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Abstract

Lightweight metal matrix composites (MMCs) continue to attract significant interest due
to their potential to deliver high mechanical performance at reduced weight, meeting
the increasing demands of aerospace, automotive and advanced manufacturing sectors.
Among these systems, aluminum-, magnesium- and titanium-based MMCs stand out for
their favorable strength-to-weight ratios, corrosion resistance and versatility in processing.
Although numerous studies have explored individual MMC families, the literature still
lacks comparative reviews that integrate quantitative mechanical data with a broad eval-
uation of processing, microstructural control and application-driven performance. This
review addresses these gaps by providing a comprehensive and data-driven assessment of
lightweight MMCs. Recent advances in reinforcement strategies, hybrid architectures and
processing routes—including friction stir processing, powder metallurgy and semi-solid
techniques—are systematically examined. Emerging developments in syntactic metal foams
and functionally gradient MMCs are analyzed in detail, along with practical considerations
such as machinability, corrosion resistance, and high-temperature performance, integrated
with Al/machine learning for predictive optimization. Overall, this work provides an
integrated and critical perspective on the capabilities, limitations, and design trade-offs of
lightweight MMCs, positioning them as sustainable and high-performance alternatives for
extreme environments. By combining qualitative insights with quantitative meta-analyses
and new experimental contributions, it offers a valuable reference for researchers and
engineers seeking to optimize material selection and tailor the performance of MMCs for
next-generation lightweight structures, surpassing previous reviews through holistic and
innovation-driven insights.

Keywords: lightweight metal matrix composites; nanostructured reinforcements; ceramic
particles; additive manufacturing; powder metallurgy; advanced structural materials

1. Introduction

The development of lightweight metal matrix composites (MMCs) has gained signifi-
cant momentum in recent years, driven by the increasing need for materials that combine
low density with superior mechanical, thermal, and functional performance. Sectors such
as aerospace, automotive, defense and advanced manufacturing continuously seek material
solutions capable of meeting stringent requirements for weight reduction, energy effi-
ciency, sustainability and performance under complex loading conditions. In this context,
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MMCs based on aluminum, magnesium and titanium matrices have emerged as promis-
ing candidates due to their favorable strength-to-weight ratios, corrosion resistance and
manufacturability. Reinforcements such as silicon carbide (5iC), aluminum oxide (Al,O3),
boron carbide (B4C), carbon nanotubes (CNTs), graphene and other nanostructured phases
are widely incorporated to enhance tensile strength, stiffness, wear resistance and thermal
stability while maintaining a lightweight profile [1,2].

Parallel to the development of advanced reinforcements, significant progress has
also been made in MMC processing routes. Techniques such as friction stir processing,
semi-solid forming, powder metallurgy, stir casting and additive manufacturing enable
tighter control of microstructure and more uniform dispersion of reinforcements [3—6].
These advances mitigate long-standing challenges including reinforcement agglomeration,
porosity, weak interfacial bonding and undesirable reaction phases. Hybrid reinforcement
strategies—combining ceramic, carbon-based and metallic particles—have also gained
relevance, enabling synergistic strengthening mechanisms and improved multifunctional-
ity [7-11].

The increasing use of MMCs is visible across a broad range of applications. In
aerospace and automotive engineering, lightweight MMCs are already employed in braking
systems, structural supports, chassis elements and high-temperature components where
fatigue, wear and thermal stability are critical [12,13]. Their growing relevance aligns with
global priorities related to fuel savings, CO, reduction, sustainability and enhanced service
life of engineering systems [14,15]. Figure 1 illustrates examples of lightweight MMC
components designed for automotive applications [16].

Steering

Brake

Figure 1. Illustrative diagram of lightweight alloy applications for use in vehicle components.
Reprinted from Ref. [16].

Despite the breadth of existing literature, several gaps remain in current reviews,
particularly concerning the comparative performance of Al-, Mg- and Ti-based MMCs
under different loading conditions, their machinability, and the emerging classes of syntactic
and functionally graded foams. Many published reviews focus on a single matrix system or
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emphasize processing routes without establishing cross-material relationships, quantitative
comparisons or mechanical trends. Additionally, properties under dynamic loading (impact,
fatigue, high strain rate), high-temperature exposure or corrosive environments are often
insufficiently discussed, even though they dictate the practical adoption of MMCs in
real-world applications.

To address these gaps, the present review provides a comprehensive and data-driven
comparative assessment of lightweight MMCs, focusing specifically on aluminum, magne-
sium and titanium matrices. Beyond summarizing recent advances in processing routes
and reinforcement strategies, the review incorporates a statistical meta-analysis of more
than fifty peer-reviewed studies to enable quantitative comparisons of tensile strength,
stiffness and hardness across different MMC families. It further includes a detailed exami-
nation of quasi-static, dynamic, fatigue and impact behavior to support a more complete
understanding of mechanical performance under service-relevant conditions. Additionally,
the review expands the discussion on metal syntactic foams and functionally graded MMCs,
emphasizing technological developments that are often overlooked in earlier studies. Fi-
nally, it integrates insights into machinability, corrosion resistance and high-temperature
performance—factors that are critical for industrial adoption but seldom examined in a
unified manner.

Overall, this review aims not only to summarize the recent progress in lightweight
MMCs but also to provide a critical, integrative and comparative perspective that enhances
the understanding of their capabilities, limitations and emerging technological pathways.

2. Matrices and Reinforcements for Lightweight MMCs

Lightweight metal matrix composites (MMCs) have gained significant attention due
to their ability to deliver high mechanical efficiency while maintaining reduced structural
weight, a combination essential for aerospace, automotive, defense and advanced man-
ufacturing systems. In these composites, the matrix not only serves as the load-bearing
continuum but also dictates key characteristics such as ductility, thermal conductivity,
fatigue resistance and response to dynamic loading. Aluminum (Al), magnesium (Mg) and
titanium (Ti) remain the most widely adopted matrices due to their excellent strength-to-
weight ratios, corrosion resistance and processing versatility.

Reinforcement selection—whether ceramic particles, whiskers, hollow spheres, carbon-
based nanomaterials or hybrid systems—plays a fundamental role in tailoring stiffness,
hardness, thermal stability and wear resistance. The synergy between matrix and reinforce-
ment is central to achieving the multifunctional behavior required in applications subjected
to fatigue, impact, high strain rates and elevated temperatures. Consequently, a critical and
integrated understanding of matrix-reinforcement interactions is essential for designing
MMCs capable of satisfying increasingly demanding performance requirements.

2.1. Metallic Matrices
2.1.1. Aluminum Alloys

Aluminum alloys are one of the most widely used materials as a matrix in lightweight
MMCs due to their advantageous mechanical properties, low density, and wide processing
flexibility [9,10,12]. In this class, the AA6061, AA7075, and AA2024 alloys stand out due to their
excellent strength-to-weight ratios and suitability for demanding industrial environments,
particularly in the aerospace and automotive sectors [17,18]. Due to these characteristics,
these alloys have an attractive combination of superior tensile strength, strong corrosion
resistance, and robust fatigue behavior, making them ideal candidates for the inclusion
of multiple ceramic or particulate materials in reinforcement applications [17,18]. It is of
utmost importance to optimize the selection of the aluminum alloy for the composite. For
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example, in the AA7075, a zinc-rich alloy well known for its strength. Its main application
is in the aerospace industry, where the need to reduce weight while preserving structure
is a necessity [17,19]. On the other hand, AA6061 is used in structural components due
to its excellent weldability [20,21], as well as its combination of mechanical strength and
thermal stability.

These alloys typically benefit from the addition of ceramic reinforcements, such as
silicon carbide (SiC), aluminum oxide (Al;O3), and boron carbide (B4C), which enhance
strength and hardness while maintaining low density. The synergistic effects of the matrix
and the reinforcements confer enhanced mechanical properties and thermal stability to the
MMCs [22,23]. In addition, novel processing methods, like ultrasonic stir casting and high-
pressure die casting, have emerged to ensure the incorporation of such reinforcements in
aluminum matrices can be achieved with high efficiency [19,24]. Such techniques facilitate
to address some common problems of conventional casting methods, including particle
agglomeration and poor matrix reinforcement bonding that can weaken the mechanical
properties of composites [17,24]. These novel strategies have been applied at uniform
spacing of reinforcements that have achieved superior yield strength, ultimate tensile
strength and wear resistance [19,24].

In addition to traditional reinforcements, nanomaterials such as carbon nanotubes
(CNTs) and graphene have been studied for the advancement of aluminum alloys. When
these nanostructured materials are integrated, they can considerably improve the thermal
and mechanical properties of the composites formed, thus increasing their functionality for
highly efficient applications [25,26]. Notably, the introduction of CNTs into aluminum alloys
has been shown to improve electrical and mechanical properties due to their nanoscale
properties [25]. MMCs are produced by high-pressure die casting (HPDC) of aluminum in
this work, where MWCNTs are included in the short sleeve. In the second step, the cast
ingot undergoes 10 extrusion cycles (EC) to separate the MWCNT agglomerates and orient
them for extrusion. An illustrative drawing of the MMC processing steps is provided in
Figure 2.

High-pressure die casting Cyclic extrusion
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Die J
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Figure 2. Illustrative draw of the production of the MMCs of the Al reinforced with CNTs. Reprinted
from Ref. [25].

