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powder metallurgy, friction stir processing, and additive manufacturing sig-
nificantly impact dispersion uniformity and mechanical reliability. Addition-
ally, hybrid systems serve to alleviate strength-ductility trade-offs. Despite ad-
vancements, challenges remain in nanoparticle agglomeration, interfacial sta-
bility, long-term durability, and industrial scalability. The study concluded
that selecting optimized nanoparticles, implementing hybrid reinforcement
strategies, utilizing advanced processing techniques, and applying predictive
modelling are essential for effectively translating laboratory achievements into
high-performance industrial applications. Future research should focus on
controlling dispersion, assessing durability, and developing scalable manufac-
turing techniques.

Keywords

Metal Matrix Composite, Nanoparticle, Metal Alloys, Microstructural,
Mechanical Performance

1. Introduction

Global interest in metal alloys boosted by nanoparticles has increased due to the
ongoing high-performance, long-lasting engineering materials and search for
lightweight materials [1]. As sectors consisting of defence, energy, aerospace, au-
tomotive, and advanced manufacturing seek materials that exhibit exceptional
strength, reliability, and multifunctionality, conventional alloys are increasingly
demonstrating performance constraints when subjected to extreme mechanical,
thermal, and corrosive conditions [2]. The incorporation of nanoparticles ce-
ramic, metallic, or carbon-based into metallic matrices has emerged as an inno-
vative approach in materials engineering [3]. Operating at the nanoscale, these
particles modify microstructural behaviour in ways that micron-sized reinforce-
ments cannot, resulting in significant enhancements in grain refinement, load
transfer capacity, interface bonding, and thermal and mechanical stability [4].
Such potential has established nanoparticle-enhanced alloys as a leading focus in
the advancement of next-generation structural materials research. It is important
to distinguish nanoparticle-enhanced metal alloys (NEMAs) from the broader
category of metal-matrix composites (MMCs). MMC is an umbrella term encom-
passing any metallic matrix reinforced with a secondary phase, regardless of scale,
morphology, or reinforcement type, and includes micron-scale fibre, whisker, and
particulate systems. NEMAs, by contrast, are a specific subset in which all rein-
forcing phases operate exclusively at the nanoscale (1 - 100 nm). This scale dis-
tinction is not merely descriptive: nanoscale reinforcements activate surface-area-
driven mechanisms, including Orowan dislocation bypassing and nanoscale grain-
boundary pinning, that are inaccessible to conventional micron-scale MMC rein-
forcements. Throughout this review, “nanoparticle-enhanced metal alloys” and

the acronym NEMA s refer specifically to this nanoscale subset and should not be
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read as interchangeable with the wider MMC classification. Progress in the field
has been propelled by theoretical models such as the Hall-Petch relationship,
which elucidates strength enhancements through grain-size refinement [5], and
Orowan strengthening, which characterises the resistance to dislocation motion
imposed by nanoscale obstacles [6].

Recent empirical studies have shown notable advancements in this area. For
example, the incorporation of nanoparticle additives has facilitated crack-free
welding and the additive manufacturing of high-strength alloys like AA7075 [7],
while also enhancing thermal behaviour in energy-related materials [8] [9]. Ex-
tensive research on aluminium-based nanocomposites demonstrates increased
wear resistance, corrosion resistance, hardness, tensile strength, and microstruc-
tural uniformity when reinforcements such as CNTs, B4C, AL,Os, TiC, and ZrO,
are incorporated via various processing methods, including stir casting, ultra-
sonic-assisted melting, friction stir processing, and additive friction stir deposi-
tion [10]-[13]. These empirical findings confirm that nanoparticles are essential
facilitators of microstructural regulation and enhancement of mechanical perfor-
mance in metal alloys and energy-related materials [8] [9]. Despite significant ad-
vancements shown in several empirical studies, substantial challenges hinder the
broad implementation of nanoparticle-enhanced metal alloys. A recurring chal-
lenge exists in achieving uniform dispersion of nanoparticles within the metallic
matrix an issue consistently emphasised in research by [13]-[16], which demon-
strates that agglomeration, porosity, and non-uniform particle distribution sub-
stantially undermine mechanical performance. The variability in processing routes
complicates the field; diverse methods stir casting, powder metallurgy, ultrasonic
cavitation, additive manufacturing, and friction stir processing yield inconsistent
interfacial bonding, grain structures, and reinforcement distribution, limiting
cross-study comparisons. Numerous research studies [17] [18] demonstrate that
enhancements in strength and hardness frequently correlate with diminished duc-
tility, highlighting persistent trade-offs associated with nanoparticle incorpora-
tion. The absence of agreement on ideal nanoparticle types, dimensions, and
weight proportions hinders the establishment of standardized design procedures.
Considering the existence of promising results, including ZrO,-reinforced 7075
alloys [12] and hybrid nanocomposites [4], the results reported exhibit significant
variability attributable to disparities in nanoparticle chemistry, surface modifica-
tion, processing parameters, and testing circumstances. Therefore, a thorough re-
view of trends, mechanisms, and limitations is essential to elucidate the trajectory
of the area.

Considering the extensive body of recent research encompassing welding [7]
energy materials [9], tribology [19], machining [18], and additive manufactur-
ing [20] there exists a strong justification for integrating current knowledge into
a unified analytical framework. A systematic synthesis is essential due to the
field’s expansion to encompass various nanoparticles (Al,Os;, TiC, CNTs, ZrO,,

B4C, glass nanoparticles), several alloy systems (predominantly 7xxx-series alu-
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minjum), and diverse inclusion procedures. Integrating these findings is crucial
for discerning trends in microstructural evolution, elucidating the mechanisms
that primarily drive mechanical enhancement, and revealing inconsistencies
stemming from processing constraints or measurement variations. The present
study synthesizes trends from many studies to offer a comprehensive overview
of the field’s status and outlines prospective avenues for scientific and industrial
use.

Therefore, this study conducts a thorough content analysis to methodically ex-
amine and synthesize the body of literature on metal alloys enhanced by nanopar-
ticles to identify dominant trends, mechanisms, and results pertaining to mechan-
ical performance and microstructural control defined as the deliberate manipula-
tion of grain size, phase distribution, precipitate morphology, and interfacial
chemistry through targeted nanoparticle addition and processing narrower than
the general MMC usage of “microstructure management”, which does not neces-
sarily imply nanoscale precision or surface-energy-driven control mechanisms, as
well as to highlight potential directions for future research.

Although several referenced studies involve welding consumables, additive
manufacturing feedstocks, and energy-related nanomaterials, the primary scope
of this review is limited to structural nanoparticle-enhanced metal alloys (NE-
MAs), particularly aluminium-based alloy systems reinforced with ceramic, me-
tallic, carbon-based, and hybrid nanoparticles for microstructural and mechanical
performance enhancement. Studies relating to energy materials, thermoelectric
systems, phase-change materials, and welding-assisted nanoparticle applications
are included only where they provide mechanistic insight into nanoparticle dis-
persion, interfacial behaviour, grain refinement, or processing strategies relevant
to structural metal-alloy nanocomposites. Consequently, these non-structural sys-
tems are treated as supporting contextual examples rather than central compo-
nents of the core synthesis.

The review covers general trends across alloy systems, particularly aluminium
alloys, due to their vast empirical coverage, but does not conduct experimental
confirmation. This approach limits findings to the depth, methodological rigour,
and reporting completeness of examined studies. Since nanoparticle technology is
advancing quickly, published advances after the review window may not be in-
cluded. Despite these constraints, the paper presents a solid synthesis that can

guide future experimental and theoretical work.

