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A B S T R A C T

High entropy alloys (HEAs) are a class of multi-principal element alloys that exhibit promising properties for
structural and functional applications. Additive manufacturing (AM) techniques provide a pathway for fabri-
cating HEAs with complex geometries and tailored compositions. This paper reviews the recent progress in
developing HEAs using laser-based (directed energy deposition, laser powder bed fusion) and electron beam-
based (electron beam powder bed fusion) AM processes. A wide range of HEAs, including CoCrFeMnNi, Alx-

CoCrFeNi, refractory HEAs, and interstitial-solute hardened HEAs, have been fabricated through AM of gas/
water atomized powders or elemental powder blends. Processing parameters such as laser power, scan speed, and
hatch distance significantly influence the microstructure, phases, and defects in laser-based AM-printed HEAs.
Rapid solidification during AM suppresses phase segregation and elemental partitioning, leading to refined
microstructures with enhanced mechanical properties compared to cast counterparts. Post-treatments, including
annealing, hot isostatic pressing, and laser shock peening, reduce residual stresses and porosities in AM-printed
HEAs. Future opportunities lie in developing compositionally graded, dual-phase, and composite HEAs through
AM to optimize properties further. Standardized models are needed to predict optimized AM parameters for
defect-free printing of new HEAs.

1. Introduction

Since ancient times, the art of alloying has significantly advanced
materials science, evolving from primitive alloying techniques to so-
phisticated methods that enhance mechanical properties. Traditionally,
this involved augmenting a primary metal with minor quantities of other
elements. However, while effective, this method inherently limits the
exploration of potential materials due to its conservative approach to
compositional combinations.

The dawn of the 21st century heralded a paradigm shift with the
advent of HEAs. Introduced through pivotal research in 2004, HEAs
challenge conventional alloying by incorporating multiple principal el-
ements in significant, often equiatomic, concentrations [1,2]. This

strategy confronts traditional methodologies and vastly expands the
compositional landscape for exploration. HEAs exploit the concept of
configurational entropy, potentially stabilizing solid solutions and de-
terring the formation of detrimental intermetallic compounds [3]. This
innovative strategy promises a new frontier in discovering materials
with unprecedented properties.

HEAs encapsulate the unique compositional strategy of these mate-
rials, which contain five or more elements in high concentrations.
Despite the debate over its terminology, the term has gained traction,
underscoring the departure of alloys from conventional alloying phi-
losophies and their potential to revolutionize material science [4].
Introducing multiple alloying elements in similar quantities enables the
formation of a single solid solution, thereby extending the opportunity

List of abbreviations: HEAs, High Entropy Alloys; TWIP, Twinning-Induced Plasticity; TRIP, Transformation-Induced Plasticity; DP-HEA, Dual-Phase High Entropy
Alloys; FCC, Face-Centered Cubic; BCC, Body-Centered Cubic; IHEA, Interstitial High-Entropy Alloy; DED, Directed Energy Deposition; AM, Additive Manufacturing;
L-PBF, Laser Powder Bed Fusion; EB-PBF, Electron Beam Powder Bed Fusion; DMT, Direct Metal Tooling; ECCI, Electron Channeling Contrast Imaging; TEM,
Transmission Electron Microscopy; EBSD, Electron Backscatter Diffraction; XRD, X-ray Diffraction; GFA, Glass-Forming Ability; CALPHAD, Calculation of Phase
Diagrams; HIP, Hot Isostatic Pressing; AI, Artificial Intelligence; VEC, Valence Electron Concentration; UHS, Ultra High Strength; ML, Machine Learning.

* Corresponding author at: Department of Management and Production Engineering, Politecnico di Torino, Corso Duca Degli Abruzzi 24, Turin 10129, Italy.
E-mail address: abdollah.saboori@polito.it (A. Saboori).

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journal homepage: www.elsevier.com/locate/jalcom

https://doi.org/10.1016/j.jallcom.2025.181450
Received 28 March 2025; Received in revised form 4 June 2025; Accepted 5 June 2025

https://orcid.org/0000-0001-7135-1316
https://orcid.org/0000-0001-7135-1316
mailto:abdollah.saboori@polito.it
www.sciencedirect.com/science/journal/09258388
https://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2025.181450
https://doi.org/10.1016/j.jallcom.2025.181450
https://doi.org/10.1016/j.jallcom.2025.181450
http://creativecommons.org/licenses/by/4.0/


Journal of Alloys and Compounds 1034 (2025) 181450

2

to develop new alloy systems. These newly developed alloys, consisting
of more than five elements with similar atomic fractions, are termed
HEAs. The design concept of HEAs leads to a vast increase in possible
combinations for new alloys [5].

Moreover, when applied to HEAs, the challenges in traditional alloy
manufacturing techniques, such as casting, powder metallurgy, and
thermomechanical processing, underscore the importance of innovative
fabrication methods. AM has emerged as a promising solution, offering
increased design freedom and the capability to print topology-optimized
parts with minimal waste. The versatility of AM, coupled with its ability
to address the intrinsic requirements of HEAs, positions it as a suitable
candidate for manufacturing these complex systems cost-effectively. The
rapid rise in research activity at the intersection of HEAs and AM reflects
this growing interest in the field. As shown in Fig. 1, the number of
scientific publications on HEAs has grown substantially in the past
decade, with a sharp increase in studies focused on AM-fabricated HEAs
beginning around 2018. This trend underscores the growing importance
of AM as a key enabler for HEA design and application.

This paper aims to provide a comprehensive review of the current
state of research at the intersection of HEAs and AM. Critical findings on
microstructures, phases, defects, and mechanical properties will be
summarized by analyzing case studies for different HEA systems and AM
techniques. The effects of processing parameters, powder characteris-
tics, and post-treatments will also be discussed. Finally, conclusions on
the advantages AM offers for HEA development and prospects in the
field will be presented.

2. Historical background and concept of HEAs

The concept of HEAs was first proposed by Jien-Wei Yeh and col-
leagues in 2004 to achieve stable single-phase solid solutions by maxi-
mizing configurational entropy [1]. As shown in Fig. 2, the high
configurational entropy of HEAs is achieved by combining multiple
principal elements in near-equimolar ratios. This approach aimed to
create alloys with simple crystal structures such as FCC or BCC, which
are stabilized by the high entropy of mixing. The pioneering work in this
area has opened up new avenues for designing materials with superior
mechanical, physical, and chemical properties [6].

One of the primary advantages of HEAs is their ability to maintain
excellent mechanical properties at high temperatures. This makes them
suitable for applications in extreme environments, such as aerospace
and power generation industries. For example, HEAs have been shown
to retain their strength and resist phase separation and coarsening at
elevated temperatures, a significant advantage over conventional su-
peralloys [8]. HEAs exhibit remarkable resistance to wear, corrosion,
and oxidation, enhancing their applicability in harsh conditions [9].

HEAs unique characteristics are claimed to stem from four core effects:
high entropy, severe lattice distortion, sluggish diffusion, and cocktail
effects [10].

Lattice distortion, a crucial determinant of HEA properties, in-
fluences mechanical characteristics and polymorphism [11]. The high
entropy effect is believed to enhance high-temperature stability,
whereas sluggish diffusion can improve mechanical characteristics and
creep resistance [12]. Recent research, however, has contested these
fundamental effects, especially the sluggish diffusion effect, lacking
experimental data to support their presence for tracer and
self-diffusivities [13]. The cocktail effect denotes the distinctive char-
acteristics arising from combining elements [14]. Despite comprehen-
sive research, a universal parameter for reliably forecasting structure
development in HEAs remains unresolved, necessitating additional
studies to thoroughly comprehend diffusion in these alloys [13].

Building on these theoretical foundations and the core effects of
HEAs, the field has expanded from single-phase compositions to the
development of multiphase HEAs, which leverage metastability for
enhanced mechanical performance.

2.1. Evolution from single phase to multiphase HEAs

The development of HEAs has also led to the discovery of novel
strengthening mechanisms. Unlike conventional alloys, HEAs benefit
from multiple strengthening effects, including solid solution strength-
ening, grain boundary strengthening, and precipitation hardening [15].
These mechanisms work synergistically to provide a unique combina-
tion of strength and ductility, which is often difficult to achieve with
traditional alloy systems. Introducing TRIP and TWIP effects in HEAs
has enhanced their mechanical performance by enabling significant
strain hardening during deformation [16].

