance in hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER) with enhanced durability compared to
conventional catalysts.

Smart biomedical and minimally invasive: Highly biocompatible amorphous alloys and
nanostructured metals can accurately mimic the elastic modulus of human bone, eliminating stress
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shielding that causes bone resorption in artificial joints [14]. In particular, the trend of developing
biodegradable metals at the nanoscale allows implantable devices such as vascular stents or bone plates
to safely decompose in the body after completing their medical function, completely eliminating the need
for a second surgery to remove the device [15]. Furthermore, these materials enable controlled
degradation profiles that can be tailored to match the rate of tissue regeneration, providing temporary
structural support while gradually transferring load to the healing bone or vascular tissue. This dynamic
biocompatibility represents a significant leap toward patient-specific, regenerative implant technologies.
Although numerous review articles [16-18] have summarized individual classes of advanced metallic
materials, a comprehensive framework integrating nanostructure engineering, multifunctional
properties, artificial intelligence-assisted alloy design, and industrial deployment remains largely
unavailable. To address this gap, this review explicitly highlights three unique contributions compared to
existing literature: (1) establishing a cross-material unified structure-property—performance map
spanning nanostructured metals, HEAs, and BMGs; (2) elucidating the physical mechanisms that
simultaneously overcome multi-property trade-offs (e.g., strength—ductility, strength—conductivity, and
strength—corrosion Kinetics); and (3) mapping the integration of machine learning surrogate modeling
with autonomous self-driving laboratories for rapid materials discovery. The structural evolution of these
advanced systems is governed by distinct thermodynamic and kinetic driving factors: (i) in
nanocrystalline metals, severe plastic deformation (SPD) strain amplitude, stacking fault energy (SFE),
and grain boundary segregation drive grain refinement and boundary complexion transitions; (ii) in
HEAs, configurational entropy, lattice strain mismatch (8), and chemical short-range order (CSRO) dictate
phase stability; and (iii) in BMGs, critical cooling rates, atomic radius mismatch, and free-volume
distribution govern the retention of topological amorphous states.

1.1. Methodology of Literature Review

This review was conducted using a systematic literature survey approach following the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) framework. Scientific publications
were collected from Web of Science, Scopus, and ScienceDirect databases covering the period from
January 2000 to March 2026. The search strategy employed combinations of the keywords
“nanostructured metals”, “grain boundary engineering”, “high-entropy alloys”, “bulk metallic glasses”,
“nanotwinned metals”, “corrosion resistance”, “mechanical properties”, and “machine learning for
materials design”. Initially, 512 publications in total were qualified. After removing duplicate records and
excluding conference abstracts, non-English publications, and articles lacking sufficient experimental
validation, 146 peer-reviewed papers were selected for detailed analysis. The selected literature was
classified into four categories:

i) Structural engineering and microstructural control.

i) Mechanical strengthening mechanisms.

iii) Functional properties.

iv) Future intelligent metallic systems.

This systematic classification enables the establishment of quantitative relationships between
microstructure evolution and material performance while identifying critical challenges for industrial
deployment [19-22]. Despite remarkable advances in nanostructured metallic systems, most existing
studies focus on isolated performance metrics such as strength, corrosion resistance, or magnetic
behavior. Comprehensive understanding of the coupling effects among multiple functional properties
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remains limited. Furthermore, scalability, thermal stability, and lifecycle sustainability continue to hinder
the transition of advanced metallic materials from laboratory-scale demonstrations to industrial
deployment. Current literature also lacks unified frameworks linking nanostructure design, deformation
mechanisms, and data-driven materials discovery. The present review addresses these gaps by
integrating structural engineering, functional performance, and artificial intelligence-assisted alloy
design into a single analytical framework [23-25].

Identification of studies via databases and registers

)
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Figure 1. PRISMA flow diagram demonstrating literature screening and selection process.
2. Advances in Structural Characterization
Advanced Structural Characterization of materials severe plastic deformation (SPD) techniques such as
equal-channel angular pressing (ECAP) and high-pressure torsion (HPT), reveals that these methods do
more than simply referring grain size below 100 nm. They primarily generate extremely high dislocation
densities, often exceeding 101° m™2, which serve as the driving force for dynamic recrystallization and the
formation of stable ultrafine-grained or nanocrystalline structures [26, 27].
2.1. Particle Boundary and Nanophase Control
The period 2020-2026 witnessed the explosion of Advanced Structural Characterization techniques such
as ECAP or HPT, allowing for uniform reduction of particle size to below 100 nm [28]. A recent research
highlight is the concept of "Grain Boundary Engineering” (GBE), which focuses on the intentional
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manipulation of grain boundary character distribution to enhance mechanical properties, corrosion
resistance, and thermal stability of ultrafine-grained materials [29, 30]. Instead of vulnerable random
grain boundaries, researchers focus on creating nanotwinned GBEs and fractional low-energy grain
boundaries [31]. The appearance of self-healing nano-precipitates at the grain boundaries acts as a
"pinning effect,” preventing grain growth at high temperatures, significantly mitigating the weakness of
poor thermal stability of traditional nanomaterials [32]. The kinetics of this particle boundary locking
process are strongly reinforced by phase-field simulations and high-resolution transmission electron
microscopy (HR-TEM). As the nanostructured precipitated phases are densely distributed along the
particle boundaries, they generate Zener pinning forces (FZ) that hinder particle boundary movement,
which are determined through theoretical stereochemical interaction models [31-33]:

F :% (€Y)
In Eq. 1, f represents the surface free energy of the grain boundary, f is the volume fraction of the nano-
precipitated phases and r is the average radius of the precipitated particle. Thermodynamic equilibrium
at this interface suppresses the dynamics of grain growth, completely resolving the weakness of thermal
stability of traditional nanomaterials when operating under high temperature or prolonged mechanical
stress conditions [28, 33].
2.2. High Entropy Alloys (HEAs) and Amorphous Metals (BMGs)
Unlike conventional alloys that are commonly based on one or two principal elements, high-entropy
alloys (HEASs) consist of five or more principal elements in near-equiatomic proportions. This multi-
principal element approach leads to a significantly high configurational entropy, which stabilizes simple
solid-solution phases (such as FCC, BCC, or HCP) and suppresses the formation of complex intermetallic
compounds — a phenomenon known as the high-entropy effect [34]. This unique thermodynamic
stabilization enables HEAs to exhibit exceptional combinations of strength, thermal stability, ductility,
and corrosion resistance, often surpassing traditional alloys in extreme environments [35].
Core Effects of HEA:
The core effects in HEAs include severe lattice distortion, sluggish diffusion that suppresses coarse phase
separation, and the so-called “cocktail” effect, which enables synergistic optimization of overall
properties through complex elemental interactions [35]. In parallel, bulk metallic glasses (BMGs) with
short-range order and grain boundaryless structure continue to improve ductility by implanting
nanocrystalline composites, minimizing the formation of catastrophic shear bands [36]. These distinct
strengthening and toughening mechanisms are clearly reflected in the mechanical performance of
representative advanced metallic systems (Table 1). For instance, while nanocrystalline copper achieves
high yield strength through grain refinement, CoCrFeMnNi HEAs and Ti-based BMGs offer superior
combinations of strength and ductility or corrosion resistance, demonstrating the advantages of different
microstructural design strategies. The recent development of advanced metallic materials has highlighted
the necessity of establishing quantitative relationships between microstructural features and engineering
performance. For nanostructured metals, grain refinement significantly increases yield strength through
Hall-Petch strengthening. Experimental investigations reveal that reducing grain size from 10 um to 100
nm may increase yield strength by nearly an order of magnitude [37]. In HEAs, severe lattice distortion
contributes to enhanced solid-solution strengthening. The resulting resistance to dislocation motion
generates superior strength while maintaining acceptable ductility [38]. For metallic glasses, the absence
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of grain boundaries eliminates conventional weak points for corrosion and crack initiation. However, the
formation of localized shear bands remains a major challenge limiting plastic deformation [39]. These
observations indicate that future material design should prioritize synergistic optimization rather than

maximizing a single property.
Table 1. Comparison of representative advanced metallic systems [37-39]

Material Yield Strength (MPa) Elongation (%) Corrosion Resistance
Nanocrystalline Cu 800-1200 5-10 Moderate
CoCrFeMnNi HEA 700-1000 40-60 Excellent

Ti-based BMG 1500-2200 2-5 Excellent
Refractory HEA 1200-1800 10-20 Very High
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Figure 2 summarizes the hierarchical relationships between atomic structure, defect Although nanocrystalline
metals, HEAs, and bulk metallic glasses (BMGs) all belong to the family of advanced metallic materials, their
exceptional performances originate from fundamentally different structural characteristics. Understanding these
distinctions is essential for establishing rational materials design strategies.

Figure 2 provides a comprehensive hierarchical framework that summarizes the structure-property
It illustrates how atomic structure and defect
configuration govern deformation mechanisms, which in turn determine engineering performance in

relationships across advanced metallic materials.

nanocrystalline metals, high-entropy alloys (HEAs), and bulk metallic glasses (BMGs). This integrated
perspective highlights the distinct strengthening strategies and limitations of each material class
configuration, deformation mechanisms, and engineering performance.

