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ABSTRACT: This review provides a systematic overview of the @ (b) = ¢
current research status and future prospects for preparing high- :
entropy alloy (HEA)-reinforced aluminum matrix composites (AMCs)
using laser powder bed fusion (LPBF) additive manufacturing =
technology. Compared to conventional aluminum alloys, Al-Si-based

alloys (particularly AISi10Mg) emerge as the optimal choice for LPBF = 100 | e T
due to their narrow solidification range and excellent formability. As T By iy B e ey - o
novel reinforcements, HEAs exhibit high strength, good plasticity, and
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superior deformation capability, significantly enhancing the overall performance of composites. HEAs exert grain refinement
strengthening, solid solution strengthening, and dispersion strengthening effects on the Al matrix. Compared to traditional ceramic
particle reinforcements, HEAs efficiently transmit loads and resist interfacial cracking, substantially reducing plasticity loss while
enhancing strength. Research indicates that in HEA-reinforced AlSi10Mg composites fabricated via LPBF, HEAs exhibit excellent
bonding with the aluminum matrix. A transition layer and fine secondary phases form at the interface, contributing to grain
refinement. An appropriate HEA addition markedly increases the composite strength with only a slight decrease in elongation.
Furthermore, synergistic effects between HEAs and other reinforcements (e.g., TiB,) can further improve melt pool stability and
optimize the material’s overall performance. Although research on LPBF-fabricated HEA-reinforced AMCs remains in its infancy, it
has demonstrated immense application potential. Future studies should delve deeper into the reinforcement mechanisms of HEAs
in AMCs, integrating structural design and process optimization to fully leverage the advantages of additive manufacturing and
advance this technology toward industrial application.
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from significant drawbacks. For instance, forming individual
components necessitates designing molds and forming systems
[12] tailored for high-volume manufacturing. This mold-
dependent production method lacks flexibility, especially for small
batches where extended mold design and fabrication cycles
disproportionately increase costs. Notably, the multistep nature of
traditional processes introduces significant instability. The
resulting AMCs often exhibit poor compatibility and wetting
between reinforcements and the matrix, susceptibility to

1 Introduction

Aluminum alloys are widely used in the aerospace,
telecommunications, and automotive industries due to their high
specific strength and lightweight properties [1-5]. Their
affordability is also a key reason why researchers continue to
explore methods for enhancing aluminum alloy strength.
However, conventional aluminum alloys exhibit poor mechanical
properties and wear resistance [6,7], limiting their application in
critical fields. To overcome this, reinforcements (such as ceramic

particles, whiskers, and fiber reinforcements) [8] or other elements
(e.g., Zr [9,10], rare earths) are often added to aluminum alloys to
fabricate high-performance aluminum matrix composites
(AMCs). Traditional methods for producing AMCs are well
established, enabling mass production while ensuring material
integrity [11]. However, these conventional approaches suffer

agglomeration [13,14], and a tendency for detrimental reactions at
interfaces [15]. Laser powder bed fusion (LPBF) offers a superior
alternative for producing higher-quality, more complex
components in small batches for critical applications.

LPBF, as one of the most promising metal additive
manufacturing technologies in recent years, has been widely
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adopted for producing various high-performance complex
components [16,17]. This process utilizes an ultrahigh-energy
laser beam to selectively melt thin layers of powder [18]. As the
molten powder rapidly solidifies during cooling and is deposited
layer by layer, it generates three-dimensional (3D) parts along
predetermined paths defined by computer-aided design models
[19,20]. Preparing components with different structures requires
only modifying the modeling, eliminating cumbersome design
processes. During printing, rapid heating and cooling tendencies
lead to nonequilibrium solidification, resulting in smaller grain
sizes [21]. However, significant temperature gradients within the
material during printing can cause coarse columnar crystals to
form, degrading the material properties [22]. The quality of LPBF-
printed parts depends on the process parameters, powder
properties, and alloy composition [23,24]. These factors influence
the behavior during melt pool solidification and the resulting
microstructure, thereby affecting material performance. This also
represents a significant advantage of LPBF: Material properties
can be altered by adjusting process parameters. Precise parameter
control enables stable production of high-quality parts with
significantly reduced scrap rates. Due to the rapid solidification
process of LPBF using uniformly mixed alloy powders and
because each melting and solidification cycle involves an
extremely small area and occurs very quickly, AMCs produced via
LPBF hardly agglomerate. Harmful reactions at interfaces also lack
sufficient time to occur, resulting in AMCs with higher strength.
However, this process also increases the internal stress within the
material after forming [25]. However, for metals with high
susceptibility to thermal cracking [26], such as most aluminum
alloys, cracks may form during the LPBF process. Currently,
common alloys used in LPBF include titanium alloys, tool steels,
and high-temperature alloys [27]. Aluminum alloys are almost
exclusively eutectic or near-eutectic aluminum-silicon alloys (e.g.,
Al-7Si, AlSi10Mg, and Al-12Si) due to their narrow solidification
range [28], which results in lower thermal cracking sensitivity.
Current research on LPBF-formed aluminum alloys primarily
focuses on Alrme alloys such as AlSi10Mg. Although these alloys
exhibit good formability and deliver respectable post-printing
properties, they do not offer significant improvements over
traditional preparation methods such as casting, particularly in
terms of elongation [29,30]. Due to the high internal stresses
commonly associated with additive manufacturing, the elongation
of aluminum alloys formed via LPBF consistently falls far below
that achieved through casting processes. Given the inherently high
cost of LPBF and its inability to achieve the mass production
capacity of traditional processes, the current performance of LPBF-
formed aluminum alloys cannot sufficiently compensate for these
limitations. To leverage LPBFs advantages, researchers are
employing various methods to enhance the properties of LPBF-
formed aluminum alloys, particularly aiming for a comprehensive
improvement in strength and percentage elongation [31].
Researchers commonly employ elemental additions or externally
added reinforcements. Elemental additions aim to generate a good
reinforcing effect with the matrix but often prove difficult to
control. Externally added reinforcements, however, represent a
convenient, easily controllable, and highly effective method for
enhancing material properties across all forming processes. The
mainstream choice for externally added reinforcements is ceramic
particles [32]. As the most commonly used reinforcements in
AMCs, ceramic particles significantly enhance material strength
and hardness. However, these hard and brittle particles often
cause premature failure at the bonding interface [33,34], leading to
reduced material ductility. This results in a significant trade-off:
pursuing high strength typically comes at the cost of substantial
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ductility loss. With ongoing advancements in high-entropy alloys
(HEASs), these alloys with excellent comprehensive properties have
garnered increasing attention from researchers. Similar to stainless
steel reinforcements, HEAs as reinforcements also hold great
potential for comprehensively enhancing the mechanical
properties of AMCs. HEAs inherently possess superior properties,
exhibiting both higher strength and hardness than aluminum
alloys [35]. As reinforcements, they can fully leverage these
characteristics to significantly enhance the overall performance of
AMCs. Recent studies indicate that HEAs exhibit excellent
bonding with aluminum matrices and demonstrate considerable
synergistic strengthening effects when combined with other
reinforcements. By optimizing their content and preparation
processes, the various properties of AMCs can be effectively
improved, making HEAs highly promising alloy reinforcements.

