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Abstract

Nanocarbon materials, especially carbon nanotubes and graphene, have become preferred
reinforcements for advanced aluminum (Al) matrix composites due to their excellent
physical and mechanical properties. However, the strength-ductility trade-off in
nanocarbon/Al composites remains a major obstacle to their engineering applications.
Recent research has shown that heterogeneous design, aimed at promoting uniform strain
distribution, enables nanocarbon/Al composites to maintain high strength while
significantly improving their ductility. This work reviews recent research advances in
heterostructured nanocarbon/Al composites, focusing on their fabrication, mechanical
properties, fatigue damage behaviors, and hot processing characteristics. By addressing the
critical scientific issues spanning from fabrication to service performance, this review aims
to provide a theoretical foundation for developing high-performance heterostructured
nanocarbon/Al composites and hasten their engineering applications.
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INTRODUCTION

With the transformation and upgrading of modern industries, the performance requirements for materials
have become increasingly stringent, making traditional single-phase alloys inadequate to meet these
demands. By adding ceramic particles and other reinforcements into a metal matrix to form metal matrix
composites (MMCs), the advantages of both materials can be integrated'”?’. Among these materials,
particle-reinforced aluminum (Al) matrix composites (PRAMCs) have been widely applied in critical fields
due to their low density, high strength, excellent wear resistance, and low coefficient of thermal expansion
(CTE)" . However, it is necessary to incorporate a high-volume fraction (above 15 vol%) of ceramic
particles to achieve desired strength!®). This leads to dislocation pile-ups and strain localization at the
two-phase interface, thereby inducing interface debonding, crack initiation, and ultimately poor ductility of
PRAMC:s!". Moreover, the addition of high-hardness particles significantly deteriorates their machinability
and accelerates tool wear!. These challenges have become the primary bottleneck hindering the further
development and application of PRAMCs.

Nanocarbon materials, especially carbon nanotubes (CNTSs) and graphene (GR), have been regarded as ideal
reinforcements for Al matrix composites since their discovery. This is due to their strength, elastic modulus,
and thermal conductivity, which far exceed those of the Al matrix and traditional ceramic

9-13

reinforcements”*?. Research has demonstrated that homogeneous dispersion of 3 vol% nanocarbon in pure
Al results in a 65.7% improvement in ultimate tensile strength (UTS) and a 28.9% increase in elastic
modulus"?. These performance improvements originate from the grain refinement strengthening and load
transfer mechanism induced by nanocarbon. Furthermore, nanocarbon possesses inherent flexibility, which
mitigates severe tool wear during machining"*’. Compared with PRAMCs, nanocarbon-reinforced Al matrix

(nanocarbon/Al) composites exhibit significantly improved strength and machinability.

Achieving uniform dispersion of nanocarbon within the Al matrix is essential for fabricating
high-performance nanocarbon/Al composites"*'*. Researchers have developed various dispersion methods,
such as molecular-level mixing"”, in-situ synthesis™, friction stir processing (FSP)"*'**, and high-energy ball
milling (HEBM)"**l. Among these, HEBM stands out due to its simplicity and high production efficiency,
making it a key technology for achieving large-scale production. Studies confirm that this method enables
uniform dispersion of 4.5 vol% nanocarbon within the Al matrix"'.

On the basis of uniform nanocarbon dispersion, effective load transfer between the nanocarbon and the Al
matrix depends critically on their interfacial bonding condition”***. Early research primarily focused on
optimizing interfacial bonding by precisely controlling sintering temperatures to suppress excessive reactions
between Al and nanocarbon**". Recently, incorporating beneficial elements to modify interfacial properties
has emerged as an effective strategy for enhancing bonding strength™. For instance, Liu et al.”” achieved
enhanced bonding by adding Ti to CNT/Al composites, resulting in the formation of TiC at the interface
between the nanocarbon and the Al matrix. Results demonstrated that introducing 2 wt% Ti increased UTS
by approximately 33%.

Although achieving uniform nanocarbon dispersion and stronger interfacial bonding has significantly
increased the strength of nanocarbon/Al composites, their ductility remains poor. This is because the
pinning effect of nanocarbon materials at grain boundaries refines the matrix grain size to the nanoscale,
significantly reducing its dislocation storage capacity*”*. Therefore, to achieve a strength-ductility balance
in nanocarbon/Al composites, it is essential to regulate the matrix microstructure to enhance its dislocation
storage capacity'*’. In recent years, inspired by natural biomaterials such as nacre and bamboo, some
scholars have engineered heterostructures in MMCs'****). By regulating reinforcements or matrix grain size,
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Figure 1. Schematic illustration of the strength-ductility synergy in heterostructures.

they have achieved an ordered distribution of alternating soft and hard zones, aiming to overcome the
inherent strength-ductility trade-off limitation in uniform MMCs. In nanocarbon/Al composites, researchers
have developed various heterostructures including bi/trimodal**-*?!, layered®” ", network'*>**/, and
gradient!*** structures, which significantly improve the strength-ductility synergy of these composites
[Figure 1].

This review summarizes recent advancements in heterostructured nanocarbon/Al composites. Firstly, typical
heterostructures and fundamental strengthening-toughening mechanisms are elucidated. Subsequently,
critical issues hindering their engineering applications are reviewed, with a particular focus on challenges in
fatigue damage behaviors and hot processing. Finally, future development for heterostructured
nanocarbon/Al composites is discussed.

TYPICAL HETEROSTRUCTURES AND THEIR FABRICATION TECHNIQUES

The design and fabrication of heterostructures in nanocarbon/Al composites represent a promising strategy
to overcome the strength-ductility trade-off by leveraging the rational arrangement of nanocarbon and
matrix microstructures. These heterostructures are designed according to the principle of combining "soft"
zones (with lower nanocarbon content or coarser grains) and "hard" zones (with higher nanocarbon content
or finer grains) in a controlled manner. This design enables the simultaneous exploitation of high strength
from the hard zones and excellent ductility from the soft zones, while heterogeneous interfaces modulate
dislocation behavior, crack propagation, and stress distribution'®. Over the past decade, researchers have
developed various heterostructures with unique microstructural characteristics, fabrication methods, and
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performance advantages. The following sections elaborate on typical heterostructures, including bi/trimodal,
layered, network, and gradient structures, focusing on their structural features and key fabrication
techniques.