Fig. 1. Annual number of scientific publications on HEAs from 2011 to 2025, distinguishing between conventionally produced HEAs (blue) and those related to
AM (orange).

Fig. 2. Schematic representation of HEA composition showing multiple prin-
cipal elements in near-equimolar ratios [7].
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Research has recently expanded beyond the original equiatomic
HEAs to explore non-equiatomic compositions and multi-phase micro-
structures [17]. This has led to the development of dual-phase HEAs,
which leverage metastability to achieve exceptional mechanical prop-
erties. For instance, metastable HEAs that undergo martensitic trans-
formation upon deformation can exhibit enhanced strength and ductility
through the TRIP effect [18].

As illustrated in Fig. 3, the timeline from 2014 to 2022 highlights key
advancements such as phase changes with temperature, the introduction
of DP-HEAs with high strength and ductility, the development of
multiphase HEAs, and innovative synthesis techniques like pressure
synthesis, carbothermal shock, and 3D ink printing. These developments
have progressively improved mechanical properties and expanded the
application potential of HEAs. It is worth noting that most of the HEAs
examined in the early stages were multiphase alloys rather than single-
phase solid solutions.

Complex-engineered HEAs are another type of material that is
frequently classified as a HEA. These alloys are made with a solid so-
lution structure composition and incorporate a variety of innovative
processes to increase thermal stability and mechanical performance.
These materials are typically developed through modifications to the
bulk composition, such as forming intermetallic phases and precipitates,
adding low concentrations (less than 5 at%) of substitutional or inter-
stitial elements, carbide reinforcement, and oxide dispersion
strengthening.

3. Different types of HEAs

HEAs are a diverse class of alloys that derive their unique properties
from multiple principal elements in near-equimolar ratios, offering
innovative alloy designs that surpass the performance of conventional
alloys. These alloys have attracted increasing attention due to their
complex microstructures and the unique configurational entropy asso-
ciated with their compositions. Traditionally, HEAs have been classified
based on their phase constitution, but such classifications are increas-
ingly insufficient for understanding their behavior in advanced pro-
cessing techniques. As the field progresses, particularly with the advent
of advanced manufacturing techniques like AM, there is a growing need
to categorize HEAs based not only on their phase constitution but also on
their mechanisms of strengthening and microstructural characteristics,
significantly affecting their performance during processing. This classi-
fication focuses on deformation mechanisms and the structural features

influencing their properties and processing behavior. The following
sections present this updated classification, which groups HEAs into
categories such as DP-HEAs, Spinodal HEAs, and those exhibiting TRIP
and TWIP effects [7,20]. The design of HEAs involves a combination of
mechanistic alloy design and compositional tuning, as illustrated in
Fig. 4.

3.1. TWIP and TRIP HEA

Theoretical studies have indicated that maximizing configurational
entropy alone is insufficient for forming extensive solid solutions. This
insight has driven the design of non-equiatomic HEAs. The entropy
curve for most transition metal mixtures is relatively flat, suggesting that
significant compositional deviations from equiatomic ratios yield
similar entropy values [21]. This thermodynamic flexibility expands the
alloying possibilities, allowing for true single-phase states and
fine-tuning through compositional modifications, such as altering
stacking fault energy. For example, adding elements like carbon or ni-
trogen can enhance TWIP effects by modifying stacking fault energy,
thereby improving strain-hardening and ductility [20].

Phase transformation strengthening, inspired by metastability engi-
neering in titanium alloys and high-manganese steels, significantly im-
pacts the stability of single-phase HEAs by altering the elemental
composition. Metastable HEAs undergo phase transformations under
stress, leading to the TRIP effect [22]. This mechanism enhances work
hardening and mitigates the traditional strength-ductility trade-off. Li
et al. studied the TRIP-DP effect in non-equiatomic Fe80− xMnxCo10Cr10,
containing 28 % HCP and 72 % FCC phases. This alloy exhibited a hi-
erarchical laminate microstructure with martensitic transformations (γ
FCC → ε HCP and ε HCP → γ FCC) under deformation. The reversible
martensitic transformation refined the microstructure, relieved stress
concentrations, and delayed catastrophic failure, thus enhancing work
hardening without sacrificing ductility [23].

The design criteria for achieving single-phase solid solutions in HEAs
have been well explored; VEC is critical for determining the stability of
single-phase FCC (VEC ≥ 8) and BCC (VEC < 6.87) solid solutions [24].
However, the limited hardening mechanisms in single-phase HEAs,
primarily dislocation interaction and solid-solution strengthening,
restrict their strain-hardening capacity and the achievable
strength–ductility combination.

Using non-equiatomic HEAs allows the tuning of compositions to
introduce multiple deformation mechanisms, improving the

Fig. 3. Timeline of key HEA developments from 2014 to 2022, including dual-phase HEAs, multiphase HEAs, and advanced synthesis techniques [19].
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strength–ductility range. High ductility in strong metallic alloys can be
achieved when different deformation mechanisms are sequentially
activated during loading, such as additional twinning and phase trans-
formation at higher deformations, as seen in TWIP and TRIP steels. The
TWIP and TRIP effects are mainly determined by the stacking fault en-
ergy, the energy associated with interrupting the normal stacking
sequence. The intrinsic stacking fault energy of FCC-structured alloys
can be expressed as:

γI = 2qAΔGFCC→HCP +2σFCC→HCP (1)

Where ΔGFCC→HCP is the molar free energy difference between the FCC
and HCP phases, qA is the planar packing density (moles/area) of a close-
packed plane, and σFCC→HCP is the coherent FCC-HCP interfacial energy.
For transition metals, the interfacial energy is assumed to be 10 ± 5 mJ/
m². Thus, the intrinsic stacking fault energy is mainly determined by the
free energy difference between the FCC and HCP phases for composi-
tions with similar planar packing densities. Therefore, TWIP and TRIP
effects can be optimally tuned by phase instability related to the free
energy difference between phases rather than maximizing entropy-
driven thermodynamic stability of the host FCC solid solution [25].

A recent study has shown that non-equiatomic HEAs can achieve
exceptional mechanical properties by leveraging the TRIP and TWIP
effects. For example, the Fe80− xMnxCo10Cr10 system demonstrates a
decrease in ΔGFCC→HCP with reduced Mn content, affecting phase
constitution and stability [5]. The Fe50Mn30Co10Cr10 alloy, with lower
Mn content, undergoes a partial martensitic transformation from FCC to
HCP phase, forming a dual-phase HEA that enhances strength and
ductility [5,23]. Similarly, reducing Ni content in the Co20Cr20Fe40-

− yMn20Niy system induces a transition from single FCC to a dual-phase
structure, significantly improving tensile strength and strain-hardening
ability compared to the equiatomic Co20Cr20Fe20Mn20Ni20 alloy [5].

Fig. 5 illustrates the various tuning mechanisms employed in NE-
HEA designs. It highlights the transition from substitutional solid solu-
tion (SS), dislocation interactions, and grain boundary strengthening in
simpler systems to more complex dual-phase, TWIP, TRIP, stacking
faults, and nanoprecipitates mechanisms in advanced non-equiatomic
HEAs. This demonstrates how tuning the deformation mechanisms
through compositional adjustments can significantly enhance the me-
chanical properties of HEAs, providing a broad range of strength and
ductility [25].

When designing non-equiatomic dual- or multiphase HEAs, it is
crucial to ensure uniform distribution of multiple principal elements or
controlled partitioning to maintain high solid-solution effects and mix-
ing entropy in all phases. This approach avoids brittle intermetallic
compounds and promotes deformation-driven athermal martensitic
transformation without chemical gradients across phase boundaries
[26]. Introducing minor interstitial elements, such as carbon, can
further enhance mechanical properties by increasing stacking fault en-
ergy, thus improving strain-hardening ability through TWIP and TRIP
effects and contributing to interstitial solid-solution strengthening [27].

3.2. Spinodal HEA

Spinodal decomposition is a critical mechanism in HEAs that en-
hances their remarkable mechanical properties through nanoscale phase
separation. This process involves the transformation of a homogeneous
solid solution into two or more distinct phases, each enriched in
different elements, without altering the overall composition. This phase
separation results in fine-scale microstructural modulation, which im-
proves the material’s strength and ductility. Contrary to the ’high mix-
ing entropy’ theory, increasing the number of elements in HEAs can
enhance the likelihood of spinodal decomposition [28]. This process
leads to compositional heterogeneity, which can improve strength and
ductility in HEAs [29]. In-situ studies have shown that spinodal
decomposition can occur at high temperatures, resulting in coherent
phase mixtures through atomistic redistribution [30]. Phase-field

Fig. 4. Schematic illustrating different strategies for designing HEAs. The diagram shows the integration of mechanistic alloy design and compositional tuning to
achieve various types of HEAs with distinct effects and properties [7].