Figure 3 shows the results of electrochemical impedance spectroscopy (EIS). From
these graphs, they provide useful information about the corrosion mechanisms affecting
both the 1070 aluminum alloy (sample A) and the AI-MWCNT composites (samples B
and D). Two capacitive loops are visible in the Nyquist plots at high and intermediate
frequencies, and a characteristic inductive loop can be seen at low frequencies. The high-
frequency capacitive loop is often related to charge transfer occurring at the metal/oxide
interface, which shows an electrochemical profile of the passive film on the material surface.

Simoes et al. [26] demonstrate CNT dispersion in aluminum via ultrasonication, achiev-
ing uniform distribution and 50% hardness increases, with HRTEM showing embedded
CNTs and Al4C;3 formation. Carneiro and Simoes [27] report 185% yield strength gains in
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Al/CNT nanocomposites via powder metallurgy, attributed to load transfer, while reducing
ductility due to CNT clusters.
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Figure 3. Electrochemical impedance spectra of sample A—pure aluminum 1070; sample B—Al 1070
+0.25 wt. % MWCNTs; and sample D—AI 1070 + 0.5 wt. % MWCNTs. Reprinted from Ref. [25].

In addition, aluminum alloys play an important role in the production of lightweight
MMCs. The recyclability of aluminum alloys, accompanied by environmentally friendly rein-
forcements, including natural fibers or agricultural waste, is one of the crucial steps towards
more environmentally friendly manufacturing in the composite materials segment [28,29].
Consequently, attempts are underway to optimally characterize the construction of the alu-
minum alloy-reinforcement mixture for composites that meet high-performance standards
for industrial uses and serve to increase environmental sustainability.

Aluminum alloys remain a key material in the field of lightweight metal matrix
composites. Their inherent properties, when combined with suitable reinforcements and
advanced processing techniques, lead to the creation of high-performance materials that
are suited for a wide range of applications in various industries.

To provide a comprehensive overview, the mechanical and physical properties of Al-
based CMMs are summarized in Table 1. This table compares the main properties (tensile
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strength, hardness, density, and thermal conductivity) for Al-based MMCs, highlighting
the improvements over unreinforced matrices.

Table 1. Properties of Al and Al-based MMCs.

. . Tensile Strength Hardness Density Thermal Conductivity
Matrix/Reinforcement (MPa) (HV) (g/cm®) (W/m-K)
AA6061 310 £ 15 105+ 5 2.70 167 [17]
AA6061 + 10% SiC 420 + 20 140 + 8 2.75 160 [22]
AA7075 + 5% CNTs 550 &+ 25 180 + 10 2.72 175 [25]
AA2024 + Hybrid (SiC + CNTs) 480 + 18 155 + 7 2.73 168 [30]

Processing AI-MMCs through advanced techniques such as high-pressure die casting
(HPDC) and extrusion represents a pivotal advancement in materials engineering, enabling
the production of lightweight structures with enhanced mechanical and thermal properties
for demanding applications in aerospace and automotive sectors. HPDC facilitates the rapid
injection of molten aluminum reinforced with nanomaterials like carbon nanotubes (CNTs)
into molds under high pressure, ensuring uniform dispersion and minimizing defects such
as porosity, while extrusion further refines the microstructure by aligning reinforcements
and consolidating the composite under controlled deformation. This demonstrate that this
combined approach reduces CNT agglomeration by up to 60%, as evidenced by scanning
electron microscopy (SEM) images showing homogeneous particle distribution, leading to
superior tensile strength gains of 35% compared to unreinforced aluminum alloys. This
uniformity not only improves interfacial bonding but also enhances surface finish during
subsequent machining operations, reducing tool wear by mitigating abrasive interactions
between hard reinforcements and cutting tools.

However, these processing methods present several challenges, as the high reactiv-
ity of aluminum matrices with reinforcements can accelerate tool degradation, resulting
in 40% faster wear rates in CNC milling processes [31]. Additionally, thermal gradients
during HPDC may induce residual stresses, potentially compromising fatigue life under
cyclic loadings, and extrusion requires precise control of parameters like temperature
and strain rate to avoid microstructural inhomogeneities. Despite these limitations, the
rationale for adopting HPDC and extrusion lies in their ability to produce eco-friendly,
high-performance Al-MMCs that balance cost-effectiveness with multifunctionality, sup-
porting sustainable manufacturing by enabling the use of recycled reinforcements and
reducing energy-intensive secondary processing. Novel aspects of these advance’s work
include the proposal for bio-functionalized CNTs, where surface modifications inspired
by natural adhesion mechanisms (e.g., mimicking mussel proteins) enhance interfacial
bonding and corrosion resistance, as validated by electrochemical impedance spectroscopy
showing reduced inductive loops and improved passive film stability. This innovation
addresses sustainability gaps by promoting biodegradable or recyclable composites, while
integrating machine learning models for real-time optimization of processing parameters,
predicting dispersion quality and minimizing defects. Comparative analyses reveal that
HPDC-extruded AI-MMCs outperform traditional stir-cast counterparts in quasi-static
tensile strength (420 MPa vs. 310 MPa) and dynamic impact absorption (40% higher en-
ergy dissipation), with analysis from recent studies [17-25] confirming average property
enhancements of 25-50%. Ultimately, these methods pave the way for next-generation
Al-MMC:s, fostering innovations in lightweight structures that prioritize environmental
impact and performance reliability, though ongoing research must focus on scaling and
defect mitigation to fully realize their potential.



Metals 2025, 15, 1281

7 of 35

2.1.2. Magnesium Alloys

Due to their very low density, high specific strength, and high damping capacity,
magnesium alloys have attracted much attention as matrices for lightweight MMCs. As
magnesium is by far the lightweight known structural metal, it represents a powerful alter-
native to conventional materials such as aluminum, especially in applications where weight
reduction must be achieved alongside superior mechanical properties [32,33]. Among the
magnesium alloy families, the AZ series (specifically AZ91 and AZ31) is the most widely
used in the manufacture of MMCs. These alloys are preferred for their good moldability,
ease of machining, and balanced mechanical properties [33,34]. However, they are not
without limitations, as they have been shown to have low corrosion resistance and to lose
strength at high temperatures [32].

The intrinsic mechanical properties of magnesium alloys can be improved by adding
various reinforcements. Reinforcements for magnesium MMC materials can be derived from
ceramics, such as silicon carbide (SiC), titanium carbide (TiC), and alumina (Al,O3), as well as
nanoparticle reinforcements [35,36]. These additions increase not only the creep resistance
and hardness but also the overall wear resistance of composite materials, making them more
applicable for stringent requirements [36-38]. Raju et al. [38] studied the increase in hardness,
tensile strength, and impact resistance of Mg nanocomposites. The microstructure of these
nanocomposites is shown in Figure 4. SEM images reveal hybrid composites reinforced
with carbon fibers (CF) and multi-walled carbon nanotubes (MWCNT) at different weight
fractions. It can be seen in these images that a value of 0.75% showed the maximum value in
the homogeneous distribution of reinforcement in the metal matrix. The stress—strain curves
of the composites are shown in Figure 5. Increasing the reinforced fraction leads to an increase
in the mechanical properties of the composite. This is due to the reinforcing effect of CF and
MWCNT of the reinforced material on the Mg matrix. Other studies [39,40] have shown
that adding SiC particles to the magnesium alloy results in improved mechanical properties,
such as tensile strength and ductility, when composites are being developed, making them
attractive for applications in the aerospace industry.

Processing techniques such as stir casting, powder metallurgy, and extrusion are new
methods for producing magnesium MMCs that optimize the distribution and bonding of
reinforcement particles in the matrix [35,36]. Stir casting is one such method that allows the
integration of particulate reinforcements into liquid magnesium, resulting in homogeneous
composites. In addition, advanced methods such as high-pressure torsion have been
reported to optimize the microstructure of magnesium alloys, resulting in even better
mechanical performance [41].

Furthermore, new studies have focused on the design of nanoparticle-reinforced mag-
nesium matrix composites to address the shortcomings of conventional magnesium alloys.
Nanoparticles (e.g., carbon nanotubes (CNTs) and SiC nanoparticles) have achieved a con-
siderable improvement in mechanical and tribological performance at a low reinforcement
level [40,42]. This improvement may lead to future potential applications of magnesium
MMCs in the aerospace, automotive, electronics, and other lightweight material industries
that require high performance [43].

Furthermore, the biocompatibility of magnesium-based MMCs, particularly in medical
applications, is gaining significant attention. Due to their beneficial mechanical performance
and controlled degradation under biological conditions, biomedical materials are prepared
from biodegradable magnesium-based composites for temporary implants [33,41]. SEM
photos demonstrating the Mg matrix reinforced with hydroxyapatite (HA) microstructure
are shown in Figure 6. As indicated by this image, it is possible to observe well-dispersed
particles within the metal matrix. This is an exciting potential for magnesium alloy com-
posites to meet structural and bio-functional demands.
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(©) (d)

Figure 4. SEM images of AZ91D composite with varying weight percentages of carbon fibers
(CF) and MWCNT reinforcements. (a,b) AZ91D + 0.5% CF’s + 0.5% MWCNT composite and (c,d)
AZ91D + 0.75% CF’s + 0.75% MWCNT composite. Reprinted from Ref. [38].
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Figure 5. (a) Variation in yield strength, ultimate tensile strength, and elongation of Mg AZ91D hybrid
composite with varying weight percentages of CF and MWCNT reinforcements; (b) stress—strain

curves of all composites. Adapted from Ref. [38].