As shown in Table 2, nanocrystalline metals primarily rely on Hall-Petch strengthening but face thermal
instability, whereas HEAs benefit from severe lattice distortion and solid-solution strengthening at the
expense of higher alloy cost. Gradient nanostructured metals leverage GND (geometrically necessary
dislocation) strengthening, and BMGs derive their strength from dense atomic packing, albeit limited by
shear band localization. These comparative insights underscore the importance of adopting a systems-
level approach in future materials design, where microstructural features are deliberately engineered to

overcome individual limitations through synergistic optimization.
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Table 2. Comparative structure—property relationships of representative advanced metallic systems

i Primary
i Dominant i . o
Material strengthening Major limitation Future strategy
structural feature .
mechanism
Nanocrystalline High grain | Hall-Petch + . . Grain boundary
. . Thermal instability . .
metals boundary density nanotwins engineering
Gradient .
. o . Complex Additive
nanostructured Gradient grain size | GND strengthening o .
fabrication manufacturing
metals
. . . Al-assisted
Severe lattice | Solid solution . o
HEAs . . . High alloy cost composition
distortion strengthening R
optimization
Amorphous . . L Nanocrystal
BMGs Atomic packing Shear localization .
structure toughening

2.3.1 Grain-boundary dominated nanostructured metals

Nanocrystalline metals derive their superior strength primarily from extremely high density of grain
boundaries. Grain refinement enhances dislocation storage capacity while suppressing dislocation pile-
up, producing Hall-Petch strengthening over a wide range of grain sizes. However, as grain size decreases
to the nanoscale — particularly approaching approximately 10 nm — a fundamental transition occurs from
conventional dislocation-mediated plasticity to grain-boundary-mediated deformation mechanisms [37].
At this critical scale, the classical Hall-Petch relationship breaks down, and in some cases, an inverse
Hall-Petch softening effect is observed when grain boundary sliding and diffusion become dominant [40].
To mitigate this transition and maintain high strength at the nanoscale, recent strategies such as grain-
boundary complexion engineering, the introduction of nanotwins, and nanoprecipitate pinning have
proven highly effective. These approaches stabilize grain boundaries against migration and sliding,
thereby delaying the onset of softening and extending the beneficial regime of Hall-Petch strengthening
[41]

2.3.2 Lattice-distortion controlled HEAs

Unlike conventional alloys that rely primarily on one or two principal elements, HEAs drive their
mechanical strengthening from severe lattice distortion caused by the incorporation of multiple principal
elements in near-equiatomic proportions [42]. The random occupation of lattice sites by atoms with
different atomic radii generates significant local elastic strain fields, which act as potent obstacles to
dislocation motion. Simultaneously, compositional fluctuations at the atomic scale increase the lattice
friction stress while preserving relatively high work-hardening capacity through dynamic interactions
between dislocations and the heterogeneous atomic environment [43]. Recent atomistic simulations and
density functional theory calculations further reveal that lattice distortion not only modifies the local
electronic density of states but also collectively influences diffusion kinetics, stacking fault energy, and
phase stability [44].

Consequently, HEAs frequently exhibit a remarkable synergy of mechanical and functional properties
rarely achieved in conventional alloys. These include high yield strength, excellent ductility, remarkable
fracture toughness, and outstanding corrosion resistance. This unique combination arises from the
coupled effects of severe lattice distortion, sluggish diffusion, and the so-called “cocktail” effect, making
HEAs particularly attractive for structural applications under extreme conditions.
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2.3.3 Topological disorder in metallic glasses

BMGs differ fundamentally from crystalline alloys because they possess only short-range atomic order
without periodic lattice structures [39]. The absence of conventional grain boundaries eliminates
preferred sites for corrosion initiation and significantly reduces micro-galvanic coupling, thereby
imparting excellent corrosion resistance. Nevertheless, plastic deformation in monolithic BMGs is highly
localized through the formation of shear bands, which often leads to catastrophic failure with limited
macroscopic ductility.

Recent investigations have demonstrated that the strategic introduction of nanocrystals or dual-phase
heterostructures within the amorphous matrix effectively redistributes local stress concentrations and
promotes the formation of multiple, mutually interacting shear bands rather than a single dominant
catastrophic shear band [45] This structural heterogeneity activates additional plastic deformation
mechanisms, such as shear-band branching, deflection, and multiplication, resulting in a substantial
enhancement of tensile ductility while maintaining an ultra-high yield strength that frequently exceeds 2
GPa in optimized systems [46]. Such improvements arise from the synergistic interaction between the
amorphous matrix and the embedded crystalline phases, which hinder shear-band propagation and
enable more homogeneous plastic flow. These findings highlight the potential of topological disorder
engineering as a powerful strategy to overcome the intrinsic brittleness of metallic glasses, paving the
way for their broader application in structural components requiring both high strength and adequate
toughness.

