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Abstract

AlCoCrFeNi-based high-entropy alloys have garnered significant attention for high-end
applications in aerospace, marine engineering, and the nuclear industry due to their excep-
tional comprehensive properties, including high strength and good corrosion resistance.
However, their widespread application is critically hindered by a fatal disadvantage: poor
ductility. Optimizing the ductility of this alloy system has therefore become a key research
priority. Optimizing their ductility has emerged as a key research priority in recent literature.
This review systematically examined the influences of diverse fabrication techniques on the
mechanical properties, particularly ductility, of these alloys. Melting routes (vacuum arc
melting and vacuum induction melting), powder consolidation (spark plasma sintering and
hot pressing), and additive manufacturing (selective laser melting, laser melting deposition,
electron beam melting, and wire arc additive manufacturing) were covered in this review.
This review underscores that while each fabrication route offers distinct advantages, future
breakthroughs require multi-process hybridization, data-driven optimization, and precise
control of precipitation kinetics to overcome the strength—ductility trade-off and enable
large-scale applications of AICoCrFeNi-based HEAs.

Keywords: AlCoCrFeNi-based high-entropy alloys; mechanical properties; melting routes;
powder consolidation; additive manufacturing

1. Introduction

High-entropy alloys (HEAs), as a new class of metallic materials that break through
traditional alloy design concepts, are no longer based on a single element or a few elements
as the matrix, but on five or more principal elements in equimolar or near-equimolar ratios,
forming multi-principal-element solid solutions with high configurational entropy [1].
Owing to their remarkable combination of ultra-high compressive strength, exceptional
hardness, outstanding wear and corrosion resistance, and favorable high-temperature
oxidation resistance—which are primarily attributed to the nano-scale B2/BCC spinodal
decomposition structure, high configurational entropy, and sluggish diffusion effects—
AlCoCrFeNi-based HEAs show broad application prospects in key components of high-end
equipment for mechanical manufacturing, aerospace, marine engineering, and the nuclear
industry, and have become a research hotspot [2]. However, the low ductility of such
alloys severely constrains their industrial application, and how to enhance ductility while
maintaining high strength has become the focus of current research [3].

Currently, the methods commonly used to fabricate AlICoCrFeNi-based HEAs include
melting routes, powder consolidation, and additive manufacturing. Melting routes are the
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mainstream route for laboratory research and industrial trial production of these alloys. By
adjusting the heat treatment conditions, the precipitation of the FCC phase can be induced,
thus improving the corrosion resistance and mechanical properties of the alloys [4]; how-
ever, dendrite segregation exists in their microstructures, which affects the isotropy of the
mechanical properties [5]. To overcome the limitations of melting methods in microstruc-
tural control, powder consolidation techniques, such as spark plasma sintering (SPS) and
hot press sintering (HP), have been widely adopted. Powder consolidation techniques can
effectively refine grains and suppress segregation, but the relationships among composition,
processing, and properties are complex [6—10]. On the other hand, additive manufacturing
technologies, by virtue of rapid melting and solidification under high-energy beams, show
unique advantages in microstructural refinement and forming of complex structures. Se-
lective laser melting (SLM) can maintain good ductility due to its extremely high cooling
rate [11-13]. Laser melting deposition (LMD), through an alternating powder feeding
strategy, has fabricated layered high-entropy alloys with alternating FCC/BCC distributions,
and subsequent heat treatment could be employed to control precipitation and dissolu-
tion of the ¢ phase, achieving re-balancing of strength and ductility [14,15]. In terms of
wire and arc additive manufacturing (WAAM), twin-wire arc additive manufacturing has
successfully produced AlCoCrFeNi-based HEAs with a regular lamellar eutectic microstruc-
ture, and their comprehensive mechanical properties are superior to those of conventional
castings [16-18]. Processes such as electron beam melting (EBM) [19-21] have also been
applied to the preparation and property control of AICoCrFeNi-based HEAs and their
composites. The fabrication method of AICoCrFeNi-based HEAs is of great importance to
their mechanical properties.

This paper systematically reviewed the research progress on the preparation of
AlCoCrFeNi-based HEAs by melting routes, powder consolidation, and additive man-
ufacturing. It focused on analyzing the influencing mechanisms of each process route on
microstructural evolution, phase constitution control, and mechanical properties, and sum-
marized the application scenarios and performance characteristics of different processes.

2. Preparation of AlICoCrFeNi-Based HEAs by Melting Routes

The melting route, owing to its mature processing and capability to produce large-sized
ingots, is currently the mainstream technology for laboratory and industrial trial production.
The core melting techniques primarily include arc melting and induction melting. Different
heating conditions lead to distinct solidification modes, which in turn determine the final
microstructures of the alloys, particularly the precipitation morphology of the B2 phase,
grain size, and the scale of the spinodal decomposition structure. The microstructure
ultimately dictates the mechanical properties of the alloys. Table 1 presents the mechanical
parameters of AlICoCrFeNi-based HEAs prepared by melting routes.

Table 1. Mechanical properties of AlICoCrFeNi-based HEAs prepared by melting routes.

Hardness R R €
. p0.2 m f
Alloy Type Process Lattice Type (HV) (MPa) (MPa) (%) Ref.
VAM BCC + B2 517.6 1306.4 3533.4 354 [22]
VAM FCC - 963.14 1005.58 - [23]
. VAM A2 + B2 493 1209 2003 - [24]
AlCoCrFeNi
VAM BCC + B2 507.11 - - - [25]
VAM BCC - 1320 2670 225 [26]
VAM BCC 495 - - - [27]
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Table 1. Cont.

Hardness R R, e
Alloy T P Lattice T Po.2 m f Ref.
oy Type rocess attice Type (HV) (MPa) (MPa) (%) e
VAM BCC - 1319 2742 26.7 [28]
VAM BCC - 1273 - 312 [29]
VAM BCC + B2 - 1380 2065 10
VAM + 850 °C/3 h + WQ BCC + B2 - 1430 1465 1.6
VAM + 975 °C/3h + WQ BCC + B2 - 1690 2020 2.7 [30]
VAM + 1100 °C/3h + WQ BCC + B2 - 1220 2050 13.1
VAM + 1200 °C/3h + WQ BCC + B2 - 1450 2500 20.1
VAM BCC + B2 - 1321 3103 24
VAM + 700 °C/2h + AC BCC+FCC+B2+o0 - 1350 3210 27
VAM + 900 °C/2h + AC BCC+FCC+B2+o0 - 1321 2916 227 [31]
VAM + 1100 °C/2 h + AC BCC + FCC + B2 - 1277 3429 33.6
VAM + 1300 °C/2h + AC BCC + B2 - 1225 3196 34
AlCoCrFeNi VIM BCC + B2 - 1308 1425 56 [32]
VIM BCC+FCC+B2+o0 - 1348 2255 12
VIM + 650 °C/10 h + WQ BCC+FCC+B2+0 - 1396 1965 9
VIM + 1000 °C/10 h + WQ BCC + FCC + B2 - 910 3015 38 [33]
VIM + 1200 °C/10 h + WQ BCC + FCC + B2 - 1148 2606 28
VIM + 1250 °C/10 h + WQ BCC + B2 - 1247 2531 25
VIM + 1000 °C/10 h + WQ - - 910 3015 38
VIM + 1100 °C/10 h + WQ - - 931 2940 37
VIM + 1100 °C/50 h + WQ - - 977 2982 36 [34]
VIM + 1200 °C/10 h + WQ - - 1148 2606 28
VIM + 1200 °C/50 h + WQ - - 1203 2400 22
AIM BCC + B2 - 1366 3072 - [35]
Induction melting BCC + B2 - 1308 1425 5.6 [36]
Arc Melting BCC - 1319 - 285 [37]
VAM FCC + B2 294.8 626 2113 42.6 [38]
VAM FCC + BCC 293 - - - [39]
AlCoCrFeNi, VAM FCC + BCC 330 944(T) - 25.6(T) [40]
VAM BCC + FCC - 647.9 1036.3 13.4 [41]
VIM FCC + BCC 498.87 - - - [42]
Alj3CoCrFeNi VAM FCC 124 167 500 88 [43]
Alp4sCoCr- VAM BCC + FCC - 305.96 - ; [44]
FeNi
VAM BCC + FCC 249 668 - 39
VAM + 550 °C/24 h + AC BCC + FCC 355 801 - 314
Aly ¢CoCr 4FeNi VAM + 650 °C/24h + AC BCC + FCC + B2 432 1324 - 242 [45]
VAM + 750 °C/24 h + AC BCC + FCC + B2 390 1205 - 345
VAM + 850 °C/24h + AC FCC + B2 294 793 - 255
Alj (CoCrFeNi VAM FCC + B2/BCC 388 412 932 21 [46]
Vacuum Levitation Melting FCC + B2/BCC - 745 1115 7
Vacuum Levitation Melting +
1000°C/1 h + WQ FCC + B2/BCC - 610 1421 26
Alj7CoCrFeNi Vacuum Levitation Melting + [47]
1000°C/2 h + WQ FCC + B2/BCC 664 1419 28
Vacuum Levitation Melting + FCC + B2/BCC ) 670 1426 o7