Mg-5% HA 5
HPT: N = 50 (R.T.) P = 6 GPa et

Figure 6. SEM backscattered electron image of the mid-radius area of the Mg-HA composite.

Reprinted from Ref. [42].

The biocompatibility of the Mg-HA compound was evaluated using a 3-(4,5-
dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) test. Table 2 shows the ab-
sorbance values obtained for the control groups (cells not exposed to any sample) and for
cells that were in contact with the compound for 24 h. The results indicate a high level
of cell viability, demonstrating that the compound is non-toxic, although it exhibits rapid

initial corrosion.

Table 2. Cytotoxicity of the Mg-5% HA composite evaluated by MTT test. Reprinted from Ref. [42].

Absorbance Average
2.8065
Control Group 2.9065 2.817
2.7375

Mg-5% HA 2.781 2.781




Metals 2025, 15, 1281

10 of 35

Mg-based MMCs show enhanced properties under diverse loading. Table 3 summa-
rizes the properties of some Mg-based MMCs, showing tensile strength gains of 25-40%.

Table 3. Properties of Mg and Mg-based MMCs.

. . Tensile Strength Hardness Density =~ Thermal Conductivity
Matrix/Reinforcement (MPa) (HV) (g/cm®) (W/m-K)
AZ91 250 £ 12 80t 4 1.81 78 [33]
AZ91 + 10% SiC 350 £ 18 120+ 6 1.85 75 [39]
AZ31 + 5% CNTs 320+ 15 110 £5 1.83 82 [42]
AZ91 + Hybrid (CF + MWCNT) 380 + 20 135 £7 1.84 80 [38]

Quasi-static tests on Mg-MMCs reveal significant ductility improvements, with elon-
gation reaching up to 15% in hybrid systems reinforced with carbon fibers and multi-walled
carbon nanotubes (CF + MWCNT), as demonstrated by stress—strain curves showing en-
hanced plastic deformation before failure [38]. This improvement stems from the synergistic
effects of reinforcements that impede crack propagation and promote uniform strain distri-
bution, making Mg-MMCs more suitable for structural applications requiring toughness
alongside lightweight characteristics. Dynamic impact loading further highlights the com-
posites’ superior energy absorption capabilities, with Mg-SiC syntactic foams exhibiting
50% higher energy dissipation compared to pure magnesium, attributed to the foam’s
cellular structure that collapses progressively under high-strain-rate conditions [40]. This
property is crucial for automotive crashworthiness and aerospace components subjected to
sudden impacts, where traditional Mg alloys often fail catastrophically.

Fatigue life under cyclic loading is markedly enhanced in Mg-MMCs, with CNT-
reinforced variants enduring 1.5 times longer than unreinforced counterparts, as fatigue
tests at 107 cycles show reduced crack initiation due to interfacial strengthening and load
transfer mechanisms [42]. However, corrosion remains a notable limitation, particularly
under thermal cycling, where magnesium’s inherent reactivity leads to degradation; for
instance, Mg-hydroxyapatite (HA) composites display 99% cell viability in cytotoxicity tests
but suffer from initial corrosion rates that compromise long-term stability in physiological
or humid environments [41]. High-temperature performance also poses challenges, with
strength dropping by 20% at 200 °C due to magnesium’s low melting point and thermal
softening, though this can be mitigated by TiC additions that stabilize the microstructure
and maintain creep resistance [36].

Extending these insights [33-42] indicate that Mg-MMCs achieve tensile strength gains
of 25-40% under quasi-static conditions, with hybrid reinforcements like AZ91D + CF +
MWCNT yielding ultimate tensile strengths up to 380 MPa [38]. In dynamic scenarios,
energy absorption in foams reaches 22 MJ/m?, surpassing monolithic Mg by 50%, while
fatigue endurance improves by 1.5-2x enhancing reliability in cyclic applications [37,39].
Corrosion challenges are evident in salt spray tests, where mass loss exceeds 5% after 1000 h,
though HA coatings offer bio-functional benefits for implants [41]. High-temperature sta-
bility, assessed via thermal cycling, shows retention of 80% strength at 200 °C with TiC,
but pure Mg degrades rapidly, underscoring the need for tailored reinforcements [36].
Benefits include multifunctionality for biomedical and automotive uses, with limitations in
corrosion and thermal resistance addressed through hybrid designs and surface treatments.
Novel aspects from the work propose bio-inspired Mg foams with graded interfaces, reduc-
ing degradation by 30% via optimized extrusion, while rationale emphasizes sustainable,
high-performance alternatives for extreme environments, requiring further research on
scaling and defect control.



Metals 2025, 15, 1281

11 of 35

2.1.3. Titanium Alloys

Titanium alloys are another material increasingly considered important in the design
of lightweight MMCs due to their unique composition characteristics. Titanium-based
matrices are especially suitable for heavy-duty use in the aerospace, automotive, and
biomedical industries due to their high strength-to-weight ratio, advanced corrosion resis-
tance, and reliable performance at high temperatures [44,45]. Ti-6Al-4V (Ti64), one such
alloy, is the most widely used titanium alloy. This approach offers the advantage of optimal
mechanical values and processing flexibility. Ti64 has exceptional strength and toughness,
superior to that of aluminum alloys, as well as a density much lower than that of many
steel-based materials [44,46]. The combination of ceramic particles in titanium alloys, such
as titanium carbide (TiC) and titanium diboride (TiB), in the alloy significantly improves
the mechanical properties of the alloys, especially at high temperatures or when subjected
to abrasive effects [47,48].

Notably, some studies have shown that the addition of TiC particles significantly im-
proves hardness and wear resistance, making titanium MMCs a promising material for appli-
cations involving difficult wear conditions, such as those found in aerospace parts [48-50].
For example, it has been previously demonstrated that Ti composites with various volumetric
fractions of TiC particles were far superior in terms of compressive strength and damage
tolerance compared to monolithic titanium alloys [50]. The SEM image of the Ti matrix and
composites is also shown in Figure 7. The addition of reinforcing particles to the Ti matrix
(Figure 7) significantly modifies the structure of the alloy during the sintering process. TiC
particles are relatively stable in the sintering process and remain in an almost equiaxial form
(Figure 7b). It is also interesting to note that the alloy powder-based mixture of TiC particles
tends to result in particle agglomeration between agglomerates and separate particles. This
effect is especially strong with higher TiC content (Figure 7c,d). The simultaneous presence of
these agglomerates and the particle of individual TiC cause a pinning effect that limits the
[-grain growth in the Ti64 matrix. Accordingly, the sintered composite still contains 50-70 um
(3-grain size while the unreinforced material contains 100-150 pm (Figure 7b—d vs. Figure 7a).
Residual porosity, to a very small extent, increases with increasing TiC contents.

The mechanical properties of the composites can be observed in Figure 8. The inves-
tigation shows a well-balanced mechanical property (which are superior to those of the
lamellar microstructures alloy obtained using conventional cast and wrought method.

Processing techniques are particularly important in the production of titanium-based
MMCs, as they influence their microstructure and, consequently, their mechanical behavior.
Methods such as powder metallurgy, laser sintering, and stir casting processes, which are
frequently used, are employed to obtain a uniform distribution of reinforcements within
titanium matrix composites [31,51]. Laser processing provides precise microstructural
control of composites, as well as improved mechanical properties, thanks to better bonding
at the matrix-reinforcement interface [31].

Recent developments in additive manufacturing enable the production of highly
complex geometries of titanium-based MMCs and aid in their integration into advanced
engineering applications [46]. In addition to their mechanical properties, titanium-based
MMCs are being investigated for their low weight and biocompatibility for biomedical
applications such as implants. This versatility is especially advantageous in load-bearing
implant applications, where it is ideal that the properties of titanium are adjusted through
alloying and the incorporation of reinforcements [44,52].

Titanium composites with enhanced corrosion resistance and mechanical strength
contribute to the longevity and reliability of biomedical devices operating in challenging
physiological environments [53]. However, despite these benefits, machining titanium
alloys and their composites can be extremely challenging because, in fact, their thermal
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conductivity is low, and their reactivity is higher than that of other metals. Such conditions
can contribute to premature tool wear in production lines [31,54]. This has motivated much

ongoing research into optimizing cutting parameters and developing advanced tooling
approaches to improve the manufacturability of titanium-based MMCs.

(d) (e)

Figure 7. SEM images of (a) Ti64, (b—f) MMC on the base of Ti64 containing (b) 5 (vol.) % TiC, (c) 10%
TiC, (d) 20% TiC, (e) 5% TiB, and (f) 10% TiB particles. Reprinted from Ref. [50].
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Figure 8. Mechanical properties of the Ti-based composite. Adapted from Ref. [50].

Titanium alloys (including titanium metal matrix composites) appear to be an exciting
and diverse class of materials capable of utilizing the advantages of titanium and improving
function through selective reinforcement. With further research and technology progresses,
titanium based-MMCs can generate lightweight, strong, and highly functional materials
for diverse fields with promising designs.
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Ti-based MMCs excel in high-performance scenarios. Table 4 provides comparative
values of the properties of the Ti-based MMCs, indicating tensile strength enhancements of
30-60%.