2.3.4 Comparative deformation mechanisms

The dominant strengthening and deformation mechanisms vary substantially across nanocrystalline (NC)
metals, high-entropy alloys (HEAs), and bulk metallic glasses (BMGs), leading to distinct mechanical
responses even at comparable yield strengths [47,48]. In nanocrystalline metals, grain refinement to the
nanoscale primarily activates Hall-Petch strengthening through dislocation pile-ups at grain boundaries,
supplemented by dislocation accumulation, nanotwin formation, and grain-boundary pinning or sliding.
At very small grain sizes (typically below ~10-20 nm), a transition occurs toward grain-boundary-
mediated processes, including sliding, rotation, and partial dislocation emission, which can result in an
inverse Hall-Petch effect and modified ductility [49,50]. HEAs, by contrast, derive their strength
primarily from solid-solution strengthening intensified by severe lattice distortion due to atomic size
mismatches among multiple principal elements. Additional contributions come from sluggish diffusion
(which hinders defect mobility) and deformation-induced mechanisms such as transformation-induced
plasticity (TRIP) and twinning-induced plasticity (TWIP). These enable dynamic Hall-Petch-like effects
via twin or phase boundaries that refine the effective microstructure during straining, often promoting
superior strength-ductility synergies [51,52]. In BMGs, plastic deformation is governed by the amorphous
structure and relies on atomic packing density, free-volume creation and redistribution, shear
transformation zones (STZs), and the nucleation, propagation, and interaction of shear bands.
Nanocrystal-assisted strain redistribution or shear-band multiplication can enhance ductility in select
cases, but localization into dominant shear bands often limits macroscopic plasticity [48,53]. These
fundamentally different pathways—dislocation/grain-boundary dominated in NC metals, lattice-
distortion and metastability-driven in HEAs, and shear-band/free-volume mediated in BMGs—explain
why materials with similar yield strengths can exhibit markedly different ductility, work hardening, and
failure behaviors.
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2.3.5 Multi-objective property optimization
A prominent trend in alloy development since the early 2010s, accelerating markedly in the past five to
ten years, is the shift from single-property maximization toward simultaneous optimization of multiple,
often competing functional attributes [54]. Instead of pursuing peak strength alone, contemporary efforts
target balanced performance envelopes encompassing strength, ductility, fatigue resistance, corrosion
resistance, electrical/thermal conductivity, microstructural stability, and manufacturability. Machine-
learning (ML) frameworks, particularly Bayesian optimization (BO) variants (including multi-objective,
hierarchical deep Gaussian process, and batch BO), along with graph neural networks and generative
models, have dramatically accelerated this transition. These approaches enable efficient navigation of
vast compositional spaces, identifying Pareto-optimal solutions with far fewer experiments than
traditional trial-and-error methods [55-57]. Recent studies on HEAs demonstrate successful application
to coupled mechanical-magnetic, strength-ductility, or thermomechanical objectives, often integrating
physics-informed surrogates and active learning [55, 58].
2.3.6 Unified structure—property map
Overall, the comparative analysis demonstrates that advanced metallic systems no longer follow a single
strengthening philosophy.
Instead,
Atomic configuration
!
Defect engineering
!
Microstructural hierarchy
!
Deformation mechanism
!
Functional properties
!
Engineering performance
forms a unified multiscale design pathway.
Future alloy development will increasingly combine nanoscale structural engineering, artificial
intelligence, and autonomous experimentation to optimize multiple performance objectives
simultaneously rather than maximizing only one individual property [59-65].
2.3.7 Distinguishing Diffusion Mechanisms Across Advanced Metallic Architectures:
Fundamental differences exist in the atomic transport kinetics among the three material classes:
Nanocrystalline Metals: Diffusion is dominated by short-circuit grain boundary pathways (Dgg \D\).
Radiotracer profiling (Harrison B/C regimes) and Atom Probe Tomography (APT) demonstrate that grain
boundary diffusion rates are several orders of magnitude faster than lattice diffusion, accelerating surface
oxidation and low-temperature phase transformations.
High-Entropy Alloys (HEAS): Atomic migration involves multi-component interdiffusion governed by
localized lattice distortion and variable vacancy formation energies. Tracer diffusion studies (D*) using
diffusion couples show that diffusion kinetics are strongly dependent on local atomic configurations and

element-specific activation energy barriers rather than uniform sluggishness.
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Bulk Metallic Glasses (BMGs) & Bulk Crystals: While conventional bulk crystals rely strictly on
vacancy-mediated lattice hopping, amorphous BMGs exhibit cooperative, multi-atomic movement
enabled by localized free-volume fluctuations. Quasi-Elastic Neutron Scattering (QENS) confirms that
atomic movement in BMGs undergoes structural relaxation below glass transition temperatures (Tg)
without crystalline lattice constraints.