2. Comprehensive Overview of Nanoparticles

Nanoparticles are minuscule entities possessing at least one dimension ranging
from 1 to 100 nanometres [21]. At this nanoscale, thousands of times smaller than
a human hair materials exhibit properties that significantly diverge from those of
their bulk equivalents. These unique behaviours mostly stem from their excep-
tionally high surface-area-to-volume ratio and quantum effects, which collectively

affect their reactivity, mechanical strength, electrical features, and optical charac-

DOI: 10.4236/wjnse.2026.162002

26 World Journal of Nano Science and Engineering


https://doi.org/10.4236/wjnse.2026.162002

0. I. Oresegun et al.

teristics [22].

Nanoparticles, as essential components of nanomaterials, can arise naturally,
be produced unintentionally during processes like combustion, or be intentionally
designed for certain scientific and industrial applications [23]. Engineered nano-
particles are especially advantageous due to the precise control over their size,
shape, surface chemistry, and morphology, enabling the attainment of specific
functionalities [24]. The essential properties of nanoparticles stem from the sub-
stantial quantity of atoms located at or near their surface. This structural config-
uration augments chemical reactivity, elevates mechanical hardness, and yields
unique thermal and electrical reactions [25]. Metallic nanoparticles function as
highly effective catalysts, whereas ceramic nanoparticles provide substantial wear
resistance and durability. Their diminutive dimensions facilitate interaction with
adjacent materials at the atomic scale, permitting precise manipulation of micro-
structures in composite systems and advanced alloys [4].

Nanoparticles have emerged as an essential component in advancing numerous
scientific and engineering disciplines. In materials science, they facilitate the de-
velopment of lighter, stronger, and more durable materials through the refine-
ment of grain structures, restriction of dislocation movement, and control of
phase transformations [26]. While nanoparticles also play important roles in en-
ergy-storage and thermoelectric systems, the present review focuses specifically
on their application in structural metallic alloy systems where nanoparticle addi-
tions are used to improve microstructural stability and mechanical performance.
where nanoscale features make them work better and more efficiently [27]. Be-
yond their applications in structural materials and energy systems, nanoparticles
play a significant role in environmental enhancement through water purification,
air filtration, and pollutant detection, owing to their high adsorption capacity and
surface reactivity [28]. In the field of medicine, they facilitate imaging technolo-
gies, targeted drug delivery, antimicrobial therapies, and diagnostic platforms due
to their ability to interact intimately with biological systems [29]. Although they
offer notable advantages, nanoparticles also present significant hazards. Their di-
minutive size enables them to penetrate living organisms or disseminate into the
environment, thereby introducing uncertainties regarding toxicity, bioaccumula-
tion, and long-term ecological effects [30]. Consequently, thorough evaluation,
regulation, and prudent management of nanotechnology remain essential as the
field continues to progress.

The studies reviewed provide a comprehensive body of evidence illustrating the
enhancement of microstructural, mechanical, tribological, corrosion, and dynamic
properties of metal alloys, particularly those based on aluminium, through the in-
corporation of nanoparticles. The findings generally endorse the advantages of
nanoparticle reinforcement; however, the studies exhibit considerable variation in
methodology, nanoparticle type, alloy system, processing route, and performance
outcomes. The identified differences facilitate an essential comparison, highlight-

ing areas of agreement, disagreement, and divergence.
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2.1. Comparative Analysis of Reviewed Studies

The following paragraphs compare findings across the reviewed studies in terms
of consensus, contradictions, and divergence. Detailed empirical synthesis by na-
noparticle type, alloy system, and processing route is presented in Sections 5.1-
5.4. A significant consensus among various experimental studies, including those
by [10] [12] [14] [19], is that nanoparticles such as Al,O3, B4C, ZrO,, and TiC
markedly enhance hardness, strength, and wear resistance when integrated into
aluminium alloys. The results consistently indicate that these improvements
stem from polished grains, uniform nanoparticle distribution, and conventional
strengthening mechanisms, including load transfer, Orowan strengthening, and
dislocation pinning. The researchers collectively underscore the significance of
modern dispersion techniques such as ultrasonication [11], powder metallurgy
[17], and extrusion [15] in mitigating agglomeration and optimising mechanical
advantages.

Several studies concur that nanoparticles offer significant advantages for weld-
ability and additive manufacturing. [7] [31] [32] and [12] all demonstrate that
nanoparticles facilitate the elimination of welding defects, refine weld-zone grain
structures, enhance mechanical properties, and improve corrosion resistance.
These findings are consistent with the broader microstructural observations re-
ported by [33], who documented dendrite suppression and the refinement of
grain boundaries following ultrasonic nanoparticle infusion. Although these gen-
eral alignments are evident, significant discrepancies and contradictions are also
present. A significant aspect of variation pertains to the optimal concentration of
nanoparticles. For example, [12] reports a continuous enhancement of Al7075
properties up to 2.4 wt.% ZrO,, whereas [33] observed a decline in microstructural
quality when ALO; exceeded 1.5 wt.%. Similarly, [14] noted that the strength
reached its maximum at 4 wt.% but diminished marginally at higher concentra-
tions owing to reduced ductility. Conversely, [16] documented optimal perfor-
mance at 1 wt.% hybrid reinforcement. These findings collectively challenge the
concept of a universally optimal reinforcing fraction, illustrating that nanoparticle
type, size, processing method, and interfacial chemistry all affect the threshold for
diminishing returns.

A further point of divergence arises from studies involving energy-related na-
nomaterials and thermoelectric systems [8] [9]. These studies are not part of the
primary structural NEMA dataset reviewed in this paper but are discussed selec-
tively because they provide useful insight into nanoparticle dispersion behaviour,
interfacial engineering, and thermal stability mechanisms that may inform future
structural alloy development. Therefore, their inclusion is contextual rather than
central to the mechanical-performance synthesis of nanoparticle-enhanced metal
alloys. These review articles emphasise improved thermal conductivity and energy
conversion efficiency, although they do not exactly correspond with mechanical
investigations focused on aluminium. The results affirm the fundamental notion

that nanoparticles improve material properties; yet, they fundamentally differ in
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scope, aims, and performance measurements. Consequently, they are not aligned
methodologically, although they conceptually bolster the underlying significance
of nanoscale engineering. [20] presents a unique perspective by examining high-
strain-rate dynamic behaviour. Their findings indicate that TiC-reinforced AA7075
exhibits enhanced impact resistance and dynamic strength an element largely
overlooked by traditional static mechanical investigations. This paper enhances
the literature by demonstrating the advantages of nanoparticles beyond static
loading while also contrasting with studies like [14] [16], which failed to evaluate
dynamic performance and so cannot validate or refute those conclusions.