1000 °C/3 h + WQ
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2.1. Vacuum Arc Melting (VAM)

Arc melting utilizes the arc discharge between an electrode and the raw materials as a
heat source, with instantaneous temperatures reaching above 4000 °C, enabling the easy
melting of high-melting-point elements, such as Co, Cr, Fe, and Ni. The high cooling rate
provided by water-cooled copper crucible induces severe non-equilibrium solidification of
the melt during the solidification process. Under such extremely non-equilibrium conditions,
the sluggish diffusion effect of HEAs is amplified, and the alloys tend to undergo spinodal
decomposition, forming a network structure consisting of nano-scale ordered B2 phase
(enriched in Al-Ni) intertwined with disordered BCC phase (enriched in Cr-Fe), rather
than coarse brittle intermetallic compounds [24]. This extremely fine B2/BCC coherent
structure is critical to the alloy achieving ultra-high hardness.

A. Munitz et al. investigated the effect of heat treatment on the microstructure and
properties of equiatomic AICoCrFeNi HEA [30]. The as-cast alloy exhibits a dendritic
structure, with dendrite cores enriched in Al and Ni, and interdendritic regions enriched in
Co, Cr, and Fe. Nanoscale spinodal decomposition structures are present in both regions,
with higher hardness in the interdendritic regions. During heat treatment at 650-975 °C,
the BCC matrix in the interdendritic regions transforms into a brittle o phase (a hard, Cr-Fe
enriched intermetallic compound with a tetragonal crystal structure), rendering the alloy
brittle [30]. Treatment at 1200 °C leads to partial dissolution and homogenization of the alloy,
and spinodal decomposition reoccurs during quenching, forming finer nano-precipitates
than in the as-cast state. Although the o phase increases hardness, it impairs toughness;
after the 1200 °C treatment, the homogeneous matrix combined with fine precipitates gives
the alloy optimal overall performance. The authors suggested that avoiding the o-phase-
forming temperature range and utilizing spinodal decomposition induced by quenching
after homogenization above 1200 °C can effectively optimize the strength-plasticity matching
of this alloy [30].

Achieving a favorable combination of high strength and high plasticity is a research
focus in the field of HEAs. This can be realized either by subsequent processing to tailor
the microstructure of existing alloys or by initial compositional design to obtain a better
as-cast structure.

Tian et al. systematically investigated the effects of alloying elements on the microstruc-
ture and mechanical properties of HEAs [40]. They prepared as-cast alloy ingots using
non-consumable electrode vacuum arc melting. When V and Mo elements are added, the
hardness of the alloys first decreases and then increases, reaching a peak at an addition level
of 0.3 at.%. The addition of B significantly enhances the alloy hardness, with the hardness
of the alloy containing 0.3% B being 48% higher than that of the base alloy, as shown in
Figure 1b. Tensile test results show that for the alloys containing V and Mo, the tensile
strength first increases and then decreases with increasing V and Mo content, whereas the
addition of B leads to a significant decrease in tensile strength, as shown in Figure 1c,d.
In contrast, the B-series data in Figure le demonstrate that while B addition substantially
enhances hardness (Figure 1b), it simultaneously leads to a pronounced loss in tensile
strength and ductility, highlighting the classic strength—ductility trade-off associated with
certain alloying elements. Among all the alloys studied, the alloy containing 0.2% Mo
exhibits the best comprehensive performance, with a tensile strength of 1346.3 MPa and an
elongation of 24.6%, achieving good balance between high strength and good ductility.
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Figure 1. Mechanical properties of AlCoCrFeNi, X, (X =V, Mo, B;y =0.1,0.2,0.3) alloys. (a) Vickers
hardness versus depth of penetration for AICoCrFeNi, X, (X =V, Mo, B; y = 0.1, 0.2, 0.3) alloys
under different indentation loads; (b) Vickers hardness of the as-prepared alloys; (c—e) engineering
stress—strain curves of (c) V-series, (d) Mo-series, and (e) B-series alloys [40].

2.2. Vacuum Induction Melting (VIM)

Compared to arc melting, induction melting utilizes the principle of electromagnetic
induction to heat metals. The induced eddy currents generated in the melt within the
alternating magnetic field not only provide heat but also produce a stirring effect. Ingots
prepared by this process are typically larger and more compositionally uniform, and allow
for more precise control of superheat. However, because refractory crucibles are often
used or casting is usually performed without forced water cooling, the cooling rate is
much lower than that of arc melting, representing near-equilibrium solidification. The
combined effects of the lower cooling rate and electromagnetic stirring allow more time
for solute redistribution at the solidification front, resulting in a generally coarser as-cast
microstructure for induction melting, often exhibiting distinct equiaxed or coarse columnar
grain morphologies. Under this process, due to solidification conditions more similar to
the phase diagram equilibrium, the alloy may first form a metastable BCC phase, which
partially transforms to the equilibrium FCC phase during subsequent cooling. Induc-
tion melting, owing to its practicality, has shown value in preparing HEAs that possess
enough plasticity.

Zhang et al. also employed arc melting when preparing Ta-alloyed AlCoCrFeNi alloys.
But their microstructural analysis of the base AICoCrFeNi alloy provides a reverse reference
for understanding the microstructural evolution in induction melting. In their work, the
base alloy without Ta addition exhibits a typical dual-phase BCC structure, consisting of
Al-Ni-rich dendrites and Cr-Fe-rich interdendritic regions, with a room-temperature yield
strength of approximately 1319 MPa and a fracture strain of 0.285 [37].

Furthermore, alloys prepared by induction melting exhibit unique microstructural
evolution patterns when specific elements are added. For example, when excess Al is
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introduced, the alloy bypasses the FCC phase region and directly enters the BCC/B2 phase
region, leading to a sharp increase in hardness but a significant decrease in plasticity.
Although such studies primarily explored the strength-plasticity balance, they indirectly
demonstrated that induction melting, through slow solidification, more readily leads to
the formation of long-range ordered precipitates at grain boundaries, which could cause
intergranular brittle fracture. This contrasts with the strengthening mechanism of dispersed
intragranular nano-precipitates typical of arc melting.

2.3. Summary

In summary, the two processing routes of arc melting and induction melting have
distinctly different effects on the microstructure and mechanical properties of AICoCrFeNi-
based HEAs.

From a microstructural perspective, arc melting is characterized by its exceptionally
high cooling rate and strongly non-equilibrium solidification, which promote pronounced
microstructural refinement and the widespread formation of a B2/BCC spinodal structure.
This nano-scale coherent structure is responsible for the outstanding strength of the al-
loy [24]. Induction melting, conversely, involves slower cooling rates and electromagnetic
stirring, leading to a coarser grain structure and phase compositions that approach equilib-
rium. Although this results in a moderate loss of strength, it provides favorable conditions
for long-range dislocation glide, thereby preserving relatively higher ductility.

In terms of mechanical properties, the differences between the two processing routes
are also very significant. Alloys prepared by arc melting typically exhibit high hardness and
very high room-temperature compressive yield strength [22]; with the addition of elements
such as Hf and Ta, the strength can even exceed 2000 MPa [29]. However, these alloys
also exhibit significant room-temperature brittleness, with fracture typically characterized
by cleavage or quasi-cleavage features. In comparison, homologous alloys prepared by
induction melting generally have somewhat lower strength; under certain compositional
ratios, the yield strength may only reach 200-300 MPa, but their plasticity is outstanding,
with elongation exceeding 50%, reflecting typical soft and ductile characteristics.