This review analyzes and summarizes the formability of
aluminum alloys in the LPBF process, the reinforcement effect of
HEAs on aluminum alloys, and the current research status on
HEA-reinforced AMCs fabricated via LPBF. It also provides an
outlook for future research in this field.

2 LPBF of aluminum alloys

2.1 Formability of aluminum alloys via LPBF

Aluminum alloys used in industry are primarily categorized into
eight series [36]. Among these, the 2XXX series (Al-Cu) and
7XXX series (Al-Zn) alloys, which are high-strength and heat-
treatable, find the widest application in manufacturing [37-39].
Currently, 2XXX and 7XXX aluminum alloys achieve satisfactory
performance through traditional manufacturing processes. Many
researchers aim to leverage the advantages of additive
manufacturing to significantly enhance the properties of these
high-strength alloys, enabling their use in more complex
components with higher service requirements. However, most
aluminum alloys exhibit challenges such as wide solidification
temperature ranges, high reflectivity, and susceptibility to loss of
low melting point elements [40,41]. These issues often result in
severe cracking and porosity defects when formed through rapid
cooling in additive manufacturing [42]. Consequently, the
advantages of additive manufacturing for aluminum alloys remain
unrealized compared to traditional manufacturing methods. In
recent years, some researchers have achieved high-density, high-
performance 2XXX and 7XXX aluminum alloys through
parameter optimization, the addition of reinforcements, and
specialized processes. Nevertheless, the goal of significantly
enhancing the properties of these alloys via additive
manufacturing and achieving widespread industrial adoption
remains a major challenge. To date, the most commonly
produced aluminum alloys via additive manufacturing are Al-Si
alloys, particularly AISi10Mg and AlSi12 [43]. This is because
Al-Si alloys generally have compositions near the eutectic point,
resulting in a narrow solidification range and good fluidity.