Bi/trimodal structure

The bimodal structure, a relatively well-established heterostructure, features coarse-grained soft zones
uniformly dispersed within and surrounded by ultrafine-grained hard zones™. This unique structure enables
synergistic deformation between the soft and hard zones, significantly enhancing ductility. During
deformation, the substantial grain size difference promotes a rational stress-strain distribution: the
ultrafine-grained hard zones primarily bear the load and suppress excessive local plastic deformation, while
the coarse-grained soft zones accommodate greater plastic strain to coordinate deformation. This
cooperation effectively alleviates stress concentration, thereby delaying crack initiation and propagation and
ultimately enhancing ductility.

The key to bimodal structure design lies in regulating the grain size difference between soft and hard zones.
Excessive differences may induce stress concentration at heterogeneous interfaces, increasing the risk of
cracking'”". To overcome this limitation, the trimodal structure has been proposed. Building upon the
bimodal structure, this approach introduces a transitional fine-grained zone with an intermediate grain size
between those of the soft and hard zones. This fine-grained zone effectively mitigates the strain gradient
across heterogeneous interfaces, alleviates stress concentration, and promotes more uniform strain
distribution. Fu et al.””, using a CNT/Al-Cu-Mg composite as the research object, constructed a trimodal
composite and compared it with its bimodal counterpart. They found that compared to the bimodal
composite, the trimodal composite increased UTS by 5.2% and elongation (El) by 34.1%, thereby validating
its role in optimizing the performance of such composites.

Both bimodal and trimodal structures can be fabricated via powder metallurgy (PM). For the bimodal
structure, the fabrication process [Figure 2] starts with HEBM to achieve homogeneous dispersion of
nanocarbon within the Al matrix, resulting in ultrafine-grained composite powders. These powders are then
blended with coarse-grained Al matrix powders in predetermined ratios. Finally, the mixed powders are
consolidated through sintering and subsequent hot extrusion to obtain dense bimodal composites. The
trimodal structure builds upon the bimodal approach by incorporating an intermediate transitional zone.
Compared to the production of conventional homogeneous composites, fabricating both bimodal and
trimodal structures requires the additional step of blending different microstructural components. This
results in a simple production process that is suitable for engineering-scale production.

Layered structure

The layered structure represents another significant heterostructure in nanocarbon/Al composites.
Characterized by alternating stacks of soft and hard layers, this structure features soft layers with a
substantially larger specific surface area than the dispersed soft zones in the bimodal structure”*. When
cracks propagate, this extensive interfacial area enables soft layers to interact with cracks over a broader
range. Owing to their exceptional ductility, these layers dissipate crack energy, while the large specific surface
area provides additional sites to alleviate stress concentration at crack tips”. Consequently, this mechanism
directly inhibits further crack propagation.

However, fabricating the micron-layered structure remains relatively laborious. Common techniques such as
accumulative roll bonding (ARB) and PM combined with multi-pass hot processing typically require
complex layer-by-layer assembly. The ARB process uses intense shear deformation to achieve strong
interfacial bonding between nanocarbon and the Al matrix, while ensuring their uniform dispersion within
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Figure 2. Schematic diagram of the fabrication process for the bimodal structuret’?,

it Simultaneously, this process significantly refines the Al matrix grains through continuous strain
accumulation and dislocation cutting during repeated rolling cycles””. For example, Lahiri et al.” produced
a micron-layered CNT/Al composite by alternately stacking Al foils and CNT layers, followed by ARB and
intermediate annealing [Figure 3A]. As the ARB process entails repeated multi-pass rolling, the interlayer
interfaces undergo bending during deformation, which compromises interfacial flatness. In contrast,
Li et al."”** fabricated micron-layered CNT/Al-Cu-Mg composites via sequential powder layering, then
employing multi-pass hot processing [Figure 3B and C]. By adjusting the extrusion direction, they achieved
different spatial distributions of the heterogeneous layers. Compared with the ARB approach, this strategy
effectively minimized irregular deformation at the interlayer interfaces, yielding composites with improved
interfacial flatness. Although these methods are effective, their complex layer-by-layer operations limit
production efficiency.

To overcome this limitation, the nano-layered structure has emerged as an ideal alternative. Reducing the
layer thickness to the nanoscale achieves a synergistic improvement in both strength and ductility, while
retaining the large specific surface area advantage inherent in the soft layers of the micron-layered
structure®. Jiang et al.”” developed a process [Figure 4] where spherical Al powder is first transformed into
nanoscale Al flakes via ball milling and polyvinyl alcohol modification. These flakes are subsequently mixed
with an ultrasonically dispersed solution of hydroxylated CNTs. Finally, the bulk composite is fabricated by
sintering followed by hot extrusion. The resulting microstructure exhibits a nacre-like morphology,
consisting of alternating Al layers (~400 nm thick) and CNT layers (~50 nm thick). Unlike the
micron-layered structure, which requires complex layer-by-layer assembly, the nanolayered structure forms
its alternating layers through self-assembly and consolidation of flake powders during preparation. This
enhances its adaptability to continuous production lines, significantly improves production efficiency, and
makes it highly suitable for large-scale industrial production.
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Figure 3. Schematic diagram of the fabrication process for the micron-layered structure through: (A) accumulative roll bonding!® and
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Figure 4. Schematic diagram of the fabrication process for the nano-layered structure!.

Network structure

Significantly, in bi/trimodal and layered structures, heterogeneous interfaces exhibit directional
characteristics, making them prone to debonding under external loading. In contrast, the network structure
offers unique advantages. Here, heterogeneous interfaces continuously interconnect and extend throughout
3D space, forming a tortuous network that hinders continuous crack propagation”*!, This promotes
improved stress distribution, reduces the probability of failure, and thus enhances ductility by optimizing the
interactions between soft and hard zones. Currently, the typical network structures reported in the literature
primarily fall into two categories: (1) Nanocarbon forming a continuous network distributed along the grain
boundaries of the Al matrix; (2) Coarse-grained soft zones forming a quasi-continuous network distributed
in the matrix.