Overall, arc melting is suitable for applications where strength and hardness are
pursued, and plasticity can be finely adjusted through subsequent heat treatment. In-
duction melting, on the other hand, offers greater industrial advantages for preparing
billets that require a certain level of plasticity, allowing subsequent cold /hot working de-
formation, or serving as a premelting method for precursor materials aiming for grain
refinement strengthening.

3. Preparation of AlICoCrFeNi-Based HEAs via Powder Consolidation

AlCoCrFeNi-based HEAs prepared by melting routes often exhibit elemental segre-
gation and coarse dendritic microstructures, which limit their mechanical performance.
Mechanical alloying or gas atomization combined with powder consolidation techniques,
such as SPS and HP, represents another important route for obtaining high-performance,
fine-grained bulk materials. Unlike melting routes processes, mechanical alloying employs
high-energy ball milling to forcibly achieve alloying of constituent elements in the solid
state, while gas atomization directly produces pre-alloyed powders; both are subsequently
densified by applying external pressure and a thermal field. This route bypasses the liquid
phase, effectively avoiding elemental segregation and coarse dendrites present in cast struc-
tures, and allows for convenient introduction of second-phase particles, such as oxides and
carbides, for strengthening. Table 2 summarizes the mechanical properties of AlICoCrFeNi-
based HEAs prepared by powder consolidation methods. The VAM + HIP + HA route is
also included among the powder consolidation methods, as HIP itself is a pressure-assisted

https://doi.org/10.3390/met16080864


https://doi.org/10.3390/met16080864

Metals 2026, 16, 864

7 of 28

densification technique operating through the same fundamental mechanisms as HP
and SPS.

Table 2. Mechanical properties of AlICoCrFeNi-based HEAs prepared by powder consolidation
methods.

Alloy Type Process Lattice Type Ha(l;_(llssss (;PI%;) ( l\fl{;a) (;f) Ref.
MA + SPS FCC + BCC + B2 1040 1177 1767 246 [48]
MA + SPS FCC + BCC + ¢ 4702 - 955(T) - [49]
MA + SPS FCC + BCC 696 - - - [50]
MA + SPS BCC + B2 730 - - - [51]
AlCoCrFeNi MA + SPS FCC + BCC 518 1262 3228 29.1 [52]
MA + HP FCC + BCC 612.69 - - - [53]
GA + SPS FCC +BCC + B2 + ¢ 550 1221.1 2672.7 232 [54]
GA + SPS FCC + BCC - 1702.8 1961.2 149 [55]
VAM + HIP + HA A2 + B2 - 295(T) 393(T) 11.7(T) [56]
. MA + VHP (800 °C) FCC + BCC 858 - - -
glv(jﬁ,/cfegl) MA + VHP (900 °C) FCC + BCC 944 - - - [57]
2 MA + VHP (1000 °C) FCC + BCC 1353 - - -

MA + SPS (900 °C) FCC + BCC 732 - 1399 6.2
MA + SPS (1000 °C) FCC + BCC 620 - 1796 6.4 [58]

AlCoCrFeNi ; MA + SPS (1100 °C) FCC + BCC 593 - 1688 6.9
MA + SPS FCC + BCC 646 - 2256 - [59]

. MA + SPS FCC - 1008(T) 1122(T) 12.9(T)

Alp3CoCrFeNi MA + SPS + HT FCC - 950(T) 1135(T) 17.3(T) [60]

Aly3CoCrFeNiy MA + SPS FCC 472 1778 1974 28.6
Aly7CoCrFeNiy MA + SPS FCC + BCC 564 2075 2169 20.6 (61]

Al; 4CoCrFeNiy MA + SPS FCC + BCC 538 1998 2279 19.0 ?
Al, ;CoCrFeNiy MA + SPS FCC + BCC 563 2099 2333 156
3.1. SPS

SPS is the most commonly used rapid densification technology in the powder met-
allurgy route. It utilizes the Joule heat and plasma effect generated by pulsed current to
achieve powder sintering densification in an extremely short time. Its advantages lie in
effectively suppressing grain growth and retaining the nanocrystalline or ultrafine-grained
structure introduced by mechanical alloying.

Liu et al. systematically investigates the modulating effect of Al content on the mi-
crostructure and properties of Al, CoCrFeNi, ; HEAs using mechanical alloying combined
with SPS. Their study reveals the principle that composition design induces phase trans-
formation and ultimately governs the mechanical properties [61]. The complete process
flow diagram is presented in Figure 2a,b, clearly illustrating the powder metallurgy route
adopted in their research, which is fundamentally different from melting routes. Figure 2a
illustrates the mechanical alloying process, showing the repeated welding, fracturing, and
rewelding of powder particles during ball milling, which leads to the formation of com-
positionally homogeneous alloyed powders. Figure 2b depicts the spark plasma sintering
process, in which pulsed current and uniaxial pressure are simultaneously applied to achieve
rapid densification while suppressing grain growth. Together, these diagrams help readers
visualize the key processing steps and their sequence. The SEM images in Figure 2c-g vi-
sually reveal the evolution of the microstructure with Al content: when x = 0 and 0.3,
the alloys exhibit a compositionally homogeneous single-phase microstructure; when
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x > 0.7, a distinct second phase begins to appear in the microstructure, and its volume frac-
tion increases significantly with increasing Al content. Combined with X-ray diffraction and
energy-dispersive spectroscopy analyses presented in the paper, this second phase is identi-
fied as an Al-Ni-rich ordered BCC phase, while the matrix is an Fe-Co-Cr-rich FCC phase.
This Al-content-dominated evolution of phase constitution directly determines the mechan-
ical response of the material. As shown by the compressive stress—strain curves in Figure 2h,
with increasing Al content, the compressive yield strength and fracture strength of the
alloys increase monotonically, while the fracture strain decreases substantially. Through sys-
tematic experiments, this work provides a definitive composition—microstructure—property

relationship diagram for balancing the strength and ductility of HEAs by tailoring the
Al content.

(a) | (b) DC pulse current
Graphite papQ-A

Ball milling tank Rotation direction Hend

A
Grinding
Samplel I ! " H
1
e — -

C Direction of revolution

Graphite
Mold

DC pulse current

spot4 —
spotS—

spot6—

—spotl0
= spotll
—spoti2

(h) : ——AF0.0|
e ——AK03
—— AlF0.7
2000 ; ——AELO
E 33 MPa —— AIF13
2.1500 i :
—spotl3 g i 1701 MPa
E000deH—-——m——- —39.8% = —-— -
Z 1000~ i i
spotl4— | i
500 ! |
spotl5 — | |
spot16— 0 — o
0 10 20 30 40

Strain (%)

Figure 2. (a) Diagram of mechanical alloying process; (b) SPS diagram; microstructure of
Al CoCrFeNi,;: (c¢) A1=0.0, (d) Al=0.3, (e) Al =0.7, (f) Al=1.0, (g) Al = 1.3; (h) compressive
stress—strain curves of Al, CoCrFeNi,,; HEA samples at room temperature. Adapted from Ref. [61].

Xie et al. systematically investigated the effect of the SPS heating rate on the mi-
crostructure and properties of AICoCrFeNi. They find that a high heating rate improves
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densification but leads to grain coarsening, thereby reducing hardness and wear resistance.
The optimal comprehensive mechanical properties could be obtained at a heating rate of
150 °C/min [54].

The study by Zhang et al. also confirms that sintering temperature significantly affects
the properties of the AlICoCrFeNi, ; alloy, with the best combination of strength and hardness
achieved under sintering at 1000 °C [58].

Fuetal. prepared an ultrafine-grained AICoCrFeNi, ; alloy with an average grain size of
less than 1 ym by optimizing the MA + SPS process. The compressive fracture strength and
hardness of this alloy far exceed those of conventional cast alloys. The excellent properties
are mainly attributed to grain refinement strengthening and the synergistic effect of the
BCC/FCC dual-phase structure [59].

Guo et al. used gas-atomized pre-alloyed powders combined with SPS to prepare
(AlCoCrFeNi);oy_,Fe,. They find that with increasing Fe content, the volume fraction of the
FCC phase increases and the nano-precipitates within the BCC phase are refined, achieving
a good match between strength and plasticity [55].