3. Magnetic Properties at the Nanoscale

When the size of metal particles decreases below the magnetic domain wall width (usually from 10 - 50
nm), the material transitions from a multi-domain to a single-domain magnetic state, leading to
Superparamagnetism [66].

3.1. Optimization of coercivity (Hc) and saturation magnetization (Ms)

Research from 2022 to the present has focused on transition metal nanoparticles (Fe, Co, Ni) encased in
carbon nanoshells or oxides (core-shell structures) to protect the core from oxidation while maintaining
extremely high Ms [67]. For rare earth-free permanent magnets, the exchange-spring mechanism
nanostructure between the hard magnetic nanophase (such as L10-FePt) and the soft magnetic
nanophase (a-Fe) has achieved superior maximum magnetic energy product BHmax due to quantum
exchange coupling at the nano interface [68]. The essence of this superiority lies in the optimization of
the quantum interaction distance at the phase boundary. For the exchange coupling phenomenon to
occur optimized without being degraded by local magnetic inversion, the size of the soft magnetic phase
(a-Fe) must be less than twice the thickness of the magnetic domain wall of the hard magnetic phase [66].
Micromagnetic simulations show that the interlocking atomic-scale distribution of these phases allows
the magnetic anisotropy energy of the hard phase to be efficiently transferred to the soft phase, enabling
the magnet to have both exceptionally high coercivity (Hc) and maintain saturation magnetization (Ms)
close to the theoretical level [67, 68].

3.2. Future Magnetic Applications

Ultra-high density data storage: Using new generation multilayer metal nano-magnet-resistance (GMR)
and tunnel resistance (TMR) thin films. Biomedical: Fe-Cr-Ni biocompatible magnetic nanoparticles are
used in hyperthermia to kill cancer cells and as high-current contrast agents in MRI imaging [69].

4. Extraordinary Mechanical Properties

4.1. Mechanisms for stabilizing nanostructures
According to the Hall-Petch law, the yield limit (oy) increases as the particle size (d) decreases:

oy =00+ kyd-1/2 2)
A guantitative assessment of Hall-Petch strengthening demonstrates the substantial influence of grain
refinement on mechanical performance. For pure copper, the yield strength increases from
approximately 70 MPa at grain sizes above 50 pum to more than 1.2 GPa when grain size approaches 20
nm [71]. However, experimental observations indicate that further grain refinement below
approximately 10 nm triggers the inverse Hall-Petch phenomenon due to grain boundary-mediated
deformation mechanisms replacing conventional dislocation motion [72]. However, when d < 10nm, the
Hall-Petch law is reversed (Inverse Hall-Petch) due to the particle boundary slip mechanism replacing the
dislocation movement [73].
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Figure 3 New Hall-Petch vs Inverse Hall-Petch Source: Koch (2024) [70]
When the grain boundaries approach the size of the super-nano structure (d < 10 nm), the space within
the grain is no longer sufficient for dislocations to reproduce or move.

Concept: Hierarchical/Gradient grain structure for achieving ultra-high strength with excellent toughness
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Gradient nanostructured materials provide a unique combination of ultra-high strength,
wear/corrosion resistance, and excellent toughness for advanced structural applications.

Figure 4 New Gradient Nanostructured Materials [74]
At this point, the grain boundary creep mechanism becomes dominant and the plastic strain rate (&) of
the material is quantified through the diffusion kinetic equation [73, 74]:
_ AD ;;0Q0
d’k, T

Where: Dgg is the particle boundary diffusion coefficient, & is the effective width of the particle boundary,

3

‘Q is the atomic volume, and ¢ is the applied mechanical stress. To overcome the softening phenomenon

caused by the inverted Hall-Petch, the Gradient Nanostructured Materials architecture has been

developed [74]. By designing a continuous change in particle size from the surface shell (superhard
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nanoparticles) to the center of the material (tough microparticles), the material generates the necessary
geometric dislocations (GNDs), creating a multi-axis stress field that evenly distributes the tensile load,
resulting in a dual combination of ultra-high strength and excellent toughness [75].