Fig. 5. Different deformation mechanisms in various multicomponent
HEAs [25].
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modeling has investigated different phase transformation pathways in
two-phase HEAs, considering factors such as equilibrium volume frac-
tions, free energy landscapes, and elastic modulus mismatch [31]. These
findings provide valuable insights for designing HEAs with tailored
microstructures and enhanced mechanical properties by manipulating
spinodal decomposition processes.

The schematic of spinodal decomposition and Gibbs free energy
curves for a ternary alloy is illustrated in Fig. 6. Initially, a homogeneous
solid solution is present before decomposition (a). Post-decomposition,
the microstructure reveals distinct A-rich (red) and B-rich (green) re-
gions (b). The Gibbs free energy curves (c) indicate potential decom-
position directions and energy reductions (ΔG1 and ΔG2). Increasing the
number of elements enhances the possible spinodal decomposition di-
rections, leading to different Gibbs free energy decrease rates.

Fig. 7 further demonstrates the effects of spinodal decomposition and
precipitation hardening in HEAs: (a) shows the spinodal strengthened
BCC phase in Al0.7CoCrFeNi HEA, displaying jerky dislocation motion
indicated by serrated plastic flow. The top right image shows the spi-
nodally induced compositional modulation. Additionally, the BCC-FCC
interface contributes to simultaneous interphase boundary strength-
ening, giving rise to significant residual stresses in the BCC grain close to
the interface. (b), illustrates the effect of precipitation hardening by
adding Al and Ti to a single-phase FCC CoCrFeNi HEA, resulting in a
significant increase in tensile strength without a substantial loss of
ductility. The hardening mechanism is attributed to ordered coherent
FCC Ni3(Ti, Al) nanoprecipitates, as seen in 3DAP elemental maps.

3.3. Maraging HEA

The advancement of ultra-high-strength metallic materials exhibit-
ing strengths above 2.0 GPa and uniform tensile strains beyond 8 % has
consistently been a pivotal objective for rigorous structural applications,
including airplane landing gear, rocket casings, high-performance shafts
and tubes, and high-strength fasteners. This issue has been partially
addressed by maraging high-entropy alloys, which achieve superior
mechanical properties via martensitic transformation and precipitation
hardening. These materials experience a two-stage heat treatment pro-
cess: austenitization, followed by quenching to produce martensite, and
aging to induce the precipitation of nanoscale intermetallic compounds.
[33,34].

After aging heat treatments, yield strengths on the order of
~2.0–2.2 GPa have been reported alongside uniform elongations of
~5–10 % [35]. Hardness values can exceed 550–600 HV due to the
dense dispersion of nanometer-scale precipitates in the matrix [36].
These alloys derive strength from a martensitic BCC lath structure su-
persaturated with multiple elements, much like conventional maraging
steels [36]. Upon aging, finely dispersed intermetallic precipitates (e.g.,
Ni3(Ti,Mo), (Fe,Co,Ni)7Mo6 or Cu-rich B2 phases) form within the laths
[35,36], which impede dislocation motion and elevate strength. At the
same time, the maraging process (martensite aging) reduces lattice de-
fects from quenching and thus helps maintain good fracture toughness
[37].

Lee et al. developed the Fe71.25(CoCrMnNi)23.75Cu3Al2 maraging
HEA, which was annealed at 450 ◦C for different durations (1, 3, 5, and
7 h). This process formed nanosized (B2 intermetallic) Cu-enriched
precipitates (~5 nm), significantly improving hardness. The Aged_7h
sample achieved 597 HV microhardness, 2079 MPa yield strength, and
2843 MPa ultimate compressive strength. Fig. 8(a) shows a TEM bright-
field image of the Aged_7h sample with lath martensite grains, while
Figs. 8(b) and 8(c) display selected area diffraction patterns along ferrite
[1‾1‾2] and [001], respectively. Fig. 8(b) reveals twins in the
martensite and a twinning relationship of [01‾1]t//[1‾1‾2]α. The Dark
Field (DF) image from Fig. 8(c) shows a uniform distribution of fine
nanoprecipitates, contributing to the alloy’s improved mechanical
properties [36]. Similarly, Haftlang et al. designed Fe68Ni10Mn10Co10-

Ti1.5Si0.5 as a new maraging HEA alloy that exhibited high yield strength
(~1.3 GPa) and elongation (~25.3 %) through microstructural engi-
neering [38].

Additionally, the potential applications of maraging HEAs have been
broadened through their integration into high-temperature shape
memory alloy-based research. The search for alternatives with enhanced
transformation behavior has been motivated by the limitations of con-
ventional near-equiatomic NiTi-based shape memory alloys at elevated
temperatures. CuNiHfTiZr-based HEAs have emerged as promising
candidates in this context. To investigate the impact of the Cu content on
the martensitic transformation characteristics, researchers classified
alloying elements into two subgroups, (CuNi)₅₀ and (HfTiZr)₅₀, based on
solubility and electron configuration. Among the compositions that were
examined, Cu₁₅Ni₃₅Hf₁₆.₆₇Ti₁₆.₆₇Zr₁₆.₆₇ exhibited high transformation
temperatures, narrow thermal hysteresis, and outstanding dimensional
stability—traits that are essential for ensuring dependable shape mem-
ory performance at elevated temperatures. These results underscore the
potential of martensitic HEAs to broaden the operational scope of shape
memory technologies [39].

Using the compositional flexibility of HEAs, researchers are con-
ducting experiments to develop alloying strategies that integrate mul-
tiple reinforcing mechanisms. For example, precipitate hardening is
intentionally combined with TRIP or TWIP effects in recent alloys. This
method, which is occasionally referred to as TRIP-assisted maraging
HEA, is designed to achieve an exceptional strength-ductility balance by
employing a ductile phase (e.g., retained austenite) that undergoes
transformation or twining under stress, thereby continuously increasing
work-hardening [7]. Minor modifications of elements such as Al, Ti, Nb,
or Ta are also being investigated to facilitate the formation of ordered
nanoprecipitates (e.g., Ni3Al, Ni3Ti), which have the potential to
enhance the stability and strength of materials at high temperatures.
Developing cobalt-free or low-cost maraging HEA compositions is
another significant trend that aims to reduce dependence on strategic
elements without sacrificing performance [40].

3.4. Metallic glass HEA

High Entropy Metallic Glasses (HE-MGs) are amorphous materials
combining features of traditional bulk metallic glasses and crystalline
HEAs. These alloys exhibit disordered atomic structures and contain
multiple principal elements in near-equiatomic proportions [41].

Fig. 6. Diagram of spinodal decomposition and Gibbs free energy curves for a
ternary alloy. (a) Initial homogeneous solid solution. (b) Post-decomposition
microstructure, with A-rich (red) and B-rich (green) areas. (c) Gibbs free en-
ergy curves during decomposition. Orange and blue arrows indicate potential
decomposition paths. Adding more elements increases possible decomposition
directions, with varying rates of Gibbs free energy reduction (e.g., |ΔG₂| > |Δ
G₁|) [28].
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HE-BMGs demonstrate remarkable mechanical, electrochemical, and
magnetic properties, including high strength, hardness, and corrosion
resistance [42]. Their unique composition and structure result in slower
crystallization kinetics and high thermal stability, making them suitable
for high-temperature applications [43]. However, HE-BMGs generally
have poor glass-forming ability compared to traditional MGs [44]. The
fabrication of HE-BMGs involves rapid cooling techniques to prevent
crystallization and maintain the amorphous structure [42]. These alloys
show promise for various applications, including wear-resistant com-
ponents, corrosion-resistant materials, and high-temperature environ-
ments [43].