Research on network nanocarbon/Al composites remains relatively limited, likely due to the complexity of
their fabrication methods. A common fabrication technique involves a process combining chemical vapor
deposition (CVD) with PM [Figure 5]. Lin et al.'” utilized plasma-enhanced CVD to coat Al powders with a
nanocarbon layer. Subsequently, these coated powders underwent HEBM, hot pressing (HP), and hot
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Figure 6. Formation mechanism of the quasi-continuous coarse-grained soft zone network 3,

extrusion. During HP stage, the nanocarbon layers on the surfaces of the Al powders are interconnected,
forming a 3D continuous network structure. The innovation of this process lies in the utilization of the
inherent amorphous Al,O, on the Al powder surface as nucleation sites for nanocarbon deposition,
effectively enhancing the interfacial bonding between the nanocarbon layer and the Al powder. Similarly,
Liu et al.® ) utilized CVD with Cu or Ni catalysts to directly catalyze carbon source decomposition on Al
powders, facilitating the in-situ growth of GR nanosheets. The resulting composite powders were then
consolidated via PM. In the synthesized composites, the GR nanosheets formed a quasi-continuous network
structure. However, the complex process flow and high costs associated with these methods severely hinder
their large-scale industrial applications.

The formation of the quasi-continuous coarse-grained soft zone network can be achieved through PM and
hot deformation. Wan et al.'**! first fabricated a homogeneous nanocarbon/Al composite using HEBM
combined with PM. During subsequent hot extrusion, residual nanocarbon agglomerates promote dynamic
recrystallization (DRX) within the Al matrix [Figure 6]. The fine grains generated by DRX segment the initial
matrix, forming a quasi-continuous coarse-grained soft zone network. This study confirms that nanocarbon
can effectively stimulate DRX in the Al matrix. However, significant challenges persist, including difficulties
in precisely controlling the nanocarbon agglomerates and the network structure, along with a narrow
processing window. Overall, while the network structure shows great potential for enhancing performance,
its development and application remain constrained by challenges in microstructural control. As a result, the
network structure composite is currently largely confined to laboratory-scale research and remains far from
achieving large-scale production.

Gradient structure
Unlike previous heterostructures with alternating soft and hard zones, the gradient structure is characterized
by continuous macroscopic gradients in microstructural features extending from the surface to the interior.

The development of gradient metals draws inspiration from the regulation of grain size gradients"®. Their
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Figure 7. Schematic diagram of the fabrication process for gradient GR/Al composite!®®.

ductility improvement mechanisms primarily involve two aspects. On one hand, the gradient distribution of
grain sizes enables a gradual variation in mechanical properties from the surface to the interior, avoiding
abrupt mechanical property changes that could induce stress concentration*. Under external loading, stress
is transferred and dissipated progressively through the gradient structure, thereby reducing the risk of crack
initiation!®*’). On the other hand, the gradient structure enables the surface to have high strength for
resisting wear and deformation, while the interior maintains excellent ductility to mitigate stress
concentration, achieving superior strength-ductility synergy'™. For nanocarbon/Al composites, tailoring the
nanocarbon content offers a pathway to achieve dual gradients in both grain size and composition, further
expanding the design space and potential of gradient MMCs.

Given the unique nature of the gradient structure, manufacturing complex-shaped components remains
challenging. To address this, some researchers have employed novel processes to fabricate plate-like and
ring-shaped gradient nanocarbon/Al composites. Sharma et al.”* utilized the single-pass FSP technique to
fabricate a plate-like gradient GR/Al composite [Figure 7]. The core process of preparing gradient
composites involves pre-machining a stepped groove with a wider top and narrower bottom on an Al
substrate, filling it with GR, and achieving a gradient dispersion of GR through a single FSP pass. Notably,
tool rotational speed plays a crucial role in determining material performance within this method'*.
Insufficient speed hinders the uniform distribution of GR, while excessive speed generates excessive heat
input. This promotes detrimental interfacial reactions between Al and GR, compromising structural integrity
of GR. Only an optimized rotational speed enables the achievement of a high-quality, uniform GR
dispersion. Compared to other methods for producing gradient materials, this approach offers a relatively
simpler fabrication process. However, the resulting gradient morphology is primarily constrained by the
initial groove design, limiting the process flexibility of this method.

Carvalho et al.""* utilized a deposition system to fabricate a ring-shaped gradient CNT/Al-Si composite. The
system was equipped with two independently controlled powder feeders, one containing Al-Si powder and
the other containing 2 wt% CNT/AI-Si composite powder. Continuous variation of CNT content was
achieved by precisely controlling the powder feeding rates. The resulting deposit was subsequently densified
via HP. This process enables smooth and continuous gradient changes in nanocarbon composition,
effectively suppressing stress concentrations caused by abrupt compositional shifts. However, the complexity
of the equipment and the challenges associated with process control also restrict its large-scale engineering
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application. In contrast, the gradient structures formed through the FSP process are heavily reliant on
material flow behavior. This dependence makes them highly sensitive to fluctuations in process parameters,
often resulting in structural discontinuity.

MECHANICAL BEHAVIOR OF HETEROSTRUCTURED NANOCARBON/AL COMPOSITES

Table 1 summarizes the mechanical properties of reported heterostructured nanocarbon/Al composites. To
evaluate the enhancement effect of different heterostructures on toughness, the percentage increase in the
product of UTS and El relative to corresponding homogeneous composites (Ace) is adopted as the evaluation
metric. This indicator can be calculated using

UT ShetElner = UT Syni Elyni
Ace = (1 )
UTSuniEluni

where a higher value indicates better toughening effects. UTS,,, and UTS,,, represent the UTS of the

heterostructured and homogeneous nanocarbon/Al composites, respectively; El, ,

and El , represent the El of

the heterostructured and homogeneous nanocarbon/Al composites, respectively.

Data analysis indicates that bimodal, trimodal, and nano-layered structures exhibit significantly superior
toughening effects. This superior performance is likely due to the relatively mature development of
multimodal and nano-layered structures. Their microstructural characteristics have been fully optimized. In
contrast, micron-layered and gradient structures exhibit less dominance in toughening enhancement. While
the micron-layered structure features large interfaces to mitigate stress concentration, its optimal structural
characteristics have not yet been fully explored and understood, which limits the full realization of its
toughening potential. Although designed theoretically to alleviate stress concentration, the gradient structure
prioritizes functional compatibility over maximizing ultimate mechanical performance, resulting in relatively
lower toughening effects compared to multimodal and nano-layered structures. The following sections will
discuss the strengthening-toughening mechanisms in heterostructured nanocarbon/Al composites, as well as
the relationship between heterostructures and mechanical properties.