To leverage the unique characteristics of additive
manufacturing in forming processes, numerous researchers have
made extensive attempts to print high-strength aluminum alloys
with superior properties. Researchers first focused on optimizing
printing parameters. In 2016, Zhang et al. [44] successfully
identified a processing window for directly printing nearly fully
dense 2024 aluminum alloy through parameter optimization.
Their results were achieved at a high energy density of 34 ] mm™
and a low scanning speed of 83.3 mm-s™. By 2020 and 2021,
Tan et al. [45] and Pekok et al. [46] also optimized parameters for
2024 aluminum alloy. Their findings similarly showed that the
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highest material density was achieved at low scan rates and high
energy densities, while high scan rates resulted in extensive voids
in the 2024 alloy, consistent with Zhang et al’s [44] results.
However, for additive manufacturing, lower scan speeds increase
the processing time. Moreover, scan speed not only affects
porosity but also significantly impacts microstructure and
properties [47]. Lv et al. [48] investigated the relationship between
scan speed and aluminum alloy properties while maintaining
constant laser power. The results showed that tensile strength first
increased and then decreased with increasing scan speed, while
elongation continuously increased. This occurs because faster
scanning speeds shorten the cooling process, enhancing critical
internal ~ strengthening mechanisms such as solution
strengthening. However, excessively high speeds can lead to
incomplete melting and other issues, introducing numerous
defects that degrade material properties. Dong et al. [49]
investigated the effect of scanning speed on the internal evolution
of the aluminum alloy melt pool. They found that at high
scanning speeds, the material exhibited finer grains and higher
hardness. Conversely, 2024 aluminum alloy requires low scanning
speeds to achieve adequate density. This approach not only
increases processing time but also slows melt pool cooling,
resulting in coarse grains and weakened critical strengthening
mechanisms. While the resulting material may exhibit fewer
defects, its performance gains remain negligible [50,51]. Therefore,
while pursuing high density is undoubtedly essential for alloy
material development, the ultimate focus must remain on material
performance. The stringent scanning speed requirements for high-
strength alloys significantly hinder their advancement in LPBF
fabrication. Moreover, printing parameter optimizations for
conventional alloy powders may not be applicable to composite
alloy powders containing added reinforcements. Even if
improvements in alloy formability are achieved, the performance
of composites using such alloys as matrices cannot be guaranteed.
Consequently, subsequent research has largely focused on how to
print AMCs with both good formability and higher strength.
Beyond process parameters, composite powders also play a
decisive role in formability and the final material properties of the
formed product. To address issues such as high reflectivity and
susceptibility to cracking in aluminum alloy powders [52], the
addition of nucleating agents (e.g., Zr elements, ceramic particles)
has proven to be an effective solution [53-55]. During additive
manufacturing, fine ceramic particles or hard intermetallic
compounds and solid solutions formed through reactions with the
matrix act as heterogeneous nucleation sites, refining the grain size
within the material [56]. Their inherent hardness also increases
the composite’s overall hardness and impedes dislocation
movement during deformation. This enables both grain
refinement strengthening and dispersion strengthening within the
composite, simultaneously improving crack initiation and
propagation resistance while enhancing material strength and
hardness. However, powder flowability is critical for the
formability of additive manufacturing materials [57]. High-
strength aluminum alloys inherently exhibit poor flowability.
Conventional methods of adding ceramic particles or other
reinforcements to alloy powders often significantly reduce
flowability during forming, ultimately resulting in numerous
porosity and crack defects in the material. Therefore, the
formability of any aluminum alloy is significantly influenced by
the size of the reinforcement. Martin et al. [58] achieved crack-free
selective laser melting (SLM) forming of Al7075 by uniformly
adhering ZrH, nanoparticles to Al7075 powder via electrostatic
assembly. This success primarily stems from the formation of
AlZr within the composite after ZrH, incorporation. This
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compound acts as a mild grain refiner, effectively reducing grain
size without inducing significant crack propensity. However, it is
evident that the tensile properties of Al7075 directly formed via
SLM are extremely poor, as shown in Fig. 1. The crack-free
forming achieved in this study was also due to the grain
refinement effect of the extremely small reinforcement phase,
which reduced the crack tendency. Furthermore, the dispersed
nanoscale ZrH, did not affect powder flowability. Nevertheless,
the material properties remained low, indicating that the 7075
aluminum alloy is also not suitable for additive manufacturing.

Among various aluminum alloys, Al-Si alloys, although lacking
outstanding properties, exhibit superior formability compared to
other aluminum alloys in the field of additive manufacturing. This
characteristic allows the advantages of additive manufacturing to
be effectively demonstrated during the forming process, and the
direct addition of reinforcements does not significantly impair
their formability. Therefore, Al-Si alloys processed via additive
manufacturing can significantly enhance their properties and offer
distinct application advantages, attracting keen attention from
scholars in the field of additive manufacturing for aluminum alloy
materials. Yang et al. [59] investigated the effects of process
parameters on the properties of AlSil0Mg produced by LPBE. As
shown in Fig. 2, at a laser power of 240 W and scan rates between
1200 and 1800 mm-s”, the specimens exhibit favorable tensile
properties and elongation. Notably, at a scan speed of 1600 mm-s™,
AlISi10Mg achieves a tensile strength of 475.18 MPa and
elongation of 8.58%. For an aluminum alloy formed via additive
manufacturing, this represents excellent overall performance. The
fact that AlSilOMg achieves such favorable properties solely
through process control significantly reduces the time investment
required for forming optimization, granting it greater
development potential compared to other aluminum alloys.

For high-strength aluminum alloys, although composites
obtained through specialized methods exhibit good powder
formability, significant issues remain. On the one hand, while
improving powder formability through complex methods is
understandable, overly precise techniques substantially increase
production costs for additive manufacturing, which is already an
inefficient process making it suboptimal. Moreover, the resulting
material properties fail to achieve a significant gap compared to
traditional processes. On the other hand, the formability of high-
strength aluminum alloys heavily relies on process optimization
and specific additives (such as mild grain refiners). However,
when seeking more effective or universal enhancement methods,
formability becomes severely impacted and difficult to control.
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Fig.1 Comparison of tensile properties of Al 7075 with and without Zr
addition. Reproduced with permission from Ref. [58], © Macmillan Publishers
Limited, part of Springer Nature 2017.
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The inherent limitations of high-strength aluminum alloys
constrain their advancement in LPBF manufacturing, presenting
substantial challenges to this day. In contrast, Al-Si alloys such as
AlSil0Mg exhibit excellent formability, eliminating the need for
complex steps designed to address formability issues. This results
in significantly reduced costs, and appropriate process control can
directly enhance their properties. Consequently, the design
approach for LPBF-fabricated alloys such as AlSilOMg is more
versatile, allowing performance enhancement through multiple
avenues such as process optimization, composition control, and
structural design [60]. AlISilOMg and similar alloys are
undoubtedly the optimal choice for fabricating AMCs via the
LPBF process.