In addition to thermal stability and glass-forming ability, the me-
chanical characteristics of HEAs can be significantly improved by adding
Fe-based metallic glasses as a reinforcing phase. This reinforcing phase
is spread uniformly across the FeCoCrNiMn HEA matrix. Recent studies
have demonstrated the potential of L-PBF for developing metallic glass
HEA. Wang et al. successfully printed a bimetal composite of HEA and
metallic glass, combining their advantageous properties [45]. Ewald

et al. introduced a rapid alloy development method using elemental
powder blends in L-PBF, enabling efficient screening of new HEAs [46].
However, Hadibeik et al. highlighted challenges in achieving glass for-
mation during in situ Zr-based Bulk Metallic Glass (BMG) alloying from
HEAs, primarily due to unmelted raw powder [47]. Sohrabi et al. opti-
mized L-PBF processing for a Zr-based BMG (Zr59.3Cu28.8Al10.4Nb1.5, in
at%), achieving high density and excellent mechanical properties,
although nanocrystals were detected in heat-affected zones [48].

These studies collectively illustrate the potential and challenges of L-
PBF in fabricating HEA-metallic glass composites, underscoring the
necessity of additional research to optimize material properties and
surpass processing limitations.

3.5. Interstitial HEA

iHEAs have emerged as a promising class of materials with enhanced
mechanical properties. Adding interstitial elements like carbon and ni-
trogen to HEAs can significantly improve their strength and ductility

Fig. 7. (a) The spinodally strengthened BCC phase in Al0.7CoCrFeNi HEA showing serrated plastic flow due to jerky dislocation motion. The top right image
highlights the compositional modulation induced by spinodal decomposition. The BCC-FCC interface contributes to interphase boundary strengthening, resulting in
significant residual stresses in the BCC grain near the interface. (b) The effect of adding Al and Ti to a single-phase FCC CoCrFeNi HEA results in a significant increase
in tensile strength without considerable loss of ductility. This hardening mechanism is attributed to ordered coherent FCC Ni3(Ti, Al) nanoprecipitates, as shown in
3DAP elemental maps [32].
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[21]. These iHEAs benefit from multiple strengthening mechanisms,
including TWIP, TRIP, and solid solution strengthening. Carbon and
nitrogen co-doping can enhance phase stability and mechanical prop-
erties in metastable HEAs [49]. iHEAs exhibit significant cyclic hard-
ening and stress level-dependent ratcheting behavior under cyclic
loading conditions. The content of interstitial atoms, microstructures,
and element distributions plays crucial roles in determining the me-
chanical properties of iHEAs. Understanding the interactions between
interstitial atoms and HEAs with various crystal structures is essential
for developing advanced iHEAs with desired strength-ductility synergy
[50].

3.6. Dual-phase HEA

In the initial design idea of HEAs, phase separation was often seen as
undesirable since it indicated inadequate configurational entropy to
stabilize a single solid solution phase. However, a change of perspective
shows that the presence of dual-phase structures and metastability may
provide distinct advantages. This method may allow for the synergistic
effects of both phases, improving the material’s overall qualities. A dual-
phase microstructure, in particular, may promote interface hardening
due to the high-temperature phase’s lower thermal stability.

DP-HEAs, containing FCC and BCC phases, exhibit exceptional
strength-ductility synergy through complex microstructures [51,52].
The interplay between FCC and BCC phases and semi-coherent phase
boundaries strengthens mechanisms and dislocation accumulation [53].
L-PBF can produce DP-HEAs with modulated nano-sized lamellar or
cellular structures, resulting in high ultimate tensile strength and good
ductility [54]. The mechanical and magnetic properties of DP-HEAs can
be tailored by adjusting the volume fraction of individual phases, with

BCC phases generally exhibiting higher hardness and saturation
magnetization compared to FCC phases [55]. Various deformation
mechanisms, including dislocation slip, twinning, and phase transitions,
contribute to the overall performance of DP-HEAs [54]. These findings
highlight the potential for designing high-performance DP-HEAs with
tailored properties for specific applications.

3.7. Microalloyed HEA

Microalloying in HEAs can significantly enhance mechanical prop-
erties through various strengthening mechanisms. Adding small
amounts of elements like C, Mo, Ti, V, and Nb to CrMnFeCoNi-based
HEAs can lead to grain refinement, solid solution strengthening, and
precipitation hardening [56]. These microalloying elements can intro-
duce secondary phases, such as carbides and Laves, improving strength
[57]. The processing route, including mechanical alloying and sintering,
is crucial in microstructural evolution and phase formation [58]. Grain
boundary strengthening, solid solution hardening, and precipitation
hardening are primary contributors to the enhanced yield strength in
micro-alloyed HEAs. However, forming certain phases, like Laves, may
improve strength at the cost of ductility [57]. Optimizing microalloying
composition and processing parameters can lead to HEAs with superior
mechanical properties compared to conventional alloys [56].

4. Mechanical properties and challenges

HEAs offer a promising solution to the strength-ductility trade-off
challenge in alloy design. Various strategies have been proposed to
achieve synergistic improvements in both properties. These include
designing heterogeneous grain structures combined with oxide-

Fig. 8. TEM micrographs of the Aged_7h sample. (a) BF image of ferrite lath grains; (b) SAD pattern for two neighboring grains with a twinning relationship; (c) SAD
pattern along the [001] axis; (d) dark field image from the reflection near (100) in (c), showing the homogeneous distribution of fine nanoprecipitates. Transmission
beam. T: transmission beam [36].
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dispersion strengthening [59], lowering stacking fault energy, regu-
lating short-range order, promoting TRIP, and constructing heteroge-
neous microstructures [60]. Introducing micro-banding and
accumulating high dislocation densities has also shown potential in
improving strength and ductility[61]. The deformation mechanisms of
HEAs, such as back stress hardening and dislocation hardening,
contribute to their enhanced mechanical properties. Factors governing
HEA deformation performance influence alloy design, and future
research directions may focus on novel strategies to advance the field.
These approaches demonstrate the potential of HEAs to overcome
traditional strength-ductility trade-offs in alloy design [61,62].

To further comprehend the mechanical diversity of HEAs, they must
be classified according to their major deformation mechanisms or
microstructural properties. Fig. 9 presents the representative mechani-
cal parameter ranges (yield strength, ultimate tensile strength, elonga-
tion, and hardness) for key HEA types such as FCC, BCC, dual-phase,
TWIP, TRIP, and maraging.

Each type of HEA offers unique properties that make it suitable for
various applications. TWIP HEAs exhibit exceptional ductility and
strain-hardening capabilities, making them promising for structural
applications. These alloys demonstrate high yield strengths ranging
from 180 MPa to 1012 MPa, with elongations of up to 73 % [63,64]. The
extraordinary mechanical properties are attributed to cooperative
planar slipping and twinning mechanisms resulting from low stacking
fault energy [64]. Factors influencing TWIP behavior include composi-
tion, grain size, temperature, and strain rate. Cryogenic pre-deformation
and subsequent annealing can tune the microstructure and enhance
strength-ductility combinations [65]. TRIP HEAs demonstrate excep-
tional combinations of strength and ductility through phase trans-
formation mechanisms. An Al5Cr20Fe35Co35Ni5 TRIP HEA achieved
gigapascal-level yield strength (1100–1260 MPa) with high uniform
elongation (29–39 %) due to ultrafine-grained microstructure and dy-
namic B2 phase precipitation [66]. FCC-BCC phase transformation in
Co25Ni25Fe25Al7.5Cu17.5 HEA enhanced strength and ductility, influ-
enced by factors like short-range order, lattice distortion, and strain rate
[67]. In Ti-10V-2Fe-3Al, nanoscale ω phase precipitates combined with
TRIP mechanisms increased yield strength fourfold without significant
ductility loss [68]. Friction stir processing of Fe50Mn30Co10Cr10 TRIP
HEA resulted in smaller grain sizes and optimized phase fractions,
leading to enhanced strength and ductility through synergistic
strengthening mechanisms [69].

Spinodal, maraging, and metallic-glass HEAs offer high strength and
corrosion resistance, making them suitable for aerospace and tooling

applications. In Al0.6CoFeNiCr0.4 HEAs, proper spinodal decomposition
of the FCC phase optimizes strength and ductility, while excessive
decomposition has adverse effects [70]. Similarly, spinodal decompo-
sition influences yield stress in Cu-Ni-Cr alloys through lattice parameter
changes [71]. For refractory BCC HEAs, spinodal
decomposition-induced compositional heterogeneity can achieve high
strength and ductility, as demonstrated in (TiZrNbTa)98.5Al1.5 with a
characteristic periodicity of ~8 nm [29].