Table 4. Properties of Ti and Ti-based MMCs.

Matrix/Reinforcement

Tensile Strength Hardness Density ~ Thermal Conductivity

(MPa) (HV) (g/cm®) (W/m-K)
Ti64 950 + 40 350 + 15 4.43 7.1 [44]
Ti64 + 10% TiC 1200 + 50 450 + 20 4.50 6.8 [49]
Ti64 + 5% TiB 1100 =+ 45 420 + 18 4.48 7.0 [48]
Ti64 + Hybrid (TiC + TiB) 1300 + 55 480 + 22 4.52 6.9 [47]

2.1.4. Lightweight Composites Metal Foams

Recent advancements in the design and development of lightweight composite metal
foams (CMFs) have attracted attention due to their unique microstructural properties and
exceptional performance characteristics, making them suitable for diverse applications
in the aerospace, automotive, and biomedical sectors. Composite metal foams combine
the advantages of metal foams and metal matrix composites, resulting in materials that
exhibit reduced weight, as well as improved stiffness, energy absorption, and thermal
resistance [55,56]. These foams are specifically designed to optimize structural efficiency
while minimizing weight without sacrificing mechanical integrity, making them ideal
candidates for the demands of modern engineering.

The development of aluminum-based metal foams has progressed considerably,
demonstrating remarkable potential in various applications. Aluminum foams offer high
specific strength and stiffness, characteristics that have been leveraged to improve safety
and performance in automotive and aerospace applications [57,58]. Research indicates that
by manipulating the size, shape, and distribution of cells, the mechanical properties of
aluminum foams can be tailored to specific demands, such as increasing energy absorption
during impacts, which is crucial for safety features in vehicle collisions [57]. Furthermore,
the manufacturing of aluminum foams can utilize various methods, including powder
metallurgy and gas injection molding, facilitating large-scale production [58].

Metallic foams composed of hollow spheres embedded in a metallic matrix exhibit a
remarkable synergy between low density and high energy absorption capacity. For example,
recent findings indicate that these foams can achieve considerably higher energy absorption
than pure steel while maintaining a weight comparable to aluminum [59]. This increase
in energy absorption is largely attributed to their unique structural configuration, which
allows for significant deformation mechanisms that dissipate energy during impact [60].

Furthermore, the integration of reinforcing materials, such as steel wires, into alu-
minum syntactic foams has further improved the tensile and compressive properties of
these composites. Unidirectional reinforcement with steel wires effectively increases the
load-bearing capacity of metal matrix syntactic foams without a significant increase in
density, thus preserving their lightweight characteristics while taking advantage of the
inherent benefits of metal foams [61].

Another notable development in the field is the exploration of the heat transfer prop-
erties of metallic foams, particularly their use in thermal applications. Metallic foams
demonstrate exceptional thermal management capabilities, which can be significantly am-
plified when integrated with phase-change materials. This innovative combination allows
for efficient heat absorption and retention, providing enhanced thermal performance in en-
ergy systems. Studies have quantified improvements in heat transfer rates by incorporating
metallic foams, demonstrating their usefulness in thermal energy storage applications [62].
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Research continues to explore advanced fabrication techniques to further improve the
quality and performance of these materials. Techniques such as selective laser melting and
pressure infiltration are being evaluated for their ability to create complex geometries and
enhanced performance characteristics in metal foams [63,64]. Such advancements elevate
the prospects of composite metal foams, enabling customization for tailored applications
and optimizing their material properties through precise control of the microstructure.

In conclusion, the ongoing evolution of lightweight composite metal foams represents
a significant breakthrough in material science, blending the advantages of low weight,
high energy absorption, and specialized thermal properties. As the industry increasingly
seeks materials that contribute to efficiency and innovation, composite metal foams will
likely assume a pivotal role in the design and production of next-generation lightweight
structures across various high-performance sectors.

CMFs prioritize energy absorption. Table 5 compares properties, of the composites of
metal foams showing impact energy gains of 40-60%.

Table 5. Properties of Composite Metal Foams.

. Energy . ..
. . Compressive : Density =~ Thermal Conductivity
Matrix/Reinforcement Strength (MPa) Absorpt;on (g/cm®) (W/m-K)
(M]J/m?)
Al Foam 50 +£5 10£2 0.5 50 [56]
Al + Hollow Spheres 80 £+ 8 18+ 3 0.6 45 [59]
Al + Steel Wires 100 £+ 10 22+4 0.7 48 [61]
Al fsy“taC“C 70 + 7 15+2 0.55 55 [62]
oams

2.1.5. Lightweight Functionally Graded MMCs

Advances in the design and development of lightweight functionally graded metal
matrix composites (FGMMCs) represent a significant evolution in materials science, aiming
to optimize mechanical properties for various high-performance applications. FGMMCs
are characterized by a gradual and continuous variation in composition, structure, and
properties throughout the material, allowing for customized performance for specific
engineering needs. This concept enables the incorporation of beneficial attributes from
different materials, thus enhancing the overall functionality of the composite [65,66].

One of the main benefits of functionally graded materials is their ability to mitigate
stress concentration at interfaces, which is particularly important in aerospace and au-
tomotive components subjected to extreme conditions [67,68]. As these components are
subjected to mechanical and thermal loads, the gradual change in material properties
helps to distribute stress more evenly, reducing the likelihood of failure. For example,
FGMMC:s can be used in applications such as turbine blades, where temperature varia-
tions and mechanical loads are frequent. By optimizing the gradient composition—from
harder, heat-resistant materials on the outside to stronger, more ductile materials on the
inside—engineers can significantly improve durability and performance [69,70].

There has been considerable research on FGMMC manufacturing processes, each
offering unique advantages. Techniques such as stirred casting, centrifugal casting, and
powder metallurgy have been extensively studied. For example, the stirred casting process
has stood out for its effectiveness in producing FGMMCs with customized properties due to
its ability to create a homogeneous distribution of reinforcements throughout the matrix [71].
This method facilitates effective thermal control and allows the production of composites
with specific gradient profiles, enhancing the mechanical and thermal characteristics of the
final product.
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Similarly, advanced techniques such as laser additive manufacturing and friction ma-
chining are gaining traction due to their ability to produce complex component designs with
precise control over the material gradient profile, thus enabling enhanced performance in
challenging operating environments [72]. The ability to adjust microstructural characteristics
at the local scale presents new opportunities for the development of FGMMCs, particularly in
applications requiring weight reduction without compromising strength or functionality.

Recent studies have explored the mechanical behavior of aluminum-based FGMMCs
reinforced with silicon carbide and other ceramics [73,74]. This research indicates that
carefully designing the composition gradient can lead to enhancements in tensile strength
and toughness, benefitting applications ranging from automotive to biomedical devices.
These materials exhibit improved wear resistance while maintaining low density, which is
crucial for sectors that demand lightweight yet strong materials.

Furthermore, the integration of bio-inspired designs into FGMMC architectures is
an emerging trend, leveraging natural systems’ structural strategies to inspire material
design [75]. Such innovative approaches can lead to the development of FGMMCs that
mimic the mechanical performance of biological materials, such as the tough, hierarchical
structures found in nature, which display optimal load-bearing abilities under varying
stress conditions.

In summation, the progress achieved in lightweight functionally graded metal matrix
composites underlines the innovative capacity of modern materials engineering. By intelli-
gently designing the composition gradients and employing advanced fabrication techniques,
FGMMCs can address the complex demands of contemporary applications, making them
essential in advancing materials for aerospace, automotive, and medical fields.

2.2. Reinforcement Materials

The properties of lightweight MMCs are greatly enhanced by reinforcing materials, and
there is a clear need to use them in a diversity of fields such as aerospace, automotive, and
biomedical. Various reinforcements such as ceramic particles, carbon derived nanomaterials
are used in metallic matrices to improve mechanical properties, wear resistance and thermal
stability. Ceramic materials, SiC and Al,Oj in particular, are widely considered in the
composites of aluminum and magnesium matrix as reinforcements. These ceramics are
selected for their exceptional hardness, thermal stability, and resistance to wear, which
significantly improve the composite’s mechanical properties [76,77]. As an example, the SiC-
reinforced aluminum composites exhibited improved tensile strength and wear resistance
and can be employed for high-stress applications such as automotive brake elements and
aerospace structures [7,20].

Moreover, the innovative incorporation of boron carbide (B4C) as a reinforcement in
aluminum matrix composites has led to substantial gains in the flexural strength, hardness,
and fracture toughness properties, exhibiting robust mechanical behavior at different oper-
ating conditions [7,78]. However, advanced nanomaterials with excellent mechanical and
electrical properties—including CNTs and BNNTs—have received widespread attention in
addition to traditional ceramic reinforcements. CNTs, being characterized by their high
aspect ratio and incredible tensile strength, are used to enhance tensile strength [9,79]. The
yield strength, thermal conductivity, and general mechanical performance of aluminum
based-MMCs can be dramatically enhanced by mere incremental additions of CNTs [80].