2.2 Selection of reinforcements in AMCs

The introduction of reinforcements in composite materials
primarily occurs through two methods: exogenous addition and
in situ generation [61]. In situ generated reinforcements exhibit
superior bonding and compatibility with the matrix. However, for
extremely fast forming processes such as LPBF, in situ reactions
scarcely have time to occur, making exogenous reinforcements the
common choice. Reinforcements can impart multiple
strengthening mechanisms to composites [62], and their inherent
properties also influence the performance of the composite

material. As mentioned in Section 2.1, incorporating ceramic
particles effectively refines the composite grain size and
significantly enhances the strength. However, ceramic particles are
inherently hard and brittle with minimal deformability. This
characteristic leads to crack initiation at the ceramic-matrix
interface under high loading conditions [63,64]. While such
composites exhibit considerable strength and hardness, their
brittleness increases substantially, significantly compromising
plasticity. Chen et al. [65] investigated the effects of SiC and SiC +
TiB, on LPBF-fabricated AlSilOMg composites. Fracture analysis,
as shown in Fig. 3, revealed that SiC,/AlSi10Mg composites
exhibited distinct brittle fracture characteristics, ~which
transformed into brittle-ductile fracture after adding a small
amount of TiB,. This shift occurred because the TiB, further
refined the grains, enhancing the grain refinement strengthening
effect. However, numerous exposed and intact SiC particles were
clearly visible on the fracture surface, indicating a weak bonding
interface and inadequate load transfer from the matrix to the hard
particles. Although the ceramic particles exhibit good bonding
with the aluminum alloy matrix, their limited deformation
capacity prevents deformation from being effectively transferred
to the ceramic particles when the composite undergoes significant
loading. Instead, deformation accumulates at the interface,
ultimately leading to interfacial failure and compromising

Fig.3 Fracture morphology of composites with different constituents.
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composite performance. This is also a key reason why most
studies on ceramic particle reinforcement have failed to achieve
simultaneous enhancement of strength and percentage elongation.

Fan et al. [66] employed a novel electrostatic self-assembly
method to prepare uniformly modified powders containing nano-
TiC particles. Using the SLM process, they fabricated AlSi10Mg
matrix composites. This study revealed that during SLM forming,
TiC particles and the matrix in situ generated nucleation agent
D022-Al;Ti nanoparticles that more effectively promoted
heterogeneous nucleation in the Al matrix than TiC alone. The
presence of these nanoparticles resulted in ultrafine equiaxed
grains within the composite that were free from cracks,
significantly improving its formability. However, the study also
found that a portion of TiC particles not involved in nucleation
agglomerated at grain boundaries, markedly increasing
intergranular brittleness and compromising the composite
ductility. Thus, even nanoscale TiC particles can exert unique
strengthening  effects, yet they remain susceptible to
agglomeration. Addressing this issue may require equipment such
as ultrasonic devices [67], which correspondingly increases costs
and reduces productivity.

Therefore, the bonding and compatibility between the
reinforcement and the matrix must be excellent. Otherwise, the
bonding interface will become a weak zone, compromising the
performance of the composite material. For instance, harmful
phases may form at the interface due to reactions, or low bonding
strength at the interface may lead to crack initiation and
propagation or even delamination of the reinforcement [68].
Additionally, to minimize plasticity loss, the reinforcement must
be capable of bearing part of the deformation for the matrix,
preventing rapid crack formation at the interface. This requires
the reinforcement itself to possess deformation capability.
Although ceramic particles are currently the most widely used
reinforcement, their primary contribution to material
performance enhancement stems from secondary phase
strengthening and grain refinement [69,70]. Simultaneously,
improving strength and ductility relies on finer ceramic particles
achieving more pronounced grain refinement. Recent years have
seen extensive research on nanoceramic particle reinforcement of
aluminum alloys. Nanoscale particles can significantly refine
grains, maximizing grain refinement strengthening and thereby
improving composite ductility. However, nanoscale particles are
costly to produce, prone to agglomeration during use, and difficult
to control. While ceramic particles are indeed a viable choice for
AMC preparation, they are far from optimal. The negative effects
inherent to ceramic particles require further collaborative research
and resolution.

HEAs  exhibit excellent comprehensive  properties,
demonstrating exceptional strength and elongation after LPBF
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formation. In Lee et al’s work [71], untreated CoCrFeNi HEAs
achieved a tensile strength of 669 MPa and elongation of 38%
after forming with 170 W laser power, showcasing outstanding
overall material performance. Figure 4 shows the stress-strain
curve of CoCrFeNi in this study. Theoretically, incorporating
HEAs that possess both superior properties and good
deformability into composite materials can enhance the overall
performance of the composite. This approach avoids the issue of
nondeformable hard particles causing cracks to readily form at
interfaces. Furthermore, due to the unique properties of HEAs,
the composite may experience strengthening in various aspects.
The specific properties and resulting effects will be discussed in
the next section.

