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Metal matrix composites (MMCs) reinforced by various dimensional nanoscale reinforcements (ranging from 0D
to 3D) have gained significant importance in numerous fields such as electronic circuits, aerospace and new
energy vehicles due to their exceptional mechanical and functional properties. Despite their widespread appli-
cations, the inherent disparity in properties between the matrix and nanoscale reinforcements often results in a
trade-off between strength and plasticity, as well as diminished physical characteristics. This dilemma signifi-
cantly impedes the advancement of MMCs. This review aims to discuss the current state of research on MMCs
reinforced by nanoscale reinforcements, highlighting the intricately designed approaches for achieving high
strength-ductility matching or enhanced physical properties. Furthermore, the review systematically examines the
factors influencing strengthening, toughening mechanisms and deformation behavior, as supported by current
experimental and theoretical research across various reinforcement dimensions. Analyzing and evaluating the
internal mechanisms and influencing factors that govern the distinctive dimensional design to achieve specific
properties can provide fundamental principles for designing and fabricating high-performance composite mate-
rials, facilitating the extensive application of the MMCs in cutting-edge fields such as aerospace, electronic
communications, and artificial intelligence.

exhibited tremendous improvement in the strength and hardness [1-3].
However, the incorporation of nanoscale reinforcements into MMCs

1. Introduction

The rapid advancement in technology and industrial processes has
brought new opportunities and challenges to the field of materials sci-
ence, particularly in metallic materials, regarding their excellent me-
chanical, thermal, electrical, electrochemical, and biomedical properties.
Benefiting from the great flexibility for the selection of the re-
inforcements and microstructure design, metal matrix composites
(MMCs) are identified as an optimal choice for surpassing the inherent
performance limitations in traditional metals and their alloys. In recent
years, MMCs reinforced with zero-dimensional (0D) nanoparticles, one-
dimensional (1D) nanotubes/nanofibers, two-dimensional (2D) nano-
plates/nanosheets and three-dimensional (3D) continuous network have

often leads to unpredictable effects on other properties, such as ductility
and electrical/thermal conductivity. For instance, the significant
disparity in the inherent properties of both reinforcements and matrix
makes achieving proper dispersion of nanoscale reinforcements very
challenging, potentially causing agglomeration issues that degrade
ductility or fracture toughness. Additionally, inadequate interfacial
wettability can result in weak interaction or poor load transfer between
reinforcements and matrix, further complicating the enhancement of
overall performance enhancement [4,5]. These issues collectively
contribute to a strength-ductility trade-off and the degradation of the
physical properties of the composites. Furthermore, the heterogeneous
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interface in MMCs introduces additional uncertainty in their plastic
deformation processes. Numerous studies have demonstrated that the
dimensional features of reinforcements and the interface structure have a
strong impact on the dislocations, microcracks, strain/stress and fracture
behavior, making accurate theoretical predictions difficult [6-8].
Consequently, the precise processing and delicate design have been
severely limited for MMCs.

In recent decades, various explorations have been attempted to ach-
ieve a harmonious combination of strength and ductility in MMCs via
dispersion technology, interfacial modification and distribution of re-
inforcements [9-11]. As for the OD-particle reinforcements, spontaneous
agglomeration occurs primarily due to the strong van der Waals forces,
particularly in a case where the particle size reaches the nanometer scale
or the content in the matrix exceeds a specific threshold (~6 vol%) [12].
Strategies such as nanoparticle self-stabilization, pre-stirring powders in
liquid and molecular-level mixing have been proposed to overcome the
conundrums in aggregation of reinforcements via overcoming the van
der Waals attraction [13,14]. Due to the high aspect ratio of 1D fibers or
whiskers, large wetting angles between reinforcements and metal matrix
often result in poor interfacial bonding and premature failure under load.
Thus, the construction of a semi-coherent/coherent interface in MMCs
serves as an effective approach to augment the strength and plasticity of
composites by bolstering the bonding strength between reinforcements
and metal matrix [15]. Additionally, the popular trend of designing
alignment or lamellar structure for 2D nanoplates or nanosheets in
metallic matrices has significantly advanced high-performance MMCs,
highlighting the importance of configuration design in the matrix [16]. In
contrast to the strategies for achieving non-uniform distribution in metals
[171, recent works focused on the continuity of the nanoscale re-
inforcements, that is, the construction of continuous network structure
by welding 2D materials or in situ growth method. This has been proved
to be effective in improving the overall properties of MMCs and opens
new avenues for understanding the strengthening and toughing mecha-
nisms [16].

From the above discussion, it can be seen that the strengthening and
toughening strategies used for nanoscale reinforcements of different di-
mensions are usually different. Nowadays, thanks to the development of
advanced preparation processes, the integrated properties of nano-
materials have been greatly enhanced, providing a wider range of pos-
sibilities in the choice of reinforcements, such as 1D carbon/boron
nanotubes or metal nanowires, 2D graphene (GN) or MXene nanosheets
and 3D GN networks [18,19]. For example, 1D isolated TiB/Ti achieves
extraordinary strength and ductility synergistic enhancement via excel-
lent hetero-deformation-induced (HDI) hardening [20], 2D laminated
GN/Cu composites exhibit unique dislocation behavior and crack growth
rules by inserting oxygen-containing functional groups at different con-
centrations on the GN surface [21], and 3D network GN/Cu achieves the
balance of strength, plasticity, electronic conductivity, and thermal
conductivity because of continuous GN network [22]. In order to fully
exploit the advantages of their dimensional feature, it is imperative to
systematically investigate and summarize their strengthening and
deformation mechanisms, which facilitates the design of MMCs with
exceptional comprehensive performances encompassing
strength-ductility and other functional properties.

Up to date, some reviews have been dedicated to summarizing the
fabrication methods for MMCs reinforced by nanomaterials of varying
dimensions [3,5]. However, the existing literature has not sufficiently
elucidated the design principles and optimization conditions associated
with different reinforcement dimensions, which hinders the accurate
prediction of the overall properties in MMCs. Furthermore, the densifi-
cation and component manufacturing of MMCs are intricately linked to
the plastic deformation process. To achieve a synergistic combination of
strength and toughness in these materials, it is essential to comprehend
the interaction laws between the nanoscale reinforcement and the matrix
at both microscopic and macroscopic scales. This review categorized
nanoscale reinforcements into 0D, 1D, 2D, and 3D based on their distinct
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strengthening and toughening mechanisms, as well as the deformation
behavior observed in MMCs, as illustrated in Fig. 1. It emphasizes the
importance of considering reinforcement dimensions in regulating me-
chanical properties and understanding the underlying mechanisms. The
second to sixth sections of this review independently explore the influ-
ential factors and intrinsic mechanisms substantiated by current experi-
mental and theoretical research on the four different dimensional
reinforcements. Lastly, this review presents conclusions by providing
strategies for selecting the appropriate design of MMCs reinforced by
reinforcement with different dimensional features to meet usage re-
quirements and optimize structural performance more elegantly.

2. Metal matrix composites reinforced with 0D reinforcements

Being first introduced into metals in the 1970s and 1980s [23,24], the
utilization of OD reinforcements in MMCs is widespread owing to their
exceptional strength and modulus [25,26]. However, the agglomeration
tendency of ceramic particles and their poor wettability with metal ma-
trix often pose challenges in achieving effective dispersion and interface
bonding between reinforcement particles and matrix. Therefore, the
dispersion of ceramic particles in MMCs and the enhancement of inter-
face bonding between them have consistently been the focal points and
challenges of research. In response to the above situation, researchers
have made numerous attempts, as depicted in Fig. 2, which are man-
ifested in three aspects: new techniques for achieving the uniform
dispersion of reinforcements, the design of interface composition and
structure, and the special non-uniform distribution of reinforcements. For
the uniform dispersion of OD reinforcements in MMCs, researchers
employed some methods such as friction stir processing [27], ball milling
[28], nanoparticle self-stabilization [14] and electromagnetically
induced acoustic cavitation [29] to achieve reinforcements uniform
dispersion within the metal, enhancing stress distribution by preventing
agglomeration and mitigating early failure of the MMCs caused by stress
concentration. In terms of the reinforcements/metal interface design,
previous research was primarily focused on improving interface bonding
through the formation of semi-coherent/coherent interfaces [30],
introducing interphases [31], and establishing core-shell reinforcement
[32] to prevent premature fracture resulting from interface debonding
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Fig. 1. Overview of MMCs reinforced with various dimensional reinforcements,
focusing on properties, strengthening mechanisms and deformation behavior.
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Fig. 2. Overview of the strategies for achieving exceptional properties in MMCs
reinforced with OD reinforcements. Taken from Refs. [14,27-29] with
permissions.

during loading. For the non-uniform distribution of reinforcements, re-
searchers have utilized isolated reinforcement [10], bar and
laminated/ring-like reinforcement [33] and quasi-continuous network--
like (QCNL) reinforcement [34,35] to induce a non-uniform distribution
of reinforcements within MMCs. This introduction of non-uniformity
further regulates strengthening and toughening mechanisms as well as
plastic deformation behavior of MMCs, ultimately improving both
strength and plasticity.

In this section, the dispersion process, interface design and distribu-
tion of OD reinforcements are discussed, systematically summarizing the
comprehensive properties of MMCs under different strengthening
strategies.