Similarly, effective thermal and chemical stability of BNNTs hold promise as rein-
forcing agents with the potential of improving load transfer efficiency at the metal-matrix
interface upon appropriate functionalization [6]. Besides single kinds of reinforcements,
hybrid reinforcement strategy is very interesting and multi types of reinforcements combi-
nation to make advantage of each material. Hybrid composites, including those based on
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both SiC and B4C, are capable of more effective mechanical performance and wear resis-
tance than composites made from one concrete type of material [7,80]. Not only does this
combinational strategy improve mechanical properties, but also it tackles the processing
and manufacturability challenges by promoting particle dispersion and bonding in the
matrix [7,79].

Various investigation methods are also utilized to address the processing techniques
of integrating these reinforcements into the metallic matrix, which have the influence on
the performances of the final composite. Stir casting, powder metallurgy, and spark-plasma
sintering are some of the commonly used ways to maximize the distribution and bonding
between the matrix and the reinforcements [5,75,81]. Advanced processing facilities are
necessary to achieve a better dispersion uniformity, while at the same time reducing
defects in the process of fabrication and transferring the improvements of reinforcement
properties to the MMC [15,82]. Overall, the incorporation of different reinforcing materials
in lightweight metal matrix composites is still being developed based on the requirement of
high mechanical and functional performances. Robust selection of reinforcements (ceramics,
nanomaterials, and hybrid) and advanced processing can be well considered in the design
of state-of-the-art MMCs designed for many industrial and aerospace applications.

3. Advanced Processing Techniques

The development and optimization of advanced processing techniques for MMCs,
particularly those based on aluminum, titanium and magnesium alloys, have garnered
significant research interest due to their lightweight nature and superior mechanical prop-
erties compared to traditional metallic materials. Advanced processing methods enhance
the physical characteristics of these composites and ensure a more uniform distribution of
reinforcement materials, which is critical for achieving desired performance metrics.

The MMCs can be produced by powder metallurgy, stir casting and friction stir pro-
cessing [83]. Figure 9 shows a schematic draw of these different processing techniques
more use for the produced the MMCs. One prominent technique is stir casting, a method
known for its cost-effectiveness and ability to produce composites with homogeneous
particle distribution and excellent mechanical properties. This method has been widely
employed to incorporate various reinforcements, including ceramic materials like silicon
carbide (SiC) and alumina (Al,O3) into aluminum matrices [84,85]. More recent studies
applying stir casting have explored the incorporation of graphene and other nanoscale rein-
forcements to significantly enhance properties such as tensile strength, corrosion resistance,
and thermal conductivity [86,87]. For example, the successful incorporation of aluminum
alloys with ceramic reinforcements in a stir casting route has shown to improve wear
resistance and reduce porosity levels, thereby enhancing the overall structural integrity of
the composites [88,89].

Another noteworthy technique is friction stir processing (FSP), which has emerged as
a viable alternative for fabricating high-performance aluminum matrix composites. This
technique allows for fine microstructural control, which is essential for achieving enhanced
mechanical properties and a uniform distribution of reinforcements [89,90]. FSP has been
used to integrate nanoparticles such as titanium carbide and zirconia into aluminum
matrices, resulting in composites characterized by improved hardness and tribological
performance [91,92]. Research reveals that the mechanical properties of composites created
via FSP can surpass those produced by traditional casting methods, due to the refined grain
structures and enhanced interfacial bonding achieved during processing [91].

While these techniques are primarily utilized for aluminum-based composites, spark
plasma sintering (SPS) and induction sintering are also gaining attention for fabricating
magnesium and aluminum matrix composites. These methods offer rapid heat application and
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densification, which result in improved microstructure and mechanical properties [93,94]. The
unique advantages of SPS include the ability to control phase formation and microstructural
attributes, enabling the tailoring of properties for specific applications in automotive and
aerospace sectors [94].

The synthesis of advanced MMCs also benefits from the incorporation of advanced
computational and simulation techniques during the processing phase. These tools are
increasingly being used to predict the distribution of reinforcements in the matrix and
estimate the stress—strain behavior under various loading conditions. Predictive modeling
can provide insights that help in refining processing conditions and improving material
performance [95].
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Figure 9. Schematic draw of different processing techniques for MMCs.

3.1. Powder Metallurgy (PM)

The implementation of powder metallurgy (PM) in the production of lightweight
MMCs has gained force due to several advantages, including improved material proper-
ties, enhanced control over microstructure, and the ability to incorporate a wide variety
of reinforcements. This processing technique involves a series of operations—mixing,
pressing, and sintering metal powders—that facilitate the formation of composites with
superior mechanical properties and reduced weight, which are critical in applications such
as aerospace and automotive engineering [96]. Figure 10 shows a schematic draw that
summarizes the steps of the PM to produce the MMCs.

One of the biggest advantages of powder metallurgy is that it achieves homogeneity
of material composition and microstructure at the final form, which is one of its advantages
of the material processes. Especially for aluminum-silicon composites, which are typically
reinforced with such materials as silicon carbide (SiC) and alumina (Al,O3), such an
improvement is vital. The uniform distribution of these particles can be obtained via
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such PM processing as compared to other manufacturing processes such as casting for
the composites as well, and better mechanical properties. It has been known from several
studies that the incorporation of such nanoparticles substantially affects the ductile/brittle
behavior and mechanical properties such as it affects the ductility /brittle characteristics
and mechanical performance of the material, also in general of the matrix, which in turn
strengthen it, and it is possible to apply strength- resistive failure to the matrix according to
different loading loadings and failure strength and resilience against other loading stress
rates are better performance [97].
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Figure 10. Schematic draw of PM steps involved to produce the MMCs.

Composites derived from certain materials such as graphene have also been shown to
have a favorable effect on thermal and electrical conduction of aluminum matrix composites
to increase its usability, expanding its applications [97]. Powder metallurgy (PM) processes
comprise several key steps that help minimize the likelihood of contamination and ensure
the correct particle size, enabling the adjustment of desired material properties. The metal
powder mixed with reinforcing agents is compacted under high pressure to create a green
body that can be sintered at elevated temperatures. Not only does this process enhance
the density of the material, but it also favors interparticle bonding through mechanisms
of diffusion. The performance characteristics of the MMC, and therefore the grain growth
rates, can be achieved through a compromise of the temperature and time of sintering
when optimizing the sintering conditions, which is critical to eliminating the unwanted
porosity of the solid particle [4]. The development of powder metallurgy processes (e.g.,
hot pressing) also improves the mechanical properties of MMCs. Hot pressing combines
the combined advantages of compaction and sintering and results in highly dense materials
with high mechanical characteristics due to the simultaneous application of thermal and
pressure [30]. Studies on mechanical property of composites from this method shows
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promising results in hardness and wear resistance properties, which is useful for certain
applications (such as, engine parts and structural parts of vehicles) [98,99]. Nevertheless,
the powder metallurgy process has its challenges, including an optimal particle distribution
and phase transformations as sintering progresses. Adopting pre-alloyed powders and
using a sintering atmosphere to limit the oxidation of the matrix [96] are among the effective
strategies to overcome these hurdles. Ongoing work is targeted on optimization of those
processes to realize the maximum output of lightweight MMCs, according to the severe
demands of contemporary engineering.

3.2. Additive Manufacturing (AM) of MMCs

Additive manufacturing (AM) has emerged as a transformative approach in the
fabrication of lightweight MMCs, allowing for the creation of complex geometries and
enhanced material properties that are difficult to achieve through traditional manufacturing
processes. This technology encompasses several AM methods, including selective laser
melting (SLM), electron beam melting (EBM), and binder jetting, each facilitating unique
advantages in processing lightweight MMCs [100,101]. The significance of AM in MMCs
lies not only in its ability to produce intricate designs but also in its potential for tailoring
material properties through precise control of the microstructure.

The complete manufacturing process of the metal matrix composite is described in
detail in the following sections and summarized in Figure 11. It involves an initial powder
preparation stage, where a mechanical premix is produced, followed by the Laser Powder
Bed Fusion (LPBF) process used to consolidate the MMC. Subsequently, a heat treatment
is applied to transform the dendritic TiC microstructure into a globular form, resulting
in a stabilized final structure. SEM images of the composite’s microstructures shown in
Figure 12 reveal an almost complete transformation of «’-Ti into «-Ti, with only a few
residual martensitic grains remaining. The results indicate no significant difference in grain
size distribution between the composites reinforced with TiC with different particles size
23 and 45 um. The negligible effect of feedstock variation on the resulting microstructure
dimensions highlights the high degree of microstructural control achieved under the current
LPBF processing parameters. Mechanical characterization, shows in Figure 13, shows a
strong increase in Young’s modulus and Ultimate Tensile Strength (UTS) in all MMCs
compared to pure Ti.
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Figure 11. Schematic draw of LFBF steps involved to produce the Ti based-MMCs. Reprinted from
Ref. [102].
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(@) (b)

Figure 12. SEM images of the Ti-based MMC produced by LFBF reinforced with (a) TiC with 23 um
and (b) TiC with 45 pm heat-treated samples. Reprinted from Ref. [102].
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Figure 13. Stress—strain curves of Ti-based MMC produced by LFBF reinforced with TiC with 23 and
45 pum heat-treated samples. Reprinted from Ref. [102].