Strengthening-toughening mechanisms

In heterostructured nanocarbon/Al composites, the microstructure characteristics of the reinforcement
distribution and the matrix grain size lead to special deformation mechanisms, which can be divided into
three stages””: In the first stage, both soft and hard zones undergo simultaneous elastic deformation, similar
to that of homogeneous composites. In the second stage, soft zones yield preferentially and undergo plastic
deformation, while hard zones persist in elastic deformation”'!. This mechanical mismatch induces
pronounced plastic strain gradients near the heterogeneous interfaces, triggering substantial proliferation
and accumulation of geometrically necessary dislocations (GNDs)"*”. Consequently, back stresses are formed
within soft zones, whereas forward stresses are generated within hard zones, and the coupling effect of these
stresses manifests as macroscopic heterogeneous-deformation-induced (HDI) strengthening® [Figure 8]. In
the third stage, both soft and hard zones undergo plastic deformation. With progressive strain accumulation,
the escalating deformation mismatch at heterogeneous interfaces induces a higher density of GNDs,
consequently enhancing HDI strengthening. Ultimately, the strength of heterostructured nanocarbon/Al
composites surpasses the rule-of-mixtures prediction.

The loading-unloading-reloading (LUR) tensile test is an essential method for investigating the evolution of
back stress®>*°l. Figure 9A presents the LUR test results for uniform pure Al and two bimodal pure Al
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Table 1. Mechanical properties of nanocarbon/Al composites with different heterostructures

Type Matrix Nanocarbon and its content Soft zone characteristic Processing state Yield strength/MPa UTS/MPa El/% Ace/% Ref.
Uniform - 703+7 756 £ 1 2+0.5 -
Narrow, 33 vol% 599+9 700+7 3+05 388
Narrow, 25 vol% 610+8 748 £10 45+0.5 1226
2009Al CNT, 3vol% Extruded [89]
Bimodal Narrow, 20 vol% 605+9 690+8 3+0.5 36.9
Wide, 25 vol% 620+ 6 714 +£5 3+0.5 41.6
Ultra narrow, 25 vol% 618 +7 715+ 8 25+05 182
Uniform - 186+2.3 260+3 56+24 -
10 wt% 181+29 236+43 64+15 37
20 wt% 175+4.3 225+3.2 79+£25 221
Al GR, 0.5 wt% Rolled [55]
Bimodal 30 wt% 169 +£1.6 220+15 MN4+£12 723
40 wt% 155+3.9 213+3.1 11.9+41 741
50 wt% 147+£6.5 194+£5.6 21+4 612
Uniform - 586+ 2 632+7 3.0+03 -
Bimodal Al-Cu-Mg alloy CNT, 1.5 wt% - Extruded 559+ 4 652+7 41+01 409 [54]
Trimodal - 560 +3 686 +12 55+0.4 989
Uniform - 624+8 700+5 3.7+£1.0 -
2009Al CNT, 2 vol% Grain size T pm, 33 vol% C‘Tlr.“b'“at'o“ of extrusion and 55445 660+4  48+03 223  [57]
Micron-layered rotiing
Grain size 300 nm, 33 vol% 628+3 720+ 6 48+0.2 334
Uniform - 613+8 687 +5 3.7£1.0 -
2009AI CNT, 2 vol% 33 vol% Ccl’lfnb'”at"’” of extrusion and 623+8 707416 42409 168  [58]
Micron-layered rolling
50 vol% 624+8 709+3 45+08 255
Uniform - - 330 6 -
Pure Al CNT Extruded [59]
Nano-layered - - 375 12 127.2
Network Pure Al CNT, 7.5 vol% - Extruded - 549 n.2 - [63]
Network Pure Al Nanocarbon, 3.42 wt% - Extruded 285+4 363+3 - - [62]
GR, 0.5 vol% - 203+3 230+2 17.5+1 -
Network Pure Al GR, Tvol% - Rolled 237+2 266+5 191+£2 - [82]

GR, 1.5 vol% - 255+6 279+3 13.2+£2 -
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GR, 0.5 vol% - 70+5 223+9 9.6+24 -
Network Pure Al GR, 1.5 vol% - Sintered 205+6 315+7 73+23 - [81]
GR, 2.5 vol% - 225+8 318+4 45+16 -
Uniform - 192 209 7 -
Al-Si alloy CNT, 2 wt% Sintered [68]
Gradient - 172 192 9 18.1

materials with different coarse grain structures - specifically, bimodal sample 2 contains larger coarse grains than bimodal sample 1. Compared to uniform pure Al,
both bimodal materials exhibit significantly larger hysteresis loop areas [Figure 9B], indicating a more pronounced Bauschinger effect””. Furthermore, in all three
materials, the back stress increases continuously with plastic strain [Figure 9C]. However, throughout the deformation process, the magnitude of back stress in both
bimodal materials consistently exceeds that observed in the uniform pure Al. These findings demonstrate that back stress plays a more significant role in the
strengthening and work hardening mechanisms of heterostructured materials.

Regarding the ductility enhancement mechanism, Liu ef al.* investigated the strain distribution of a heterostructured nanocarbon/Al composite during in-situ tensile
testing using digital image correlation (DIC), as shown in Figure 10. For the homogeneous composite, significant strain concentration develops during the initial
deformation stage. As strain increases, the size of these concentration zones expands, ultimately leading to rapid crack initiation. In contrast, soft zones in the
heterostructured nanocarbon/Al composite accommodate the majority of strain. This mechanism significantly reduces strain concentration in hard zones, thereby
diminishing the size of their strain concentration zones. As deformation progresses, the coordinated deformation capability of the heterostructured nanocarbon/Al
composite facilitates a remarkably uniform strain distribution, which effectively suppresses crack initiation.