2.1. Dispersion and interface design of OD reinforcements

The size effect of 0D reinforcements and the bonding strength of re-
inforcements/metal interface play crucial roles in determining the
comprehensive properties of MMCs, as well as serving as the pivotal
factors in overcoming the strength and ductility trade-off. Traditional
composites reinforced with micron-sized particles often exhibit weak
interactions with dislocations and may fracture prematurely due to the
stress concentration around particles. In contrast, dislocations cannot cut
but only bypass nanoscale particles in MMCs, resulting in strong pinning
of dislocation and additional work hardening [36]. However, nanoscale
particles tend to agglomerate due to their high surface energy, which
diminishes their enhancement effect. In addition, the hard and brittle
nature of 0D reinforcements, along with their limited wettability with
metals, leads to premature brittle fractures in MMCs, significantly
affecting their engineering applications. Consequently, it remains a tough
task to synthesize uniformly distributed nano OD reinforcements in the
metal matrix. Li et al. [28] reported the uniform dispersion of ultra-fine
carbon nanoparticles (~2.6 nm) in Cu matrix (nc-Cu), and realized the
synergistic improvement of strength and plasticity by using a chemical
bond-assisted dispersion strategy (Fig. 3a). This synergistic enhancement
is attributed to the incorporation of uniformly dispersed ultra-fine carbon
nanoparticles into the matrix. Firstly, the presence of nanoparticles exerts
a significant stabilizing effect on dislocations and enhances work
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hardening. Secondly, the inclusion of nanoparticles also triggers multiple
slips within grains, thereby providing additional strengthening through
back stress and work hardening. Additionally, Chen et al. [14] success-
fully achieved the homogeneous dispersion of SiC particles with a large
volume fraction (14 vol%) into the magnesium matrix. This is accom-
plished by overcoming the van der Waals barrier of SiC agglomeration
through thermal activation during the heating process (Fig. 3b). The high
density of SiC nanoparticles impedes dislocation slip along the basal
plane of magnesium matrix, and may also potentially trigger slip on other
crystallographic planes during deformation.

Furthermore, achieving uniform dispersion of ceramic particles be-
comes increasingly difficult as their size decreases. For ceramic particles
smaller than 10 nm, this challenge becomes a significant issue for MMCs.
Bai et al. [11] introduced an “interface replacement” strategy aimed at
enhancing the dispersion of ceramic nanoparticles into metals thus
achieving extraordinary mechanical properties. This approach involves
substituting the strongly bonded interface between ceramic nano-
particles with a weakly connected van der Waals force between few-layer
GN-like layers. By implementing this method, they achieved a dense and
uniform dispersion of approximately 5 nm MgO particles which exhibited
a fully coherent MgO/Al interface. The coherent MgO/Al interface in-
creases the activation energy of vacancy dramatically, thereby reducing
the likelihood of fractures along the interface. Meanwhile, the very small
coherent MgO particles, with 5 nm in size, lead to high Zener pinning of
grain boundaries. As a result, the composite demonstrates unprecedented
strength (—200 MPa) and creep resistance at 500 °C (Fig. 3c). This work
also highlights the role of interfaces in achieving optimal mechanical
properties at both room and high temperatures.

2.2. Non-uniform distribution of OD reinforcements

Despite of extensive research having been conducted on optimizing
the size, dispersion, and interface state of 0D reinforcement in MMCs, the
bulk composites with nanoscale, dense and uniform dispersion in MMCs
usually show a low ductility or fracture toughness due to the difficulty for
dislocation gliding within the metal matrix. Recently, researchers have
made impressive progress by designing the non-uniform distribution of
0D reinforcements within MMCs to tackle the aforementioned problem.
As shown in Fig. 4, these breakthroughs in the strength and plasticity
trade-off are attributed to the expanded plastic deformation zones of
particles in the metal matrix by superposing the zones of a single particle.
For example, Jiang et al. [10] prepared B4C reinforced aluminum matrix
composites with an inhomogeneous reinforcement distribution through a
meticulously designed ball milling process. This innovative approach
results in a 26 % increase in tensile strength and a 30 % increase in
toughness compared to composites reinforced by uniformly distributed
B4C particles. Specifically, the aluminum matrix in these composites can
be divided into two distinct zones: nanoparticle-rich (NPR) zones and
nanoparticle-free (NPF) zones. The NPR zones act as a “hard phase”,
while the NPF zones function as a “soft phase” (Fig. 4a and 5a). During
deformation, the hard phase primarily bears the load transfer, whereas
the soft phase facilitates the plastic deformation through dislocation
behavior. This inhomogeneous distribution of hard and soft phases in-
duces non-uniform deformation, which in turn provides additional
strength through back stress. Furthermore, the uneven distribution of
B4C within the matrix leads to the overlapping of dislocation punched
zones, thereby reducing crack nucleation around B4C and enhancing the
overall toughness. In addition, other works reported by Sun et al. [33]
and Huo et al. [34] also prepared laminated AloO3/Al and QCNL (TiC +
TisSiz)/Ti composites, in which systems the synergistic increase of
strength and ductility due to the coordinated deformation between soft
and hard phases were realized (Fig. 4b-d). In conclusion, the properties
of the composite are significantly influenced by the ratio of hard and soft
phases. Generally, an increased proportion of hard phases results in
higher strength. However, there are considerable challenges associated
with the preparation of composites containing a high content of hard
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Fig. 3. Microstructure and properties of MMCs reinforced with OD reinforcements. (a) nc-Cu. a;: STEM image of nanocarbon particles; a,: stress-strain curves for pure
Cu and nc-Cu composites; az: strain hardening rate for pure Cu and nc-Cu composites [28]. Taken from Ref. [28] with permission. (b) SiC/Mg. b;: the uniform
dispersion and dispersion of SiC; by: a characteristic interface between SiC and matrix; b3 and by4: the morphology of post-deformed samples without and with SiC; bs:
engineering stress-strain curves of micropillar as-solidified samples without and with (red) SiC [14]. Taken from Ref. [14] with permission. (c) MgO/AL. c;: schematic
diagram of the interface-replacement dispersion process of MgO NPs; c;: HRTEM image of MgO/Al interface; c3: tensile engineering stress-strain curves of as-extruded

MgO@GL/Al and Al [11]. Taken from Ref. [11] with permission.

phase. Luo et al. [37] observed the QCNL of SiC particles, as shown in
Fig. 4c and 5c, within the magnesium matrix through ball milling,
resulting in the formation of an inverse nacre structure. The authors
proposed that the pure Mg sheet embedded in the continuous Mg matrix
composite reinforced with SiC particles can accommodate a great amount
of hard phase. The heterogeneous deformation of the soft and hard
phases results in HDI strengthening, thereby providing an additional
strengthening mechanism. Moreover, the strain hardening of the soft
phase compensates for the strength reduction caused by micro-crack
formation within the matrix, which prevents softening in composites
under strain and consequently achieves higher elongation compared to

the composites with homogenous reinforcement distribution.

In summary, the primary strengthening mechanisms attributed to the
non-uniform distribution of 0D reinforcements are generally associated
with HDI hardening, which arises from the non-uniform deformation of
the soft and hard phases during deformation. Additionally, the primary
toughening and plastic deformation mechanisms include crack nucle-
ation and reduction in NPR region caused by the overlapping of dislo-
cation punched zones, as well as the deflection of cracks at the NPR/NPF
interface (Fig. 5). These points will be further elaborated in Section 6.
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TiC-TisSi3/Ti. d;: schematic illustration; dp: SEM image of TiC-TisSi3/Ti; ds: tensile engineering stress-strain curves of TiC-TisSi3/Ti [34]. Taken from Ref. [34]

with permission.

2.3. Summary of the attainable mechanical properties of MMCs reinforced
with OD reinforcements

The normalized tensile strength and elongation of MMCs reinforced
with 0D reinforcements, as reported in the literature, are illustrated in

Fig. 6. The non-uniform distribution of these OD reinforcements signifi-
cantly influences the correlation between the strength and elongation of
MMCs. Compared to homogeneous MMCs, heterogeneous composites
exhibit not only a pronounced strengthening effect but also considerable
plasticity and toughness, even approaching or surpassing the elongation
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of the metal matrix. Consequently, utilizing MMCs reinforced with het-
erogeneous 0D reinforcements offers an effective strategy to overcome
the limitations imposed by the trade-off between strength and plasticity.

3. Metal matrix composites reinforced with 1D reinforcements

In recent decades, significant advancements and remarkable
achievements have been made in the study of 0D reinforcements rein-
forced MMCs. However, with the rise of emerging industries like
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integrated circuits and new energy vehicles, there is a growing demand
for functional properties such as electrical and thermal conductivity in
MMCs. Therefore, some researchers have shifted their focus to MMCs
reinforced with 1D nanomaterials that are characterized by a large
length/diameter ratio [43]. The 1D reinforcements in MMCs consist of
carbon nanotubes (CNTs) and ceramic whiskers, known for their
outstanding strength, hardness, high-temperature thermal stability, and
electrical and thermal conductivity, making them ideal for enhancing the
properties of MMCs. Generally, achieving the uniform dispersion of CNTs
within the metal matrix is a difficult task due to the interwinding nature
and agglomeration tendencies of flexible CNTs, while poor wettability
prevents whiskers from having a tight interface with the metal matrix
considering their high stiffness and inert side walls [44]. Therefore,
achieving an outstanding strengthening effect requires good control of
both structural integrity and dispersion of 1D reinforcements

simultaneously. The current state of research has prompted researchers
to undertake many endeavors, as depicted in Fig. 7, encompassing four
primary aspects: (1) Dispersion method. Various dispersion processes are
proposed to address the dispersion of 1D reinforcements in MMCs,
including liquid-assisted mixing [45], ball milling [46] and
ultrasonic-assisted melting method [47]. Among these methods, ball
milling stands out as the most commonly used due to its simplicity and
efficiency. (2) Characteristic parameters. The dispersion type [48] (grain
boundaries and territories) and the feature size [49] are considered as
two most important factors that influence the strengthening effects. The
large aspect ratio of 1D reinforcements introduces unique interaction
mechanisms with dislocations in MMCs. It consequently leads to varying
strengthening and toughening mechanisms, as well as plastic deforma-
tion behavior within MMCs. (3) Non-uniform distribution of re-
inforcements. The strategically designed non-uniform distribution of
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Fig. 7. Overview of MMCs reinforced with 1D reinforcements. Taken from Refs. [45,47] with permissions.
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reinforcements, including bimodal grain structure [50], isolated re-
inforcements [20], laminated-like reinforcements [51,52], and QCNL
reinforcements [53,54] will be introduced systematically. (4) Hybrid
reinforcement. The delicately designed OD-xD (x = 1 or 2) hybrid re-
inforcements have been proposed to achieve the synergistic effect in
strengthening and toughening [55,56].