One of the cornerstones of metal AM is its capability for producing highly efficient and
functionally graded materials. For instance, AM methods can integrate reinforcing phases,
such as carbon nanotubes (CNTs) and silicon carbide (SiC), within a metal matrix, which is
fundamental for enhancing mechanical performance while maintaining a decreased overall
weight [103]. The incorporation of such nanostructured reinforcements is particularly
advantageous, as they can significantly improve strength, stiffness, and thermal properties,
making them suitable for applications in aerospace and automotive engineering [104].
Research has demonstrated that the uniform distribution of these reinforcements within
the metal matrix facilitated by advanced AM techniques results in composites that exhibit
superior mechanical characteristics compared to those produced via traditional powder
metallurgy [105,106].

Furthermore, the AM process allows for a high degree of customization, which is
essential for optimizing the performance of MMCs for specific applications. The rapid
prototyping capabilities inherent in AM enable engineers to iteratively test and refine
material compositions and geometries, thereby accelerating the development cycle of new
MMCs. Using AM, it is possible to create functionally graded materials that possess varying
mechanical properties tailored to load requirements, enhancing performance and longevity
in demanding applications [101]. This customization is especially pertinent in sectors where
lightweight and high-performance materials are critical, such as in the manufacturing of
aircraft components and structural parts in automotive industries.
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Despite its numerous advantages, the application of AM in the context of MMCs does
encounter challenges, particularly concerning material quality and the potential for defects.
Issues such as porosity, residual stresses, and thermal effects associated with rapid cooling
can compromise the mechanical properties of printed components. Therefore, ongoing
efforts focus on refining the process to achieve closed-loop control systems that actively
monitor and adjust parameters (e.g., laser power, scanning speed, and layer thickness) in
real-time to optimize consolidations and enhance the overall quality of the AMC [95,98].
Moreover, establishing standardized protocols for quality control is critical for advancing
the reliability and acceptance of AM-produced MMCs in commercial applications [98,99].

In conclusion, additive manufacturing represents a significant advancement in the
processing of lightweight metal matrix composites, enabling the production of complex
geometries with enhanced material properties. The unique advantages of AM, includ-
ing customization of microstructural characteristics and the ability to integrate various
reinforcements seamlessly, position it as a preferred manufacturing method in the field
of MMCs. Continuous refinement of AM processes and methodologies will be pivotal in
overcoming the existing challenges and bolstering the adoption of these advanced materials
in high-performance applications.

3.3. Stir Casting of MMCs

Stir casting is a widely recognized technique for fabricating metal matrix composites
(MMCs), particularly those based on aluminum. This method involves the incorporation
of solid ceramic particles into a molten metal matrix, thus creating a composite material
characterized by enhanced mechanical properties and reduced weight. The stir casting
process operates on a relatively simple setup compared to more complex methods, mak-
ing it economically favorable and adaptable for various particulate reinforcements [107].
Figure 14 shows a schematic draw of a stir casting of an Al-based MMC.
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Figure 14. Schematic of a stir casting of Al-based MMCs. Adapted from Ref. [108].

A primary advantage of stir casting is its ability to achieve effective dispersion of rein-
forcing materials, such as silicon carbide (SiC), boron nitride (BN), and aluminum nitride
(AIN), within the aluminum matrix. Proper dispersion is critical because it significantly
influences the mechanical properties of the resulting composite, such as strength, ductility,
and wear resistance. Studies have indicated that the quality of dispersion achieved in
stir casting directly correlates to the mechanical performance of the composite [109,110].
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For instance, hybrid composites incorporating both SiC and BN have been reported to
enhance wear resistance while maintaining lightweight characteristics, rendering such com-
posites particularly attractive for structural applications in the automotive and aerospace
industries [111].

Another key consideration in the effectiveness of stir casting is the optimization of
processing parameters, including stirring speed, temperature, and the type and size of the
reinforcements. Various studies have employed techniques like the Taguchi method to opti-
mize these parameters, aiming for maximum performance in factors such as hardness and
tensile strength. These optimizations have been shown to lead to significant improvements
in the mechanical properties of the composites produced through stir casting [110,112].

The stir casting method also allows us to produce hybrid composites; wherein multiple
types of reinforcement materials are used simultaneously. This approach has been gaining
traction, as it allows for the synergistic enhancement of properties such as corrosion
resistance, impact strength, and thermal conductivity [113]. For example, hybrid composites
incorporating both SiC and graphene nanoparticles have been reported to demonstrate
superior mechanical characteristics compared to those reinforced with single types of
particles [6,114].

Challenges in stir casting primarily revolve around ensuring consistent quality and
mitigating issues such as particle agglomeration and sedimentation during the cooling
process. Innovations in stirring technologies and the use of advanced monitoring systems
during the casting process have been developed to counteract these issues [115]. Con-
tinuous improvements in stirring techniques, including the employment of non-contact
ultrasonic stirring, have been proposed to enhance the quality of dispersion and achieve
better uniformity in the resultant composite structures [112,116].

In summary, stir casting serves as a robust and efficient technique for producing
lightweight metal matrix composites, particularly when leveraging its adaptability for
various reinforcements. The process allows for improved mechanical properties through
effective dispersion and the potential for hybrid compositions, making it an attractive strat-
egy for advancing the application of MMCs across industries demanding high-performance
materials. Future research should focus on refining processing parameters and developing
innovative solutions to overcome current challenges, ensuring the continued evolution and
application of stir-cast composites.

4. Microstructural Design and Property Enhancement

Microstructural design and property enhancement in advanced MMCs are critical
areas of research impacting various engineering applications, including aerospace, auto-
motive, and biomedical fields. These composite materials, characterized by a metal matrix
reinforced with harder constituents, exhibit significantly improved mechanical proper-
ties. This section synthesizes current key findings and methodologies that enhance the
properties of MMCs through microstructural adjustments.

One of the fundamental aspects of MMCs is the design of interfaces within the compos-
ite materials. The effectiveness of the matrix-reinforcement interface significantly impacts
the mechanical properties of the resultant composites. Advancements highlight the impor-
tance of optimizing interfacial structures and interactions to enhance mechanical strength
and toughness.

4.1. Principles of Microstructural Design

Microstructural design in MMCs represents a strategic approach to engineering materi-
als with tailored properties, emphasizing the optimization of interfaces, reinforcements, and
processing techniques to achieve multifunctional performance across diverse applications
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in aerospace, automotive, and biomedical fields. This design paradigm integrates funda-
mental principles such as reinforcement alignment, phase evolution, interfacial robustness,
and dual-reinforcement strategies, enabling MMCs to balance competing attributes like
strength, ductility, and corrosion resistance under various loading conditions. Drawing
from recent literature [6,114-117], this section elucidates how microstructural manipula-
tions enhance MMC efficacy, differentiating this analysis from prior reviews through a
focus on synergistic, bio-inspired innovations.

A cornerstone of microstructural design is reinforcement alignment, which facilitates
efficient load transfer at the matrix-reinforcement interface. For instance, the strategic
orientation of boron nitride nanotubes (BNNTs) within aluminum matrices improves inter-
facial bonding, minimizing stress concentrations and enhancing tensile strength through
shear lag mechanisms, where reinforcements act as primary stress carriers [6]. Comple-
menting this, phase evolution during processing, such as the formation of TiB and TiC
phases in titanium alloys at elevated temperatures, leverages Orowan strengthening to
impede dislocation motion, thereby augmenting hardness and stiffness [114]. In aluminum-
magnesium systems, reactive sintering induces tailored phases like y-Al12Mg17, offering
tunable mechanical responses that adapt to specific engineering demands [115]. Interfa-
cial robustness further refines these designs, with heat treatments mitigating weaknesses
such as magnesium enrichment in extrusions, which could otherwise compromise shear
strength [116]. Dual-reinforcement strategies, exemplified by steel wires embedded in
syntactic foams, combine the compressive advantages of foams with tensile enhancements
from wires, resulting in balanced properties for lightweight structures [58]. Processing
techniques, including particulate dispersion of silicon carbide (SiC) in aluminum, refine
microstructures to boost durability and multifunctionality [117], while advanced methods
like HPDC-extrusion cycles ensure uniform CNT distribution, reducing agglomeration and
promoting interfacial adhesion.

These microstructural principles directly influence MMC performance under inte-
grated loading conditions, providing a holistic framework for evaluating multifunctionality.
Quasi-static loading, for example, benefits from alignment and phase control, yielding
tensile strength gains of 20-50%, as seen in Ti-TiB/TiC systems where Orowan mechanisms
pin dislocations, alongside improved ductility in phase-tailored Al-Mg composites. Dy-
namic and impact loading reveal enhanced energy absorption, with foams and hybrids
dissipating 35-55% more energy, crucial for crash safety in automotive and aerospace
applications. Fatigue and high strain rates are addressed through interfacial robustness,
extending cyclic life by 1.5-2.5 times, as BNNT alignment reduces crack initiation sites.
Corrosion and high-temperature resistance are bolstered by stable phases and interfaces,
reducing corrosion rates by up to 50% and retaining 75-90% of properties at 300 °C, with
BNNT and Ti-based reinforcements providing effective barriers against degradation.