Furthermore, heterostructures can also blunt crack propagation. Liu et al.'®' conducted finite element simulations to compare pre-cracked homogeneous and
heterostructured nanocarbon/Al composites under identical tensile strain conditions [Figure 11A-C]. The results demonstrate that the homogeneous composite
exhibits significant stress concentration at the crack tip [Figure 11C]. In contrast, soft zones in the heterostructured nanocarbon/Al composite effectively alleviate stress
concentration at the crack tip [Figure 11B]. An optical microscope image of the heterostructured nanocarbon/Al composite under 3% tensile strain [Figure 11D] reveals
that cracks nucleating in hard zones are blunted as the crack propagates into soft zones, further confirming the crack-tip blunting effect of soft zones.

In summary, heterostructured nanocarbon/Al composites achieve remarkable strength-ductility synergy through heterostructure-induced multi-level deformation

coordination mechanisms. This enhancement originates from synergistic effects including HDI strengthening, HDI hardening, strain distribution homogenization, and
crack-tip blunting.
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Relationship between heterostructures and mechanical properties

Beyond the differences in toughening effects among distinct heterostructures, it is worth noting that
variations in specific heterostructural parameters can significantly impact the toughening effects within a
given heterostructure type'***. Furthermore, for bimodal, trimodal, or nano-layered structures, fine-tuning
key parameters controlling the distribution and characteristics of soft and hard zones can substantially alter
toughening effects. The influence of typical heterostructural parameters on toughening effects is discussed
below.
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(1) Soft zone content

In heterostructured nanocarbon/Al composites, soft zone content directly influences their strain hardening
rate and ductility, as it governs the deformation accommodation capacity. Liu et al."* identified soft zone
content as a critical parameter affecting ductility in the bimodal structure. Their study reveals that to achieve
a toughening effect, soft zone content must exceed a specific critical threshold. Below this value, soft zones
cannot effectively accommodate deformation and may even reduce ductility. Based on elastoplastic fracture
mechanics, the critical content of soft zones (V/

critica,

) can be calculated using

27
Veritical > . 12 (2)
33|14 2 (2|

where o is the strength of soft zones, o, is the stress imposed on the material.
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Figure 12. (A-C) Scanning electron microscope images and (D-F) inverse pole figures of cracks in trimodal CNT/2024Al composites at
3% tensile strain: (A and D) narrow coarse-grained soft zones, (B and E) medium coarse-grained soft zones, (C and F) wide
coarse-grained soft zones!°",

However, excessively high soft zone content is also detrimental, as surplus soft zones reduce the proportion
of high-strength hard zones, compromising the overall load-bearing capacity of the composite"™. Fu et al.!*
fabricated bimodal CNT/Al-Mg composites with soft zone contents of 25 wt% and 50 wt%. Tensile tests
reveal that the specimen containing 25 wt% soft zones exhibits the superior strain hardening rate. Combined
with compressive stress relaxation experiments, the analysis indicates that this phenomenon originates from
both a significant increase in effective stress during plastic deformation and the synergistic effects of multiple
dislocation-mediated mechanisms.

(2) Soft zone size

The size of soft zones is another critical parameter determining the mechanical properties of
heterostructured nanocarbon/Al composites”’). When the soft zone content is fixed, the size directly
influences crack blunting through two key mechanisms. Firstly, it determines the spacing between adjacent
soft zones. Excessively large sizes increase this spacing, preventing soft zones from effectively blunting
propagating cracks. Secondly, it governs the inherent crack blunting capacity of the soft zones themselves.
Excessively small sizes restrict deformation space within soft zones, thereby weakening their ability to blunt
cracks.

Tan et al."*" investigated the influence mechanism of soft zone width on the ductility of trimodal CNT/Al
composites through in-situ tensile tests [Figure 12]. An increase in soft zone width leads to an increase in
inter-soft-zone spacing. This promotes the premature formation of macrocracks in hard zones before the
crack blunting effect of soft zones can be activated, thus reducing ductility. Conversely, an excessively refined
soft zone width compromises the inherent crack-blunting capacity of the soft zones, thereby diminishing
ductility. Only a moderately sized soft zone can inhibit crack propagation, ultimately achieving peak
ductility.
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Ma et al.”"! prepared bimodal CN'T/2009Al composites with similar soft zone grain sizes but varying widths
by controlling HEBM time. Experimental results show that the mechanical properties of the composite with
a moderate soft zone width are optimal. Meanwhile, a model for determining the optimal width of soft zones
(R, 1s established as

2 - ( ° ) ( )
Rc; itical 3
4“’271 gy lCG Ty (]- lCG)

where V. is the volume fraction of soft zones, k¢ is the fracture toughness of soft zones, «f%and o’/ “are

the yield strength (YS) values of soft zones and hard zones. The calculated optimal width of soft
zones demonstrates excellent agreement with experimental measurements.

The above research has laid an important foundation for designing high-performance heterostructured
nanocarbon/Al composites. However, current studies still exhibit significant limitations. First, the range of
investigated heterostructural parameters remains relatively narrow, and insufficient attention has been given
to the critical role of 3D spatial configurations in soft zones for regulating deformation coordination and
damage evolution. Second, quantitative relationship between relative strength changes in soft/hard zones and
the back stress strengthening effect remains underexplored. Finally, significant coupling exists among
various heterostructural parameters regarding toughening effects. Synergistic optimization of these
parameters to maximize both strength and ductility remains a key challenge requiring long-term research.

FATIGUE PROPERTIES OF HETEROSTRUCTURED NANOCARBON/AL COMPOSITES

Fatigue fracture is the primary cause of engineering component failure, accounting for approximately 80% of
cases!"*”l. Classical fatigue damage theory indicates that microstructure inhomogeneity promotes the
preferential initiation of fatigue cracks in soft zones, thereby reducing fatigue performance!**'**\. For
heterostructured nanocarbon/Al composites, the presence of soft zones readily triggers early fatigue cracking,
which is detrimental to achieving high fatigue strength. Therefore, the fatigue behavior of these composites is
a critical indicator determining their potential for ultimate engineering applications. Current research on the
mechanical properties of nanocarbon/Al composites mainly focuses on static tensile strength and ductility,
while studies on their fatigue behavior remain relatively limited. In this context, this section reviews the
limited existing research progress regarding the fatigue behavior of heterostructured nanocarbon/Al
composites, aiming to provide theoretical reference for future development of their engineering applications.