To achieve ultra-high strength without brittleness, Hierarchical/Gradient grain structures have been
developed: the material core consists of tough coarse grains, while the surface shell is made up of ultra-
hard nanoparticles [74]. The image simulates a metal sample with a gradient grain structure: a cross-
section of a metal bar or plate, showing the change in grain size from the surface to the center. The
outermost surface is a thin dark blue layer, representing the nano-grain structure (—=20 nm), followed by
layers of fine grains (—=100 nm, light blue), medium grains (=500 nm, light gray), and finally the coarse
grain core (>2 um, dark gray). Below the image is a corresponding grain size scale. Arrows point from the
surface to the center, showing the increase in size. This image visually illustrates the heterogeneous
particle distribution, with a hard surface (nanoparticles) to resist wear and a tough core (coarse
particles) to absorb energy, creating a composite material with amphoteric mechanical properties.

4.2. Advanced Deformation Mechanisms

TWIP (Twinning-Induced Plasticity): Nano-twinning deformation creates new boundaries that hinder
dislocation, increasing the strain hardening factor. TRIP (Transformation-Induced Plasticity): The
unstable austenite phase transforms into a hard martensite phase during loading at the nanoscale,
helping to extend the elongation uniformly [75].

5. Electrical Conductivity & Thermal Stability

Normally, the introduction of defects, nanoparticles, or alloying elements to increase mechanical strength
increases electron scattering, leading to a significant decrease in electrical conductivity (Nordheim's
linear law).

5.1. Dual-conducting nanowire solution

Studies since 2023 have addressed this paradox by using nanotwinned copper. Coherent twin boundaries
(CTBs) have excellent dislocation resistance (increased strength) but very low electron scattering cross-
sections, helping to maintain conductivity equivalent to pure copper (=100 IACS) [76]. In-depth analysis
using density functional theory (DFT) demonstrates that combined twinning boundaries (CTBs) possess
highly symmetrical atomic structures and ultra-low surface excess energy (—2 mJ/m2, only 1/100th of
that of conventional random particle boundaries) [76]. This electronic state makes the scattering
potential for conduction electrons almost zero. Therefore, electrons can tunnel through the twinning
boundary without kinetic energy loss, keeping the resistivity of the material absolutely stable and
completely breaking the strict linearity limit of traditional Nordheim's law [76, 77].

5.2. Metal-Carbon Nanocomposite Alloys

The combination of a copper/aluminum matrix with carbon nanotubes (CNTs) or graphene at the
nanoscale creates composite materials with a maximum current-carrying density (Jmax) 100 times higher
than traditional materials, preventing current-induced creep (electromigration) in next-generation
semiconductor microcircuits [77].

6. Corrosion Resistance and Surface Protection

6.1. Dual Mechanism of Nanoparticle Boundaries
On the one hand, high boundary density increases surface energy, making the metal easily dissolved
initially. On the other hand, this dense boundary density promotes the rapid diffusion of passive film-
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forming elements (such as Cr, Al, Ti), helping to form an extremely uniform, smooth, and highly self-
healing protective nano-oxide layer of Cr203, Al203 [78]. This enhanced diffusion mechanism via the
nano "particle boundary highway" is directly quantified through the total effective diffusion current Jeff
according to the improved Fick law for polycrystalline materials [39, 40]:

f-Dgs \OC
Jgg =-| Dy + &L | —

In which, Dy is the crystal volume diffusion coefficient, Dgg is the diffusion coefficient along the grain

4

boundary, f is the geometric factor describing the grain boundary volume ratio, and d is the crystal grain
size. Because the grain boundary diffusion coefficient is much larger than the volume diffusion coefficient
Dee\Dy, the kinetics of the surface-selective oxidation reaction occur at super-fast speeds as soon as the
metal comes into contact with the corrosive environment. The resulting nano-oxide film has a fine
crystalline structure, adheres tightly and eliminates void defects, completely isolates the electrolyte and
prevents corrosive ions such as Cl- from attacking the matrix structure [78, 79].

6.2. Superior Corrosion Resistance of HEA and BMG

Amorphous high-entropy alloys (Amorphous HEAs) without grain boundaries (where crystal corrosion
usually occurs) exhibit a near-zero corrosion rate in seawater and harsh acid environments [79]. The
phenomenon of local elemental separation is completely eliminated thanks to the absolutely
homogeneous structure at the atomic level.

6.3. Current Scientific Controversies and Unresolved Questions

Although substantial progress has been achieved in advanced metallic materials, several fundamental
scientific controversies remain unresolved.