This section discusses the four primary aspects of the design and
fabrication of MMCs reinforced by 1D reinforcements, followed by
clarifying the comprehensive understanding of 1D reinforcement and its
impact on the mechanical properties of MMCs.

3.1. Characteristic parameter of 1D reinforcements

The aspect ratio of the 1D reinforcements has a significant influence
on their dispersion state within the matrix. Typically, the 1D re-
inforcements with a high aspect ratio are predominantly located at grain
boundaries, while those with a small aspect ratio tend to distribute
within the grains. Studies have shown that ball milling is effective in
achieving intragranular dispersion of CNTs. The incorporation of 1D
reinforcements within matrix grains plays a crucial role in grain refine-
ment and dislocation hindrance, contributing to the overall enhancement
of MMCs. Xu et al. [48] employed the flake powder metallurgy technique
to fabricate composites of CNTs/Al, in which the influence of charac-
teristic parameters of CNTs on the mechanical strength and plasticity was
clarified (Fig. 8a). These parameters include grain size, volume fraction,
dispersion type, aspect ratio, and interface reaction rate. The authors
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conclude that the influence of CNTs distributed at grain boundaries on
the strength and plasticity of composite is less correlated to the aspect
ratio of CNTs. On the contrary, for the CNTs distributed within grains, the
ultimate tensile strength and uniform elongation of the composite pri-
marily rely on the aspect ratio. Smaller aspect ratios of CNTs often result
in improved comprehensive properties of composite because of the
difficult movement for mobile dislocations within grains. In order to
further investigate the influence of the aspect ratios of CNTs on the
strengthening mechanisms of composite, Chen et al. [49] utilized powder
metallurgy to fabricate three composite materials with varying aspect
ratios. They found that adjusting the aspect ratios of CNTs could
customize the strength of composites, including modulation of the
strengthening mechanisms accordingly. Specifically, CNTs with aspect
ratios above 40 mainly reinforced the composites through load transfer
strengthening, while those with aspect ratios below 10 are primarily
strengthened by the Orowan mechanism (Fig. 8c). In addition, the
orientation of 1D reinforcements significantly affect its strengthening
effect in MMCs. The off-axis angle (¢ in Fig. 8b), as defined by Le et al.
[571, introduced a universal shear-lag model that accurately evaluated
the load transfer strength in all composites regardless of matrix and re-
inforcements. The results indicate that the strengthening effect of 1D
reinforcements diminishes as the off-axis angle increases. Therefore, the
aspect ratio, dispersion type, and orientation of 1D reinforcements must
be carefully considered in the design of MMCs to achieve optimal
strengthening effects and exceptional overall performance.
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3.2. Non-uniform distribution of 1D reinforcements

The 1D reinforcements, with their larger length/diameter ratio,
exhibit anisotropic properties and influences on the matrix, compared to
0D reinforcements. Considering these characteristics, it is crucial to
conduct spatial non-uniform distribution of reinforcements in order to
fully utilize the strength and toughness of 1D reinforcements. In general,
the non-uniform distribution of reinforcements in MMCs can be
approached by considering two aspects: altering the grain non-uniform
distribution of the matrix and regulating the non-uniform distribution
of reinforcement, as highlighted in Fig. 9. Taking steps along the first
path, Ma et al. [58] designed a heterogeneous grain structure in CNTs
reinforced aluminum matrix composites, achieving a high tensile
strength of 720 + 6 MPa and elongation of 4.7 + 0.5 % (Fig. 9a). The
heterogeneous grain structure design results in the formation of ductility
and brittle zones, which reduces stress localization in the ductility zone
and mitigates stress concentration at grain boundaries and interfaces
between ductility and brittle zones. The key to achieving cooperative
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enhancement of strength and ductility in MMCs through grain structure
design lies in the effective regulation of both coarse-grained and
fine-grained regions. In other words, the grain structure design is
accomplished by manipulating the spatial non-uniform distribution of 1D
reinforcements to influence the grain structure. Therefore, the
non-uniform distribution of 1D reinforcements allows for more precise
control over the coarse-grained and fine-grained regions. A good example
is that titanium matrix composites reinforced with isolated TiBw (TiB--
whisker) [20], which achieved an excellent balance between the UTS of
1065 + 25 MPa and fracture elongation of 12.0 + 0.48 %, while 961 +
34 MPa and 3.6 + 0.31 % for homo-structured composite (Fig. 9b). The
authors suggested that the synergistic improving primarily from the HDI
hardening is caused by non-uniform deformation because of isolated
TiBw. Additionally, the unique design of the isolated TiBw plays a crucial
role in enhancing both strength and toughness by providing isotropic
deformability and a high capacity for dislocation storage. In addition, the
non-uniform distribution of reinforcements in MMCs has the potential to
enhance both strength and ductility by exerting influence on the texture
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Fig. 9. Microstructure, properties and mechanism of MMCs reinforced with the non-uniform distribution of 1D reinforcements. (a) Bimodal distribution. a;: schematic
illustration; a,: microstructure image of CNT/Al; ag: stress-strain curves of uniform and heterogeneous composites; a4: schematic illustration of deformation behavior
and damage mechanism of composites [58]. (b) Isolated. b;: schematic illustration; by: microstructure image of TiB/Ti6Al4V; bg: stress-strain curves of dual structure,
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structure image of laminated. do: stress-strain curves of TiB/Ti64; ds: schematic illustrations of stress distribution [53]. Taken from Refs. [20,51,53,58] with

permissions.
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evolution during deformation. Zhang et al. [51] constructed SigN4w/Al
composite with a laminated-like design using hot extrusion (Fig. 9c). The
authors emphasized the critical role of creating a strong SigNsw/Al
interface and textures in achieving simultaneous improvements in
strength and plasticity. They revealed that the formation of an isolated
SigN4w design during hot extrusion is advantageous for enhancing the
interface bonding between the SisN4w and Al matrix, as well as for
facilitating the formation of <111> and <100> textures. Furthermore,
the TiBw/Ti composites reinforced with QCNL reinforcement were
fabricated by Huang et al. [53] using a customized powder metallurgy
process and hot extrusion technique, to fabricate TiBw/Ti composites,
resulting in notable improvements in strength, plasticity, and modulus.
The authors argued that the observed increase in heightened strength can
be attributed to grain refinement because of the QCNL TiBw. In addition,
the introduction of the QCNL also results in a transformation of the
plastic deformation behavior of the matrix. Stress is confirmed to
concentrate preferentially near TiBw during the deformation process,
leading to their fracture rather than pull-out. Simultaneously, on a larger
scale, TiBw can be multiple-fractured or even repeatedly fractured to
bear higher loads due to the overlapping of plastic deformation caused by
the QCNL TiBw. Therefore, the network-like distribution is advantageous
in effectively regulating the stress state and crack behavior of the matrix,
facilitating improvements in plasticity and toughness.

3.3. Hybrid reinforcements

On the one hand, incorporating 1D reinforcements such as CNTs or
whiskers with higher aspect ratios is advantageous for achieving
enhanced load transfer. On the other hand, this also imposes limitations
on its ability to strengthen in the direction perpendicular to the axis. In
recent years, researchers have effectively addressed the aforementioned
issues by incorporating hybrid reinforcements, harnessing the inherent
advantages of different dimensional reinforcements [59]. Shan et al. [60]
prepared a hybrid reinforced CNTs@Al;03/Al composite through an in
situ reaction, as shown in Fig. 10a. H3BOs, in combination with the

@)
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oxygen-containing functional groups on the outer surface of CNTs, syn-
thesizes AlpO3 in the subsequent in situ reaction, increasing the axial
contact area between CNTs and the matrix. The dispersion of Al,O3
particles led to grain refinement, while the formation of CNTs@Al»O3
hybrid reinforcements contributed to improved interface bonding be-
tween CNTs and matrix, thereby facilitating the improved load transfer
strengthening. From another aspect, during the deformation process,
cracks tend to concentrate near the CNTs@Al»,O3 hybrid reinforcements
rather than the CNTs/Al interface, suggesting the ability of Al;O3 parti-
cles to impede dislocation movement and dissipate crack propagation
energy. Additionally, the presence of Al;O3 enhanced interfacial shear
force and hindered premature material failure due to CNTs pulling out,
highlighting the beneficial effect of hybrid reinforcements in exceeding
the performance of composites reinforced by single-type reinforcements.
Zhang et al. [55] reported the study in which they employed an in situ
space-confined synthesis method hybrid to prepare a CNTs-GN hybrid
reinforced Cu matrix composite and obtained excellent matching of
strength and plasticity, as shown in Fig. 10b. They reckon that the
exceptional alignment of CNTs confined in the in situ synthesized GN
layers benefited to the ductility and toughness of the composites. The
incorporation of GN in the composite serves a dual role: Firstly, it con-
tributes to the uniform dispersion of CNTs thus refining the grains. Sec-
ondly, the large aspect ratio of GN improves the interfacial binding of
CNTs to the matrix, thereby enhancing load transfer strengthening.
Furthermore, the CNTs-GN hybrid reinforcement has also revealed a
deflection effect on the relative crack during deformation, which is
beneficial for improving extrinsic toughening.