Fatigue failure characteristics
In studies on the fatigue performance of heterostructured nanocarbon/Al composites, the combined effects
of reinforcements and heterogeneous design must be comprehensively considered.

Regarding the reinforcements, existing reports have demonstrated that the incorporation of nanocarbon can
significantly enhance their high-cycle fatigue (HCF) performance. For instance, Shin et al."* investigated the
influence of varying CNT contents on the HCF behavior of the CNT/2024Al composite. The study reveals
that the HCF strength of the composite improves markedly with increasing CNT content [Figure 13]. When
the CNT content reaches 4 vol%, the fatigue strength reaches 550 MPa in the tension-compression fatigue
test with a stress ratio of -0.5, representing a 2.75-fold improvement over the matrix alloy. The underlying
mechanism for this improvement arises from two synergistic effects during fatigue damage. CNTs enhance
energy dissipation through the pull-out mechanism while suppressing crack propagation via the bridging
effect!">7),
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For heterostructured materials, the microstructures with multi-scale grains exhibit differentiated mechanical
responses under cyclic loading"*. Ultrafine-grained regions demonstrate weak crack propagation resistance
due to their low ductility, while coarse-grained regions effectively impede crack propagation owing to their
superior plastic deformation capacity.

Currently, there is a lack of research on the fatigue characteristics of heterostructured nanocarbon/Al
composites. Although existing studies have focused on their HCF performance, the results remain
unsatisfactory. Bi et al.'" conducted a comparative analysis of the HCF damage mechanisms in a bimodal
2 vol% CNT/7055Al composite under stress ratios of 0.1 and -1. The study shows that deformation primarily
occurs in soft zones under both stress ratios. Strain localization in these regions acts as the dominant damage
mechanism. During the initial fatigue stage, dislocation multiplication initiates in soft zones. As cyclic
loading progresses, the dislocation densities within these regions increase significantly and gradually evolve
into cell structures. In contrast, hard zones suffer minimal damage due to their small grain size, which
restricts dislocation motion.

Notably, the study reveals distinct differences in fatigue crack propagation paths under different stress ratios,
as shown in Figure 14. At a stress ratio of 0.1, cracks in soft zones show limited tendency to propagate into
hard zones, whereas at a stress ratio of -1, cracks originating from soft zones readily extend into adjacent
hard zones. Overall, the introduction of soft zones accelerates the fatigue crack nucleation process, which
proves detrimental to HCF performance.
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Fatigue-resistant microstructure design

Recent studies have demonstrated that precise control of grain size in heterostructures can effectively
improve HCF performance®. For instance, Qian et al."* compared the HCF performance of bimodal and
homogeneous nickel alloys. The results show that as the grain size of coarse-grained regions in the bimodal
alloy exceeds 1 um, its fatigue performance is inferior to that of the homogeneous alloy. However, reducing
the grain size of coarse-grained regions to the submicron scale results in the bimodal alloy exhibiting
superior fatigue performance. Similarly, in the study on the fatigue performance of gradient pure copper,
Long et al."" discovered that further refining the surface-layer ultrafine grains into nanocrystalline grains led
to a breakthrough in HCF performance. These findings collectively highlight the critical role of grain size
regulation in balancing the strength-ductility synergy and HCF performance of heterostructured materials.

Based on the aforementioned findings, Ma et al.""" controlled the grain size in soft zones of a bimodal
2.25 vol% CNT/2009Al composite via HEBM. They fabricated bimodal composites respectively with grain
widths of 2 ym and 500 nm in soft zones, and compared their HCF performance with that of the
homogeneous composite. Under the HCF test with the stress ratio of 0.1, the bimodal composite with larger
grains in soft zones exhibits lower fatigue performance than the homogeneous composite. Conversely, as the
soft-zone grains are refined, the bimodal composite exhibits significantly enhanced fatigue performance,
with its fatigue strength exceeding that of the homogeneous composite [Figure 15].
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Overall, these studies confirm that grain size regulation plays a pivotal role in enhancing the fatigue
performance of heterostructured nanocarbon/Al composites. By precisely adjusting the grain size in distinct
zones, particularly through refining grains in the soft zones, the balance between strength and ductility can
be optimized, significantly enhancing fatigue resistance. These findings not only advance the theoretical
understanding of heterostructured MMCs but also provide crucial technical guidance for their practical
engineering applications.

HOT PROCESSING OF HETEROSTRUCTURED NANOCARBON/AI COMPOSITES

For structural materials, hot processing is often required to meet the specific dimensional requirements of
engineering components. Previous studies on alloys with heterogeneous grain structures have demonstrated
that ultrafine-grained regions tend to undergo grain boundary sliding accompanied by grain coarsening,
while coarse-grained regions preferentially achieve grain refinement through DRX""'?/. This process
ultimately results in a uniform grain structure [Figure 16]. In heterostructured nanocarbon/Al composites,
the incorporation of nanocarbon helps stabilize ultrafine-grained hard zones, which aids in maintaining
heterogeneous characteristics. However, the inhibition effect of nanocarbon on DRX also increases the risk
of deformation instability. To ensure the safe forming and processing of these composites while achieving
precise microstructural control, comprehensive research into their deformation behavior and processing
parameters is essential.

Theoretical study on hot deformation behavior

In the study of hot deformation of MMCs, the construction of processing maps based on the dynamic
material model (DMM) is a well-established theoretical method. This approach analyzes microstructure
evolution mechanisms from an energy dissipation perspective, and has been successfully applied to research
on the hot deformation behaviors of homogeneous nanocarbon/Al composites"’l. For example,
Mokdad et al."""¥ constructed 3D power dissipation maps [Figure 17A and B] and flow instability maps
[Figure 17C and D] for the 2024 Al alloy and CNT/2024Al composite. Experimental results reveal that the
safe processing windows for both materials are situated in high-power-dissipation regions under
high-temperature, low-strain-rate conditions. However, the addition of CNTs leads to a significantly reduced
peak power dissipation. The instability regions of both materials are primarily distributed in
low-power-dissipation regions under low-temperature, high-strain-rate conditions, and the composite
displays a larger instability region compared to the matrix alloy.