3 HEA reinforcement different

preparation processes

through

3.1 Properties of HEAs

In 2004, the multicomponent alloy proposed by Cantor et al. [72]
was officially announced and named the “Cantor” alloy. That
same year, Yeh et al. [73] first introduced the term “HEA”,
defining it as a metallic alloy composed of five or more metals,
each with a molar mass fraction between 5 and 35%. HEAs
introduce “chemical disorder” [74] into the alloy structure by
mixing multiple primary elements, forming a metallic material
with high configurational entropy that predominantly tends to
form a single solid solution. Due to their unique atomic
arrangement, HEAs exhibit properties that are unattainable in
traditional alloy systems. Their distinctive effects primarily
manifest in the following four aspects: (1) High-entropy effect:
Containing multiple elements, HEAs possess high mixed entropy,
effectively lowering the system’s free energy and enhancing
stability. Within HEAs, solute and solvent elements are present in
equal molar quantities and can only form single-phase solid
solutions with either face-centered cubic (FCC) or body-centered
cubic (BCC) structures [75]. Consequently, as single solid
solutions, HEAs exhibit greater thermodynamic stability than
hard, brittle intermetallic compounds, suppressing intermetallic
compound formation and becoming the dominant phase.
(2) Lattice distortion effect: HEAs occupy each lattice site with
equal probability, yet their constituent elements exhibit size
differences. Consequently, when forming solid solutions, the
primary elements occupy lattice sites, inducing severe lattice
distortion. The resulting stress field impedes dislocation motion,
enhancing the material’s strength and hardness. (3) Hysteresis
diffusion effect: Interactions among HEA primary elements and
the resulting lattice distortion significantly reduce diffusion rates
compared to conventional alloys. This promotes stable nanophase
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Fig.4 LPBF-formed CoCrFeNi HEA exhibits excellent tensile properties. Specimen named “Uncharged” is directly printed CoCrFeNi. Reproduced with permission

from Ref. [71], Elsevier B.V. 2023.
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precipitation and slows phase transformations, helping alloys
maintain stable microstructures at elevated temperatures.
Consequently, the creep resistance and mechanical properties are
enhanced. (4) “Cocktail” effect: The inherent properties of
constituent elements and their interactions endow HEAs with
complex synergistic effects unattainable by any single element. By
controlling the composition and content of elements, material
properties can be significantly altered. Figure 5 illustrates the

above four key characteristics of HEAs [76].

3.2 Reinforcing effect of HEAs in AMCs

When micron-sized or smaller HEAs are introduced into the
matrix as strengthening phases, they can refine the grain size
similarly to other grain refiners. However, HEAs possess
numerous unique properties, and when present in aluminum
alloy matrices, their strengthening effects extend far beyond grain
refinement. Jung et al. [77] prepared AlCoCrCuFeNi/Al
composites via hot rolling. Figure 6 reveals excellent bonding
between AlCoCrCuFeNi and the aluminum matrix, with intact

Different size of atoms

= lattice distortion &< n ,
where n = number of elements.
* Promotesreaction rate. ®
= Different atomic size, bond a
energy, and crystal structure <L\°
®= |mpedesdislocation movement
and lead to solution
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* Result of composite effect
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2. Indirectimpact of
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Fig.6 (a) Pure aluminum, (b, c) HEA/AL (d) heat-treated HEA/A], and (e, f) their EDS analysis diagrams. Reproduced with permission from Ref. [77], © The authors
2024.
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interfaces. Postheat treatment analysis showed the formation of
submicron-sized solid solution phases enriched with cobalt, iron,
nickel, and copper. These submicron second phases resulted from
the gradual diffusion of micron-sized HEAs into the matrix. The
tensile test results shown in Fig. 7 demonstrate that compared to
pure aluminum produced by the same process, the composite
exhibits significantly increased yield strength and fracture
elongation. After heat treatment, the yield strength slightly
decreases, but the fracture elongation increases substantially. This
is attributed to the solid solution strengthening and grain
refinement effects imparted by the micron-sized HEAs and their
submicron solid solution diffusion products, enabling the
composite to achieve remarkable synergistic enhancement in
strength and ductility.