4.1. Strengthening mechanisms in HEAs

4.1.1. Solid solution strengthening
Numerous variables, such as the atomic size difference (δ), mixing

enthalpy (ΔHmix), and VEC, influence the formation of solid solutions in
HEAs [72]. Among these, atomic size mismatch plays a critical dual role
that governs phase stability and solid solution strengthening. A higher
misfit typically leads to greater lattice distortion, which enhances me-
chanical strength by impeding dislocation motion [73]. For example, in
the CoCrFeNiX₀.₄ (X = Al, Nb, Ta) systems, strengthening increases
significantly with the addition of large solute atoms. However, this effect
does not always scale linearly with atomic radius due to competing
phenomena such as phase separation and precipitation [74].

Empirical criteria have been proposed to promote the formation of
single-phase solid solutions; δ should be less than 4.27 %, and ΔHmix
should range between –7.27 and + 4 kJ/mol [72]. In parallel, VEC has
been identified as a key predictor of phase structure. Studies by Jiang
et al. and Guo et al. show that FCC solid solutions are generally favored
when VEC exceeds 8, while BCC phases tend to form when VEC falls
below 6.87 [72,75].

Understanding and controlling these parameters, δ, ΔHmix, and VEC,
is essential for designing HEAs with tailored phase structures and me-
chanical properties. Chen et al. demonstrated that microhardness in BCC
Al-containing refractory HEAs correlates strongly with the atomic size
difference [76]. Similarly, Thirathipviwat et al. reported that lattice
distortion in TiNbHfTaZr alloys increases with atomic size mismatch,
enhancing solid solution strengthening [73]. Li et al. extended this
concept by proposing a model in which yield strength in both FCC and
BCC HEAs scales quantitatively with atomic radius mismatch, empha-
sizing the importance of localized strain fields in strengthening [77].

In addition to these factors, the interplay between enthalpic and
entropic contributions also governs phase formation. While high
configurational entropy (ΔSconfig) favors disordered solid solutions,
large positive or negative values of ΔHmix can lead to intermetallic

Fig. 9. Summary of mechanical property ranges for different classes of high-entropy alloys (HEAs), including FCC, BCC, dual-phase (DP), TWIP, TRIP, and mar-
aging HEAs.
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formation. To address this complexity, integrated design parameters
such as Ω, which combine ΔH_mix and ΔSconfig, are increasingly used to
predict phase stability. As such, accurate phase prediction in HEAs re-
quires a holistic understanding of thermodynamic parameters, atomic
interactions, and their collective effect on structural and mechanical
stability.

4.1.2. Grain boundary strengthening
Grain Boundaries (GBs) are essential in determining a material’s

microstructure and mechanical characteristics. Atoms near GBs vary
from their ordered lattice organization to accommodate the mismatch
between surrounding grains, resulting in grain borders with greater
energy than grain interiors. Fine-grained microstructures in HEAs in-
crease the grain boundary area, providing more barriers to dislocation
motion and increasing strength. This effect was particularly noted in the
grain-refined states of the TRIP-DP HEAs studied by Li et al., where the
average grain size was significantly reduced, improving mechanical
performance [62].

4.1.3. Precipitation hardening
The formation of nano-sized precipitates can further strengthen the

alloy by obstructing dislocation motion. The interaction between dis-
locations and precipitates, resulting in precipitate shearing and Oro-
wan/Hirsch loop formation, contributes to the improved mechanical
properties of precipitation-hardened HEAs [78]. Studies have shown
that introducing nanoscale precipitates, such as L12 and B2/bcc phases,
can significantly improve strength while maintaining ductility in HEAs
[79]. Pre-deformation can accelerate precipitation kinetics, reducing
peak-aging time [80]. Careful alloy design, supported by thermody-
namic computations, can yield HEAs with uniform nanoscale pre-
cipitates upon annealing, leading to substantial increases in hardness
[81].

4.1.4. TRIP and TWIP effects
The introduction of TRIP and TWIP effects has further enhanced the

mechanical performance of HEAs. The TRIP effect, involving trans-
forming metastable phases under mechanical stress, provides additional
strain-hardening and delays necking, thereby enhancing ductility. The
TWIP effect, where twinning occurs during plastic deformation, ac-
commodates strain and contributes to higher ductility and work-
hardening rates. These effects are particularly advantageous in dual-
phase HEAs, where controlled phase transformations during deforma-
tion lead to superior mechanical properties [82,83].

TRIP-DP HEAs represent a significant innovation in alloy design
aimed at overcoming the limitations of traditional HEAs by achieving an
optimal balance between strength and ductility. This is accomplished by
exploiting TRIP effects, where metastable phases transform under me-
chanical stress, providing additional mechanisms for strain accommo-
dation. The concept of TRIP-DP HEAs, advanced by Li et al., focuses on
the Fe50Mn30Co10Cr10 alloy, which leverages the TRIP effect by trans-
forming a metastable FCC phase into an HCP phase under mechanical
stress. This phase transformation enhances strain hardening and delays
necking, improving ductility. Fig. 10 illustrates that the deformation-
induced martensitic transformation from FCC to HCP occurs with
increasing tensile deformation at room temperature. The EBSD phase
maps (Fig. 10(a)) reveal this progression with increasing local strain
(εloc). ECCI analyses (Fig. 10(b)) illustrate the evolution of defect sub-
structures in both phases, and schematic sketches (Fig. 10(c)) depict the
development of stacking faults and mechanical twins, contributing to
the alloy’s strain hardening capability [5].

The microstructure of TRIP-DP HEAs is critical to their mechanical
performance, featuring a dual-phase structure consisting of a metastable
FCC matrix and an HCP phase. The metastable FCC phase undergoes
martensitic transformation to the HCP phase during deformation, which
provides continuous strain hardening and improves the material’s
resistance to failure [84].

Raabe et al. expanded on this by incorporating interstitial elements
such as carbon into the Fe49.5Mn30Co10Cr10 alloy. The addition of carbon
led to the formation of nano-carbides, which not only enhanced the
stability of the FCC phase but also introduced additional strengthening
mechanisms like precipitation hardening [85]. Fig. 11 shows that the
manganese content significantly influences phase stability and the
activation of transformation mechanisms like TWIP and TRIP effects.
The XRD patterns and EBSD phase maps illustrate the progression from
HEAs containing 45 at% Mn to DP-HEAs containing 30 at% Mn. This
progression involves alterations in phase constitution and stability,
facilitating the activation of specific transformation mechanisms [5].

The mechanical behavior of TRIP-DP HEAs is characterized by a
remarkable combination of high strength and excellent ductility,
attributed to the synergistic effects of the TRIP mechanism and the dual-
phase microstructure. Comparative studies have highlighted the supe-
rior mechanical properties of TRIP-DP HEAs over traditional single-
phase HEAs and conventional alloys. In conclusion, TRIP-DP HEAs
represent a significant breakthrough in materials science, offering a
promising solution to the long-standing challenge of balancing strength
and ductility. By leveraging the unique properties of metastable phases
and the TRIP effect, these alloys provide a robust platform for devel-
oping advanced materials with exceptional mechanical performance.

4.2. Challenges and strategies

Despite the advantageous characteristics of high-entropy alloys, they
face a multitude of intrinsic obstacles in their pursuit of optimal me-
chanical performance. HEAs frequently demonstrate an inverse rela-
tionship between ductility and strength, similar to conventional alloys.
Strength-enhancing strategies, such as solid solution strengthening or
precipitation hardening, typically diminish ductility. For instance, FCC
HEAs commonly exhibit exceptional ductility but relatively low
strength, while BCC or HCP HEAs attain high strength at the expense of
ductility [86]. The design of HEAs with a balanced combination of high
strength and high ductility for structural applications continues to be
significantly impeded by this longstanding strength–ductility trade-off.

The complex multicomponent nature of HEAs presents a challenge in
controlling their microstructure, including particle size, phase distri-
bution, and defects. Chemical segregations and coarse or heterogeneous
microstructures can result from conventional casting or manufacturing,
compromising mechanical performance. In HEAs, the attainment of
uniform, refined grains or tailored phase morphologies frequently ne-
cessitates meticulous thermomechanical procedures, and the results are
less predictable than those of simpler alloys. Conventional heat treat-
ments or forging methods cannot reliably regulate microstructural fea-
tures due to the potential for elemental segregation and multi-element
diffusion processes [87].