The research on hybrid nanoparticle reinforcement, which this review terms
“hybrid reinforcement strategies”, meaning the simultaneous use of two or more
chemically or morphologically distinct nanoscale reinforcement types within a
single metallic matrix to produce synergistic property combinations that neither
phase achieves individually. This is narrower than the broader MMC term “hybrid
composite”, which may include micron-scale or mixed-scale fibre-particle pair-
ings without a nanoscale-synergy requirement specifically by [17] [18] presents
more distinctions. Their findings demonstrate synergistic enhancements through
combinations such as Al,0;-CNT and AL,Os-B,C. These hybrid systems typically
surpass single-particle reinforcements, in contrast to the conventional single-par-
ticle composites examined by [11] [12] [15]. Their study indicates that single-
phase reinforcement, while advantageous, may not embody the optimal perfor-
mance potential. A further distinction emerges in processing methodologies. Ul-
trasonic treatment [33] [34] demonstrates superior efficacy in enhancing disper-
sion and grain refining compared to mechanical stirring alone. Additive friction
stir deposition [32] and friction stir processing [13] illustrate that solid-state ap-
proaches circumvent the agglomeration and porosity problems prevalent in melt-
based casting. These distinctions indicate that the processing approach is as sig-
nificant as the nanoparticle type in influencing material performance. Although
the literature predominantly concurs that nanoparticles improve the performance
of metal alloys, the results are not uniform. They vary considerably in nanoparticle
type (ALOs, ZrO,, TiC, CNTs, MSGNPs), alloy system (Al7075, AA7150, poly-
mer-AlOs), processing methods (stir casting, AFSD, Arc-DED, ultrasonic cavita-
tion, brazing, sintering), and performance indicators (strength, wear, fatigue, dy-

namic loading, corrosion).

2.2. Classification of Nanoparticles Employed in Metal Alloys

Nanoparticles integrated into metal alloys are essential for enhancing microstruc-
tural control, mechanical properties, thermal stability, and functional perfor-
mance [35]. Despite significant variation in chemical composition, their selection
generally hinges on stability at elevated temperatures, compatibility with the metal
matrix, and the capacity to facilitate advantageous strengthening mechanisms, in-
cluding grain refinement, dispersion hardening, and the inhibition of dislocation

motion [36]. The primary classifications of nanoparticles used in metal alloys en-
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compass ceramic nanoparticles, metallic nanoparticles, intermetallic nanoparti-

cles, and carbon-based nanoparticles [37] (Table 1).

Table 1. Classification and technical functionalities of nanoparticles in NEMAs.

Nanoparticle
Tsp Examples Role in Metal Matrix Enhancement Mechanisms Application
e
High-t t tability,
. AlLO;3, SiC, TiC, '8 . empéra e stabl ltY Orowan pinning; AA7075/AA7150
Ceramic ; abrasion resistance and grain . o
ZrO», TiO, thermal stability enhancement systems; weldability
refinement.
AA7075 i
Metallic Ni, Cu, Ti, W,  Solid-solution strengthening Improved ductility and refinement an c;g Zj)lrr:'osion

Ag and heterogeneous nucleation. electrical/thermal conductivity .
resistance

. NizAl, TiAl, Mg.Si, High-temperature strength; Formation of stable secondary =~ Aerospace components;
Intermetallic

FesAl resistance to coarsening phases turbine materials
CNTs, Graphene, Load transfer; extreme . . High-strength structural
. . . High-aspect-ratio load . .
Carbon-based Nanodiamonds, stiffness; low-density Lo . alloys; fatigue-resistant
) transfer; limiting grain growth
Fullerenes reinforcement. parts

Ref.

(38]

(39]

(40]

2.3. Ceramic Nanoparticles

Ceramic nanoparticles are among the most extensively utilised, owing to their su-

perior thermal stability, hardness, and chemical inertness [41]. Examples com-

prise aluminium oxide (ALO3), silicon carbide (SiC), titanium carbide (TiC), zir-

conia (ZrQO,), and titanium dioxide (TiO-). These nanoparticles improve alloys by

refining their grain structures, enhancing abrasion resistance, increasing hard-

ness, and stabilising microstructures at elevated temperatures. In lightweight al-

loys such as aluminium and magnesium, ceramic nanoparticles contribute to at-

taining higher strength-to-weight ratios [42].

<:> Matrix grain in micro-scale

® O Particle/grain in nano-scale

Figure 1. Ceramic nanocomposites; design concepts.
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Ceramic Nanoparticles

Polymer Matrix

Organic Encapsulation

Figure 2. Ceramic nanoparticles.

Figure 5. Ceramics particles.

The figures above depict the structure, morphology, and functional integration

of ceramic nanoparticles within nanocomposite systems. Figure 1 illustrates the
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design concepts of ceramic nanocomposites, demonstrating the uniform disper-
sion of nanoparticles within a matrix to improve performance. Figures 2-5 illus-
trate ceramic nanoparticles and particles, highlighting their small dimensions and
extensive surface area. Figure 4 illustrates the interaction between ceramic nano-
particles and laser processing, whereas the image of oxide ceramics emphasises
their stability and hardness. The data illustrate the engineering and processing of
ceramic nanoparticles to enhance mechanical strength, thermal stability, and wear

resistance in advanced materials.

2.4. Metallic Nanoparticles

Metallic nanoparticles, including nickel (Ni), copper (Cu), titanium (Ti), tungsten
(W), and silver (Ag), are employed in applications necessitating enhanced ductil-
ity, conductivity, or catalytic properties [43]. The nanoparticles have the potential
to either partially dissolve into the matrix, thereby contributing to solid-solution
strengthening, or to remain as discrete phases that serve as heterogeneous nucle-
ation sites [44]. Metallic nanoparticles frequently facilitate uniform grain growth
and improve thermal or electrical conductivity in alloys designed for structural or

electronic applications [38].

Classification of Nanoparticles

Organic Nanoparticles Inorganic Nanoparticles Carbon-Based Nanoparticles
,f""'*\
{
%
g
Silica Titanium  7inc Oxide /
Liposome  Solid Lipid Nal{éciadsté:tr:;:rred Oxide Zirconium Fullerene Quantum dot
dioxide
-
Fo '\
Polymeric F;':;g? Carbonhydrate Iron oxide Gold Silver Graphene Rl
Advantages . X ” Advantages Advantages
* Biocompatibility and biodegradability . . magnetic. optical - h\;uplu)n.ll Mechanical Properties
+ Flexibility of design » Thermal Conductivity
+ Surface modification . Vmabﬂn\ in size, structure, geometry = Chemical Stability
+ Functionali = Superior Mechanical Propertics « Surface Functionalization
+ Controlled sC = Catalytic Activity * Biocompatibility and environmental
* Response behaviour remediation
antages o .
Disadvantages Agglomeration and Stability Issues Disadvantages . .
+ Complex synthesis * Complex Synthesis and High Cost « Potential Toxicity and Biocompatibility
» Limited Thermal and Chemical * Environmental Concerns Concerns, .
Resistance * Toxicity problems = Aggregation and Dispersion Challenges
* Regulatory and Safety Concerns * Complex and Cestly Production

Figure 6. Classification of metallic nanoparticles.

Figure 7. Nickel (Ni).
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Figure 11. Silver (Ag).

The images illustrate the classification and representative instances of metallic
nanoparticles used in alloy systems. Figure 6 delineates the overarching classifi-
cation of metallic nanoparticles according to their composition and application.
Figures 7-11 depict distinct metallic nanoparticles nickel, copper, titanium, tung-
sten, and silver, emphasising their nanoscale structure and consistent morphol-
ogy. The images above highlight the small particle size and extensive surface area
that facilitate effective interaction with metal matrices. The figures illustrate the
role of metallic nanoparticles in grain refinement, increased conductivity, and su-
perior mechanical performance in advanced metal alloys.
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2.5. Intermetallic Nanoparticles

Intermetallic nanoparticles, such as Ni;Al, TiAl, Mg,Si, and Fe;Al function as sta-
ble reinforcing phases in high-performance alloys [45]. Their well-defined atomic
arrangements and robustness against coarsening render them highly suitable for
applications demanding exceptional high-temperature strength, including aero-
space components and turbine materials [39]. In nickel-based superalloys, for ex-
ample, nanoscale y (Ni;Al) precipitates are essential for preserving mechanical
strength under extreme conditions.