3.4. Summary of the attainable mechanical properties of MMCs reinforced
with 1D reinforcements

The relationship between aspect ratio versus normalized strength
and elongation, content of 1D reinforcements versus normalized
strength, and normalized strength versus elongation of MMCs reinforced
with 1D reinforcements are summarized in Fig. 11. As illustrated in
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1D reinforcements [20,46,48,50,61-63].

Fig. 11a and b, 1D reinforcements with a low aspect ratio exhibit a
pronounced strengthening effect, whereas those with a high aspect ratio
demonstrate superior ductility improvement. This phenomenon can be
attributed to distinct strengthening mechanisms: 1D reinforcements with
a low aspect ratio primarily function as Orowan reinforcement, while
those with a high aspect ratio predominantly serve as load transfer
reinforcement. The content of 1D reinforcement significantly influences
the strengthening effect, with higher content generally resulting in
greater strength. The in-depth analysis of the data in Fig. 11a—c reveals
that the heterogeneous non-uniform distribution of 1D reinforcements
can alter the relationship between aspect ratio, strength and elongation,
as well as content and strength to a certain extent. This allows for
achieving a harmonious balance between strength, plasticity, and
toughness. More intuitive data is plotted in Fig. 11d.

4. Metal matrix composites reinforced with 2D reinforcements

Two-dimensional materials such as GN, boron nitride, transition
metal dichalcogenides, black phosphorus, MXenes, and semimetals have
attracted huge and widespread interest over the past years for their
excellent properties, such as in-plane strength (~150 GPa) and elastic
modulus (1000 GPa), unique electrical (102 S m 1) and thermal
(2000-5000 W m™~! K1) conductivity characteristics and large specific
surface area (up to 2630 m? g~ ) in electronics, optoelectronics, catalysis,
energy storage, solar cells, sensors, biomedicine and other fields [64-66].
In recent years, the incorporation of 2D materials into MMCs has sur-
mounted remarkable research outcomes in aerospace, transportation,
electronic communications and smart chips owing to their exceptional
mechanical and functional properties [1,67]. Furthermore, the 2D re-
inforcements possess a significantly larger specific surface area compared
to OD reinforcements and 1D reinforcements, thereby introducing
quantities of interfaces into the metal matrix. This characteristic facili-
tates the modulation of the mechanical and functional properties of the
composites, which attracts wide interest from researchers [68].
Currently, the development of MMCs reinforced with 2D reinforcements
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has been hindered by two primary challenges: (1) the defects of 2D re-
inforcements added in MMCs; (2) the inadequate interface strength be-
tween 2D reinforcements and metal matrix. This is because the
performance of 2D reinforcements can be significantly degraded due to
defects, while weak interface bonding may result in premature material
failure during service caused by interface debonding [69,70]. Thus, the
current research focuses on how to reduce the defects of 2D re-
inforcements in MMCs and how to improve the interface strength of 2D
reinforcements/metal, as shown in Fig. 12, and can be divided into four
parts: (1) Dispersion method. The dispersion of 2D reinforcements in
MMCs has been addressed by various dispersion processes proposed,
including ball milling [71], in situ reaction [72], electro-deposition [73]
and molecular mixing [74]. In situ reaction represents the optimal
approach for preparing 2D reinforcements/MMCs, taking into account
the dispersion effect, quality of 2D reinforcements, and process cost. (2)
Characteristic parameter. The enhancement effect of 2D reinforcements
is related to its feature parameters, such as shape [75], size [76] and
quality [77] of 2D reinforcements. (3) Two-dimensional reinforce-
ments/metal interface. Covalent bond [78], interface modification [79]
and interface shape design [80] are regarded as viable approaches to
enhance interface bonding. (4) Non-uniform distribution of re-
inforcements. The authors aim to address the tradeoff of strength and
toughness in MMCs reinforced with 2D reinforcements by achieving a
laminated structure [81].

In this section, the dispersion process, characteristic parameter, 2D
reinforcements/metal interface and non-uniform distribution of 2D re-
inforcements are discussed, and the comprehensive properties of MMCs
are systematically summarized by examining the effects of various
strategies.

4.1. Characteristics of 2D reinforcements

In contrast to the growth of 2D materials on flat metal and thin films,
the 2D reinforcements in MMCs inevitably exhibit certain distinctions
that include variations in sheet shape, size, and surface quality,
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ultimately resulting in disparities in the performance of 2D re-
inforcements. Thus, the investigation of performance variations in 2D
reinforcements resulting from these disparities is of utmost significance.
First, the researchers have studied the effects of different shapes of GN on
the mechanics of MMCs through molecular dynamics (MD) simulations.
By investigating boundary conditions of GN, Shuang et al. [82] deduced
that the planar edges of GN played a crucial role in determining the
mechanical properties of MMCs. Vardanyan et al. [83] concluded, by
simulating the molecular dynamics of sheet and pleated GN in
nickel-based composites, that sheet GN exerts an influence on the plastic
deformation and mechanical properties of MMCs, while pleated GN ex-
hibits a higher capacity for dislocation absorption (Fig. 13a). Therefore, it
is imperative to consider the properties of different shapes of 2D re-
inforcements. In addition, the plane size of the 2D reinforcements can
influence their strengthening effect. During the deformation process, the
external mechanical load is transferred to the GN layer through the
interface between GN and matrix following the shear lag model. Hence,
the plane geometry of 2D reinforcements can impact their ability to
transfer loads effectively. Moreover, in terms of length direction, similar
to OD and 1D reinforcements, 2D reinforcements exhibit extensive in-
teractions with dislocations leading to the back stress strengthening,
dislocation interlock, and dislocation annihilation. Zhao et al. [84]
conducted compression of microcolumns of aluminum matrix composites
with different plane sizes of GN and concluded that Taylor strengthening
mechanism and back stress strengthening mechanism were the main
strengthening mechanisms for improving the strength, compared with
load transfer strengthening (Fig. 13c). Furthermore, the quality of 2D
reinforcements can affect its enhancement effect because of their
intrinsic properties. Li et al. [21] conducted microcolumn compression
experiments on copper matrix composites reinforced by GN with
different quality levels and concluded that interfacial shear strength and
shear adjustment ability were related to GN quality (Fig. 13b). The
low-quality 2D reinforcements in MMCs exhibit improved interfacial
bonding with matrix due to its rough and defective surface, while
high-quality 2D reinforcements effectively mitigate the degradation of
functional properties.
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4.2. Interface of 2D reinforcements

Given the extensive specific surface area of 2D reinforcements, it is no
exaggeration to say that the interface bonding strength of re-
inforcements/metal matrix determines the performance of MMCs. The
method proposed by Hwang et al. [74] for enhancing the interface
strength of GN through functional group modifications demonstrated
promising performance by transforming weak interfacial bonding into
strong chemical bonding between GN and metal matrix (Fig. 14a).
However, its implementation process is rather intricate and not condu-
cive to large-scale promotion. Moreover, it is not possible to quantify the
contribution of the improved interface strength to the material proper-
ties. On this basis, Androulidakis et al. [85] experimentally evidenced
that corrugations in GN improve the load-bearing capability compared
with flat GN. In addition, the research by Zhao et al. [86] investigated the
GN/Cu nanocomposites by MD simulations and inferred that mechanical
pre-strain can help generate wrinkles and increase roughness in GN.
Thus, the interlocking effect between GN and Cu matrix can be remark-
ably improved (Fig. 14b). The combined use of wrinkles and functional
groups in GN, may be a good choice, can improve the interfacial me-
chanical properties of GN/Cu nanocomposites dramatically. The inter-
face reaction is additionally a viable approach to enhance the strength of
the interface. The research findings of Jiang et al. [87] demonstrated that
the interfacial reaction between GN and the matrix facilitates the for-
mation of a well-oriented GN-Al4Cs3-Al interface, thereby significantly
enhancing the interfacial bonding between GN and the matrix. Chu et al.
[88] also revealed that through the reaction between GN and matrix, a
well-bonded RGO-Cr;Cs-CuCr interface could be realized, which not only
improved the load transfer efficiency of GN but also enhanced its dislo-
cation strengthening capability (Fig. 14c).

Further study of 2D reinforcements/metal interface shows that 2D
reinforcements/metal interface exhibits distinct toughening mechanisms
and deformation behavior because of large specific surface area, which
differs from the blocking effect caused by 0D and 1D reinforcements with
the relative dislocation movement. It is well known that dislocations
cannot bypass or cut through 2D reinforcements because of the large size
of its basal plane. Instead, they accumulate at 2D reinforcements/metal
interface, causing stress concentration. The MD simulations conducted by
Long et al. [89] demonstrated that GN could function as a dislocation
source and provided nucleation sites when the critical resolved shear
stress exceeded the energy required for dislocation nucleation. Especially
in high strain rate deformation, the accumulation of large amounts of
instantaneous strain around GN induced the occurrence of stacking faults
and deforming twins [90]. In addition, the role of 2D reinforcements in
the deformation process in the TizAl(Cu)Cz-Cu system was thoroughly
investigated by Zhang et al. [91] through a combination of in situ char-
acterization and simulation. The findings demonstrate that 2D re-
inforcements serve as both barriers and dislocation sources.