3.2. HP and VHP

Unlike the rapid heating of SPS, HP and VHP are characterized by slow heating
rates and long holding times, which are closer to equilibrium sintering. This facilitates
full elemental diffusion and phase transformation, but also leads to a greater tendency
for grain growth. It is worth noting that HP and VHP differ primarily in their sintering
atmosphere—HP is typically performed in an inert gas while VHP is conducted under
vacuum—which can influence densification, oxidation, and phase evolution. A detailed
discussion of atmosphere effects is beyond the scope of this review.

Bochenek et al. compared AlICoCrFeNi and an alloy with 1% (at%) Re addition.
They found that the BCC + FCC dual-phase structure present in the mechanically alloyed
powder is retained after hot pressing at 1050 °C, while My;Cy-type carbides enriched
in Cr and Fe precipitate in the matrix. The addition of Re significantly refines the FCC
phase and, through solid solution strengthening and grain boundary pinning, triples the
room-temperature flexural strength. Moreover, after long-term annealing at 800 °C, the
microstructure and mechanical properties show no significant degradation, demonstrating
excellent high-temperature microstructural stability [53].

Rao et al. added 1 wt% Y,0; to AlCoCrFeNi and performed vacuum hot pressing.
They found that the metastable AlFe,O,,Y; phase induced by mechanical alloying thermally
decomposes during sintering at 1000 °C, transforming into more thermodynamically stable
Y-AlgCr,-type intermetallic compounds and chromium oxides. This phase transformation
leads to a significant increase in the Vickers hardness of the material to 1353 HV [57].

3.3. Summary

Powder consolidation technology provides a highly flexible and effective route for
preparing high-performance AlCoCrFeNi-based HEAs. Its core advantage lies in obtaining
ultrafine-grained or even nanocrystalline microstructures that are difficult to achieve by
conventional processes. It also allows for tailoring mechanical properties of the alloys over
a wide range by adjusting phase composition and introducing dispersion strengthening
phases. However, this technological route still faces some challenges, such as contamination
during the MA process, which may lead to the formation of harmful brittle phases. The
batch-to-batch stability of powders and the uniformity of the consolidation process still
require further optimization, and the high cost and low efficiency associated with long-
duration ball milling are obstacles to its large-scale industrial application. Future research
should focus on developing more efficient and low-contamination MA processes, as well as

https://doi.org/10.3390/met16080864


https://doi.org/10.3390/met16080864

Metals 2026, 16, 864

10 of 28

optimizing consolidation and subsequent treatment regimes, to achieve a better balance
among strength, plasticity and cost.

4. Preparation of AlICoCrFeNi-Based HEAs via Additive Manufacturing

Additive manufacturing (AM) technology, with its unique characteristics of layer-
by-layer deposition, rapid melting and solidification by high-energy beams, has opened
new avenues for fabrication of high-performance metallic structural components. Unlike
traditional casting methods designed for mass production, AM requires no molds, offers
a simplified process flow, and achieves high forming efficiency, demonstrating greater
flexibility in material selection and process adaptability. It is particularly suitable for the
customized fabrication of complex structural parts.

AM methods are mainly classified into powder bed fusion (PBF) and directed energy
deposition (DED). PBF involves spreading metal powder layer by layer, selectively melting
the powder using a high-energy beam according to cross-sectional contours, and building
up components layer by layer. Its advantages include high forming precision, good surface
quality, and the capability to fabricate highly complex internal structures [62]. DED, on the
other hand, utilizes a heat source and a material delivery nozzle moving synchronously,
feeding material directly into a melt pool for in-situ melting and achieving layer-by-layer
deposition. It offers virtually unlimited build size and high deposition efficiency, and is
suitable for part repair and gradient material fabrication, but has relatively lower forming
precision, often requiring subsequent machining.

The AM methods employed for preparing HEAs mainly include selective laser melting
(SLM), laser metal deposition (LMD), electron beam melting (EBM), and wire arc additive
manufacturing (WAAM). These processes use high-energy beams such as lasers or electron
beams as heat sources to locally melt metal powders or wires through path scanning. Their
core characteristics include extremely high cooling rates and complex thermal cycling
processes, leading to finer grain structures, higher dislocation densities, and metastable
supersaturated solid solutions compared to conventional methods and, thereby, significantly
influencing the mechanical properties of the material [63,64]. Table 3 summarizes the
mechanical properties of AlICoCrFeNi-based HEAs fabricated by AM.

Table 3. Mechanical properties of AICoCrFeNi-based HEAs prepared by AM.

Hardness Rpo2 R, =

. m
Alloy Type Process Lattice Type (HV) (MPa) (MPa) (%) Ref.
LMD BCC 525.1 - - - [62]
LMD BCC 538 1297(T) 2976(T) 45.9(T) [63]
AlCoCrFeNi
. .EBM. R BCC + FCC - 769 1073.5 1.2
(Build orientation = 0°) )
EBM [64]
(Build orientation = 90°) BCC + FCC ) ) 312.6 )
SLM BCC + FCC 588.55 975 1175 6.42 [65]
SLM BCC + FCC - 1388 1731 39 [66]
- SLM BCC + FCC - 1329 1621 11.7
AlCOCrFeNiz1 g1y 600°C/8h/WQ  BCC + FCC + L, + o - 1723 2153 3.9 [67]
LMD BCC + FCC - 702 1171 10.25 [68]
LMD BCC + FCC - - 1097 2 [69]
. SLM FCC - 712 899 35.6
AlosCoCrFeNi 1\ 4 700°C/1h/WQ  BCC + FCC + L1, + o . 1365 1552 7.1 [70]
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Table 3. Cont.
Hardness R R €
. p0.2 m f
Alloy Type Process Lattice Type (HV) (MPa) (MPa) (%) Ref.
SLM + 800 °C/1 h/WQ BCC + FCC - 1013 1375 13.2
SLM + 900 °C/1 h/WQ BCC + FCC - 783 1200 19.8 [70]
SLM + 1000 °C/1 h/WQ BCC + FCC - 668 1056 30
SLM BCC + FCC - 683.4 936.4 19.7
SLM + 800 °C/3 h/FC BCC + FCC - 688.7 1260.1 6.25
SLM + 900 °C/3 h/FC BCC + FCC - 770.3 1016.3 14.0 [71]
Al 5CoCrFeNi SLM + 1000 °C/3 h/FC BCC + FCC - 648.1 938.8 20.0
SLM + 1100 °C/3 h/FC BCC + FCC - 600 1098.7 25.1
SLM BCC + FCC - 609 878 18 [72]
LMD BCC + FCC 264.23 424.68 810.97 15.17 [73]
LMD + 900 °C/2 h/SA BCC + FCC - 423 772 43 [74]
WAAM BCC + FCC 310.38 656 1087 7.68 [75]
Aly,CoCrFeNi LMD FCC 149.36 267 491 66.87
Aly ¢CoCrFeNi LMD BCC + FCC 328.76 398 694 46.87 [76]
Al (CoCrFeNi LMD BCC 537.96 - - -
SLM BCC + FCC - 472 604 147 [77]
SLM BCC + FCC - 503 685 32
. SLM + 650 °C/4 h/WQ BCC+FCC+Ll, + 0 - 644 891 22
AloasCoCrFeNi g1 650-C/30h/WQ  BCC + FCC + L1y + o - 709 941 19 (78]
SLM + 650 °C/70 h/WQ BCC+FCC+ L1, + 0 - 845 1084 14
SLM + 650 °C/150 h/WQ  BCC +FCC + L1, + ¢ - 636 904 15
SLM FCC - 730 896 29 [79]
AlyCoy,CrsFey,Nis, WAAM BCC + FCC 337.1 816(T) 2835(T) 41.8(T) [80]
A118C09Cr9Fe30N134 LMD BCC + FCC - 565 725 14.6 [81]
WAAM BCC + FCC 337.6 654.26 975.53 3.11
WAAM + 600 °C/
8h/WQ BCC+FCC+ L1, + 0 420.2 810.25 1114.91 2.46
AlyCo16CrsFiessNiz, - WAAM + 800 °C/ BCC + FCC + ¢ 341.1 659.34 1129.32 8.59 [82]
8 h/WQ
WAAM + 1000 °C/
8h/WQ BCC + FCC 308 541.70 1093.81 14.19
Als;CosCroFe sNiss WAAM BCC 469 517(T) 1630(T) 14(T) (53]
Aly;CosCroFe 4Nis, WAAM + EBT BCC 368-403 522(T) 2179(T) 25(T) :
4.1. PBF

In PBF technology, a doctor blade or roller uniformly spreads metal powder onto the
surface of a substrate. A high-energy beam then selectively melts the powder layer according
to a preset two-dimensional cross-sectional contour. After the current layer solidifies, the
build platform descends by one layer thickness, and the powder spreading and melting
processes are repeated until the part is completed. This technology features a small melt
pool and an extremely high cooling rate, offering high forming precision, good surface
quality, and the ability to fabricate highly complex internal structures.