Beyond pure aluminum, researchers have investigated the
effects of HEAs on various aluminum alloys. Gao et al. [78]
prepared AMCs with a FeCoCrNiAl/7075A1 matrix at different
volume fractions using vacuum ball milling and vacuum hot-press
sintering techniques. The results indicate that composites with
high relative density can be produced by holding at 580 °C and
30 MPa for 10 min. The density and hardness of the HEA/AI
composites increased with increasing HEA volume fraction, while
their flexural strength and fracture percentage elongation first
increased and then decreased. Huang et al. [79] investigated the
dispersion of AICrTiV HEA particles into molten pure aluminum
and 7075 aluminum alloy using an ultrasonic disperser to prepare
AMCs. The results indicate that AICrTiV particles react with
molten aluminum, forming Al(Cr,V); and ALTi intermetallic
phases within the aluminum matrix. Enhanced dispersion and
grain refinement significantly improve the material’s mechanical
properties. Yang et al. [80] prepared AlCoCrFeNi/5083A1 AMCs
via spark plasma sintering, investigating interface formation
between HEA particles and the aluminum matrix, tensile
properties, and fracture behavior. The results indicated significant
enhancements in composite hardness and tensile strength, while
reduced plasticity stemmed from the poor deformation capacity of
the continuously distributed Alj;(CoCrFeNi), phase at interfaces.
Liu et al. [81] and Zhu et al. [82] studied spark plasma sintered
AlCoCrFeNi/Al and AlysTi,5Cu;oMn, Cr,y/2024Al  composites,
respectively. Both studies revealed the in situ formation of shell-
like particle structures within the composites. These shells
segregated the reinforcements from the matrix, causing significant
changes in composite properties. Zhu et al. [82] determined that
shell-structured particles formed via thermal diffusion between the
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Fig.7 True stress—strain curve of AlCoCrCuFeNi/Al composite material.
Reproduced with permission from Ref. [78], ©The authors 2022.
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HEA core and the aluminum alloy matrix. Under quasistatic
compression, the composite exhibited high compressive strength
(594 MPa) and high strain at failure (26.7%), while under
dynamic compression, it demonstrated high flow stress (602 MPa)
and high strain at failure (45.3%). These properties surpass those
of conventional ceramic-reinforced AMCs. It is evident that HEAs
provide significant reinforcement for aluminum alloys of varying
compositions through diverse preparation methods, yet notable
challenges persist. On the one hand, the reaction of HEAs within
the matrix is difficult to predict and control, potentially yielding
effective reinforcing structures such as shell-like architectures or
brittle metallic compounds. On the other hand, these studies
employ relatively complex forming processes and require precise
raw material handling, which is clearly disadvantageous for
producing complex or large components. Although HEAs
demonstrate good strengthening effects under numerous
processes, their evolution during forming may differ from that of
other forming methods. Observing the morphological evolution
of HEAs during forming should be a prerequisite for their
application in LPBF.

During the preparation of composite powder, HEA particles
are uniformly mixed with aluminum alloy powder through the
ball milling process and are thus evenly dispersed in the powder
bed. The melting point of HEAs is usually much higher than that
of conventional aluminum alloys [83]. Therefore, during the laser
melting process in LPBF, partially melted HEAs are deformed by
the impact of molten metal in the melt pool. Under the
Marangoni effect [84], the molten metal flows to fill the gaps
between the dispersed HEAs. Upon solidification of the
composite, HEAs remain partially molten within the
microstructure, exhibiting irregular shapes [85], as shown in Fig.
8. In addition, due to the flow impact, some HEA particles have
broken off, resulting in even finer particles scattered around the
large particles with irregular shapes. Their behavior in the melt
pool causes HEAs to concentrate near the pool boundaries.
Furthermore, the impact of the molten metal on HEAs can
destabilize the melt pool to some extent, thereby affecting the
formability of the composite material.

From this perspective, HEAs exhibit excellent compatibility
with the aluminum matrix. The complete bonding at the interface
effectively enhances the joint strength, reducing the initiation of
cracks at the bonding interface during material deformation.
Simultaneously, the hysteretic diffusion effect of HEAs enables
stable precipitation of fine secondary phases during reaction with
the substrate, similar to the role of dopant elements in forming
fine strengthening phases. Their inherent high strength and
hardness further enhance the material strength and hardness
while refining the grain size, akin to ceramic particles. Even when
exhibiting irregular shapes in LPBF, their bonding with the matrix
remains largely intact, although it may somewhat affect melt pool
flow. Furthermore, the multielement composition of HEAs
provides a reference for preparing AMCs with targeted
strengthening second phases. By selecting HEAs with specific
compositions based on the desired second phase, composite
preparation becomes more flexible and predictable.

Furthermore, it should be pointed out that although no
researchers have specifically measured the high-temperature
stability of HEAs in AMCs during the LPBF process, the inherent
multicomponent nature of HEAs ensures that they possess good
high-temperature stability. Since LPBF involves a transient high-
temperature environment and HEAs remain in a partially molten
state during the process, HEAs should maintain good high-
temperature stability throughout the LPBF process.
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Fig. 8 Microstructure of AlCoCrFeNi,,/AlSil0Mg composite observed under scanning electron microscopy. Reproduced with permission from Ref. [85], © The

Author(s) 2025.

3.3 Synergistic effects of HEAs with other reinforcements

To achieve significant improvements in composite material
properties, adding a single reinforcement alone is often
insufficient. Many researchers opt to use multiple reinforcements
to enhance material performance and investigate their synergistic
strengthening effects. Current studies indicate that while adding
HEAs alone can simultaneously increase strength and ductility,
the improvement is not substantial. Compared to other AMCs,
this approach offers no clear advantage. Therefore, coadding
HEAs with other reinforcements has emerged as a more
promising development strategy. Li et al. [86] embedded silicon
carbide nanoparticles within fine-grained HEA particles, forming
HEA hybrid reinforcement phases enriched with nanoceramic
particles. When incorporated into an Al-20Si matrix, distinct
regions emerged: areas rich in nanoreinforcement and HEA
phases and regions devoid of any reinforcement. Figure 9 shows
the specific distribution of this inlay process within the substrate.
The mixed reinforcement phase containing nanophases
significantly promotes nucleation, leading to the formation of
hard regions composed of fine grains and soft regions without
reinforcement phases in the composite material, with distinct
boundaries between the two regions. Figure 10 shows that this
heterogeneous structure causes dislocations to accumulate almost
exclusively in the hard regions. Due to the deformable nature of
HEAs, the crack initiation and propagation facilitated by the
introduced ceramic particles are significantly suppressed, thereby
improving the elongation of the composite material.