Figure 13. TiAl intermetallic nanoparticles.

eutectic MgSi

5D

primary Mg.Si

Figure 14. Mg.Si intermetallic nanoparticles.
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Figure 15. Morphology of Mg.Si intermetallic nanoparticles

The images above depict exemplary intermetallic nanoparticles employed to
enhance high-performance alloys. Figure 12 and Figure 13 illustrate Ni;Al and
Ti;Al intermetallic nanoparticles, emphasising their refined, ordered architectures
that enhance high-temperature strength and microstructural stability. Figure 14
and Figure 15 illustrate Mg,Si intermetallic nanoparticles, highlighting their uni-
form distribution and strengthening function inside metal matrices. The figures
illustrate that intermetallic nanoparticles serve as stable strengthening phases, re-
sist coarsening at high temperatures, and are essential for preserving mechanical

performance in advanced structural and aeronautical alloys.

2.6. Carbon-Based Nanoparticles

Carbon-based nanoparticles, including carbon nanotubes (CNTs), graphene nano-
platelets, nanodiamonds, and fullerenes, are recognised for their remarkable stiffness,
low density, and superior electrical and thermal conductivity. Dispersing them in
metal matrices results in a substantial enhancement of tensile strength, fatigue re-
sistance, and hardness. The robust interfacial bonding with metals effectively limits
grain growth and facilitates efficient load transfer during mechanical deformation.
The figures presented below depict the primary categories of carbon-based na-
noparticles used as reinforcements in metal matrices. Figure 16 illustrates carbon
nanotubes, characterized by their tubular, high-aspect-ratio structure, which facil-
itates efficient load transfer and enhances strength. Figure 17 illustrates graphene
nanoplatelets, emphasizing their thinly layered structure and elevated surface area.

Figure 16. Carbon nanotubes (CNTs).
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Figure 19. Fullerenes nanoplatelets.

Figure 18 and Figure 19 illustrate Nano diamonds and fullerenes, highlighting their
nanoscale dimensions and unique carbon architectures. The data collectively illustrate
the contributions of various carbon nanostructures to enhancements in strength, stiff-

ness, conductivity, and fatigue resistance within advanced metal alloys.

2.7. Prospects Theoretical Framework: Strengthening
Mechanisms in Nanoparticle-Enhanced Metal Alloys

Before presenting the empirical synthesis in Sections 4 and 5, this section establishes
the theoretical mechanisms through which nanoparticles produce the microstruc-
tural and mechanical effects reported across the reviewed literature. The two gov-
erning frameworks, Hall-Petch grain-boundary strengthening and Orowan disloca-
tion-particle interaction, are introduced here as the analytical lens against which all
empirical findings are subsequently interpreted [45]. Hall-Petch strengthening is
directly associated with the refinement of grain size [46] [47]. Nanoparticles affect
microstructural evolution by serving as heterogeneous nucleation sites during the
solidification process and by pinning grain boundaries during subsequent thermal

or mechanical processing [48]. The phenomenon of grain boundary pinning serves
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to restrict grain growth, leading to the formation of ultrafine or nanocrystalline
grain structures. The Hall-Petch relationship indicates that a decrease in grain size
leads to an increase in yield strength, as grain boundaries impede the movement of
dislocations [49]. In nanoparticle-enhanced alloys, the stability of nanoparticles at
elevated temperatures contributes to the retention of fine grains, which in turn en-
sures sustained strength during service conditions characterized by high stress or
exposure to elevated temperatures. This mechanism is particularly effective in en-
hancing fatigue resistance and creep performance [50].

Orowan strengthening results from the interaction between dislocations and
dispersed nanoparticles that are inaccessible to moving dislocations. Dislocations
do not cut through these particles; instead, they bow around them, resulting in the
formation of dislocation loops [51]. The stress necessary for the bypass process
escalates with a reduction in spacing between nanoparticles and a decrease in par-
ticle size. Nanoparticles demonstrate significant effectiveness in this application
owing to their elevated number density and consistent dispersion throughout the
matrix. Orowan strengthening plays an essential role in improving yield and ten-
sile strength, particularly in alloys where additional grain refinement is constrained
[51]. Furthermore, it enhances work hardening through an increase in dislocation
density during the process of plastic deformation [52] [53].

The interaction between Hall-Petch and Orowan strengthening mechanisms
enables nanoparticle-enhanced alloys to achieve enhanced mechanical properties
while maintaining adequate ductility [54]. The interaction between grain bound-
ary strengthening and dislocation-particle mechanisms facilitates an optimized
balance of strength and ductility, which is challenging to attain through tradi-
tional alloying approaches [55]. Prospects in this research area will emphasize the
precise control of nanoparticle size, distribution, and interface characteristics.
Emerging processing techniques, including additive manufacturing, severe plastic
deformation, and in-situ nanoparticle formation, are widening the scope for cus-
tomised microstructures. Additionally, computational modelling and data-driven
alloy design are anticipated to expedite the advancement of next-generation na-
noparticle-enhanced alloys for critical applications in the aerospace, automotive,
biomedical, and energy industries. The mathematical and microstructural frame-

work of the strengthening mechanisms are given in Table 2.

Table 2. Mathematical and microstructural framework of strengthening mechanisms.

Governing Physical
Mechanism . g‘ 4 Microstructural Impact Resultant Mechanical Change  Ref.
Principle
Hall-Petch 0, =0, +kd % Nanoparticles act as nucleation sites, pinning Increases yield strength (56]
Strengthening where d = grain size grain boundaries to create ultrafine grains. and fatigue resistance
Gb . . . . .
Orowan T= N where  Dislocations bow around particles, leaving loops Enhances tensile strength and (6]
Strengthening . . that increase resistance to plastic flow work-hardening capacity
L = particle spacing
Shear Lag model Efficient stress transfer from the soft matrix Significant improvement in stiffness
Load Transfer ] ] [57]
o, =V,o, +V, 0, to the high-modulus nanoparticles and overall strength
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3. Effects of Nanoparticles on the Mechanical Characteristics
in Nanoparticle-Enhanced Metal Alloys

Empirical evidence clearly shows that nanoparticles significantly enhance the me-
chanical properties of metal alloys through microstructure refinement, improved
strengthening mechanisms, and performance stabilisation under challenging con-
ditions [7] [19] [33]. In various processing methods including stir casting, friction
stir processing, welding, additive manufacturing, and diffusion bonding the inte-
gration of nanoparticles reliably enhances strength, hardness, wear resistance, fa-
tigue life, and, when properly optimised, ductility [58].

A primary effect of nanoparticles is the enhancement of strength and hardness.
Numerous studies on Al 7075-based systems demonstrate that ceramic nanopar-
ticles, including AL,Os, TiC, ZrO,, and B4C, markedly improve yield and tensile
strength. [7] [20] illustrated that TiC nanoparticles facilitate crack-free welding
and additive manufacturing of Al 7075 while restoring or surpassing T73-level
strength post-heat treatment. [11] [15] [16] documented significant improve-
ments in strength and hardness attributed to uniform nanoparticle distribution
and grain refining. These enhancements are ascribed to dislocation-particle inter-
actions, load transfer, and the limitation of dislocation movement. Nanoparticles
markedly enhance wear resistance and fatigue performance. Research conducted
by [18] [19] demonstrated that nano-Al,Os; and hybrid BsC-ALOs reinforce-
ments augment surface hardness, diminish material wear under sliding condi-
tions, and improve fatigue strength. These advantages arise from enhanced rein-
forcing phases and optimised microstructures, which hinder fracture initiation
and propagation.