It is not easy to guarantee stable phases in HEAs under various ser-
vice conditions and temperatures. Although HEAs are frequently
intended to produce single-phase solid solutions, the formation of sec-
ondary phases (e.g., ordered intermetallics or brittle compounds) or
phase separation can be induced by even minor composition or pro-
cessing changes in practice. A complex endeavor is predicting phase
stability in the vast compositional space of HEAs, as phase formation is
influenced by numerous thermodynamic and atomic size factors [88].
Optimizing mechanical properties by maintaining a desired phase
constitution, such as avoiding unwanted precipitate formation or phase
transformations at high temperatures, is a substantial challenge.

Numerous deformation mechanisms can be involved in the me-
chanical behavior of HEAs, including dislocation slip, mechanical
twinning, and transformation-induced plasticity. It is challenging to
optimize these mechanisms. The typical strength-ductility trade-off can
be mitigated by activating phenomena such as TWIP or TRIP, signifi-
cantly improving work-hardening capacity and durability. Nevertheless,
this requires precise regulation of phase metastability and stacking fault
energies through alloy composition and thermal treatment. Identifying
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Fig. 10. Deformation mechanisms in TRIP-DP HEAs under increasing tensile strain at room temperature. (a) EBSD phase maps show the strain-induced martensitic
transformation. εloc represents local strain, and TD is the tensile direction. (b) ECCI images reveal the evolution of defects in FCC (γ) and HCP (ε) phases. g indicates
the diffraction vector. (c) Schematics illustrate the microstructural processes, including the formation of stacking faults and mechanical twins [5].
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compositions that simultaneously promote beneficial deformation
modes (and sequencing them appropriately during deformation) is pri-
marily a matter of trial and error [87,89,90].

The traditional alloy design rules and models frequently fail due to
the complex interplay of multiple principal elements and the massive
compositional design space of HEAs. There is a lack of predictive
frameworks capable of directing the development of HEA toward the
desired mechanical properties. The design of conventional alloys is
facilitated by decades of empirical rules and phase diagrams. However,
the multiplicity of equivalent elements in HEAs makes such guidelines
insufficient. Consequently, researchers have identified a lack of pre-
dictive structure-property relationships and design guidelines for HEAs
due to the complex interactions and vast configurational space [91].
Reliable models for predicting mechanical behavior and phases are still
in the early stages of development, such as through CALPHAD,
high-throughput calculations, or machine learning. Many HEA discov-
eries are compelled to rely on extensive experimentation due to this
disparity in predictive capability, which impedes optimization.

AM has recently emerged as a plausible solution to many of the
aforementioned challenges. AM techniques provide unparalleled control
over solidification and processing, which can be utilized to customize
HEA microstructures in a manner that is not feasible with conventional
methods. For example, laser-based AM procedures necessitate cooling
rates of approximately 105–106 K/s [92]. The rapid solidification of the
melt pool is a result of the exceptionally high cooling rates in AM,
particularly L-PBF and DED. This promotes the development of refined,
non-equilibrium microstructures and suppresses elemental segregation
[93,94].

Consequently, AM-built HEAs frequently consolidate into single-
phase or extremely fine multi-phase structures, as opposed to the
coarse dendrites or massive segregations typical of castings. In the as-
built state, this refined microstructure is advantageous for improving
chemical homogeneity and mechanical properties. By simultaneously
strengthening the alloy and conserving ductility, this capacity to
customize microstructures (e.g., attaining ultrafine grains or metastable
phase dispersions) mitigates the strength–ductility conflict [95].

Additionally, AM enables phase engineering through in-situ
composition adjustments and controlled processing. The fabrication of
novel HEA compositions and gradients in the process is made possible by
techniques such as DED, which can conduct in-situ alloying of elemental
powders or wires during construction. This paves the way for compo-
sitionally graded or dual-phase HEAs within a single component, where
various sections have phase constitutions optimized for local properties
[96,97].

In conclusion, AM offers an extensive toolbox that can be used to
address microstructural control concerns, improve phase stability
(through rapid quenching or deliberate phase distribution), and reduce

the need for trial-and-error (through rapid prototyping of tailored
compositions) by utilizing high cooling rates, far-from-equilibrium so-
lidification, and flexible feedstock mixing. The subsequent section will
investigate the compelling nature of AM as a method for enhancing the
mechanical performance of HEA. This is due to its capabilities.

Despite these benefits, challenges such as fracture, porosity, and
anisotropy remain and necessitate meticulous optimization of process
parameters and post-processing. Parameter control is essential because
the high cooling rates in AM can suppress both undesired phases and
induce residual stresses. The subsequent sections offer a focused exam-
ination of the impact of L-PBF, DED, and EB-PBF processes on the
structure and performance of HEAs, highlighting both the most recent
advancements and the ongoing challenges in this emerging discipline.

5. AM of HEAs using DED

DED has emerged as a versatile AM technique for fabricating HEAs.
This review comprehensively explores the application of DED in HEAs,
focusing on the influence of process parameters on microstructural
evolution and mechanical properties. We discuss the challenges, recent
advancements, and future directions in the DED of HEAs, highlighting its
potential for creating compositionally graded materials and advanced
engineering applications.

HEAs have garnered significant interest due to their exceptional
mechanical properties, thermal stability, and corrosion resistance. DED,
an advanced AM technique, offers a promising approach to fabricating
these complex alloys with precise control over composition and micro-
structure. This review provides a detailed analysis of the DED process for
HEAs, examining the critical process parameters, microstructural evo-
lution, mechanical properties, and challenges associated with this
technology. Table 1. shows the different types of HEAs used in various
studies made by DED.

5.1. Critical process parameters

DED involves using a high-energy source, such as a laser or electron
beam, to melt and deposit material onto a substrate [113,114]. The
feedstock material, typically in powder form, is fed into the melt pool
created by the energy source [115,116]. This layer-by-layer deposition
process allows for the creation of complex geometries and the in-situ
alloying of elements, making it ideal for fabricating HEAs [103,105,
117].

5.1.1. Laser power
Laser power is a crucial processing parameter in the DED of HEAs. It

directly influences the dynamics of the melt pool, cooling rates, solidi-
fication microstructure, defect formation, and finally, the mechanical
characteristics of the deposit. Optimizing laser power is essential for
attaining dense, crack-free constructions with favorable microstructure
and properties [118,119]. Higher laser power results in a larger, hotter
melt pool that solidifies more slowly, whereas lower power generates a
smaller pool that cools quickly. Increasing laser power at constant travel
speed reduces DED’s effective cooling rate. A higher heat input increases
the dwell time of liquid metal and lowers thermal gradients, giving the
molten pool more time to solidify. In contrast, low power causes fast
solidification. The change in cooling rate significantly impacts grain
structure and phase development. A slower cooling rate (high power)
promotes coarser grains. It even allows secondary phases to develop,
whereas a quick cooling rate (low power) favors finer grains and can
"freeze in" metastable microstructures [120,121].

For example, Kovalenko et al. note that using very high laser powers
(up to ~2–3 kW) in FeCoNiCrMn DED significantly lowers cooling rates,
encouraging grain growth. In this study, reducing the cooling rate via
high power enabled an FCC + BCC dual-phase microstructure instead of
a single-phase structure due to extended solidification time [122]. More
generally, an increase in laser power gives the liquid more time to

Fig. 11. XRD patterns and EBSD phase maps of Fe80− xMnxCo10Cr10 (x = 45 at
%, 40 at%, 35 at%, and 30 at%) HEAs [5].
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equilibrate, often resulting in larger dendrite arm spacings and reduced
constitutional undercooling ahead of the solidification front. The ther-
mal gradient (G) to solidification rate (R) ratio shifts so that grain
growth remains columnar/axial in the build direction [123].

Xiang et al. (DED of CrMnFeCoNi) observed that builds made at
1000–1400 W contained a mix of columnar and equiaxed grains, with
the grain structure becoming more columnar at the higher end of this
power range [124]. Similarly, Tong et al. reported that as laser power
increased, dendritic columnar grains in FeCrCoMnNi grew significantly
thicker (larger dendrite arm spacing) [125]. In essence, higher laser
power leads to coarser, more columnar grains, whereas lower power
encourages finer or partially equiaxed microstructures if other param-
eters are held constant.