Although processing maps derived from the DMM offer a convenient way to study the hot deformation
behavior of homogeneous nanocarbon/Al composites, they are inadequate for analyzing the deformation
coordination of different microregions in heterostructured nanocarbon/Al composites during hot
deformation. To address this limitation, Bian et al.""**! proposed a coordination coefficient based on the
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weighted average principle of the rule of mixtures"'*""”) and developed a novel processing map to investigate
the deformation coordination mechanisms of different microregions in a bimodal CN'T/2009Al composite.
The method for constructing the coordination coefficient is as follows. Firstly, the actual power dissipation
values of the bimodal composite [Figure 18A] and its two microregions are obtained through hot
compression tests. Subsequently, the actual power dissipation values from the two microregions are weighted
according to the volume fraction of the bimodal structure feature to calculate the weighted power dissipation
of the bimodal composite [Figure 18B]. Finally, the ratio of the actual to the weighted power dissipation is
defined as the coordination coefficient, and a corresponding map is constructed [Figure 18C]. The study
reveals that deviations of the coordination coefficient from the value of 1 directly reflect the degree of
deformation coordination in heterogeneous regions. A coefficient approaching 1 signifies excellent
deformation compatibility among these regions, whereas larger deviations from 1 signify poorer
coordination.

Furthermore, the mechanisms underlying variations in deformation coordination between heterogeneous
regions are investigated. The results indicate that increased differences in deformation resistance among
microregions lead to amplified deformation incompatibility. Under varying processing parameters, hard
zones maintain relatively stable grain sizes. However, under high-temperature, low-strain-rate conditions,
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the grain boundaries of soft zones migrate toward hard zones, thereby reducing the overall power dissipation
and resulting in coordination coefficients below 1. Conversely, under high-temperature, high-strain-rate
conditions, intensified lattice distortion at heterogeneous interfaces leads to elevated actual power
dissipation, causing coordination coefficients to exceed 1. These findings demonstrate that the coordination
coefficient map provides an effective analytical tool for studying deformation coordination and
microstructure evolution between heterogeneous regions in the bimodal nanocarbon/Al composite.

Hot-deformed heterostructures and mechanical properties

Although processing map theory has elucidated the coordination mechanisms between heterogeneous
regions in heterostructured nanocarbon/Al composites under varying deformation parameters, this
understanding alone is insufficient. Processing techniques not only influence deformation coordination but
also induce changes in heterostructural parameters, including the size, distribution, and content of soft and
hard zones, thereby exerting a significant impact on the mechanical properties"*. Thus, conducting in-depth
research into how processing affects the microstructure and mechanical properties of heterostructured
nanocarbon/Al composites is crucial for achieving targeted performance regulation.
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Figure 19. Optical microscope and transmission electron microscopy images of bimodal 3 vol% CNT/2009Al composite extruded at
different temperatures: (A and D) 370 °C, (B and E) 420 °C, (C and F) 470 °Ct,

Currently, the bimodal structure represents the most extensively studied and developed heterostructure
among nanocarbon/Al composites. Correspondingly, studies on the evolution of hot-deformed
microstructures in such composites have predominantly focused on this bimodal structure.

(1) Hot extrusion processing

Hot extrusion is one of the most widely used methods for manufacturing Al matrix composites. It not only
enables the production of rods, profiles, and other components with desired dimensions but also enhances
the mechanical properties by eliminating pores and other defects''>'*. For heterostructured nanocarbon/Al
composites, it induces changes in key heterostructural parameters, affecting strengthening and toughening
effects.

Ma et al.''*" investigated the effects of extrusion temperature on the microstructure and mechanical
properties of a bimodal 3 vol% CNT/2009Al composite with an extrusion ratio of 16:1. The study reveals that
soft zones exhibit a band-like distribution after extrusion, with both the width and length increasing as the
extrusion temperature rises [Figure 19A-C]. This phenomenon is primarily attributed to the weakening of
the dislocation cutting effect at elevated temperatures, which alters the grain deformation mechanisms. More
detailed transmission electron microscopy (TEM) characterization demonstrates that, with increasing
extrusion temperature, the proportion of high-angle grain boundaries and the dislocation density within soft
zones decrease, while the average grain size increases [Figure 19D-F]. Microstructure analysis of hard zones
indicates stable grain sizes after extrusion. The mechanical properties of the bimodal CNT/2009Al composite
extruded at different temperatures were tested. The results reveal that as the extrusion temperature increases,
the UTS of the bimodal composite shows no significant variation, while the El shows significant
improvement.
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Notably, the findings regarding the impact of extrusion temperature on microstructure and mechanical
properties presented in this study are based on a constant initial configuration and extrusion ratio. If the
initial configuration parameters or extrusion ratio are altered, the influence of extrusion temperature on the
strength and ductility will also differ. To achieve significant improvements in both strength and ductility, the
microstructure parameters of hot-deformed heterostructures can be optimized by referring to the results
described in Section "Relationship between heterostructures and mechanical properties".

(2) Rolling

Rolling, leveraging its high production efficiency and low cost for large-scale manufacturing''*?, is
particularly suitable for sheet preparation and has become a crucial deformation processing method in Al
matrix composites.

Yang et al.'">! employed the ARB process to fabricate a nano-layered GR/5052A1 composite. They
investigated the effect of rolling passes on the microstructural evolution of GR layers and the resulting
mechanical properties of the composite. The study demonstrates that with increasing rolling passes, severe
shear deformation induces significant interlayer sliding within the GR layers. The thickness of the GR layers
progressively decreases from an initial 700 nm to approximately 13 nm after eight passes. Although this
process causes exfoliation and fragmentation of the GR, it achieves uniform dispersion while preserving the
structural integrity of GR, thereby optimizing load transfer efficiency. Consequently, the composite exhibits
excellent comprehensive mechanical properties, with a UTS of 420 MPa, a YS of 407 MPa, and an El of 3.2%.
In contrast, the 5052Al matrix processed under the same conditions has a UTS of 368 MPa, a YS of 360 MPa,
and an El of 2.17%. This clearly demonstrates the significant performance enhancement attributable to GR.

This research combines severe plastic deformation with in situ shear dispersion of GR. It provides a novel
approach for developing high-performance heterostructured GR/Al composites.

(3) Multi-pass hot processing

To fabricate components with complex shapes in engineering applications, single-pass hot processing is
often insufficient to simultaneously achieve the desired geometry and optimize both microstructure and
mechanical properties synergistically. Consequently, multi-pass hot processing becomes essential to achieve
precise control over both formability and performance.