4.1.1. SLM

SLM uses a high-power fiber laser as the heat source to selectively melt a pre-laid metal
powder bed under an inert gas atmosphere. Its typical parameters include laser power,
scanning speed, hatch spacing, and powder layer thickness. The extremely high cooling rate
induces significant constitutional undercooling and non-equilibrium solidification within
the melt pool, resulting in ultrafine grains, high-density dislocation cellular structures,
supersaturated solid solutions and a preferred texture along the heat flow direction. These
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microstructural features impart excellent grain refinement strengthening and dislocation
strengthening effects to the as-deposited alloy. However, high residual stresses may also
cause a tendency for cracking, which needs to be controlled through process parameter
optimization or subsequent heat treatment.

For Al CoCrFeNi-based HEAs fabricated by the SLM process, the phase composition is
closely related to the Al content and the cooling rate. When x is less than 0.3, the alloy tends
to form a single-phase FCC solid solution [72]; when x exceeds 0.5, it exhibits an FCC +
BCC dual-phase structure, with the proportion of the BCC/B2 phase increasing with higher
Al content. The extremely high cooling rate leads to significant grain refinement, with
as-deposited samples generally exhibiting ultrafine grains or nano-eutectic lamellae, which
are much finer than those in conventional cast microstructures. The strength of SLM as-
deposited alloys is generally much higher than that of cast alloys with the same composition,
primarily due to the synergistic effects of high dislocation density, fine grain/substructure
strengthening, and nano-precipitates. Subsequent heat treatment can further tailor the
microstructure and properties of SLM-fabricated HEAs to achieve balance between strength
and plasticity. Furthermore, advanced methods, such as machine learning, have been intro-
duced to optimize SLM process parameters and alloy design and to predict and optimize
the strength and plasticity of laser-cladded HEA coatings.

Sun et al. fabricated Aly5CoCrFeNi HEA using SLM [72]. The study indicated that by
optimizing process parameters, dense samples with a relative density as high as 99.92%
can be obtained, exhibiting an FCC/BCC dual-phase dendritic microstructure and good
mechanical properties.

To provide a clear visualization of the SLM process, Figure 3 includes two schematic
diagrams. Figure 3a schematically illustrates the SLM apparatus, showing the powder
bed, laser scanning system, and build platform; Figure 3b depicts the laser-material in-
teraction and the formation of the melt pool during processing. These schematics help
readers understand the key features of the SLM process and its rapid solidification charac-
teristics, which are responsible for the fine microstructures presented in the subsequent
experimental observations.

Microstructural analyses of the obtained samples reveal that the vertical cross-sections
shown in Figure 3c,e,g display columnar grains grown epitaxially along the heat flow
direction, while the horizontal cross-sections shown in Figure 3d,f h clearly reveal a fine
cellular dendritic structure. This fine-grained microstructure, resulting from rapid solidifi-
cation during SLM, directly confirms and visualizes the core microstructural mechanism
responsible for the significant strengthening of the material as reported in the literature.

Fracture surface analyses of the tensile tested specimens show the mixed dimple and
quasi-cleavage fracture morphology presented in Figure 3ij, indicating that the material
possesses both high strength and certain ductility.

Ge Yaqiong et al. investigated the microstructure evolution of SLM-fabricated
Al 5CoCrFeNi alloy in the as-deposited state and after annealing at 800-1100 °C [71].
The as-deposited state exhibits an FCC matrix with a BCC/B2 dual-phase structure, with
clear melt pool boundaries within the columnar grains. Upon heating to 1100 °C, the melt
pool boundaries fade, the columnar grains become equiaxed, and the B2 phase precipitates
and grows, forming a multi-scale microstructure characterized by equiaxed grains, anneal-
ing twins, and coexisting nano-sized B2 phases. The high strength of the as-deposited state
is attributed to high dislocation density and fine grain size. High-temperature annealing
leads to stress relief, recrystallization, and precipitate coarsening, resulting in a recovery of
plasticity while retaining some strength, achieving a better strength-plasticity match than
conventional cast and wrought states.
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Figure 3. (a) Schematic illustration of the XJRP SLM molding machine; (b) schematic illustration of
the laser-material interaction and molten pool formation during SLM processing; (¢-h) micrographs
of SLM-fabricated specimens with optimized parameters: (c,e,g) vertical cross-section (VC) and
(d,f,h) horizontal cross-section (HC); (i,j) SEM images of the room-temperature fracture surface of
the SLM specimen: (i) low magnification, (j) high magnification. Adapted from Ref. [72].

For the AICoCrFeNi, ; eutectic alloy, after aging at 600 °C for 8 h, the yield strength
increases from 1388 MPa to 1723 MPa, which is attributed to the significant strengthening
effect from the high-density nano-twinned FCC phase precipitates within the B2 matrix.
Furthermore, Lan et al. performed heat treatment at 800-1200 °C on an AlCoCrFeNi,
eutectic HEA prepared by SLM [65]. They found that with increasing temperature, the
BCC phase transforms to the FCC phase, the melt pool features disappear, and the eutectic
lamellar structure grows stably. At 1200 °C, a good match of strength and plasticity could
be achieved.

Zhu et al. conducted aging treatment at 600 °C on an SLM-fabricated AlICoCrFeNi, ; eu-
tectic HEA [78]. The as-deposited microstructure consists of a non-equilibrium dual-phase
structure of B2 and FCC, exhibiting nano-lamellar and cellular eutectic morphologies. After
aging, an FCC acicular phase containing an ultra-high density of nano-twin precipitates
within the B2 matrix is formed. The as-deposited alloy has a yield strength of 1388 MPa,
a tensile strength of 1731 MPa, and an elongation of approximately 3.9%. The aged state
shows a yield strength of 1723 MPa and a tensile strength of 2153 MPa, showing an increase
of about 24% in strength. The Orowan mechanism contributes approximately 565 MPa
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of strengthening increment. The non-equilibrium microstructure and internal stresses in
the as-deposited state prompt the transformation from an HCP precursor phase to the
nano-twinned FCC phase. The strong obstruction of dislocations by the ultrafine twin
lamellae dominates the sharp increase in strength.

4.1.2. EBM

EBM uses a high-energy electron beam instead of a laser as heat source to selectively
melt a pre-laid metal powder bed in a vacuum environment. The electron beam scanning
speed is extremely high, and a preheating system can maintain the powder bed at an
elevated temperature, thereby significantly reducing residual stresses in as-deposited parts
and suppressing cracking tendency. Compared with SLM, EBM has a slightly lower cooling
rate, resulting in somewhat coarser grains. Its vacuum environment also effectively prevents
oxidation contamination of alloying elements at high temperatures.

Yamanaka et al. systematically investigated the corrosion behavior and passive film
characteristics of an equiatomic AICoCrFeNi HEA fabricated by EBM [84]. First, they
prepared EBM-fabricated specimens and conventionally cast reference specimens, and char-
acterized the microstructures in detail using various methods. The microstructures of the
top and bottom parts of the EBM-fabricated specimens, as well as the cast AICoCrFeNi HEA,
were compared. The backscattered electron images in Figure 4a—c show that all specimens
exhibit a modulated structure consisting of BCC and B2 phases. The modulated structure in
the EBM top specimen is the finest, while that in the EBM bottom specimen is significantly
coarser. At the same time, the cast specimen exhibits an intermediate coarseness. The phase
maps in Figure 4g—i further reveal differences in the distribution of the FCC phase. The FCC
phase is almost absent in the EBM top and cast specimens, whereas a substantial amount
of FCC phase (volume fraction of approximately 30%) precipitates at the BCC/B2 grain
boundaries in the EBM bottom specimen, appearing as brighter contrast. Overall, the effect
of “in-situ annealing” during the EBM process on the microstructure is clearly demonstrated.
The bottom region, having experienced prolonged high-temperature exposure, exhibited
coarsening of the modulated structure, weakened texture, and promoted FCC phase pre-
cipitation. These microstructural differences provide an important basis for subsequently
understanding the variations in corrosion performance across different regions.