Laser power can also tilt the phase balance in multi-phase HEAs by
influencing the solidification pathway. A higher heat input tends to
favor the stability of high-temperature phases (like FCC) at the expense
of brittle ordered phases (like B2 or other intermetallics) since slow
cooling gives more time for phase transformations or element parti-
tioning. For instance, a DED study on an Al-containing HEA (Al0.5Fe-
CoCrNi) found that increasing laser power from 1000 W to 1800 W
dramatically reduced the fraction of B2 phase in the as-deposited ma-
terial (from ~16.5 % down to ~2 %) [123]. The higher peak tempera-
tures and prolonged cooling at 1800 W allowed the B2 phase to dissolve
or transform into the more ductile FCC matrix. Concurrently, the
average grain size roughly doubled (from ~14 μm at 1000 W to ~35 μm
at 1800 W) due to the lower cooling rate. This demonstrates that laser
power can be used to tune phase constitution. Lower powers (faster
cooling) may retain more hard BCC/B2 precipitates, while higher
powers (slower cooling) yield mostly single-phase FCC with coarser
grains. Composition plays a role in this sensitivity – for example, alloys
with high Al or Ti content tend to form B2 or other ordered phases that
are suppressed at elevated temperatures. Indeed, recent research on a
brittle AlCrFe2Ni2 HEA showed that a process with lower cooling rates
(closer to DED conditions) enabled some FCC phase to precipitate within
a BCC/B2 matrix, relieving brittleness. By contrast, extremely rapid
solidification (as in L-PBF or very low-power DED) can trap an all-B2
microstructure that is prone to cracking [126].

Laser power has a pronounced effect on common defects such as
porosity (from lack of fusion or keyholing) and cracking. With insuffi-
cient laser power, the lack of fusion porosity is a primary concern. If the
energy input is too low to fully melt the feedstock or re-melt the previous
layer, irregular pores with unmelted powder or unbonded track in-
terfaces are left behind. In other words, low laser power (or excessive
scan speed) leads to incomplete fusion of powder and creates voids. Such
lack-of-fusion defects have been widely observed when the energy
density is below the optimum. In the DED of CoCrFeMnNi, researchers
found that using higher power could eliminate most pores present at
lower-power settings [127]. Insufficient power can also cause a balling

effect and poor wetting, further degrading consolidation.
At excessive laser power, different issues can arise. High power

densities may induce a keyhole-mode melting, where a deep vapor
cavity forms in the melt pool. This can trap gas and lead to porosity as
the keyhole collapses. While keyhole porosity is more common in L-PBF,
it can occur in DED if the laser is highly focused and the power is
extreme. Additionally, overpowering can cause volatilization of alloying
elements and spatter, which creates surface defects and can introduce
gas pores. Nonetheless, within the typical operating window of DED
(often ~0.5–3 kW lasers), the predominant effect of increasing power is
improved fusion and fewer voids [127]. Low power causes lack-of-fusion
porosity, while adequate-to-high power generally yields higher density.
Only if power is pushed to an extreme or mismanaged does porosity
re-appear via keyhole instability or excessive evaporation.

Cracking behavior is also linked to laser power through its effect on
thermal stresses and microstructure. HEAs vary in crack susceptibility -
for instance, CoCrFeMnNi is highly crack-resistant (ductile FCC). In
contrast, some Al or Ti-rich HEAs and many refractory HEAs are prone to
solidification or cold cracking. High laser power can increase the risk of
thermal cracking by generating larger melt pools and higher heat input,
which leads to greater thermal gradients and residual stresses upon
cooling. On the other hand, higher power also means slower cooling,
which can benefit crack-prone compositions by allowing stress-relaxing
phases to form. An illustrative case is a refractory-type AlCrFe2Ni2 alloy
under the very high cooling rates of L-PBF (comparable to using too low
power or too fast scan speed); it solidified as single-phase B2 and suf-
fered severe solid-state cracking but with slower cooling akin to DED
conditions (higher energy input per layer), a ductile FCC phase precip-
itated and accommodated strain, preventing cracks [126].

Thus, for alloys that tend to crack, there is a sweet spot of laser
power: enough heat to slow the cooling and form crack-mitigating mi-
crostructures but not so much as to introduce massive thermal stress. In
practice, strategies like preheating the substrate or interlayer dwell can
also help, but those are outside the scope of laser power alone.

The combined microstructural and densification effects of laser
power translate into notable differences in mechanical properties
(strength, hardness, ductility) of DED-built HEAs. Generally, there is a
trade-off; lower laser powers can produce finer grains and a harder
second phase (if any), boosting strength/hardness, but they risk porosity
and can reduce ductility; higher powers produce denser and more ho-
mogeneous builds with better ductility, but grain coarsening may soften
the material slightly. Therefore, optimizing laser power maximizes
density and avoids defects while controlling grain size and phases for the
desired strength-ductility balance [123].

Experimental results support these trends. In a recent study fabri-
cating Al0.5FeCoCrNi HEA walls at 1000 W, 1400 W, and 1800 W, the
1000 W condition yielded the highest tensile strength (737 MPa) due to
a finer-grained, B2-strengthened structure, whereas 1800 W gave a

Table 1
Different types of MEAs and HEAs made by different process parameters using DED.

Alloy Laser Power (W) Layer Thickness (µm) Hatch Spacing (µm) Feed Rate (mm/min) Focus Area References

Al18 Co30 Cr10 Fe10 Ni32 200–300 50–70 100 300 Microstructure optimization [98]
AlxCoCrFeNi 400–500 30–50 80 250 Graded structures [99]
CoCrFeNiMo 300–400 40–60 90 280 Microstructure control [100]
CoCrNi 250–350 50–70 100 300 Anisotropic properties [101]
CoCrCu1− x FeNix 300–500 60–80 120 350 Wear resistance [102]
CoCrFeMnNi 200–350 50–60 100 300 Grain structure control [103]
Fe38.5Mn20Co20Cr15Si5Cu1.5 200–350 50–70 100 280 Corrosion resistance [104]
CoCrFeNiTi 250–450 50–70 110 320 High throughput synthesis [105]
MoNbTiV 300–450 50–80 100 330 In-situ imaging [106]
CoCrNi–CoCrFeMnNi 250–400 60–80 100 310 Multi-material structures [107]
CoCrNi 200–350 50–70 100 300 Cryogenic properties [108]
CoCrFeMnNi 250–400 40–70 110 300 Precipitations effects [109]
CoCrFeMnNi 200–350 50–70 100 300 Post-processing [110]
AlxCoCrFeNi 200–350 40–70 110 300 Phase evolution [111]
FeMnCoCrSi 300–450 50–80 110 330 Strain rate sensitivity [112]
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lower strength (641 MPa) but higher elongation (≈27.6 % vs 24.6 %)
owing to its coarser, predominantly FCC microstructure. Notably, the
ductility improved as power increased since eliminating brittle B2 par-
ticles and reducing micro-pores at high power outweighed the grain-size
effect on toughness. Fig. 12 presents the tensile stress-strain curves of
Al₀.₅FeCoCrNi HEA samples fabricated at varying laser powers (1000 W,
1400 W, and 1800 W). It illustrates how increasing laser power in-
fluences mechanical properties, notably showing a decrease in tensile
strength and increased ductility [123].

On the other hand, if the laser power is too low, lack-of-fusion defects
will drastically undermine mechanical performance regardless of grain
size. Porosity acts as a stress concentrator that cuts strength, especially

fatigue life [128]. Thus, a minimum power threshold is required to
obtain near-full density and baseline mechanical integrity. Many studies
find an optimal window where the part reaches ~99–100 % density,
often at intermediate-to-high laser powers, and beyond that point,
additional power only yields diminishing returns or slight coarsening.
For example, Ren et al. found optimal densification of FeCoNiCrMn HEA
samples around 600–1000 W (at a given scan speed), with density
dropping outside that range [122]. Savinov et al. reported that
DED-built CoCrFeMnNi at ~1200 W was nearly fully dense (only
0.012 % porosity), resulting in as-built mechanical properties compa-
rable to or superior to cast material [122]. In fact, a 1400 W
DED-fabricated Cantor alloy showed better strength and ductility than
its cast counterpart due to a refined microstructure and lack of casting
defects. These examples underscore that proper laser power tuning in
DED can produce HEAs with equal or better properties than cast alloys
by achieving fine microstructures without sacrificing build quality.