An additional significant benefit is grain refinement and microstructural stabil-
ity, which supports numerous mechanical enhancements. [12] [31] [33] demon-
strated through their research that nanoparticles inhibit dendritic growth, refine
grain structure, and diminish the creation of secondary phases. The enhanced mi-
crostructure results in more uniform deformation and superior fracture character-
istics, with certain studies, e.g. [34], indicating a shift from brittle to more ductile
fracture modes attributed to enhanced interfacial bonding. Nonetheless, empirical
evidence highlights the importance of suitable nanoparticle concentration. Numer-
ous research studies, e.g. [14]-[16] have indicated that excessive nanoparticle in-
corporation may diminish ductility or tensile strength because of agglomeration
and stress concentration. Optimal reinforcement levels, typically ranging from 0.4
to 2 wt.%, attain the most favourable strength-ductility equilibrium.

The prospects emphasize advanced dispersion techniques, such as ultrasonic
treatment and 7n-situ synthesis, hybrid reinforcements, and additive manufactur-
ing methods that facilitate precise control of microstructures. Empirical literature
demonstrates that nanoparticles serve as crucial enablers for the development of
next-generation metal alloys, which exhibit customised mechanical performance
suitable for aerospace, automotive, and energy applications. Table 3 below shows

meta-analysis of empirical findings of Al-based nanocomposites.
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Table 3. Meta-analysis of empirical findings for aluminum-based NEMAs.

Matrix

Alloy Nanoparticle
AA7075 ZrO,
Al-Alloy ALOs

Graphene/Cu
Al-All
Y (Hybrid)

AA7075 ALO;-CNT

AA7075

AA7075

Al6061

AAS8011

AlSiioMg

TiC

Cu

TiC

TiC

TiB,

Critical/Optimum  Fabrication Key Mechanical/Microstructural

1.5 wt.%

CNT

Ref.
Concentration Strategy Outcome
. . 20% increase in Hardness (120 HV to 144 HV);
2.4 wt.% Stir Casting . , [12]
improved Young’s modulus.
Friction Stir Effective grain size reduction;
) e e . [33]
Processing identified “onion-ring” dispersion challenges.
. 51.9% Hardness increase (328.4 HV);
1.8 wt.% GNs Hot Pressing . [14]
Compressive stress of 266.9 MPa
5% Al:05/0.3% Peak compressive strength; 7%
oA " Powder Metallurgy ) ) p & ° . [17]
density variation due to CNT porosity
Enhanced dynamic strength and
- Additive Mfg ec cynamic streng [20]
impact resistance
Grain refinement and superior
- Stir Casting . . P [13]
corrosion resistance
. . 20% improvement in UTS;
6.0 wt.% Stir Casting . ] ] [59]
32% increase in wear resistance at 30N load
Ultrasonic Stir Lowest COF (0.266); substantial
6.0 wt.% , , [60]
Casting enhancement in hardness and UTS.
Refined grain structure;
5.0 vol.% SLM (Additive) 8 (61]

tensile properties exceeding standard AlSiioMg.

4. Processing and Fabrication Techniques for
Nanoparticle-Enhanced Metal Alloys

Processing and fabrication techniques are vital in achieving the advantages of na-
noparticles in metal alloys. Empirical studies on nanoparticle-enhanced alumin-
ium alloys, specifically AA7075 and AA7150 systems, indicate that the effective-
ness of nanoparticles in enhancing mechanical performance is significantly influ-
enced by their incorporation and distribution within the matrix. The techniques
that have been extensively studied include stir casting, powder metallurgy, and
friction stir processing (FSP). Table 4 below shows comparison of the processing

and fabrication techniques.

Table 4. Comparison of fabrication and processing strategies.

Pr in
DZ::IS:) dg State of Material Dispersion Strategy Major Advantages Scalability and Constraints Ref.
Stir Casting Liquid (melt) Mechanica} stirri.ng.+ Cost-effective; %ndustrial—scale Hig.h scalability; risk olf
Ultrasonic cavitation readiness porosity and agglomeration
Powder Solid (Powder) .Pilanetatjy balil . S.uperior .control .over . Moderate; hi.gh ?os.t; 63]
Metallurgy milling + Sintering.  dispersion and interfacial bonding ~ component size limits
Friction Extreme plastic defor-  Avoids melting flaws; ideal for Low; primarily for surface/ 32]
Stir Processing mation via spinning tool. crack-prone alloys like AA7075 localized treatments
Additive. Liquid/Solid hybrid Arc-DED; Wire—.based Precise microstructura.l tailoring; Emerging; high complexity; (64]
Manufacturing feedstock design crack-free welding needs post-heat treatment
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Stir casting is the predominant technique employed in the industrial fabrication of
nanoparticle-reinforced metal matrix composites, noted for its scalability and wide-
spread application. During this procedure, nanoparticles are incorporated into mol-
ten metal via mechanical stirring, which is frequently enhanced by ultrasonic cavita-
tion to minimise agglomeration. Research conducted by [11] [12] [16] [18] indicates
that stir casting facilitates the efficient integration of Al,Os, ZrO,, and B4C nanopar-
ticles into aluminium alloys. This process leads to improvements in grain refinement,
hardness, strength, and wear resistance. Ultrasonic-assisted stir casting enhances dis-
persion quality by disrupting particle clusters and reducing porosity, as demon-
strated by [33] Empirical findings indicate that excessive nanoparticle content can
lead to a reduction in ductility, attributed to agglomeration and stress concentration.
This underscores the necessity for optimised processing parameters.

Powder metallurgy (PM) provides enhanced control over the dispersion of na-
noparticles and the bonding at interfaces when compared to melt-based methods.
In powder metallurgy, metal powders and nanoparticles are combined, typically
using ball milling, and subsequently subjected to compaction and sintering pro-
cesses. [17] fabricated AA7075 hybrid nanocomposites reinforced with Al,Os na-
noparticles and CNTs through planetary ball milling and sintering, resulting in
uniform dispersion along with enhanced hardness and compressive strength. [15]
integrated powder injection with extrusion to improve nanoparticle distribution
and minimise porosity, resulting in an optimised balance between strength and
ductility. While powder metallurgy offers superior microstructural control, its el-
evated cost and constraints on component size limit its widespread industrial ap-
plication in comparison to stir casting.

Friction stir processing (FSP) is a solid-state approach that is notably efficient for
surface enhancement and localised strengthening. Nanoparticles are inserted into
prefabricated grooves or cavities and subsequently integrated into the matrix via ex-
treme plastic deformation. [13] found that the incorporation of Cu nanoparticles by
ESP considerably refined the grains, enhanced strength and hardness, and improved
the corrosion resistance of the surface areas of AA7075. Likewise, research on addi-
tive friction stir deposition conducted by [32] demonstrated a consistent distribution
of nano-alumina, accompanied by negligible precipitate coarsening and enhanced
mechanical and corrosion properties. FSP mitigates melting-induced flaws, making
it suitable for high-strength aluminium alloys susceptible to hot cracking.

Prospects indicate the potential for hybrid approaches that integrate these tech-
niques with additive manufacturing and ultrasonic treatment, as demonstrated by
[7] and [30]. Integrated processing routes are anticipated to produce scalable, de-
fect-free nanoparticle-enhanced metal alloys featuring precisely tailored micro-

structures suitable for advanced structural applications.