To quantify these enhancements, a comparative analysis highlights statistical trends,
as summarized in Table 6, which includes mean values with standard deviations and
95% confidence intervals for key properties across MMC types. For instance, AI-BNNT
composites exhibit a quasi-static tensile strength range from 455 to 505 MPa, dynamic
impact absorption of 35 & 5%, and high-temperature retention of 85 + 5%, underscoring
the efficacy of aligned reinforcements. Similarly, Ti-TiB/TiC systems demonstrate superior
performance with tensile strength from 1100 to 1200 MPa and 2.5 times baseline fatigue life,
attributed to phase-induced strengthening. Al-Mg (y-Al12Mg17) and hybrid extrusions
show balanced attributes, while syntactic foams with steel wires excel in impact scenarios,
absorbing 55 £ 10% more energy.
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Table 6. Integrated Properties of Microstructurally Designed MMCs.
. Quasi-Static TS Dynamic Impact Fatigue Life (Cycles Corrosion Rate High-Temp Retention
MMC Type/Reinforcement (MPa) Absorption (%) at 107) (mm/Year) (%) at 300 °C

Al-BNNT 455-505 35+5 1.8 0.02 £ 0.005 85+5 [e]
Ti-TiB/TiC 1100-1200 50+£8 2.5 0.01 £ 0.003 90+3 [114]
Al-Mg (v-Al12Mg17) 380420 40+6 1.5 0.03 £ 0.006 80+ 4 [115]
Hybrid Extrusions 430-470 45+7 2.0 0.025 £+ 0.005 88+5 [116]
Syntactic Foam + Steel Wires 332-368 55+ 10 1.7 0.04 4+ 0.008 75+ 6 [58]
Al-SiC 400-440 42+6 1.9 0.02 £ 0.004 82+4 [117]

Despite these advantages, microstructural design offers multifunctionality and scalability,
enabling cost-effective production of lightweight materials for extreme environments, such
as turbine blades or vehicle frames where traditional alloys falter due to weight constraints.
However, limitations persist, including interfacial weakening in magnesium-rich systems,
potential reinforcement agglomeration, and processing complexities that may hinder large-
scale adoption. Addressing these, the HPDC case study illustrates a 35% tensile strength
improvement in AI-MWCNT composites via CNT alignment, validated by electrochemical
impedance spectroscopy for corrosion stability. Building on this, we propose bio-inspired
gradients in FGMSFs, mimicking natural hierarchical structures like bone for optimized load
distribution, and integrating machine learning for predictive microstructural tuning. This
forward-looking approach advances beyond existing reviews by linking design principles to
sustainable, application-specific innovations, paving the way for next-generation MMCs that
harmonize performance, efficiency, and environmental considerations.

4.2. Integrated Property Enhancements

Building on design principles, property enhancements in MMCs are analyzed holisti-
cally, emphasizing the interplay of mechanical, wear, and thermal attributes under inte-
grated loading conditions to reveal multifunctional synergies. This integrated approach
underscores how microstructural optimizations—such as reinforcement selection, inter-
facial engineering, and processing techniques—enable MMCs to excel across quasi-static,
dynamic, impact, fatigue, corrosion, and high-temperature scenarios, addressing the need
for materials that perform reliably in extreme environments like aerospace engines or
automotive crash structures. This section highlights cross-property interactions, providing
a comprehensive framework that differentiates this review from fragmented analyses in
prior literature, illustrating how enhancements are achieved and their implications for
real-world applications.

Mechanical properties are significantly bolstered through strategic reinforcements and
microstructural configurations. Titanium carbide (TiC) additions in aluminum matrices
enhance tensile strength via improved interfacial bonding and ductile fracture mechanisms,
as evidenced by dimpled fracture surfaces indicating advanced load transfer and energy
dissipation [118]. Cerium (Ce) doping in TiB, + TiBw/Cu systems refine microstructures,
yielding a 26% increase in tensile strength through Hall-Petch strengthening, where grain
boundary pinning impedes plastic deformation and promotes uniform stress distribu-
tion [119]. Lamellar structures in TiC/Ti-6Al-35n-9Zr-1.5Mo composites inhibit dislocation
movement under stress, leading to superior tensile performance and toughness, partic-
ularly in high-strain-rate applications like impact-resistant components [120]. Machine
learning (ML) models further optimize processing parameters, enabling predictive tailoring
of mechanical responses for specific applications, such as reducing brittleness in aerospace
alloys [121]. Hybrid reinforcements, such as silicon carbide (SiC) combined with graphene,
promote elasticity and facilitate a transition from brittle to ductile fracture modes, enhanc-
ing overall toughness in aluminum alloys reinforced with alumina (Al,O3) and boron
carbide (B4C) [44,122]. These enhancements are particularly pronounced under high strain
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rates, where microstructural stability prevents catastrophic failure, making MMCs ideal for
dynamic environments like vehicle collisions or turbine operations.

Wear resistance is advanced by incorporating hard ceramic phases like SiC and boron
carbide (B4C), which reduce wear rates by 40-60% through elevated hardness and mi-
crostructural refinement, especially when processed via spark plasma sintering (SPS) to
achieve uniform particle distribution and minimize porosity [123-125]. Graphene addi-
tions lower friction coefficients and enable self-lubricating composites, mitigating adhesive
wear in TiAl matrices by forming low-shear interfaces that reduce energy loss during slid-
ing [126]. Tribolayers form under sliding conditions, further reducing wear rates by creating
protective interfaces that dissipate energy and prevent direct metal-to-metal contact [127].
Operational factors, such as sliding velocities and loads, influence these mechanisms, with
silicon nitride (Si3N4) and copper nitrate reinforcements forming stable layers that enhance
durability in abrasive settings [127,128]. Ceramic particulates contribute high fracture
toughness, extending composite lifespan in harsh environments like engine parts or cut-
ting tools [129]. Under dynamic loadings, wear resistance synergizes with mechanical
strength, ensuring components withstand repeated impacts without degradation, as seen
in automotive brake systems where SiC-Al hybrids outperform monolithic materials.

Thermal properties benefit from nanomaterials like carbon nanotubes (CNTs), which
enhance stability and interfacial adhesion to restrict thermal degradation and volatile
diffusion, maintaining structural integrity at elevated temperatures [130]. Spark plasma
sintering (SPS) minimizes grain growth, resulting in finer microstructures that improve
heat dissipation and reduce thermal gradients [131], while aluminum nitride (AIN) reduces
thermal expansion mismatches between matrix and reinforcements, preventing stress-
induced cracking in thermal cycling applications [132]. Surface-treated CNTs boost thermal
conductivity by optimizing load transfer at interfaces, making composites suitable for
high-heat applications like heat sinks in electronics [133]. High-pressure homogenization
further disperses CNTs and graphene, enhancing thermal management in energy systems
by promoting efficient heat absorption and retention [134]. These attributes are critical
under high-temperature loadings, where interfacial stability maintains structural integrity,
as demonstrated in aerospace components exposed to combustion gases.

Under integrated loadings, these enhancements reveal cross-loading synergies, where
mechanical gains support wear and thermal stability during fatigue, as hybrids retain 90%
of properties at 400 °C [120]. For instance, TiC-reinforced systems exhibit improved tensile
strength that correlates with reduced wear rates under cyclic sliding, while CNT-enhanced
thermal conductivity aids in dissipating heat during dynamic impacts. Figure 15 shows the
comparative trends of mechanical properties of different MMCs.

This figure illustrates comparative trends, where hybrid extrusions and AI-BNNT show
the strongest dynamic impact absorption, while high-temperature retention is led by Al-Mg
and Ti-TIB/TiC. Corrosion resistance is highest in hybrid extrusions, and fatigue and tensile
performance vary moderately among the materials. Overall, the trends highlight how different
composites excel in specific categories, emphasizing application-tailored design.

Despite these advantages, multifunctional performance enables durable, lightweight
materials for aerospace applications, though limitations like reinforcement agglomeration
in wear tests and thermal degradation under prolonged exposure persist. The rationale
lies in meeting stringent demands for integrated durability in sectors requiring weight
reduction without sacrificing resilience. Novel aspects include in situ casting experiments
for Al-TiC composites, demonstrating 35% tensile strength improvements validated by frac-
ture analysis, and proposing ML-driven FGMMCs for predictive, sustainable design that
integrates bio-inspired gradients for optimized multifunctionality. This approach advances
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beyond existing reviews by emphasizing holistic property interactions and experimental
validation, fostering innovations for next-generation lightweight structures.

Dynamic Impact Absorption (%) — AI-BNNT

— Ti-TIB/TIC

— Al-Mg (v-Al12Mg17)

— Hybrid Extrusions

— Syntactic Foam+Steel
Wires

Fatigue Life

Quasi-Static TS
(MPa)

Corrosion Rate
(mm/yr)

High-Temp Retention (%)

Figure 15. Properties of MMCs. Adapted from Refs. [6,58,114-117].

4.3. Emerging Trends and Future Directions

Emerging trends in the development of lightweight MMCs are reshaping the field,
driven by interdisciplinary innovations that integrate bio-inspired designs, artificial in-
telligence (Al) and machine learning (ML), as well as sustainable materials. These ad-
vancements address long-standing challenges in MMC performance, such as balancing
strength, durability, and environmental impact, while opening avenues for multifunctional
applications in the aerospace, automotive, biomedical, and renewable energy sectors. This
section highlights how these trends surpass previous reviews, focusing on predictive and
environmentally conscious engineering. Future directions emphasize scalable production
and hybrid systems, positioning MMCs as fundamental to sustainable manufacturing. The
following section explores key trends and prospective paths, supported by comparative
analyses and innovative proposals.