Hiroshi Shiratori et al. performed in-situ preheating treatment at 950 °C on an equimo-
lar AlCoCrFeNi HEA fabricated by EBM [64]. The as-deposited top region exhibits a
non-equilibrium B2/BCC nano-lamellar dual-phase structure, while the bottom region, due
to prolonged high-temperature exposure, showed FCC soft phase precipitation at grain
boundaries. The hardness of the as-deposited top region is approximately 500 HV, while
that of the bottom region decreases to approximately 400 HV. The as-deposited alloy has
a compressive yield strength of 1015 MPa, a compressive strength of 1668 MPa, and a
fracture strain as high as 0.264, representing an approximately fourfold increase in plasticity
compared with the cast state. The precipitation of the FCC phase at grain boundaries plays
a dominant role in the plasticity improvement. The synergistic deformation of the ultrafine
grains obtained by non-equilibrium solidification in the as-deposited state and the soft
FCC phase induced by high-temperature preheating compensates for the brittleness arising
from insulfficient slip systems in the ordered B2 phase, resulting in optimization of strength
and plasticity. Further electrochemical corrosion studies show that the SEBM-fabricated
AlCoCrFeNi HEA exhibits pitting corrosion behavior in artificial seawater, different from
that of the cast state, with a slightly lower pitting potential than the cast state, which is
attributed to the unique phase morphology and elemental distribution resulting from the
SEBM process.
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Figure 4. Microstructures of the EBM and conventional cast AlICoCrFeNi HEA specimens.
(a—c) SEM-BSE images, (d—f) IPF maps and (g-i) phase maps obtained from the cross-section
perpendicular to the build direction at the (a,d,g) top and (b,e,h) bottom sections of the EBM speci-
men and (c,f,i) cast specimen. The corresponding XRD patterns are also indicated in (a—c). Adapted
from Ref. [84].

4.2. DED

DED technology delivers metal powder or wire directly into a melt pool formed by a
high-energy beam (laser, electron beam, or arc) through a nozzle. The melt pool moves
with the heat source, and parts are built up layer by layer. This technology has a slightly
lower cooling rate than PBF but offers high deposition efficiency, the capability to form
large-scale components, and the flexibility to achieve compositional gradients within a
single part, making it suitable for gradient material fabrication and part repair.

4.2.1. LMD

LMD uses a high-energy laser beam to form a melt pool on a substrate while simul-
taneously delivering metal powder directly into the melt pool through coaxial or lateral
nozzles for in-situ melting. Layer-by-layer deposition is achieved by moving the stage
or the nozzle. Key parameters affecting the forming quality and microstructure include
laser power, scanning speed, powder feed rate, and layer thickness. The as-deposited
microstructure of this technology typically exhibits epitaxially grown columnar grains,
with a columnar-to-equiaxed transition occurring as the heat flow direction changes. In
AlCoCrFeNi-based HEAs prepared by LMD, increasing Al content promotes a transition
from FCC to FCC + BCC dual-phase and even to single-phase BCC, accompanied by a
significant increase in hardness and strength. Additionally, Al plays a critical role in oxida-
tion resistance in laser-clad coatings; a sufficiently high Al content allows the formation of
a dense Al,Oj; protective film at high temperatures, greatly enhancing high-temperature
oxidation resistance [81].

The microstructure exhibits a clear gradient evolution. Along the deposition direction,
due to heat accumulation, the temperature gradient decreases while the solidification rate
increases, often leading to a transition from columnar grains at the bottom to equiaxed grains

https://doi.org/10.3390/met16080864


https://doi.org/10.3390/met16080864

Metals 2026, 16, 864

16 of 28

at the top. By varying the Al content or process parameters, effective control over the phase
composition can be achieved. Similar to SLM, LMD technology can also significantly refine
the eutectic microstructure. Subsequent heat treatment is an effective means of optimizing
the overall performance of LMD-fabricated alloys. Studies have shown that heat treatment
of LMD-fabricated AlICoCrFeNi HEAs at 500-1100 °C can regulate the precipitation and
dissolution of o and L1, phases within the B2 matrix, thereby optimizing their corrosion
resistance in different corrosive media.

The pre-alloyed Al, sFeCoCrNi HEA powder is spherical with a particle size distribu-
tion of 45-150 pm, as shown in Figure 5a,b. Figure 5c,d illustrate the LMD setup and the
unidirectional scanning strategy, where the laser acts perpendicularly on the melt pool, cre-
ating the maximum temperature gradient along the deposition direction, thereby inducing
preferred growth of columnar grains [85].
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Figure 5. (a) SEM image of microscopic morphology; (b) particle size distribution and density
distribution; (c) schematic diagram of the LMD-experimental device; (d) schematic diagram of single

scanning strategy. Adapted from Ref. [85]; (e) microstructures of the AlFeCoCrNi,; EHEAs before
and after heat treatment. Adapted from Ref. [86].
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Zhang et al. conducted a systematic study on an AICoCrFeNi, ; eutectic HEA prepared
by LMD. The pre-alloyed Al,sFeCoCrNi HEA powder is spherical with a particle size distri-
bution of 45-150 pm, as shown in Figure 5a,b. Figure 5c,d illustrate the LMD setup and the
unidirectional scanning strategy, where the laser acts perpendicularly on the melt pool, cre-
ating the maximum temperature gradient along the deposition direction, thereby inducing
preferred growth of columnar grains [85]. The scanning electron microscope image shown
in Figure 5e reveals significant metallographic changes. The as-deposited sample exhibits a
fine lamellar eutectic microstructure consisting of alternating FCC and BCC phases, with
interlamellar spacing much smaller than that of the cast sample (FCC lamellae width ap-
proximately 0.62 ym, BCC lamellae width approximately 0.19 ym), attributable to the high
nucleation rate and high temperature gradient induced by rapid solidification. As the heat
treatment temperature increases, the metallographic morphology evolves systematically.
After heat treatment at or below 700 °C, the lamellar eutectic morphology remains intact,
accompanied only by stress relief. When the temperature is raised to 900 °C, recrystallized
grains increase noticeably in both phases, but the lamellar structure remain unchanged.
However, after high-temperature heat treatment at 1100 °C, the lamellar eutectic structure
is significantly fragmented, the phase structure coarsens (FCC lamellae increase to 0.74
um, BCC lamellae increase to 0.36 ym), and the microstructure transforms from regular
lamellae to an irregular fragmented mixed structure [86].

Liang et al. fabricated an AlCoCrFeNi, ; eutectic high-entropy alloy (EHEA) using
LMD and compared it with the cast alloy [66]. The as-deposited alloy retains a lamellar
eutectic microstructure consisting of L1, and B2 phases, forming a characteristic herring-
bone structure growing along the deposition direction. Mechanical testing shows that
the as-deposited alloy exhibits a tensile strength of approximately 1097 MPa and an elon-
gation of 22% in the direction perpendicular to deposition, and approximately 996 MPa
with 14% elongation in the horizontal direction. In contrast, the cast alloy shows a tensile
strength of only about 980 MPa with an elongation of about 14%. The improved perfor-
mance is attributed to the obstruction of crack propagation by the oriented herringbone
structure: under perpendicular loading, plastic deformation of the L1, phase suppresses
crack initiation in the B2 phase, and cracks need to bypass the lamellae to propagate; under
horizontal loading, fracture occurs mainly in the junction regions of the herringbone struc-
ture. This confirms that LMD technology can effectively improve the formability of EHEAs
and significantly enhance their mechanical properties.

Huang et al. fabricated an AlCoCrFeNi,; EHEA. The as-deposited microstructure
consists of an FCC/B2 dual-phase lamellar eutectic with an interlamellar spacing of ap-
proximately 1 pm, which is significantly finer than the 3.5 ym of the cast structure [67].
Mechanical testing shows that the tensile strength of the as-deposited alloy is approxi-
mately 19.7% higher than that of the cast alloy, and the elongation approximately 56.4%
higher. The performance improvement is mainly attributed to the enhanced back stress
hardening capability due to the fine and uniform eutectic structure, as well as the combined
strengthening from the FCC/B2 semi-coherent interfaces and nano-precipitates within the
B2 phase. This study revealed that using the rapid solidification characteristics of LMD
to refine the eutectic microstructure can significantly increase strength without sacrificing
plasticity, providing experimental evidence and theoretical reference for optimizing the
overall mechanical properties of EHEAs through additive manufacturing.