4.3. Non-uniform distribution of 2D reinforcements

Thanks to the intricate microstructure, biological structural materials
can achieve orders of magnitude increase in strength and toughness over
their individual constituents. Many researchers have extensively studied
the integration of biomimetic structures into metal-based materials to
better balance mechanical and functional properties [92]. Xiong et al.
[93] conducted a structural modelling of fir wood and fabricated layered
GN reinforced copper matrix (Fig. 15a). The laminated GN with a
significantly large specific surface area facilitated stress transfer, thereby
enhancing the strengthening efficiency. Simultaneously, the “brick--
and-mortar” structure greatly improves the elongation capability during
crack propagation in the composite material, thereby achieving strong
plastic synergy (Fig. 15b) [81]. Building upon this, NizC is formed
through carbon atom diffusion within the nickel matrix, resulting in a
more continuous layered GN/nickel matrix composite [94]. Ni3C not
only acts as a load-bearing agent but also impedes crack propagation as
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an obstacle. Additionally, fine crystals and interstitial atoms inhibit
dislocation expansion and facilitate strength-plasticity synergy.
Furthermore, applications of lamination demonstrate its effectiveness in
3D printing where layered GN/iron matrix composites are prepared using
the powder bed melting technique. The interaction between GN nano-
platelets and the molten pool during the selective laser melting process
leads to redistribution and relatively high-density non-uniform distri-
bution of GN nanoplatelets within the molten pool. The high-density
non-uniform distribution contributes to grain refinement and load
transfer, effectively enhancing material strength while preventing hot
cracks formation during printing. In addition, a systematic study on the
rate-dependent deformation behavior of GN/Cu sub-micro-laminated
composites was performed by splitting Hopkinson pressure bar tests for
high strain rate loading and laser-induced projectile impact tests for
extreme strain rate loading, and the study suggests that the deformation
mechanism of MMCs changes to GN-assisted twins induced by high strain
conditions [95].

4.4. Summary of the attainable mechanical properties of MMCs reinforced
with 2D reinforcements

The correlation between the content of 2D reinforcements and the
normalized strength and elongation, as obtained from the literature, is
illustrated in Fig. 16. It can be seen that, with the increase of the content
of 2D reinforcements, the strength of MMCs increases at the expense of
the elongation. The heterogeneous distribution of 2D reinforcements, as
indicated by the current data, partially enhances this phenomenon.
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Nevertheless, there is still significant untapped potential for further
development in 2D reinforcements concerning strength improvement.

5. Metal matrix composites reinforced with 3D reinforcements

At present, researchers around the world have made significant
progress in the study of MMCs reinforced with OD, 1D and 2D re-
inforcements, including strength, modulus, plasticity, toughness, etc.,
and even made breakthroughs in the strength and plasticity that have
plagued researchers for a long time. However, 0D, 1D and 2D re-
inforcements, limited in size, exert influence on the plastic deformation
behavior of the matrix mainly by modulating dislocation behavior [49,
91]. In contrast, 3D reinforcements magnify these micro-region re-
sponses, thereby impacting grain structure, grain boundaries, and even
macroscopic deformation texture due to the continuity of 3D re-
inforcements in the whole matrix space [22,96]. Over the past few de-
cades, nanostructured metals (with grain size below 100 nm) exhibit
ultrahigh strength and hardness, making them very attractive for
developing novel lightweight and energy-efficient structural components
[97,98]. However, when the grain size in nanostructured metals is
reduced to the nanometer scale, it leads to the attainment of ultra-high
strength while rendering grain boundary highly unstable. Conse-
quently, certain nanostructured materials undergo coarsening even at
room temperature, thereby significantly impacting their performance in
engineering applications [99]. Therefore, it is important to improve the
grain boundary stability of nanostructured materials. Thermodynami-
cally, lowering grain boundary energy can reduce the driving force for
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grain coarsening. This is often achieved by solute segregation, such as in
Ni-W, Co-P, and Ni-Fe alloys [100]. In addition, using low angle
boundary or twin boundary dispersion in pure Cu or Ni can stabilize
nanostructures as well. Kinetically, the driving force for grain coarsening
could be counteracted by precipitate particles pinning the grain bound-
aries. This is normally achieved by mechanical alloying, such as in
Cu-WC and Cu-Ta alloys [101]. The stability of the nanostructure can be
further enhanced when thermodynamic and kinetic strategies are
favorably combined together by 3D reinforcements. Furthermore, the
incorporation of 3D reinforcements into MMCs, unlike OD, 1D and 2D
reinforcements, has a change to break through the compromise of func-
tional properties such as electrical and thermal conductivity due to the
continuous network topology. These composites exhibit unique and
extraordinary performance matching, such as strength and damping
[102], thermal conductivity and mechanical properties [103] and
strength and conductivity [104]. Therefore, the utilization of MMCs
reinforced with 3D reinforcements is anticipated to overcome the limi-
tations of conventional MMCs and accomplish seamless integration of
structure and function (see Table 1).

In this section, we first define and classify 3D reinforcements, and the
preparation method and distinctive properties of MMCs reinforced with
3D reinforcements are concisely presented.

5.1. Definition of 3D reinforcements

We define the reinforcements with completely continuous distribu-
tion between grain boundaries as 3D reinforcements, as shown in Fig. 17.
Currently, there are two primary strategies employed for the formation of
the 3D reinforcements: the continuous composition of precipitates at the
grain boundary and comprise of assembly of precursor powders via
powder metallurgy. The continuity of reinforcements serves as a crucial
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foundation for our division. Moreover, 3D reinforcements exhibit distinct
performance control mechanisms compared with OD, 1D and 2D re-
inforcements. Next, we elaborate on the preparation method, material
properties and specific regulatory mechanisms such as strengthening and
toughening mechanisms, dislocation behavior, stress regulation and
fracture behavior.

5.2. Classification of 3D reinforcements

In recent years, the 3D reinforcements, through architecture design of
the spatial structure of reinforcements, have shown incredible improve-
ment in mechanical performance and have achieved extraordinary
functional properties such as electrical and thermal conductivity, making
them promising reinforcements for MMCs with multifunctional proper-
ties. As shown in Fig. 17, based on the fabrication strategy of 3D re-
inforcements, the continuous 3D network reinforcement could be
classified into two main categories, including continuous precipitates and
precursor powders. Subsequently, we give a detailed introduction and
summary of the two preparation processes for the formation of 3D re-
inforcements. Next, our focus is on understanding the influence of 3D
reinforcements on the comprehensive properties of MMCs.

5.2.1. Continuous precipitates

Grain boundary engineering is a versatile tool for strengthening ma-
terials by tuning the composition and bonding structure at the interface
of neighboring crystallites, and this method holds special significance for
materials composed of small nanograins where the ultimate strength is
dominated by grain boundary instead of dislocation motion [105,106].
The formation of continuous precipitates takes advantage of the segre-
gation of elements at grain boundaries. These 3D reinforcements can not
only improve the stability but also enhance the plasticity of MMCs. The
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crack-fee Haynes 230 alloy was prepared by taking advantage of the
segregation of Zr atoms and abundant cell boundaries to relieve the
stress/strain concentration and coordinate grain deformation through
the introduction of stable liquid backfilling and a networked interme-
tallic Niy;Zrg phase by Zhao et al. [107]. The continuous 3D network of
the intermetallic Nij;Zrg phase is observed to act as a “skeleton”, which
significantly improves the yield strength of the as-printed sample by
more than 50 % (Fig. 18a). The authors deem the segregation engi-
neering and abundant cell boundaries to introduce liquid backfilling as

15

well as a network of segregation phases to alleviate thermal stress,
consequently eliminating hot cracking. Moreover, this continuous
Ni;1Zrg 3D network layer can act as a skeleton to significantly improve the
yield strength of the composite. Lu et al. [108] designed and constructed
a “bamboo-like” nanocolumnar copper structure reinforced by an
amorphous boron framework that served as a strong and robust thick
grain boundary 3D network (Fig. 18b). The significant strengthening
effect is realized by the delicate design of a nanocolumnar copper film
that comprises columnar nanograins embedded in a bamboo-like boron
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Table 1
Properties of MMCs reinforced with 3D reinforcements.
Matrix Reinforcements YS UTS Fracture strain Property Ref.
(MPa) (MPa) (%)

Ni Ni;1Zrg network 621 1023 35 alleviate thermal stress [107]

(Mn,Fe)5(P,Si)  Cu network 390 high thermal conductivity and strength [103]

Cu grain network 396 502 ~13 high strength and large ductility [115]

Cu bamboo-like dual-phase 1360 2580 ~50 ultrahigh strength and ductility [108]
network

FeCoNiAlTi dislocation-precipitate 1420 1760 ~16 good structural stability [116]
network

Ti Ti6Al4V network 535 ~590 20 high strength and fracture toughness [117]

Ti6Al4V5Cu dual-phase honeycomb 1400 1520 12 high strength, ductility and stability [96]
shell

TiZr crystalline-amorphous 1800 2300 ~7 ultrahigh strength and ductility [118]
network