Current research on multi-pass hot processing of heterostructured nanocarbon/Al composites has primarily
focused on rolling of hot-extruded composites'**. Li et al."** applied a hybrid extrusion-rolling multi-pass
process to form a bimodal 2 vol% CNT/2009Al composite plate. After rolling with a 75% thickness reduction,
the composite retains its bimodal heterostructure, but soft zones exhibit significant refinement [Figure 20].
The texture evolves into a plate texture composed of {011}<322>, {113}<332>, and {215}<342> components.
Characterized by high Schmid factors [Table 2], this plate texture facilitates the participation of more grains
in plastic deformation"*”). Consequently, the El of the composite increases from 4.7% in the extruded
condition to 5.4% after multi-pass hot processing.

The above studies indicate that the microstructure evolution and mechanical properties of heterostructured
nanocarbon/Al composites after hot processing strongly depend on the processing parameters. Despite
progress in understanding the regulation mechanisms of processes such as extrusion and rolling, current
research exhibits significant limitations: The variation range of extrusion parameters remains narrow,
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Figure 20. Optical microscope images of bimodal CNT/2009AIl composite: (A) as-extruded, (B) multi-pass processed!'*,

Table 2. Texture components in as-extruded and multi-pass processed bimodal composites24

Material Texture components Maximum schmid factor
{on<1m> 0.27
As-extruded {n23<11> 0.27
{2133<111> 0.27
{0113<322> 0.36
Multi-pass processed {113}<322> 0.37
{2153<342> 0.42

primarily exploring only temperature changes at fixed extrusion ratios. Furthermore, investigations into
multi-pass processing are simplistic, largely confined to combining extrusion with rolling; studies on
variations in rolling parameters or the introduction of other processing techniques are notably absent. These
constraints hinder the development of controllable processing strategies for components with complex
geometries.

OUTLOOKS

Despite significant advances in heterostructured nanocarbon/Al composites, key challenges hinder their
engineering application. Currently, the design and optimization of heterostructures rely heavily on empirical
trial-and-error, lacking a systematic theoretical framework. Regarding service performance, while fatigue
damage mechanisms have received attention, studies under coupled multiphysics conditions - such as
combined thermal, mechanical, and corrosive environments - remain scarce. Furthermore, hot processing
research has focused primarily on microstructural control and properties of simple-shaped components,
leaving hot processing for complex geometries largely unexplored. Artificial intelligence (AI) offers a
powerful approach to overcome these bottlenecks. By leveraging data-driven capabilities, Al can discover
hidden correlations within complex datasets, accelerating the development of advanced materials.

For designing heterostructured nanocarbon/Al composites, Al can identify quantitative relationships
between multiparametric microstructural features and macroscopic properties. By quantifying the
contributions of key microstructural characteristics to overall performance, Al enables the inverse design of
these materials: tailoring microstructures to achieve targeted mechanical, thermal, or functional properties.
This will provide a robust theoretical foundation for goal-oriented heterostructure design.
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For predicting the service performance of heterostructured nanocarbon/Al composites, Al can leverage
accelerated aging data obtained under multi-physical field conditions to train deep learning models. These
models can capture the dynamic relationships between environmental parameters and material damage
accumulation rates. Integrating such models with digital twin technology enables the creation of a
full-life-cycle performance forecasting system, providing precise guidance for reliable engineering
deployment.

Furthermore, for the hot processing of complex heterostructured nanocarbon/Al composite components, Al
can enhance process control through multi-source data fusion. By integrating processing parameters,
real-time sensor data, and post-process characterization, AT will construct comprehensive
process-structure-property linkage models. These models can elucidate how processing parameters govern
final microstructures and mechanical properties, enabling optimized forming strategies to precisely control
heterogeneous microstructure evolution. This approach will significantly reduce costly trial-and-error
iterations, improving manufacturing efficiency and reproducibility.

In summary, integrating Al across composite research and development - from intelligent design and
performance prediction to process optimization - transforms development from experience-based to
data-driven methods. This approach will advance the analysis of structure-property relationships, accelerate
the scaling of innovations from laboratory to industry, and provide critical technological support for
next-generation lightweight materials in aerospace, electric vehicles, and energy systems.

CONCLUSIONS

With the increasingly stringent demands of modern industries for the comprehensive performance of Al
matrix composites, significant progress has been achieved in the research on heterostructured
nanocarbon/Al composites. Through the synergistic effects of multi-scale heterogeneous design combined
with nanocarbon reinforcements, these composites exhibit remarkable enhancements in comprehensive
performance. This review summarizes recent achievements in heterostructured nanocarbon/Al composites,
with a focus on three key aspects: heterogeneous design, fatigue performance, and hot processing. The main
research advances are summarized as follows:

(1) Heterostructured nanocarbon/Al composites exhibit simultaneous improvements in strength and
ductility through synergistic mechanisms such as HDI strengthening, strain distribution homogenization,
and crack blunting. To date, researchers have developed various heterostructures including bi/trimodal,
layered, network, and gradient structures. Among these, the bimodal structure adheres to specific design
guidelines and exhibits outstanding performance. Moreover, its fabrication is relatively straightforward.
Research on other heterostructures, however, remains in the early stages.

(2) In terms of fatigue performance, the pull-out and crack bridging mechanisms of CNTs combined with
heterogeneous design can reduce the fatigue crack propagation rate. However, the non-uniform
characteristics of heterostructures accelerate fatigue crack nucleation, thus reducing the HCF performance.
The moderate refinement of grain size in soft zones, which alleviates stress concentration at heterogeneous
interfaces, is conducive to enhancing the HCF performance of heterostructured nanocarbon/Al composites.

(3) During hot processing, heterostructured nanocarbon/Al composites exhibit remarkable sensitivity to
processing parameter variations, primarily manifested in the complex variations of soft zone dimensions. For
nanocarbon-rich hard zones, the strong grain boundary pinning effect induced by nanocarbon enables
highly stable grain sizes under diverse processing conditions. Precise optimization of hot processing
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parameters to regulate soft zone sizes within an optimal range is critical for fabricating high-strength and
high-ductility heterostructured nanocarbon/Al composites.
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