Hall-Petch Breakdown Threshold

The critical grain size at which Hall-Petch strengthening transitions to inverse Hall-Petch softening
remains debated. Experimental studies report transition grain sizes ranging from 8 nm to 15 nm
depending on alloy chemistry, grain boundary complexion, and testing conditions [70, 80]. It should be
noted that such quantitative boundaries (including dislocation saturation densities 10.16 m-2 in SPD
metals or near 100% IACS in nanotwinned Cu) are highly system-dependent. The critical threshold size d.
for inverse Hall-Petch behavior is governed by intrinsic material factors such as stacking fault energy
(SFE), solute segregation kinetics, and local atomic ordering, rather than being a universal constant
across all metallic systems.

Sluggish Diffusion Effect in HEAs

The sluggish diffusion effect has long been cosnsidered one of the four core effects of HEAs. However,
recent tracer diffusion studies indicate that diffusion rates in several HEAs are comparable to
conventional alloys, challenging the universality of this concept [81]. Recent experimental evidence
utilizing high-precision radiotracer techniques (e.g., Vaidya et al., 2024) reveals that normalized diffusion
coefficients in several FCC/BCC HEA systems are comparable to conventional pure metals or
concentrated binary alloys at equivalent homologous temperatures (T/Tm). The concept of sluggish
diffusion is therefore not a universal law dictated by high configurational entropy, but rather a system-
dependent phenomenon governed by local chemical short-range order (CSRO) and bonding energy
variations. In aerospace applications, overestimating sluggish diffusion can lead to non-conservative
predictions regarding high-temperature creep resistance, phase dissolution, and microstructural

coarsening during extended thermal exposure (T > 1000°C). Thermal stability modeling for jet engines
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must consequently incorporate real temperature-dependent interdiffusion matrices rather than
assuming universal kinetic deceleration.

Ductility Crisis in Bulk Metallic Glasses

Although BMGs exhibit exceptional strength exceeding 2 GPa, catastrophic shear localization remains a
major obstacle preventing widespread structural applications. Strategies involving nanocrystal
dispersion and heterostructure design have shown promise but remain insufficiently understood [82].
These unresolved questions suggest that future research should move beyond phenomenological
observations toward mechanistic and multiscale understanding.

7. Future Applications & Outlook

Studies forecasting applications for the period 2025-2035 indicate that advanced metals will be the

backbone of strategic industries:
Table 3. Next-generation materials for aerospace, sustainable energy, and smart biomedical applications.

Fields Main material types: Target applications
Aerospace & Aerospace Heat-resistant HEA, Al-nano- New generation jet engines, heat-resistant
based composites, and ultralight spacecraft hulls [83].
Green Energy Nanoporous metals, High-performance electrodes for hydrogen

fuel cells, electrochemical water splitting
catalysts [84].

Smart Biomedical Biological Ti-Zr-based BMG, Vascular stents, biodegradable bone splints

Biodegradable metals (Mg-Zn that do not require surgical removal [85].

nano)
7.1. Challenges and Future Research Directions
Even though considerable progress has been accomplished, several critical challenges remain unresolved.

Besides alloy composition and microstructure optimization, advanced manufacturing technologies are
becoming equally important for translating laboratory-scale metallic materials into industrial products.
Electrical discharge machining (EDM) has emerged as an effective technique for fabricating difficult-to-
machine high-strength metallic materials while maintaining acceptable surface integrity. Recent
investigations demonstrated that electrode materials significantly influence surface roughness, recast
layer thickness, and thermal damage during EDM drilling of hardened steels, highlighting the importance
of integrating materials design with advanced manufacturing processes [86]

Scalability

Most nanostructured metals are produced through severe plastic deformation techniques that are
difficult to scale for industrial manufacturing [87].

Thermal Stability

Nanocrystalline structures possess high interfacial energy, promoting grain growth during long-term
service at elevated temperatures [88].

Cost

Many refractory HEAs contain expensive elements such as Nb, Ta, Hf, and Mo, limiting large-scale
deployment [89].

Sustainability

Future metallic systems must incorporate recyclability and lifecycle assessment into alloy design
strategies [90].
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7.2. Artificial Intelligence-Assisted Metallic Materials Design