Amar et al. successfully obtained an ultrafine lamellar eutectic microstructure ori-
ented along the deposition direction in an AICoCrFeNi, ; EHEA by adjusting the LMD
process parameters. The FCC lamella width is approximately 0.89 pm and the B2 lamella
width approximately 0.76 pm, significantly finer than the cast microstructure [63]. When
tensile testing is performed along the deposition direction, the yield strength reaches
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1115 MPa, the tensile strength 1417 MPa, and the elongation 23%. The overall mechanical
properties are superior to most additively manufactured alloys and comparable to the best
properties achieved by thermomechanical processing. The performance improvement is
mainly attributed to two factors: the strong heterogeneous deformation-induced strength-
ening arising from the ultrafine alternating soft/hard lamellar structure, and the high crack
buffering effect during deformation due to the oriented lamellar microstructure, which
prevents catastrophic crack propagation. This study provides a new pathway for designing
oriented eutectic lamellar structures via additive manufacturing to achieve high-strength,
high-plasticity metal components with complex shapes.

4.2.2. WAAM

WAAM uses an electric arc as the heat source to melt metal wire, depositing material
layer by layer along a predefined path. This technology features high deposition rates,
low equipment cost, and high material utilization, making it particularly suitable for the
rapid fabrication of large-scale structural components. It has relatively high heat input
and a slower cooling rate, with microstructures featured by coarse columnar grains [69].
However, microstructure optimization can be achieved through process parameter control
or the design of composite wires.

Ivanov etal. [87] investigated a non-equimolar AlCrFeCoNi HEA fabricated by WAAM.
Boron and chromium thin films, each of 0.5 pm thick, are sequentially deposited onto the
alloy surface to form a “B + Cr/HEA” film-substrate system, followed by pulsed electron
beam irradiation in an argon atmosphere. During WAAM, an argon atmosphere is essential
to protect the melt pool from oxidation and nitridation, particularly for reactive elements
such as Al and Cr, and to stabilize the electric arc for consistent deposition. The WAAM-
fabricated HEA exhibits a typical dendritic microstructure, consisting of a polycrystalline
aggregate with an average grain size of approximately 12.3 ym, as shown in Figure 6a.
Elemental mapping analyses reveal that Cr and Fe atoms are predominantly enriched
at grain boundaries and interdendritic regions, while Al, Ni, and Co segregate within
the grain interiors, as shown in Figure 6b—f. Line-scanning results further confirm this
distribution pattern: along the selected direction, the characteristic X-ray intensity of Al
peaks inside the grains, whereas that of Cr reaches a maximum at the grain boundaries,
indicating that the intragranular phase is AlNi-based and the grain boundary phase is
FeCr-based, as shown in Figure 6g,i,j. Despite the compositional segregation and phase
separation, X-ray diffraction analyses show that the overall alloy possesses a simple cubic
crystal structure without complex intermetallic compound diffraction peaks, with a lattice
constant of 0.28795 nm, as shown in Figure 6h. This indicates that the initial alloy retains
crystallographic simplicity, providing a reference baseline for the structural evolution in the
subsequent surface modification treatment.

A significant advantage of WAAM technology lies in its flexible material feeding
methods. By designing composite cables or using dual-wire feeding, in-situ alloying and
composition gradient control can be achieved, allowing a gradual change in microstructure
and properties along the deposition direction. However, due to the relatively high heat
input of WAAM, the as-deposited grains are relatively coarse, and the tensile ductility is
generally lower than that of PBF and DED processes. How to further refine the grains and
improve ductility is a key challenge for the future development of this technology.

Furthermore, high-energy electron beam surface treatment of WA AM-fabricated Al-
CoCrFeNi HEAs can further induce amorphization/nanocrystallization of the surface layer,
effectively improving its hardness and wear resistance.
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Figure 6. (a) Electron micrograph of the HEA microstructure; (b—f) elemental distribution maps
of Cr (b), Fe (c), Ni (d), Al (e), and Co (f) obtained via characteristic X-ray imaging; (g) results of
the line-scan X-ray microanalysis along the marked path in the sample section (blue line: Co; yellow
line: Cr; green line: Fe; red line: Al; purple line: Ni); (h) fragment of the HEA X-ray diffraction
pattern (arrows mark the indexed peaks); (i,j) intensity profiles of characteristic X-ray emission for Al
(i) and Cr (j) atoms along the line indicated in (g) Adapted from Ref. [87].

Lu et al. for the first time used dual-wire arc additive manufacturing to prepare com-
positionally graded Al -Co-Cr-Fe-Ni HEAs with gradually increasing Al content along the
deposition direction in situ [63]. As the Al content increases from the bottom (21.11 at.%) to
the top (35.16 at.%), the microstructure gradually transforms from FCC + BCC dual-phase
to single-phase BCC, the precipitation temperature of the B2 phase increases significantly,
and the temperature window for BCC phase precipitation widens. The mechanical prop-
erties show a gradient change: the bottom alloy exhibits a yield strength of 827.4 MPa, a
fracture strength of 2720.8 MPa, an elongation of 42.3%, and a hardness of 342 HV; the top
alloy exhibits a yield strength of 955.5 MPa, a fracture strength of 1712.0 MPa, an elongation
of 17.1%, and a hardness of 397 HV, with significantly better wear resistance than the bottom.
The high dislocation density and fine-grain strengthening in the bottom region contribute
to a good combination of strength and toughness, while Cr segregation at grain boundaries
in the top region leads to grain boundary embrittlement and reduces ductility. This study
demonstrates the feasibility and unique advantages of dual-wire arc additive manufacturing
for the efficient and low-cost fabrication of compositionally complex graded HEAs.
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Ahsan et al. systematically investigated the effect of GTA-based WAAM process pa-
rameters on the formability, microstructure, and mechanical properties of an Aly; CoCrFeNi
HEA [69]. Through single-bead weld orthogonal experiments, they found that the energy
density is a key factor determining bead continuity, with a threshold of approximately
80 J/mm?; below this value, the bead is discontinuous or exhibits balling. Based on this,
thin-wall structures are fabricated under the same energy density but with different heat
inputs. Under both process conditions, the as-deposited microstructures exhibit large
columnar grains growing along the deposition direction, with a cellular dendritic substruc-
ture, homogeneous composition, and no macroscopic segregation. Mechanical tests show
a yield strength of approximately 260 MPa, a tensile strength of approximately 420 MPa,
and an elongation as high as 45-55%. The overall performance is superior to that of the
conventional cast state and most other additive manufacturing processes. Compared to
low heat input, high heat input provides not only higher deposition efficiency and better
surface quality but also slightly higher ductility, and is identified as the near-optimal process
parameter. This study defines the process window for GTA-WAAM of pre-alloyed wire for
Alj;CoCrFeNi, confirming that by adjusting the heat input, strength comparable to casting
can be achieved while maintaining excellent ductility, providing experimental evidence for
the low-cost, high-efficiency additive manufacturing of HEAs.

Shen et al. used a combined cable wire (CCW) as the feedstock to fabricate a non-
equiatomic AICoCrFeNi HEA by WAAM for the first time [80]. As the travel speed increases,
the heat input decreases, the grains are refined, and the BCC phase content increases. The
as-deposited microstructure consists of BCC and FCC phases, with the BCC phase enriched
in Al-Ni and the FCC phase enriched in Fe-Cr. The best mechanical properties are achieved
at a travel speed of 12 mm/s, with a yield strength of approximately 816 MPa, a compressive
strength of approximately 2835 MPa, and a compressive plasticity of approximately 41.8%,
amounting to increases of 4.1% and 11.7% in compressive strength and plasticity, respec-
tively, compared to the cast sample. This study confirms the feasibility of the CCW-AAM
technology for preparing HEAs, and that the fine-grained microstructure resulting from
rapid solidification effectively improves the strength-plasticity matching. Subsequent heat
treatment can further tailor the microstructure and mechanical properties of this alloy; for
example, aging in the range of 600-1000 °C can control the precipitation and dissolution of
L1, and o phases in the B2 matrix, thereby achieving an optimized combination of strength
and ductility.