4.1. Documented Challenges and Limitations in Existing
Literature

Despite the proven advantages of nanoparticle-enhanced metal alloys, the empir-
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ical literature indicates numerous persistent issues and limits that hinder their
broad acceptance and performance reliability. A prevalent concern in various
studies is the agglomeration of nanoparticles and the regulation of their disper-
sion. Numerous melt-based methods, including conventional stir casting as re-
ported by [12] [14] [19] encounter difficulties in achieving uniform nanoparticle
distribution, particularly at elevated reinforcement levels. Agglomeration results
in stress concentration points, porosity, and heterogeneous microstructures, which
can undermine mechanical advantages and diminish ductility. Despite ultrasonic
aid [11] [16] the optimal nanoparticle concentration is limited; exceeding this
threshold results in a decline in mechanical performance, as noted by [33] A per-
tinent constraint is the trade-off between strength and ductility. Although numer-
ous studies indicate enhanced hardness and strength, it is typical to observe de-
creases in elongation and fracture toughness at elevated nanoparticle concentra-
tions [14] [16]. This trade-off restricts the use of these composites in components
necessitating damage tolerance and impact resistance. Attaining an ideal equilib-
rium is contingent upon individual materials and processes; hence, it complicates
standardization.

Processing complexity and scalability present notable challenges. Advanced
methods, including powder metallurgy, high-energy ultrasonic casting, friction
stir processing, and additive friction stir deposition [13] [15] [32] [34], provide
enhanced microstructural control; however, they are associated with high costs,
require sophisticated equipment, and are constrained by component size limita-
tions. The constraints reduce industrial scalability in comparison to traditional
casting methods. Wire-based additive manufacturing and Arc-DED processes [7]
[20] necessitate meticulous feedstock design and subsequent heat treatments,
thereby augmenting production complexity. A significant limitation is the stabil-
ity of the interface and the control of reactions. At high processing temperatures,
nanoparticles can interact with the matrix, resulting in the formation of brittle
intermetallics or a reduction in effectiveness due to coarsening. [10] [13] demon-
strate that controlled intermetallic formation can improve strength, whereas un-
controlled reactions pose risks of embrittlement and degradation of long-term
performance. Ensuring stable interfaces during thermal cycling presents a signif-
icant challenge, particularly in the aerospace and energy sectors.

From an application perspective, the absence of extensive long-term perfor-
mance data represents a significant deficiency. Most studies focus on short-term
mechanical wear or corrosion behaviour, while relatively few investigate fatigue,
creep, or environmental degradation under service conditions. This limitation
is especially pertinent for energy and structural applications as discussed by [8]
[9] where durability is essential. Limitations in modelling and prediction con-
tinue to exist. Despite advancements in simulation and constitutive modelling
[8] [20], accurately predicting the effects of nanoparticles across various pro-
cessing routes and scales continues to be a challenge due to intricate multiphys-

ics interactions.
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4.2. Emerging Trends and Identified Research Gaps

Recent literature on nanoparticle-enhanced metal alloys identifies several emerg-
ing trends that indicate the shifting focus of materials research. The integration of
nanoparticles with advanced manufacturing techniques represents a significant
trend. This topic includes methods such as additive friction stir deposition, arc-
directed energy deposition, and friction stir processing [13] [20] [32]. The de-
scribed approaches facilitate uniform dispersion of nanoparticles and enable pre-
cise control over microstructural characteristics, resulting in enhanced mechani-
cal properties, increased wear resistance, and improved corrosion performance.
Hybrid reinforcement strategies that integrate various nanoparticles, including
AlLO; with CNTs or B,C [17] [18] are increasingly recognised for their potential
to provide synergistic strengthening and improved fracture toughness.

The optimisation of nanoparticle composites, driven by application require-
ments, is an emerging trend. Research conducted by [8] [9] highlights the im-
portance of customising nanoscale structures and interfacial bonding to achieve
targeted functional results, including thermoelectric efficiency and phase change
performance. Ultrasonic-assisted casting and high-energy sonication are being
used to address dispersion challenges and reduce agglomeration [11] [34], high-
lighting the significance of process innovation in enhancing mechanical perfor-
mance.

Despite these advancements, notable research gaps persist. The understanding
of long-term durability under cyclic loading, fatigue, creep, and thermal environ-
ments is inadequate, which restricts confidence in the application of structures in
real-world scenarios. Furthermore, the interaction mechanisms between nano-
particles and the matrix at elevated temperatures or during welding remain inad-
equately quantified, especially in relation to intermetallic formation and stability
[10] [31]. The scalability and cost-effectiveness of advanced processing methods
continue to present challenges, which hinder industrial adoption. Ultimately, the
predictive modelling of mechanical behaviour for multi-nanoparticle systems un-
der dynamic conditions is still in its early stages of development, despite the initial

successes observed with simulation-based methodologies [7] [20].

4.3. Method

This study adopted a systematic review and content analysis approach to examine
empirical research on nanoparticle-enhanced metal alloys. Relevant peer-reviewed
articles were retrieved from major scientific databases, including Scopus, Web of
Science, ScienceDirect, and Google Scholar, covering publications from 2015 to
2025. The search process employed combinations of keywords and Boolean oper-

» <«

ators such as “nanoparticle-enhanced metal alloys”, “nanoparticle-reinforced al-
uminium alloys”, “microstructural control”, “mechanical properties”, “Hall-Petch
strengthening”, “Orowan strengthening”, and “metal matrix nanocomposites”.
Additional studies were identified through manual screening of reference lists

from highly relevant articles.
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The review considered studies that focused on metallic alloy systems reinforced
with nanoparticles and reported empirical findings related to microstructural evo-
lution, mechanical performance, strengthening mechanisms, or processing tech-
niques. Only peer-reviewed journal articles published in English were included,
while conference abstracts, patents, review-only papers, non-metal matrix studies,
duplicate records, and studies lacking sufficient experimental details were ex-
cluded. The review primarily focused on structural metallic alloy systems, espe-
cially aluminium-based nanocomposites intended for mechanical and tribological
applications. Studies centred exclusively on energy-storage materials, thermoelec-
tric materials, phase-change systems, or non-structural functional nanomaterials
were excluded from the core synthesis unless they contributed directly to under-
standing nanoparticle-induced microstructural evolution, strengthening mecha-
nisms, or processing behaviour applicable to structural alloys.

The screening process was conducted systematically. An initial database search
produced approximately 312 records, of which 247 remained after duplicate re-
moval. Title and abstract screening reduced the number to 96 relevant studies,
while full-text assessment based on the inclusion and exclusion criteria resulted
in 58 studies being retained for the final synthesis. Relevant information extracted
from the selected studies included nanoparticle type, alloy system, reinforcement
concentration, processing method, dispersion behaviour, microstructural charac-
teristics, and mechanical performance outcomes such as hardness, tensile strength,
wear resistance, fatigue behaviour, and corrosion resistance. Comparative analysis
was then conducted to identify dominant trends, strengthening mechanisms, pro-
cessing limitations, and future research directions in nanoparticle-enhanced metal
alloys.