Wang et al. [87] also combined ceramic particles with HEAs
using microwave sintering technology to blend multiscale alumina
micro/nanoparticles with FeCoNiCrMn HEA particles, thereby
preparing a dual-phase-reinforced composite with a pure
aluminum matrix. The results demonstrated that the dual-
reinforced composite exhibited significantly higher yield strength,
compressive strength, and hardness than AMCs reinforced solely
with HEAs.

Thus, with simple design modifications, HEAs can deliver
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substantial strengthening effects when combined with other
strengthening phases. Following the research approach outlined
above, embedding ceramic particles within HEAs aims to achieve
a distinct heterostructure. This integration not only addresses the
tendency of nanoscale ceramic particles to agglomerate but also
leverages the excellent deformation capability of HEAs. When the
composite deforms under load, stress is not directly transmitted to
the interface between ceramic particles and the matrix. Instead,
the HEAs initially absorb part of the load and undergo
deformation. HEAs, which exhibit excellent plasticity and strong
bonding with the matrix, prevent direct contact between ceramic
particles and the matrix. This avoids premature failure at the
interface caused by accumulated deformation, theoretically
improving the elongation of the composite material while
paradoxically enhancing the bonding strength between ceramic
particles and the matrix. This structural design approach, which
fully leverages the advantages of both reinforcements while
effectively mitigating the shortcomings of individual phases, is
worthy of study and reference and warrants further development.

4 HEA-reinforced AMCs via LPBF

Currently, research on preparing HEA-reinforced AMCs via
LPBF is scarce. On the one hand, adding trace elements and
minor reinforcements to aluminum alloys or performing heat
treatment after forming can vyield satisfactory properties.
Moreover, forming methods other than additive manufacturing
can already leverage HEAs to comprehensively enhance material
ductility and strength [88,89]. On the other hand, aluminum
alloys generally exhibit poor laser melting formability. Addressing
this formability issue is essential before considering HEA
additions, limiting available research materials to primarily
AlSil0Mg-based alloys. In recent years, as HEAs have gained
prominence in research and additive manufacturing techniques
for Al-Si alloys have matured, the integration of HEAs into
additive manufacturing for aluminum alloys has become an
inevitable trend.
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Fig. 10 Electron backscatter diffraction (EBSD) microstructure of SIC@HEA/AI-20Si composite after tensile testing. Reproduced with permission from Ref. [86],

© Elsevier B.V. 2023.

Wang et al. [90] prepared HEA-reinforced AlSil0Mg-matrix
composites containing 5 wt% Aly¢CoCrFeNi using the LPBF
process. In the composites fabricated under three laser powers
(190, 220, and 250 W), distinct transition layers were observed at
the interfaces between the HEA and the matrix, accompanied by
well-dispersed ¢ phases enriched in Fe and Cr, as shown in

https://doi.org/10.26599/MAS.2026.9580020

Fig. 11. The o phase, formed by the diffusion of HEAs into the
matrix, provided abundant nucleation sites, significantly refining
the grain structure. However, as shown in Fig. 12, the brittle
metallic compound o phase resulted in a significant decrease in
elongation compared to the AlSilOMg alloy. Despite this, the
tensile properties of the composites prepared in this study still
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demonstrated a clear advantage over results from other studies
using different materials.

Chen [85] prepared AlSilOMg composites reinforced with
AlCoCrFeNi,; HEA and (TiB, + AlCoCrFeNi,,)/AlSil0Mg
composites via LPBF. Unlike Wang et al’s study [90], Chen’s
research [85] did not reveal any obvious intermetallic compounds;
instead, only faint traces of nanoscale particles were observed in
the transition layer at the interface. It remains unclear whether
these particles are the result of diffusion or tiny fragments of
HEAs dispersed by the molten metal, which need to be
investigated further. The results indicate that incorporating
AlCoCrFeNi, significantly enhances both the tensile strength and
yield strength of the composites, although elongation decreases.
This is primarily attributed to the introduction of additional voids
during AlICoCrFeNi,, addition, with porosity increasing alongside
higher AICoCrFeNi,; content, as shown in Fig. 13. The
incorporation of HEAs may exacerbate melt pool instability
during LPBF formation.

The addition of TiB, to the composite material significantly
decreased its porosity. Notably, the TiB, content in our study
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ranged from only 0.05 to 0.15 wt%, indicating that a moderate
amount of TiB, can reduce the instability of the composite
material, as shown in Fig. 14. Generally, the addition of TiB, tends
to reduce ductility; however, in this study, ductility was actually
enhanced. Such a small amount of TiB, undoubtedly exerts only a
negligible grain refinement effect, indicating that the primary
cause of grain refinement in the composite is the introduction of
HEAs. The minimal TiB, serves to stabilize the molten pool,
allowing the advantages of HEAs to be fully realized. The fracture
analysis shown in Fig. 15 reveals that AICoCrFeNi,, exhibits good
bonding with the matrix, with a fracture mode characterized as
ductile-brittle fracture. Secondary cracks appeared on some
AlCoCrFeNi,, particles, indicating that the load was effectively
transferred to the AlCoCrFeNi,, particles, thereby mitigating the
impact of the reinforcement addition on plasticity.