Cu GN network 292 319 24.4 high strength, ductility, thermal and electrical conductivity [22]

Mg NiTi network 320 45 improved strength, remarkable damage tolerance, damping capacities and [102]

energy absorption efficiency
the deformation process is closely related to GB complexion, which limits
Strategy | Strategy Il dislocation propagation by the ledges and solute atoms at the

Continuous precipitates

Assembly of precursor powders
reinforcement

Fig. 17. Methods to prepare MMCs reinforced with 3D reinforcement.
framework obtained by magnetron sputtering co-deposition. The nano-

indentation hardness reaches an extremely high level of 10.8 GPa, sur-
passing most of the currently reported Cu alloys. The authors believe that
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grain-complexion interface, thus resulting in strong dislocation pinning
and increasing the flow stress required for dislocation movement. Thick
grain boundaries can also effectively prevent dislocation propagation by
acting as a dislocation sink. In addition, bamboo-like 3D structures can
achieve better resistance to shear processes through improved bending
response, thus leading to superb mechanical performance. Wang et al.
[96] presented a pathway to achieve ultrastable nanosized grains by
constructing a “dual-phase honeycomb shell” nanostructure through a
low-cost “eutectoid element alloying-auenching-hot deformation” strat-
egy in a TigAl4VsCu model alloy (Fig. 18c). As a result, the key challenge
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to retain nanosized grains in metal bulk forming processes has been
effectively overcome. The authors consider that the conjugated f and
TizCu not only inhibit grain coarsening during the high-temperature
fabrication process but also significantly enhance the stability of the
nanostructure against post-fabrication annealing. More important, re-
gions with larger strains always corresponded to the place where sig-
nificant phase interface slip occurred, therefore, the superplastic
deformation should be governed by phase boundary sliding. Then, MMCs
reinforced with the 3D GN network were prepared by the molding
process.

5.2.2. Assembly of precursor powders

The precursor powders are prepared by coating a solid or liquid
source on the metal powders and ex-situ or in situ synthesizing re-
inforcements at the grain boundary. By modifying the surface of TC4
particles with polyvinyl alcohol, Zhang et al. [109] rendered spontaneous
adsorption of GN onto the surface of TC4 particles and prepared network
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GN/TC4 composite, which exhibited higher compressive strength and
ductility owing to the capability of the network to alleviate stress con-
centration and enhance grain refinement. Zhang et al. [22] firstly re-
ported a powder-metallurgy-based strategy to construct a 3D continuous
GN network in the copper matrix through thermal-stress-induced weld-
ing between GN-like nanosheets grown on the surface of copper powders
(Fig. 19a). The interpenetrating structural feature of the as-obtained
composites not only promotes the interfacial shear stress to a high
level and thus results in significantly enhanced load transfer strength-
ening and crack-bridging toughening simultaneously but also constructs
additional 3D hyper channels for electrical and thermal conductivity. It
provides theoretical and experimental guidance for the preparation of
structure-function integrated MMCs. Additionally, subsequent research
conducted by the research group further demonstrated the capability of a
3D continuous GN network to effectively coordinate deformation and
strain delocalization during dynamic deformation, while also effectively
limiting grain growth at elevated temperatures [110,111] (Fig. 19b—c). In
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addition, MD results proposed by Yang et al. [112,113] showed that the
interlocking structure improves the deformation compatibility between
GN and matrix, as well as increases the load-sharing of GN. And, the
mechanical interlocking can be further enhanced by the dislocation-GN
interactions as GN is straightened. The straightening of GN also en-
ables it to release its stress concentrations through overall deformation,
which helps the GN perform better in dislocation blocking than GN
sheets. Besides, curved portions of GN contribute more to dislocation-GN
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interactions while the straight portions do better in load-sharing. On this
basis, the novel 3D GN reinforced Cu composites were successfully
fabricated by vacuum hot-press sintering Cu powders and non-toxic,
cheap liquid paraffin [114]. As a result, the cold-drawn Cu/GN com-
posite wire exhibits high electrical conductivity of 94.85 % IACS and
high tensile strength of 516 MPa, together with good softening resis-
tance. The authors believe that the uniformly distributed 3D GN plays a
vital role, which acts as an electron transport channel and strengthens the
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matrix by grain refinement, dislocation strengthening and load transfer
mechanisms.

5.3. Summary of the attainable mechanical properties of MMCs reinforced
with 3D reinforcements

The normalized strength and elongation data of MMCs reinforced
with 0D, 1D, 2D and 3D reinforcements, obtained from the literature, are
depicted in Fig. 20. It can be seen that 0D reinforcements have a high
reinforcement effect, but it is also accompanied by the problem of
reduced elongation. Correspondingly, the incorporation of 3D re-
inforcements has a significant impact on enhancing elongation. However,
the improvement in strength falls short of expectations, possibly due to
incomplete development of 3D reinforcements. In addition, the
enhancement effect of 1D and 2D reinforcements for strength and elon-
gation is between 0D and 3D reinforcements.

6. Strengthening mechanisms and plastic deformation
mechanisms

6.1. Strengthening mechanisms

The strengthening mechanisms of MMCs reinforced with different
dimensional reinforcements should not only consider the intrinsic
strength of reinforcements and their interfaces but also take into account
the interaction between reinforcements and dislocations, as well as the
mismatch between reinforcements and matrix caused by different
intrinsic properties during processing or deformation [3,119]. Addi-
tionally, it is crucial to consider the non-uniform distribution of re-
inforcements because of their unique strengthening mechanisms such as
high work hardening rate [120]. Therefore, the strengthening mecha-
nisms primarily involve Hall-Petch strengthening, Orowan strength-
ening, dislocation strengthening, HDI strengthening and load transfer
strengthening.

6.1.1. Hall-Petch strengthening mechanism

The Hall-Petch strengthening is attributed to grain refinement
resulting from the introduction of small-size reinforcements, of course,
the size of the reinforcements is above the critical size, which can be
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Fig. 20. Maps of normalized tensile strength versus normalized tensile elon-
gation of MMCs reinforced with 0D, 1D, 2D and 3D reinforcements [10,20,22,
34,38-40,48,62,63,69,71,79,88,91,93,96,102,107,115-117].

19

Review of Materials Research 1 (2025) 100019

expressed as [121].

Op-L :\/—5 1)

where ko is a material constant and D is mean grain size. Generally
speaking, the smaller the grain size of MMCs, the higher the strength of
Hall-Petch strengthening. The variation in grain refinement mechanism
among reinforcements of different dimensions is worth noting, as it can
be attributed to differences in dynamics and thermodynamics. On the one
hand, uniformly dispersed heterogeneous or semi-coherent/coherent
particles thermodynamically contribute to the refinement of grains
among MMCs reinforced with 0D or low aspect ratio 1D reinforcements
[30,56]. On the other hand, from the perspective of dynamics, the high
density 1D reinforcements distributed between grains, the 1D and 2D
reinforcements with high aspect ratio or specific surface area, and the
complete continuity 3D reinforcements can effectively limit the grain
growth [96,122].

6.1.2. Orowan strengthening mechanism

The phenomenon of Orowan strengthening arises from the interac-
tion between reinforcements and dislocations. When dislocations are
unable to cut but bypass the low-size reinforcements, they form an
Orowan ring adjacent to the reinforcements region, thereby resulting in
Orowan strengthening. The yield strength caused by Orowan strength-
ening can be expressed [123].
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where O is mean orientation factor, G is shear modulus, b is Burgers
vector, v is Poisson’s ratio, d is average diameter of reinforcements, and

A= \/%d < \/% 71> with f being the volume fraction of reinforcements.

In addition, some studies suggest that 1D reinforcements with low
aspect ratios, usually less than 10, also exhibit significant Orowan
strengthening, which can be quantified as [124].
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where 4 is interparticle spacing; M is Taylor’s factor. The size and content
of reinforcements are generally considered to be the primary factors in
the Orowan strengthening mechanism. However, the Orowan strength-
ening effect of MMCs with high content reinforcements is significantly
reduced from its theoretical value due to the limited dislocation slip.
Furthermore, the Orowan strengthening mechanism is unlikely to be
attributed to 2D and 3D reinforcements with large specific surface areas,
as dislocations cannot bypass them.

6.1.3. HDI strengthening mechanism

During the plastic deformation, stress is preferentially concentrated
around reinforcements, due to the substantial disparity in strength,
hardness and modulus between reinforcements and matrix [125]. As the
deformation increases, a strain gradient develops as a result of varying
deformation abilities between reinforcements and matrix. To counteract
this strain gradient, it is necessary to form the pile-up structure of GNDs
near the interface. This process leads to the generation of back stress in
the matrix and forward stress around reinforcements, ultimately result-
ing in HDI strengthening. Take 1D reinforcements as an example, the oyp;

can be expressed as [20]
nO
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where n is maximum number of loops around 1D reinforcements; d is
mean diameter of 1D reinforcements; y is local plastic strain; e, is unre-
laxed plastic strain. In other words, the numerous heterogeneous in-
terfaces caused by the introduction of high-density reinforcements into
the matrix contribute to the accumulation of the number of GDNs, which
improves the effect of HDI strengthening. In addition, the MMCs rein-
forced with non-uniformly distributed reinforcements or 3D continuous
reinforcements exhibit a more pronounced HDI strengthening effect
compared to the MMCs reinforced with uniformly distributed re-
inforcements, attributed to the superposition of plastic deformation
zones or interfacial action zones [50,126].