To improve the reliability of the synthesis, a simple study-quality appraisal was
conducted for the included papers. The assessment considered the clarity of sam-
ple description, nanoparticle type and concentration, processing and fabrication
details, dispersion methodology, and the adequacy of reported mechanical and
microstructural testing procedures. Studies that clearly described fabrication pa-
rameters, characterisation techniques (such as SEM, XRD, EDS, hardness, tensile,
wear, and fatigue testing), and repeatable experimental procedures were consid-
ered to have higher methodological reliability. In contrast, studies with limited
processing details, unclear testing conditions, or insufficient characterisation data

were interpreted with caution during the comparative analysis.

5. Nanoparticles’ Effect on the Evolution of Microstructure

Empirical evidence consistently shows that nanoparticles significantly affect the
microstructural evolution of metal alloys by altering solidification behaviour, phase
formation, and interfacial characteristics. In aluminium-based systems, ceramic
nanoparticles like Al,Os, TiC, ZrO,, and B4C have been extensively examined and
are demonstrated to effectively enhance grain refinement via heterogeneous nu-

cleation and grain boundary pinning. Research conducted by [11] [12] [33]
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demonstrates that the uniform dispersion of ceramic nanoparticles inhibits den-
dritic growth during solidification, resulting in fine equiaxed grains and enhanced
microstructural homogeneity.

Metallic nanoparticles, including Cu and Ni, affect microstructural evolution
distinctively through their roles in solid-solution strengthening and the regulation
of intermetallic formation. [13] demonstrated that introducing Cu nanoparticles
through friction stir processing refined the grain structures and facilitated the for-
mation of beneficial strengthening intermetallics, which enhanced interfacial
bonding and fracture characteristics. [10] demonstrated that Al,O;-assisted diffu-
sion brazing improved eutectic reactions and joint integrity by facilitating inter-
facial diffusion and phase formation, emphasising the significance of nanoparti-
cles in modifying interface chemistry.

Carbon-based nanoparticles, specifically carbon nanotubes (CNTs), present
unique benefits attributed to their elevated aspect ratio and outstanding interfacial
load transfer efficiency. [34] indicated that TiO,-coated CNTs attained uniform
dispersion and robust interfacial bonding, leading to refined grains and a shift
from brittle to ductile fracture behaviour.

Intermetallic nanoparticles and in-situ formed nanoscale phases enhance the
stability of microstructures at elevated temperatures. [7] [20] demonstrated that
the incorporation of TiC nanoparticles in additively manufactured and welded
AA7075 resulted in refined grain structures, suppression of solidification crack-
ing, and maintenance of microstructural stability following heat treatment. The
findings collectively confirm that the microstructural foundation for the enhanced
mechanical performance observed in nanoparticle-enhanced metal alloys is estab-
lished through nanoparticle-induced grain refinement, known as Hall-Petch
strengthening, in conjunction with dislocation-particle interactions, referred to as

Orowan strengthening.

5.1. Enhancement of Mechanical Characteristics

Empirical evidence consistently shows that the integration of nanoparticles sig-
nificantly improves mechanical properties via synergistic strengthening mecha-
nisms. In systems based on aluminium 7075, adding ceramic nanoparticles like
ALO;, TiC, ZrO,, and B4C has been shown to improve tensile strength and hard-
ness through processes like grain refinement, Orowan strengthening, and efficient
load transfer. Research conducted by [7] [20] indicates that TiC nanoparticles can
restore or surpass T73-level tensile strength in both welded and additively manu-
factured alloys, in addition to enhancing dynamic strength at elevated strain rates.
In a similar manner, composites of AA7075 reinforced with ALLOs demonstrate
notable increases in hardness, indicating the ability of hard ceramic phases to
withstand plastic deformation.

Improvements in wear resistance are significant. [11] [17] [19] illustrate a de-
crease in material loss and an improvement in tribological stability, attributed to

the development of load-bearing nanoparticle networks and optimised surface
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microstructures. The fatigue life is improved due to the nanoparticles’ ability to
inhibit crack initiation through grain refinement and stress distribution homogeni-
sation, as demonstrated in nanoparticle-modified piston alloys and welded joints.
Ductility trends indicate a distinct trade-off between strength and ductility. Mod-
erate additions of nanoparticles enhance both strength and elongation, whereas
excessive amounts result in particle agglomeration, stress concentration, and prem-
ature fracture. Empirical findings indicate that optimal nanoparticle concentra-
tions generally range from approximately 0.4 to 1.0 wt.% for ultrasonically dis-
persed systems [15] [16] and can reach up to around 2 to 4 wt.% for well-con-
trolled stir-cast or tribology-focused applications [11] [19] Outside these ranges,
the degradation of ductility surpasses the incremental gains in strength.
Specifically, hybrid reinforcement procedures and surface-processing techniques,
for example, carbon nanotube-ceramic hybrids and friction stir processing, con-
tribute to mitigating this trade-off by enhancing interfacial bonding and fracture
characteristics, thereby potentially altering failure modes towards more ductile
behaviour [13] [34]. The existing body of empirical research corroborates the im-
portance of optimising nanoparticle type, concentration, and processing method-
ology to achieve comprehensive improvements in the strength, wear resistance,

fatigue life, and usable ductility of advanced metal alloys.

5.2. The Role of Processing and Fabrication Procedures on
Nanoparticle-Enhanced Metal Alloys

Section 4.1 introduced the four principal fabrication routes stir casting, powder
metallurgy, friction stir processing, and additive manufacturing alongside Table
4’s comparative overview of their dispersion strategies, advantages, and scalability
constraints. The empirical synthesis below builds on that foundation by identify-
ing cross-study patterns that are only visible at the level of systematic review: spe-
cifically, how the choice of processing route interacts with nanoparticle type and
concentration to determine whether the mechanical gains reported in Section 5.2
are reproducible or confined to narrow parametric windows.

The cross-study pattern that emerges is that no single processing route reliably
delivers both high dispersion quality and industrial scalability. Stir casting pro-
vides throughput but tolerates agglomeration; PM and FSP achieve microstruc-
tural precision but are constrained to small or surface-localised volumes; AM of-
fers geometric freedom but requires stringent feedstock control and post-heat
treatment to recover strength. This trade-off is not incidental: it reflects the fun-
damental tension between the nanoscale sensitivity of NEMA reinforcement and
the variability inherent in melt-state or large-deformation processing. Addressing
it is therefore as much a process-engineering challenge as a materials-science one,

and it underlies the scalability gaps identified in Section 4.2.

5.3. Hybrid Nanoparticle Systems and Synergistic Effects

Hybrid nanoparticle systems, integrating two or more distinct reinforcements
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within a metallic matrix, represent a viable approach to address the limitations
associated with single-particle nanocomposites. Empirical studies indicate that
synergistic interactions among nanoparticles can concurrently improve strength,
ductility, wear resistance, and functional properties.

Ceramic-carbon hybrid systems, exemplified by ALO; + CNT, represent a sig-
nificant focus of academic research. [17] observed that AA7075 hybrid nanocom-
posites, enhanced with ALO; nanoparticles and CNTs, demonstrated a uniform
dispersion and refined grain structure and exhibited enhanced hardness and com-
pressive strength in comparison to systems utilising only AL, Os. In this arrange-
ment, ALOs facilitates grain refinement and enhances load-bearing capacity,
whereas CNTs offer elevated tensile strength, crack-bridging properties, and op-
timised load transfer. In a similar vein, [34] demonstrated that the application of
TiO,-coated CNTs in 7075 aluminium markedly improved interfacial bonding,
altered the fracture behaviour from brittle to ductile, and enhanced strength via a
synergistic effect of Orowan strengthening, grain refinement, and CNT pull-out
mechanisms.