Artificial intelligence is rapidly transforming the discovery and optimization of metallic materials.
Machine learning algorithms can predict phase stability, formation energy, corrosion resistance, and
mechanical properties from compositional descriptors without requiring expensive experiments [91].
Graph Neural Networks, Bayesian Optimization, and Generative Models have demonstrated the capability
to screen millions of candidate alloys, significantly accelerating materials development [91]. Recent
studies suggest that integrating artificial intelligence with density functional theory and autonomous
laboratories may reduce the development cycle of advanced alloys from decades to only a few years [93].
The convergence of materials informatics, high-throughput computation, and autonomous
experimentation is expected to define the next generation of intelligent metallic systems [94]. While
conventional computational metallurgy relies heavily on Density Functional Theory (DFT) for quantum-
scale interactions and CALPHAD for thermodynamic equilibrium phase diagrams, both approaches face
significant limitations in multi-principal element systems like HEAs and amorphous BMGs. DFT is
constrained by high computational costs and small system sizes around 102 atoms, while CALPHAD often
struggles with non-equilibrium, highly distorted, or metastable state predictions. Al and Machine
Learning (ML) overcome these limitations not by replacing DFT/CALPHAD, but by serving as multi-
fidelity surrogate models. ML algorithms trained on hybrid DFT and experimental datasets can predict

properties across massive compaosition spaces in fractions of a second.
Table 4. Comparison of Computational & Al Approaches in Advanced Alloy Design

Primary Scale / Major Role in Modern
Approach . Strengths e .
Capability Limitations Alloy Design
High
High fundamental computational
Quantum / g p. . Provides ground-
o . accuracy; no cost; limited to o
DFT (Ab-initio) Electronic . o state training data for
empirical fitting small scales .
structure i ML potentials
required (around 102
atoms)

Less accurate for
Excellent for

Thermodynamic . non-equilibrium Rapid phase
o multi-component . .
CALPHAD equilibrium / o processing & boundary screening
. equilibrium phase - . .
Phase diagrams . heavy lattice in conventional/HEAs
predictions . .
distortion

Evaluates millions .
Accelerates candidate

Multi-scale of compositions Dependent on . .
. . . . screening via

Machine surrogate instantly; handles | quality/quantity B .

ayesian
Learning / Al modeling & non-linear multi- of training data; . y .

o o Optimization &

optimization objective trade- black-box nature GNNS™

S
offs

7.3 Unified Structure-Property—-Performance Framework

Advanced metallic materials are increasingly being designed through an integrated structure—property—

performance paradigm. At the atomic scale, alloy composition controls electronic structure and bonding

characteristics. These factors influence defect formation, grain boundary stability, and phase evolution

during processing. At the microstructural scale, grain refinement, nanotwins, precipitates, and

compositional fluctuations determine mechanical strengthening mechanisms including Hall-Petch
-30-



Journal of Nanomaterials and Applications, Vol. 2, No. 3 (2026), pp. 16-37 Author. Burak Malik Kaya

strengthening, solid-solution hardening, precipitation hardening, and transformation-induced plasticity.
These structural features subsequently govern engineering performance such as yield strength, fatigue
resistance, corrosion resistance, thermal stability, and electrical conductivity. Based on recent
developments, a unified design framework is proposed:
Composition Design
!
Defect Engineering
!
Microstructure Optimization
!
Property Enhancement
!
System-Level Performance
!
Industrial Deployment
This framework highlights that future metallic materials should no longer be optimized for a single
property but instead be developed through multi-objective optimization strategies assisted by artificial
intelligence and high-throughput experimentation [95-98].
7.4 Future Perspective: Toward Autonomous Metallic Systems
The next decade is expected to witness a paradigm shift from passive metallic materials toward
autonomous metallic systems capable of adapting to changing environments. Future developments may
include:
-Self-healing metallic alloys.
-Al-generated alloy compositions.
-Quantum-informed alloy design.
-Autonomous laboratories.
-Digital twin metallic systems.
-Real-time adaptive aerospace materials.
By integrating machine learning, robotic experimentation, and multiscale simulation, alloy development
cycles may be shortened from decades to only a few years. Such convergence will redefine the
relationship between materials science, artificial intelligence, and advanced manufacturing [99-102].
8. Conclusion
This review synthesizes recent advancements in nanostructured metals, high-entropy alloys, and bulk
metallic glasses, highlighting the shift toward multi-objective structural and functional optimization. By
controlling grain boundary complexion, lattice strain, and atomic topological order, classic trade-offs
between strength, ductility, thermal stability, and conductivity can be effectively overcome. Critical
evaluation reveals that sluggish diffusion in HEAs is system-dependent rather than universal, requiring
nuanced kinetic modeling for high-temperature applications. Addressing thermal instability via grain
boundary segregation and nano-precipitate pinning remains essential for scaling laboratory discoveries
to industrial production. Integrating multi-scale experimentation with artificial intelligence, density
functional theory, and autonomous self-driving laboratories will accelerate candidate screening and
shorten alloy development cycles from decades to years. Ultimately, these advanced metallic
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architectures provide a robust foundation for next-generation aerospace, biomedical, and clean energy
technologies.
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