6.1.4. Dislocation strengthening mechanism
The yield strength caused by dislocations reads

opis = AG/Pp;s

where « is constant; pp; is density of dislocation. Moreover, pp;, contains
the coefficient of thermal expansion (CTE) mismatch (p¢rg) and elastic
modulus mismatch (p,;) and can be expressed as [127]

)

12f (AcAT)

8fe
Pois =Pcte t Pm = m

6
bd (6)
where AC is CTE mismatch between particles and matrix, AT is tem-
perature change during processing, and ¢; is yielding strain.

6.1.5. Load transfer strengthening mechanism

The load transfer strengthening is attributed to the transmission of
load from the matrix to reinforcements through an interface, where the
area and strength of the interface determine the extent of load transfer
strengthening [128]. The 1D or 2D reinforcements with a high aspect
ratio or specific surface area naturally exhibit enhanced load-bearing
capabilities than 0D reinforcements because of the premature failure in
MMCs with high-density particles, without considering the influence of
interface bonding strength. Specifically, the load transfer strengthening
effect depends on the interface bonding strength between reinforcements
and matrix, which is closely associated with the aspect ratio or surface
area of reinforcements [129]. Here we utilize MMCs reinforced with 2D
reinforcements as an illustrative example, the o;_r can be expressed as
[571

1
oLt =57V + on(l —v),$< S )
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where 7 is interfacial shear strength; v; is volume fraction of 2D re-
inforcements; Sy is critical aspect ratio of 2D reinforcements, given by
So = o¢/Tm; of is tensile strength of 2D reinforcements; 7, is yield shear
strength of matrix; oy, is tensile strength of matrix. In additional, the
orientation of 1D reinforcements shows a great influence on the effect of
load transfer strengthening and the model can be expressed as [128]
when S < S,
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where S is off-axis critical aspect ratio; Vj is volume fraction of 1D re-
inforcements; S is whisker-aspect ratio, and 6 is certain off-axis angle; o1p
is ultimate tensile strength of 1D reinforcements. Note that the defor-
mation mechanism of MMCs reinforced with 1D reinforcements is
changed from the pipe diffusion mechanism to the dislocation climb
controlled by lattice diffusion at high temperature. Notably, previous
studies suggested that the MMCs with 3D reinforcements have a rich
number of interfaces and firm interface strength, resulting in obvious
load transfer strengthening. However, the exact contributing factors are
unclear.

6.2. Plastic deformation mechanisms
6.2.1. Zero-dimensional reinforcements

(1) Work hardening. For metal materials, the work hardening rate (6)
is an important indicator to measure the plasticity and toughness
of the materials before the onset of plastic instability (necking),
which can be governed by Hart’s criterion as follows [130]:

O+mo <o an
where 0 = 4, and m is constant generally less than 0.05 for metallic
materials. Therefore, the high work hardening rate is crucial for
enhancing the plastic deformation ability and toughness of MMCs. In the
initial stage of plastic deformation, a high density of dislocations is
observed due to the strong pinning of particles on the dislocation, as
depicted in Fig. 3a. When a dislocation bypasses a particle, it forms an
Orowan ring around the particle which subsequently interacts with other
dislocations due to the back stress, leading to an additional increase in
work hardening rate. As the applied load further increases, a higher
density of dislocations are formed, resulting in stress concentration
around the particles. To effectively manage these stress concentrations,
dislocation nucleation can occur on other primary slip planes as well as
on secondary slip planes, thereby facilitating interaction between mul-
tiple slip planes and enhancing the work hardening rate [28].

(2) Fracture behavior. It is well known that the toughness of a com-
posite is related to the energy dissipation during plastic defor-
mation, crack nucleation and crack propagation [131]. There are
two types of toughening mechanisms in MMCs reinforced with 0D
reinforcement: intrinsic and extrinsic toughening. In the process
of deformation, cracks preferentially nucleate at the parti-
cle/metal interface, and as the size of particles decreases, a tran-
sition occurs from a particle/matrix interface-dominated failure
initiation to a dislocation punched zone-matrix boundary-domi-
nated failure initiation, in the case of a well-bonded parti-
cle/matrix interface. Therefore, cracks are more likely to nucleate
at the NPR/NPF interface due to the small distance between
particles, which reduces crack nucleation and improves
toughness.

The cracks bridge and deflection are important extrinsic toughening
mechanisms. Thus, the determination of whether the crack propagates
across or circumvents the interface is crucial to the toughness of MMCs
reinforced with 0D reinforcement. The characteristic dimension Rq of the
crack tip’s “plastic zone” can be estimated by [132]

0260’

R
0 A%

(12)
where d is size of particles; V is volume fraction of particles. Ry is
different between NPF and NPR zones due to the non-uniform distribu-
tion of particles, which leads to the cyclical change of R, of NPF and NPR
zones. Thus, the toughness of MMCs reinforced with 0D reinforcements
could be significantly increased via the extrinsic toughening mechanism.
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6.2.2. One-dimensional reinforcements

(1) Dislocation behavior. Studying the interaction between interface
and dislocations is crucial considering the large aspect ratio of 1D
reinforcements. When dislocation encounters 1D reinforcements
with a small aspect ratio, a strong interaction occurs, resulting in
the formation of the Orowan ring near reinforcements, which
effectively provides forest hardening and back stress hardening
while activating cross slip of dislocation (Fig. 8). Conversely,
dislocation is hindered from passing through 1D reinforcements
with a large aspect ratio during dislocation motion, leading to the
accumulation of dislocations near reinforcements. The deforma-
tion process is dominated by the competition between the multi-
plication and annihilation of dislocations near 1D reinforcements
with a large aspect ratio. This leads to a high strain hardening rate
and improved elongation. Sadeghi et al. [133] proposed a method
to study dislocation behavior by evaluating the ratio of the grain
interior/grain boundary affected zones (GI/GBAZ). The 1D re-
inforcements with a large aspect ratio are situated in the GBAZ,
and during the deformation, the GBAZ thickness is mainly influ-
enced by the number of mobile dislocations, leading to fluctua-
tions in local plastic strain and arbitrariness in selecting slip
systems. Moreover, the GBAZ thickness in grains significantly af-
fects the driving force required for dynamic recrystallization (DR)
and DRX, as well as total dislocation density and mean free path
for dislocation. Thus, modifying the GBAZ thickness could effec-
tively adjust dislocation behavior.

Besides the intrinsic interfacial structure, the non-uniform distribu-
tion of 1D reinforcements also plays an important role in influencing the
dislocation behavior, as shown in Fig. 9. It is demonstrated that the initial
stage of plastic deformation is characterized by the preferential accu-
mulation of dislocations near 1D reinforcements, leading to localized
stress concentration within the hard phase. This accumulation results in
the development of a strain gradient and subsequently facilitates the
formation of GNDs. Concurrently, adjustments take place within the soft
phase in response to this strain gradient, with the increase in the stress
variable, dislocation density within the soft phase also rises. This increase
ultimately results in dislocations accumulating at grain boundaries until
crack initiation occurs.

Furthermore, the introduction of 1D reinforcements may also facili-
tate to production of stacking faults. Guo et al. [134] found the stacking
faults in CNTs/Al composites, which were validated to be caused by the
high strain rate and reduction in the stacking fault energy facilitated by
CNTs. The formation of stacking faults thus in turn delays dislocation
movement and activates extra slip systems during plastic deformation.

(2) Fracture behavior. The disparity in intrinsic strength and modulus
between reinforcement and matrix leads to crack nucleation pri-
marily near the interface. Early failure of MMCs occurs when 1D
reinforcements are agglomerated or the interfacial bonding with
the matrix is weak. Therefore, the uniform dispersion of 1D re-
inforcements and the strong interface combination with the ma-
trix collectively contribute to delaying the propagation and
proliferation of cracks. During plastic deformation, the 1D re-
inforcements can bear loads, absorb energy from crack nucleation,
and even fracture dissipate energy. As cracks propagate, re-
inforcements with a high aspect ratio can impede their progress by
passivating the crack tips. Furthermore, the fracture behavior of
MMCs reinforced with 1D reinforcements are different at high
temperatures. Liu et al. [135] found that the pulled-out CNTs were
spotted on the fractured surfaces at room and high temperature,
but with different shapes and morphologies. Specifically, the
pulled-out CNTs exhibit a curly shape at room temperature, while
they are straight at high temperatures. Moreover, the pulled-out
CNTs are covered by copper matrix, indicating a shift in fracture
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behavior from the failure of CNTs/Cu interface to Cu matrix at
high temperature through the in situ tensile test. Consequently,
this means that the fracture behavior of MMCs at high tempera-
tures depends on the strength of the matrix rather than the 1D
reinforcements/metal matrix interface.

The distribution of 1D reinforcements can also significantly affect
fracture behavior. During plastic deformation, cracks preferentially
nucleate near 1D reinforcements in the hard phase due to the local stress
concentration. In the propagation process of crack, the 1D reinforcements
with a large aspect ratio can hinder micro-cracks effectively [49].
Additionally, the non-uniform distribution of the 1D reinforcements may
result in overlapping of the plastic deformation zone near re-
inforcements, resulting in crack tip passivation. As strain increases, the
microcracks adjacent to 1D reinforcements gradually merge into the
primary cracks, which propagate along the periphery of the hard phase.
Upon reaching the interface between hard and soft phases, passivation of
the primary crack occurs due to plastic deformation in the soft phase. The
assurance of high plasticity and toughness in MMCs reinforced with
non-uniform distribution 1D reinforcements is attributed to the multiple
passivation and deflection mechanisms that occur during crack growth
and propagation [20].