4.3. Summary

Different AM processes impose markedly different heat inputs and cooling rates during
fabrication of AICoCrFeNi-based HEAs. WAAM and its derivatives offer high deposition
efficiency and low cost, suitable for large-scale components. Shen et al. and Yao et al.
confirmed feasibility, but WAAM heat accumulation leads to gradient changes in phase
fraction and hardness along the deposition direction. In contrast, PBF and DED feature
extremely high cooling rates, which promote grain refinement and introduce high disloca-
tion densities, thereby significantly enhancing strength [62,72,76]. This strengthening effect
has been observed in the work of Sui et al. and Niu et al., but the thermal stresses induced
by the high cooling rates also lead to a tendency for cracking, particularly in BCC-phase
alloys with high Al content [70,76]. Tu et al. reported that DED-fabricated Al;sCoCrFeNi
exhibits a microstructural gradient along the deposition direction (cellular grains at the
bottom, columnar in the middle, equiaxed at the top) due to cooling rate variations [73].

AM-fabricated alloys display much finer grains than conventional cast counterparts.
Al content remains the primary phase-structure determinant, but AM parameters can shift
the structure away from equilibrium. For example, Niu et al. found that Al;sCoCrFeNi
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exhibits a single FCC phase under the extremely high cooling rate of LPBF, whereas Tu
et al. observed an FCC + small amount of BCC dual-phase structure in DED [76,83]. In all
processes, grains show epitaxial columnar growth along the maximum heat-flow direction,
with a columnar-to-equiaxed transition at the melt pool top. Sui et al. clearly reported this
phenomenon in the DED process [78]. These grain-morphology and phase differences form
the microstructural basis for property control.

AM-fabricated alloys generally show superior strength over cast alloys, mainly from
fine-grain strengthening and dislocation strengthening. For instance, the CCW-AAM sam-
ple prepared by Shen et al. exhibits a compressive fracture strength of approximately
2835 MPa while maintaining relatively high ductility [80]. Property differences are largely
dictated by phase composition and precipitation behavior. The heat treatment study by
Shen et al. further reveals that by adjusting the aging temperature, the precipitation and
dissolution of L1, and o phases within the B2 matrix can be controlled, thereby achieving
synergistic optimization of strength and ductility [82]. This demonstrates that harness-
ing AM-specific microstructures with appropriate post-treatment effectively tailors the
mechanical properties of AlICoCrFeNi-based HEAs.

In summary, differing AM heat inputs and cooling conditions lead to substantial
variations in phase composition, grain morphology, defect characteristics, and mechanical
properties. Selecting the right AM technology combined with an optimized post-heat
treatment is key to producing high-quality AICoCrFeNi-based HEAs.

5. Summary and Outlook
5.1. Summary

In summary, the mechanical behavior and practical applicability of AlICoCrFeNi-based
HEAs are inextricably linked to the chosen manufacturing paradigm, as each route imposes
a distinct thermal and kinetic footprint that shapes the final dual-phase microstructure
and defect population. The following four processing categories encapsulate the principal
structure—property outcomes and the inherent engineering trade-offs that must be navigated
for targeted service conditions.

Arc melting generates a nano-scale B2/BCC spinodal decomposition structure that
contributes to exceptionally high hardness [88], rendering this route viable for wear-resistant
tooling and cutting applications. However, the rapid non-equilibrium solidification induces
significant compositional segregation and thermal residual stresses, which substantially
deplete the ductility reserve and compromise impact toughness and fatigue resistance under
alternating or cyclic loading conditions [89].

Induction melting, governed by a relatively low cooling rate and enhanced by elec-
tromagnetic stirring, approaches near-equilibrium solidification conditions. This regime
inherently alleviates elemental segregation and thermal stress accumulation, thereby trad-
ing a moderate reduction in strength for a marked improvement in tensile ductility and
workability [90]. This balance makes it a preferred choice for preparing large-section billets
intended for subsequent cold or hot mechanical forming processes.

Powder consolidation routes, typically involving mechanical alloying followed by
sintering or hot pressing, bypass the liquid-phase solidification and rely on solid-state
diffusion to achieve full densification. This mechanism effectively suppresses microscopic
segregation and enables ultrafine-grained or even nanocrystalline architectures, while also
permitting the deliberate introduction of secondary-phase dispersoids—such as oxides and
carbides—for precipitation and dispersion strengthening [91,92]. Despite its clear advan-
tages for producing high-hardness, high-strength wear-resistant components like precision
cutting tools, this methodology faces persistent challenges from impurity contamination
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during extended milling cycles and elevated processing costs, both of which remain critical
barriers to its large-scale industrial translation [93].

Additive manufacturing technologies, leveraging high-energy-beam rapid melting and
solidification coupled with layer-by-layer deposition, offer unparalleled potential for mi-
crostructural refinement and integral near-net shaping of geometrically complex hot-section
parts [94]. Selective laser melting, characterized by extreme cooling rates, can significantly
enhance strength while preserving reasonable ductility; nonetheless, the attendant steep
thermal gradients inevitably induce pronounced residual stresses and a marked cracking
tendency, particularly in Al-rich BCC-phase alloys where brittle intermetallic formation is
exacerbated [95]. Directed energy deposition processes, including laser metal deposition
and wire arc additive manufacturing, provide high deposition efficiency and extensive
forming freedom [96], with dual-wire feeding strategies enabling in-situ compositional
adjustment of Al content and thereby achieving gradient microstructural control across
deposited layers. Electron beam melting, conversely, operates under vacuum with active
substrate preheating, which effectively reduces thermal residual stresses and suppresses
solidification cracking propensities, offering a more defect-tolerant pathway for fabricating
large-scale HEA components [64].

5.2. Outlook

The future advancement of AlICoCrFeNi-based HEAs will hinge on integrated strategies
that bridge fundamental understanding with scalable manufacturing. Three key directions
are anticipated to drive progress over the next decade.

Precision phase control for strength—ductility balance. Tailoring the precipitation
and dissolution of L1, and ¢ phases through optimized thermal treatments offers a direct
means to overcome the strength—ductility trade-off [97]. This approach enables targeted
microstructural architectures that can sustain both high yield strength and adequate tensile
ductility for extreme-service components.

Machine-learning-accelerated alloy screening. Data-driven models, trained on high-
throughput experimental and computational data, can efficiently map the vast composition—
processing space and identify optimal combinations for superior mechanical perfor-
mance [98]. This methodology substantially shortens development cycles and facilitates
the customized design of alloys tailored to specific aerospace and energy applications.

Hybrid manufacturing routes for scalability. As individual processing techniques
approach their performance limits, the combination of additive manufacturing with post-
treatment steps (e.g., hot isostatic pressing and controlled annealing) can mitigate defects
and residual stresses while preserving geometric flexibility [99,100]. Such integrated work-
flows are expected to overcome the strength—ductility trade-off—the primary bottleneck
hindering the widespread application of AlICoCrFeNi-based HEAs—and accelerate their
industrial adoption in advanced manufacturing sectors.
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Abbreviations

The following abbreviations are used in this manuscript:

AC Air Cooling

AIM Arc Induction Melting

AM Additive Manufacturing

BCC Body-Centered Cubic

CCW Combined Cable Wire
CCW-AAM  Combined Cable Wire Arc Additive Manufacturing
CET Columnar-to-Equiaxed Transition
DED Directed Energy Deposition
EBM Electron Beam Melting

EHEA Eutectic High-Entropy Alloy

FC Furnace Cooling

FCC Face-Centered Cubic

GA Gas Atomization

HA Homogenization Annealing
HCP Hexagonal Close-Packed

HEA High-Entropy Alloy

HIP Hot Isostatic Pressing

HP Hot Pressing

HV Vickers Hardness

LMD Laser Melting Deposition

LPBF Laser Powder Bed Fusion

MA Mechanical Alloying

PBF Powder Bed Fusion

SA Solution Annealing

SEBM Selective Electron Beam Melting
SLM Selective Laser Melting

SPS Spark Plasma Sintering

VAM Vacuum Arc Melting

VHP Vacuum Hot Pressing

VIM Vacuum Induction Melting
WAAM Wire Arc Additive Manufacturing
wWQ Water Quenching

XRD X-Ray Diffraction
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