Chen [85] also prepared FeCoCrNi/AlSil0Mg composites via
LPBF. Compared to AlCoCrFeNi,;, FeCoCrNi exhibited
markedly different effects on composite formation. As shown in
Fig. 16, the porosity of the FeCoCrNi/AlSi10Mg composites was
lower than that of AlSi10Mg, indicating that FeCoCrNi enhanced
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the melt pool stability. As evident from Fig. 17, the introduction of
1 wt% FeCoCrNi substantially increased the tensile strength of the
composite with minimal sacrifice in elongation. Although the
tensile strength of this composite did not surpass that of
AlCoCrFeNi, ,/AlSi10Mg, FeCoCrNi clearly demonstrated
superior advantages in enhancing the overall performance.
Moreover, after adding trace amounts of TiB, particles, the
composite material demonstrated significant improvements in
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both ductility and strength compared to AlSil0Mg, achieving
synergistic enhancement of strength and percentage elongation in
AMC:s fabricated via LPBF.

Currently, research on LPBF-fabricated HEA-reinforced AMCs
remains limited. However, existing studies indicate that HEAs
offer distinct advantages over other reinforcements, such as
ceramic particles. The incorporation of HEAs enhances strength
while mitigating the negative impact of reinforcing particles on
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plasticity. This is primarily attributed to the excellent deformation
capability of HEAs, enabling them to share load-bearing
responsibilities with the matrix. Clearly, different HEAs exhibit
distinct effects on composites, and HEAs processed via LPBF still
follow the general rule that added reinforcements reduce material
ductility. A small number of ceramic particles can mitigate the
issue of reduced plasticity, enabling synergistic strengthening of
both strength and percentage elongation in the composite
material. Although the improvement in plasticity is not
particularly significant, it represents an undeniable step forward.
In-depth investigation into the interaction mechanisms between
HEAs and aluminum alloys may enable better prediction of
optimal HEAs for specific target alloys, potentially leading to
significant simultaneous enhancement of strength, ductility, and
percentage elongation in AMCs.

5 Summary and outlook

This review outlines the research background of AMCs fabricated
via LPBF, as well as the performance characteristics and
reinforcing effects of HEAs, and focuses on the current status and
latest progress in LPBF-formed HEA/AISi10Mg composites.
Currently, aluminum alloys suitable for LPBF are primarily Al-Si
alloys, especially AlSil0OMg, while forming challenges for other
high-strength aluminum alloys remain to be addressed. AlSi10Mg
exhibits favorable comprehensive properties when processed via
LPBF. Incorporating HEAs significantly enhances both strength
and ductility in the composite material, challenging the
conventional strengthening design paradigm that prioritizes
strength at the expense of ductility. Micron-sized HEAs act as
nucleating agents to refine the grain size, while the fine secondary
phases formed at grain boundaries through slow diffusion further
contribute to grain refinement and dispersion strengthening,
Although HEAs remain partially unmelted during forming under
optimal process parameters for aluminum alloy, they exhibit
strong bonding strength with the aluminum matrix. The high-
strength HEAs possess inherent plasticity, and their robust
interfacial bonding prevents premature failure at the interface
during deformation. Consequently, the composite material
achieves enhanced strength without a significant compromise in
plasticity. Nevertheless, HEAs cannot entirely overcome the major
issue of reinforcement phases sacrificing material ductility. This
may stem from reactions between HEAs and the aluminum
matrix, which inevitably produce some intermetallic compounds
that increase composite brittleness. The addition of HEAs also
influences melt pool evolution, inevitably introducing some
porosity defects. While HEAs alone provide considerable
strengthening effects, blending them with appropriate ceramic
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particles allows leveraging the advantages of both while mitigating
some negative impacts of ceramic reinforcements, achieving
simultaneous enhancement of strength and percentage elongation
in composite materials. According to the current research,
forming HEA-reinforced AMCs via LPBF does not resolve the
issue of high internal stresses inherent to the LPBF process itself,
and subsequent heat treatment is still required to relieve these
stresses. It is important to note that the internal mechanisms of
HEAs are complex. When incorporated into aluminum alloys,
they may introduce not only traditional strengthening
mechanisms such as grain refinement and secondary
strengthening but also more intricate underlying effects that
require further analytical research. Furthermore, current LPBF-
based preparation methods for this reinforcement technique
primarily exploit laser melting properties, specifically the grain
refinement and strength enhancement achieved through
controlled rapid heating and cooling, without fully leveraging
additive manufacturing’s unique advantages over traditional
processes, such as structural design capabilities. In addition, since
internal defects in materials formed via LPBF are quite
pronounced, it is necessary to minimize these defects by
optimizing the fabrication environment, process parameters, and
even structural design to achieve the theoretical level of
compatibility between HEAs and aluminum alloys under LPBF
conditions to the greatest extent possible. Future research that
thoroughly analyzes the strengthening mechanisms of HEAs in
AMCs and integrates design concepts suited to LPBF additive
manufacturing into the study of HEA-reinforced AMCs could
make the process more controllable and predictable. This
approach holds promise for simultaneous improvement in
strength and plasticity as well as mitigation of internal stress,
paving the way for widespread adoption and a new phase of
development.
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