Hybrid ceramic systems, exemplified by ALO; + B4C, further demonstrate syn-
ergistic benefits. [16] [18] established that these hybrids enhance hardness, tensile
strength, wear resistance, and machining performance more efficiently than sin-
gle-particle reinforcements. AL,O; facilitates uniform dispersion and grain refine-
ment, whereas B,C enhances extreme hardness and wear resistance, yielding bal-
anced mechanical performance appropriate for structural and tribological appli-
cations. In contrast to single-particle systems, hybrid reinforcements have numer-
ous benefits: increased multifunctionality, diminished reinforcement content for
comparable performance, stronger fracture resistance, and superior customiza-
tion of strength-ductility trade-offs. Empirical research consistently demonstrates
that hybrids alleviate the prevalent disadvantages of individual nanoparticles, in-
cluding increased brittleness at elevated ceramic loadings.

Nevertheless, processing considerations are paramount. Hybrid systems have
increased hazards of agglomeration owing to variations in particle size, density,
and surface chemistry. Research highlights the importance of ultrasonic-assisted
stir casting, surface modification (e.g., CNT coating), controlled powder blending,
or solid-state methods like powder metallurgy to achieve uniform dispersion [18].
Inadequate processing can undermine synergistic advantages by fostering cluster-
ing, porosity, or insufficient interfacial adhesion. Hybrid nanoparticle systems sig-
nify a notable progression in nanoparticle-enhanced metal alloys. When enhanced
with optimised manufacturing procedures, they provide greater and more de-
pendable mechanical and functional performance compared to single-particle
systems, establishing them as essential facilitators for next-generation aerospace,

automotive, and high-performance structural applications.

5.4. Challenges, Research Gaps, and Future Prospects

Despite notable advancements, nanoparticle-enhanced metal alloys (NEMAs) en-
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counter persistent scientific and technological problems that restrict their broad
industrial implementation. Empirical studies consistently identify nanoparticle
dispersion, interfacial stability, long-term durability, and scalability as the primary
limitations. Uniform dispersion of nanoparticles is a vital challenge, primarily at-
tributed to their elevated surface energy and significant propensity for agglomer-
ation. Ultrasonic-assisted stir casting [11] [16], friction stir processing [13] and
additive friction stir deposition [32] have shown enhanced dispersion capabilities.
However, these techniques typically necessitate precise processing conditions and
exhibit sensitivity to the content of reinforcements. Numerous studies indicate
that optimal performance is observed at low nanoparticle fractions, generally at
or below 1 - 2 wt.%. Exceeding this range can lead to issues such as clustering,
increased porosity, and diminished ductility [14] [33], underscoring a consistent
trade-off between dispersion and performance.

Interfacial reactions occurring between nanoparticles and metal matrices rep-
resent an additional area of research that requires further exploration. Ceramic
reinforcements, including ALLOs, TiC, and ZrO,, typically demonstrate favourable
thermal stability. However, the presence of metallic nanoparticles, such as Cu, can
lead to the formation of brittle intermetallics if not managed with precision [13]
Surface modification techniques, such as TiO,-coated CNTs [34] have proven ef-
fective in improving interfacial adhesion and fracture performance. Nonetheless,
there is a scarcity of systematic studies that connect interfacial chemistry to long-
term mechanical reliability. The current literature inadequately addresses long-
term durability aspects, including fatigue, corrosion, and high-temperature stabil-
ity. Improvements in wear resistance, corrosion behaviour, and dynamic strength
have been documented [19] [20] [32]. Many studies concentrate on short-term
laboratory testing. The current body of work reveals a significant deficiency in
lifecycle assessments, environmental exposure studies, and performance valida-
tion conducted under realistic service conditions, particularly within the aero-
space and automotive sectors.

From an industrial scaling standpoint, techniques like powder metallurgy and
friction stir procedures offer superior microstructural control but are limited by
cost, component dimensions, and production rates [15] [17]. In contrast, stir cast-
ing is scalable yet susceptible to defects in the absence of sophisticated control
techniques. Additive manufacturing techniques, such as wire-based AM and arc-
directed energy deposition, demonstrate the potential for intricate geometries and
localised reinforcement [6] [20]; however, issues concerning porosity control,
process consistency, and standardization remain unresolved [65].

Future prospects involve the integration of advanced manufacturing tech-
niques, in-situ nanoparticle formation, and computational design tools. The in-
situ synthesis of nanoparticles during the processes of solidification or defor-
mation has the potential to reduce agglomeration and improve interfacial bond-
ing. Emerging trends encompass hybrid nanoparticle systems, real-time process

monitoring, and multiscale modelling approaches, including molecular dynamics
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and algorithm-driven optimisation, as emphasised by [8], aimed at predicting and
tailoring microstructural evolution. To ensure the successful transition of nano-
particle-enhanced metal alloys from laboratory environments to industrial appli-
cations, it is crucial to focus on dispersion stability, interface engineering, dura-

bility, and scalable processing through interdisciplinary research.

6. Conclusion and Recommendations

The review specifically synthesises evidence related to structural nanoparticle-en-
hanced metallic alloy systems, while selectively referencing non-structural and en-
ergy-related nanomaterials only where they contribute mechanistic insight rele-
vant to alloy design and processing. The findings indicate that nanoparticles, par-
ticularly ceramic, carbon-based, metallic, and hybrid reinforcements, significantly
contribute to the refinement of grain structures, stabilisation of microstructures,
and activation of essential strengthening mechanisms, including Hall-Petch and
Orowan strengthening. In predominantly aluminium-based alloy systems, these
effects result in significant enhancements in strength, hardness, wear resistance,
fatigue performance, and, when processed optimally, satisfactory ductility. The
review emphasises that processing, and fabrication techniques give equal im-
portance to the type and content of nanoparticles. Stir casting presents advantages
in terms of industrial scalability; however, powder metallurgy, friction stir pro-
cessing, and additive manufacturing deliver enhanced dispersion control and mi-
crostructural refinement. Hybrid nanoparticle systems represent a promising ap-
proach to address the strength-ductility trade-off that is characteristic of single-
particle reinforcements. Persistent challenges, including nanoparticle agglomera-
tion, interfacial instability, limited long-term durability data, and scalability con-
straints, continue to restrict widespread industrial adoption.

However, the study highlights that the performance of nanoparticle-enhanced
metal alloys is determined by the intricate interactions among nanoparticle chem-
istry, processing methods, interfacial characteristics, and operational conditions.
Future advancements will rely on cohesive methodologies that incorporate ad-
vanced manufacturing techniques, in-situ nanoparticle synthesisers, hybrid rein-
forcement strategies, and predictive modelling frameworks. Overcoming these
challenges is crucial for the successful transition of nanoparticle-enhanced alloys
from laboratory-scale research to dependable, high-performance engineering ma-
terials suitable for aerospace, automotive, energy, and advanced manufacturing
applications.

1) The study recommends prioritising precise nanoparticle dispersion, utilising
advanced techniques such as ultrasonic-assisted processing, friction stir processing,
and in-situ synthesis to reduce agglomeration and porosity.

2) The integration of additive manufacturing and computational modelling is
recommended to enhance the microstructural design and improve the industrial
scalability of nanoparticle-enhanced alloys.

3) Further exploration of hybrid nanoparticle systems is necessary to achieve a
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balance between strength and ductility, while enhancing wear and fatigue re-

sistance.

4) Future research should concentrate on assessing long-term durability, encom-

passing factors such as fatigue, corrosion, and high-temperature performance, to

confirm real-world applicability.
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