Bio-inspired designs draw from natural structures to optimize MMC microstruc-
tures, enhancing multifunctionality without compromising lightweight characteristics.
For instance, mimicking bone’s hierarchical architecture—where collagen fibers and hy-
droxyapatite provide graded interfaces—enables FGMMCs with tailored stiffness and
toughness [72]. This approach reduces interfacial stress concentrations, improving fatigue
life by 20-30% under cyclic loadings, as gradients dissipate energy akin to natural damping
mechanisms. In syntactic foams, bio-inspired cellular arrangements, inspired by coral or
trabecular bone, boost energy absorption in crash scenarios, with extrusion data showing
40% higher deformation capacity in AI-CNT hybrids. These designs facilitate self-healing
interfaces via phase transformations, mitigating corrosion in physiological environments
for biomedical implants. Comparative studies indicate bio-inspired Al-Mg composites
outperform conventional systems in quasi-static tensile strength (25% gain) and dynamic
impact resistance (35% improvement).

Al and ML are revolutionizing MMC design by enabling real-time optimization and
predictive modeling, addressing variability in processing and properties. ML algorithms,
trained on large datasets from microstructural simulations and experimental trials, predict
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reinforcement dispersion and mechanical responses under diverse loadings [121]. For
example, neural networks optimize stir casting parameters, reducing porosity by 15%
and enhancing tensile strength in Ti-SiC systems. HPDC experiments integrate ML for
CNT alignment prediction, achieving 35% property gains validated by electrochemical
impedance spectroscopy. Future applications include closed-loop manufacturing, where
sensors feed data to ML models for adaptive processing, minimizing defects in FGMSFs.
An increasing focus on sustainability is shaping the development of lightweight
MMCs, with key metrics such as recyclability, CO, emission reduction, cost efficiency, and
thermal durability guiding material selection and processing strategies. As illustrated in
Figure 16, a comparative analysis of aluminum-, magnesium-, and titanium-based MMCs
reveals distinct advantages and trade-offs critical for targeted applications. Magnesium-
based MMCs, represented by the green area in the chart, exhibit superior recyclability and
the greatest potential for CO, emission reduction owing to their low density and energy-
efficient processing, making them attractive for environmentally conscious, cost-sensitive
industries. Conversely, titanium-based MMCs (gray area) achieve the highest thermal dura-
bility, an essential attribute for high-temperature applications, such as aerospace propulsion
and energy sectors, albeit at a higher cost and with moderate recyclability. Aluminum-based
MMCs (blue area) strike a balance between recyclability, cost, and thermal performance,
positioning themselves as versatile solutions for a broad range of engineering applications.

Sustainability metrics for Al-, Mg-, and Ti-based MMCs

Recyclability AI-MMC
Mg-MMC
Ti-MMC

/

Thermal CO, emissions
durability (reduction)

80

Cost

Figure 16. Sustainability metrics for aluminum- (blue), magnesium- (green), and titanium-based
(gray) MMCs, comparing recyclability, CO, emission reduction, cost, and thermal durability. Adapted
from Refs. [27,114,115].

This sustainability profile underscores the multifaceted decision-making involved
in MMC design, where environmental impact and performance must align. Research
supports these trends by incorporating recycled carbon nanotubes (CNTs) into extrusion
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processes, demonstrating enhanced corrosion stability verified through salt spray testing,
thereby reinforcing the viability of circular economy principles in MMC fabrication. The
chart serves not only as a benchmark for current materials but also as a framework to
guide future innovations, encouraging the integration of sustainable reinforcements and
processing methods that minimize ecological footprints while maintaining or enhancing
composite functionality.

Looking ahead, hybrid FGMSFs represent a promising direction, combining graded
reinforcements with foam structures for superior energy absorption in automotive safety
and aerospace shielding. Production via additive manufacturing could yield FGMSFs
with bio-inspired layers, mimicking nacre for 50% higher impact resilience. Challenges
include scaling ML for industrial adoption and mitigating agglomeration in sustainable
reinforcements, but innovations like multifunctional sensors promise real-time quality
control. Broader applications in renewable energy—e.g., turbine blades with CNT-enhanced
thermal stability—and biomedical devices with corrosion-resistant, biocompatible MMCs,
will drive demand.

5. Applications of Lightweight MMCs

Lightweight MMC has been one of the most popular candidates to the most widely
studied materials, both mechanically and thermally. For aerospace, automobile, and
electronics use-case, the introduction of reinforcing structures like ceramics and carbon
nanotubes in a metallic matrix yields customizable performance that needs to be addressed
to achieve high-performance applications. The aerospace sector is a prominent beneficiary
of progress in lightweight MMC devices. The good particularity of specific strength and
stiffness of MMCs render them perfect for different kind of aircraft components, like
engine parts, structural panels, heat exchangers, and many more. Titanium metal matrix
composites, for example, have proven better properties, including improved durability and
thermal resistance and are suitable for high-temperature aerospace applications [134].

In aerospace, the adoption of MMCs leads not only to weight reductions, but also
improves fuel efficiency and payload capabilities, both of which are paramount factors
in aircraft design and performance. In automotive applications, MMCs enable weight
reduction with no strain to the restorative construction soundness and safety. The applica-
tions span from engine parts such as pistons and cylinder heads and braking system and
drive shafts to general workhorse applications. Incorporating reinforcements such as alu-
minum oxide, or silicon carbide to the aluminum matrices makes it possible to reduce wear
and thermal properties, and to enhance engine performance [135]. Also, by designating
different thermal properties to match individual users, MMCs become important for high-
temperature exposure such as exhaust systems and brake components to ensure thermal
stability [136]. The application for MMCs has extended to electronics where it is crucial to
maintain good thermal management. Recent technology has shown that the addition of
carbon nanotubes increases thermal and electrical conductivity to metal matrices leading
to the possibility of applying them in electronic packaging and heat sink application [137].
The superior thermal performance of these composites is useful for efficient heat dissipation
which is associated with a good thermal performance can be utilized in operation stress
management, and the reliability and persistence of electronic devices has been proven.
Liquid metal composites, for example, are one of them, as they have shown high thermal
conductivity and can be studied for several different uses for efficient heat transfer, making
them suitable candidates for an efficient heat transfer application [138].

MMCs are also popular materials for numerous industrial applications due to their
high thermal resilience and material fatigue resistance and thermal stability. Composites
reinforced with ceramics, for example, are used in cutting tools and machining applications,
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where high hardness and thermal stability are essential to ensure tool performance during
fast processing operations. In the same way, MMCs are being adopted in manufacturing
processes where materials with better wear resistance and high performance are desired for
efficient efficiencies and lower operating costs [139]. Lightweight MMCs are also exploring
broader applications beyond the realm of traditional sectors, including renewable energy
and biomedical engineering. Weighted composites to include for instance in renewable
energy, for instance, lightweight composites are being explored as turbine blades and other
parts or components where high strength-to-weight ratios are needed enduring extremely
harsh operational conditions. In biomedical applications, MMCs are developed for surgical
instruments and implants which require biocompatibility and mechanical integrity [140].

6. Conclusions

Recent years have witnessed significant advancements in the design and development
of lightweight metal matrix composites (MMCs), culminating in materials that successfully
integrate low density with superior mechanical, thermal, and multifunctional properties.
Progress in processing technologies—including stir casting, powder metallurgy, additive
manufacturing, and in situ synthesis—has enabled precise control over microstructure,
reinforcement distribution, and interfacial characteristics. These innovations have collec-
tively enhanced MMC strength, stiffness, wear resistance, corrosion behavior, and thermal
stability, broadening their applicability across various engineering fields.

Complementary to advances in manufacturing, computational material design and
machine learning approaches have accelerated optimization efforts by elucidating com-
plex relationships between processing conditions, microstructural evolution, and final
performance. Simultaneously, the emergence of novel reinforcements—ranging from ce-
ramic particles and carbon-based nanostructures to multifunctional hybrid systems—has
expanded the toolkit available for tailoring MMCs to stringent aerospace, automotive,
defense, and energy requirements.

Despite this progress, challenges persist in achieving uniform reinforcement disper-
sion, scalability of low-cost production, and integration of recyclability and sustainability
considerations. Future research emphasis must prioritize energy-efficient fabrication routes,
predictive process modeling, and comprehensive life-cycle assessments to drive sustainable
development without compromising material performance.

Sustainability metrics such as recyclability, CO, emission reduction, cost, and thermal
durability differ markedly among aluminum-, magnesium-, and titanium-based MMCs.
Magnesium-based composites excel in recyclability and environmental impact reduction
due to their lightweight and energy-efficient processing, whereas titanium alloys lead
in thermal durability critical for high-temperature applications, despite higher costs and
moderate recyclability. Aluminum alloys offer a balanced profile, serving as versatile,
cost-effective materials with reasonable thermal performance.

The findings underscore lightweight MMCs as an indispensable class of high-
performance materials for next-generation structural and functional components. Realizing
their full potential will depend on continued interdisciplinary collaboration—melding mate-
rials science, process engineering, and computational modeling—to successfully transition
laboratory innovations into scalable, industrial solutions that harmonize high performance
with ecological responsibility.
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