6.2.3. Two-dimensional reinforcements

(1) Dislocation behavior. Different from 0D and 1D reinforcements, the
larger surface area of 2D reinforcements makes the mobile dislo-
cations neither shear nor bypass them during the deformation
process of the composites. In this case, 2D reinforcements with a
larger specific surface area exhibit superior dislocation-hindering
ability [93]. The simulation results of MD demonstrate that the
motion of dislocation is frequently impeded by the central region
of 2D reinforcements during their interaction. Conversely, it is
often observed that the edge of 2D reinforcements serves as a
nucleation site for dislocations [82].

The dislocation behavior can be influenced by the interfacial bonding
strength, which is in turn affected by the surface roughness and shape of
2D reinforcements [79,136]. The principle they adhere to is to optimize
the interaction with dislocations by enhancing the interfacial strength
between 2D reinforcements and matrix. In addition, it is worth noting
that chemical modification on the surface of GN is another effective
technique to increase the roughness of the GN surface and consequently
the interfacial interaction with the matrix.

What’s more, MD simulations show that dislocation tends to propa-
gate along the 2D reinforcements during quasi-static deformation, and
the edge of 2D reinforcements can act as the dislocation source [82]. In
contrast, in high-strain rate deformation, the dislocation can propagate
across GN under the action of impact breakage [90]. In addition, the slip
of dislocation can be transformed into stacking faults and deforming
twins with the assistance of the GN/metal interface [95].

(2) Fracture behavior. The influence of 2D reinforcements on the
fracture behavior of MMCs can be divided into two aspects:
intrinsic effect and extrinsic effect. On the one hand, the 2D re-
inforcements with large specific surface areas restrict dislocation
termination at the reinforcements/metal interface, leading to
stress concentration at the interface. The presence of stress con-
centration at the interface, unlike OD and 1D reinforcements, does
not necessarily result in premature failure of MMCs when the
interface is well bonded [91]. The geometry and variability of 2D
reinforcements facilitate the initiation of partial dislocations at the
interface. Moreover, the interface can also serve as a source for
emitting partial dislocations, leading to the formation of LC locks.
These LC locks, along with 2D reinforcements, further act as
barriers to hinder dislocation movement, enhancing the
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work-hardening capability of MMCs [90]. On the other hand,
during the process of crack propagation, 2D reinforcements have
the ability to effectively bridge and deflect the crack, further
dissipating the energy of crack propagation [94].

6.2.4. Three-dimensional reinforcements

a

—

Dislocation behavior. The 3D reinforcements are widely distributed
in the 3D space of MMCs, which expands the dimension of re-
inforcements and leads to the complexity of interaction between
3D reinforcements, defects, and matrix due to generalized aspect
ratio or specific surface area of 3D reinforcements and rich 3D
reinforcements/matrix interfaces. Consequently, these will inevi-
tably result in distinct deformation mechanisms within MMCs.
Specifically, in the process of deformation of MMCs under load,
3D reinforcements have the ability to control grain boundary
deformation or co-deform themselves with the matrix rather than
solely relying on dislocation slip. For example, in the dual-phase
Cu-B nanocomposite film, the deformation mechanisms for crys-
talline metals and amorphous solids are different. The former is
dominated by dislocation and GB movement, while the latter is
mainly decided by the formation of shear bands and microcrack
propagation. During the deformation process, the 3D amorphous
framework imposes constraints on propagation by the ledges and
solute atoms at the grain-complexion interface and augments the
flow stress required for dislocation motion (Fig. 18b). Secondly,
the generation and accumulation of GNDs near 3D re-
inforcements/metal interfaces play a pivotal role in accommoda-
ting the strain gradient and sustaining a high strain-hardening rate
during plastic deformation [115].

Fracture behavior. Expending the energy required for crack
nucleation or crack propagation is an effective strategy to improve
the plasticity and toughness of MMCs. For 3D reinforcements, the
macroscopic continuous spatial distribution leads to dislocations
that are incapable of bypassing and consequently accumulate at
the reinforcement/metal interface, resulting in a pronounced
external toughening effect [22]. Meanwhile, 3D reinforcements
can alleviate stress concentration within the matrix during
deformation, either through their self-deformation or modulating
grain boundary deformation, which serves to reduce dislocation
nucleation as an intrinsic toughening mechanism. For example, it
is reported that the TisCu/p shells can also stabilize the nano-
structure under thermomechanical coupling conditions, which
enabled the material to present superplasticity at elevated tem-
peratures (Fig. 18c). Regions with larger strains always corre-
spond to the place where significant phase interface slip occurs,
therefore, the superplastic deformation should be governed by
phase boundary sliding. Simultaneously, within the Cu-C system,
the interlayer slippage of GN exhibits a propensity to mitigate
stress concentration and reduce crack nucleation, which is antic-
ipated to be further applied in 3D GN networks [137].

(2

—

7. Conclusions and outlooks
7.1. Conclusions

This review outlines the four distinct dimensional reinforcements
(0D, 1D, 2D and 3D) in MMCs and provides a concise overview of their
synthesis processes and properties. It comprehensively summarizes and
compares the strengthening mechanisms, toughening mechanisms, and
deformation behavior related to the dimensional variance of re-
inforcements in MMCs, while also organizing and summarizing the
influential factors. The primary advancements in research can be suc-
cinctly summarized as follows:
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(1) For MMCs reinforced with 0D reinforcements, the pursuit of
breaking the tradeoff between strength and plasticity has led re-
searchers to focus on the dispersion of 0D reinforcements or
integration of reducing particle size, achieving uniform distribu-
tion, and enhancing interface bonding strength with matrix,
rather than using a single approach. The dispersion, size, inter-
face, and distribution of 0D reinforcements all exert a profound
influence on the ultimate properties of composites. In particular,
the non-uniform distribution of 0D reinforcements such as isolate,
laminate and QCNL can result in the overlap of plastic influence
zones of particles, leading to variations in work hardening ability,
dislocation action mechanisms, and crack behavior within MMCs.
For MMCs reinforced with 1D reinforcements, the position,
length, aspect ratio and orientation of 1D reinforcements have a
significant influence on the strengthening effect of MMCs,
resulting in different strengthening and toughening mechanisms
and deformation behavior. Furthermore, the new non-uniform
distribution of reinforcements and the use of hybrid reinforce-
ment such as 1D+0D and 1D+2D have increasingly garnered
attention as research focal points, yielding significant advance-
ments in achieving a harmonious balance between the strength
and functional properties of MMCs, including electrical and
thermal conductivity.

For MMCs reinforced with 2D reinforcements, in addition to GN,
which remains a prominent area of research, BN, MXene, MAX
phases, etc. have also been incorporated into MMCs as novel 2D
reinforcements in order to achieve synergistically enhanced me-
chanical and functional properties. The shape, size, surface qual-
ity, specific surface area, and interface of the 2D reinforcements
significantly influence the strengthening effect of MMCs. Namely,
the extensive surface area of 2D reinforcements can generate a
multitude of interfaces within the matrix, significantly impeding
dislocation movement and alleviating stress concentration at the
grain boundary. Simultaneously, the non-uniform distribution of
2D reinforcements along grain boundary can mitigate crack
nucleation, while serving as an effect of deflection and bridge on
the crack.

For MMCs reinforced with 3D reinforcements formed by the
continuous composition of precipitates or the assembly of pre-
cursor powders, 3D continuity in the space of MMCs is the basic
definition and essential feature, and also the vital function to the
unique properties and mechanisms. The continuity of 3D re-
inforcements makes it possible for the properties of MMCs to
transfer from micro to macro and expands the function region of
reinforcements in MMCs due to the regulation of grain boundary
behavior by 3D reinforcements, which leads to the different
strengthening mechanisms, toughening mechanisms and defor-
mation behavior, even unique physical and chemical properties.
More precisely, the isotropy of composites is ensured by a
continuous conduction pathway consisting of controllable 3D re-
inforcements. Simultaneously, the plastic deformation of the
metal matrix can be coordinated by phase transformation or
interlayer slip through the 3D reinforcements.

(2)

3

(€]

7.2. Outlooks

Currently, the investigation of multi-dimensional reinforcements in
MMCs based on the distribution of reinforcements is predominantly
limited to theoretical research and laboratory-scale applications, with a
certain disparity between its extensive societal production and industrial
implementation. Nevertheless, there are still promising prospects for
advancement:

(1) Interdisciplinarity facilitates the multi-structure and cross-scale
distribution of reinforcements. Multiscale simulation, artificial
intelligence machine learning, and materiomics have the potential
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(2

—

3

to unveil concealed opportunities for the distribution of re-
inforcements in MMCs with enhanced strength and toughness at
accelerated development rates through sustainable pathways,
thereby augmenting the efficiency of materials design.

Advanced synthesis technology facilitates the realization of the
complex distribution of reinforcements. The successful incorpo-
ration of complex 3D or even higher-dimensional biological
structures into MMCs, while preserving their structural integrity,
presents a major challenge for researchers. The emergence of
novel technologies such as 3D printing offers the potential for
synthesizing complex configurations.

Multi-scale simulations and advanced characterization techniques
facilitate structural analysis. The incorporation of fine distribution
of reinforcements at the micro-scale enhances the overall prop-
erties of MMCs. However, the delicate design also brings about
challenges related to the microstructure characterization and
theoretical analysis. It necessitates the use of tools such as atomic-
scale characterization, in situ observation of interaction mecha-
nisms, and the development of multi-scale theoretical models to
better understand mechanical behavior.
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