Lastly, surface quality is influenced by laser power. Adequate power
promotes a smooth, continuous track deposition, whereas low power
may lead to unmelted particles and a rough, bead-like surface. Studies
on single-track clads indicate that average surface roughness decreases
as laser power increases (for the same powder feed rate). The melt pool
cannot fully absorb all particles at high powder feed and low power,
resulting in adhered partially melted powder and higher roughness
[129]. Sufficiently high power, or even deliberate laser re-melting
passes, can flatten the surface by re-melting peaks and allowing grav-
ity and surface tension to smooth the layer [130]. Thus, from a quality
standpoint, using a higher laser power (within the stable process regime)
generally improves surface finish and reduces stair-step irregularities,
which is beneficial for subsequent layer bonding and reduces the need
for post-process machining.

5.1.2. Scanning speed
Scanning speed impacts the cooling rate and solidification process.

Faster scanning speeds increase cooling rates, leading to finer micro-
structures and suppressed phase segregation. Adjusting the scanning
speed is crucial for controlling the microstructural characteristics of the
deposited material. The cooling rate increases with increasing scanning
speed, resulting in reduced crystal sizes [131]. Conversely, slower
scanning speeds can lead to coarser microstructures and reduced me-
chanical properties. The increase in scanning speed has been shown to
refine grain structures, enhancing the overall mechanical properties of
HEAs, especially when combined with techniques such as ultrasonic
assistance to optimize grain size further. Chen and Zhou [132] demon-
strated that ultrasonic-assisted DED processing could refine grain
structure, replacing coarse columnar grains with finer equiaxed grains in
the presence of ultrasound, significantly reducing the average grain size.
This aligns with the findings of Zheng et al. [133], who observed grain
refinement with increased scanning speeds, resulting in improved me-
chanical properties. Additionally, Pegues et al. [134] showed that higher
scanning speeds in DED could enhance mechanical properties by pro-
moting finer grain structures. Similarly, Liu et al. [105] reported that
increased scanning speeds in the DED process resulted in finer micro-
structures and improved mechanical properties in CoCrFeMnNi HEAs.

5.1.3. Powder feed rate
The powder feed rate controls the material deposition rate and

composition [135]. By adjusting the feed rate of individual powders, it is
possible to create compositionally graded HEAs with tailored properties.
This capability is essential for developing functionally graded materials
with specific performance requirements. Huang et al. [136] demon-
strated that AlₓCoCrFeNi HEAs transition from a single FCC phase to
FCC + BCC duplex phases and eventually to a single BCC phase with
increasing aluminum content, as shown in Fig. 13. Fig. 13 (a) illustrates
the AM process used for these alloys. Fig. 13(b) shows the elemental
distribution in the synthesized powder. The tensile and compression
curves in Fig. 13(c) highlight the impact of aluminum content on

Table 2
Alloy Type, Final Phases, and Applications of DED-made MEAs and HEAs.

Alloy Type Final
Phases

Applications References

Al18 Co30 Cr10Fe10 Ni32 FCC, BCC,
Lamellar

Aerospace,
structural
components

[98]

AlxCoCrFeNi FCC, BCC Graded structures,
wear-resistant
coatings

[99]

CoCrFeNiMo FCC, Mo-rich
phases

High-temperature
applications

[100]

CoCrNi FCC Cryogenic
applications,
structural
components

[101]

CoCrCu1− x FeNix FCC, BCC Self-lubricating
coatings, wear-
resistant
applications

[102]

CoCrFeMnNi FCC Corrosion-resistant
components, marine
applications

[103]

Fe38.5Mn20Co20Cr15Si5Cu1.5 FCC Corrosion-resistant
and high-strength
applications

[104]

CoCrFeNiTi FCC, BCC High-throughput
synthesis, structural
applications

[105]

MoNbTiV BCC High-temperature
applications,
aerospace

[106]

CoCrNi-CoCrFeMnNi FCC Multi-material
structures, high-
strength
applications

[107]

CoCrNi FCC Cryogenic
applications,
structural
components

[108]

CoCrFeMnNi FCC,
Precipitates

Structural
components,
corrosion-resistant
applications

[109]

CoCrFeMnNi FCC Post-processed
components,
improved corrosion
resistance

[110]

AlxCoCrFeNi FCC, BCC High-strength
applications, phase
evolution studies

[111]

FeMnCoCrSi FCC High-strain rate
applications, TRIP-
assisted properties

[112]

(CoCrNi)87 Al13 FCC, BCC Strength-ductility
synergy, high-
performance
applications

[183]

AlCoCrFeNi(Y) FCC, BCC In-situ alloying
enhanced
mechanical
properties

[184]
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mechanical properties. In contrast, Fig. 13(d) demonstrates how
changes in Al content influence the phase transitions driven by the
ΔHmix and VEC.

In summary, A higher feed rate increases the material deposition,
which influences phase transformations within the alloy, such as tran-
sitions from FCC to BCC phases. These phase changes impact the me-
chanical properties, including hardness, yield strength, and tensile
strength. By adjusting the feed rate, one can tailor the composition and
microstructure of the HEA, allowing for the creation of functionally
graded materials with specific performance characteristics, which are
critical for various applications.

This transition was accompanied by the formation of nanoscale two-
phase structures containing ordered B2 and disordered A2 phases,
enhancing the microhardness, yield strength, and tensile strength of the
alloys. Additionally, Zhang et al. [10] demonstrated the potential for
using varying powder feed rates to produce gradient structures in HEAs,
which could be tailored for specific applications. Liu et al. [2] high-
lighted the importance of precise control over the powder feed rate to
ensure homogeneous element distribution in the final alloy.

5.1.4. Beam size and hatch distance
Beam size and hatch distance are key parameters determining the

resolution and microstructural uniformity of HEAs during AM. Smaller
beam sizes and optimized hatch distances result in finer microstructures,

improving material uniformity and enhancing mechanical properties
such as strength and ductility. Larger beam sizes and wider hatch dis-
tances can lead to coarser microstructures, increasing the likelihood of
defects and reducing mechanical performance. Fine-tuning these pa-
rameters is essential to achieve the desired microstructural features and
ensure the mechanical integrity of the final alloy. Chen et al. [137]
explained that smaller beam sizes and optimized hatch distances could
enhance the microstructural uniformity and mechanical properties of
DED-processed HEAs. Similar results were reported by Liu et al. [127],
who highlighted the importance of fine-tuning these parameters to
control the microstructural features and mechanical behavior of the
alloys. They also emphasized the need for optimal beam size and hatch
distance to minimize defects and enhance mechanical properties in
CoCrFeMnNi HEAs.

5.2. Microstructural evolution in DED-processed HEAs

5.2.1. Formation of solid solutions
During DED, extremely high cooling rates (often 10 ³-10⁵ K/s) and

steep thermal gradients are common, leading to microstructures that
deviate significantly from equilibrium conditions [138]. These solidifi-
cation dynamics tend to favor the formation of disordered solid solutions
with simple crystal structures (FCC or BCC) rather than extensive
intermetallic or phase-separated structures. The key mechanisms that

Fig. 12. Tensile stress-strain curves for Al₀.₅FeCoCrNi HEA samples manufactured by Laser Melting Deposition at various laser powers: (a) 1000 W; (b) 1400 W; (c)
1800 W; (d) Average strength and strain [123].
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Fig. 13. (a) Schematic of the AM process of CoCrFeNi HEA with different percentages of the Al addition. (b) Elemental distribution maps of the gas atomization
synthesis CoCrFeNi HEA powder. (a) Tensile and (b) compression curves of LMD CoCrFeNi samples with different Al additions and corresponding fractured samples.
The value of (a) ΔHmix and (b) VEC as a function of the Al content in samples [136].
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govern solid solution formation in DED-fabricated HEAs are rapid so-
lidification, solute trapping, epitaxial growth, steep thermal gradients,
and the suppression of equilibrium phase separation [139].

Rapid solidification refines the microstructure by minimizing
diffusion-controlled transformations, producing small dendritic or
cellular features, and limiting the time available for partitioning or long-
range diffusion [139]. Solidification is arrested before significant
compositional segregation or secondary phase formation can occur. As a
result, HEAs processed by DED frequently form single-phase solid so-
lutions, whereas slower solidification routes might result in
multiple-phase microstructures. For example, in an equimolar AlCoCr-
FeNi HEA—usually prone to forming a two-phase BCC/B2 plus minor
FCC structure under equilibrium conditions—DED processing yielded a
nearly single-phase B2-ordered BCC solid solution in the as-built state
[140].

The elevated cooling rate suppressed the formation of the secondary
FCC phase, effectively retaining a metastable single-phase structure.
Subsequent aging treatments (e.g., 1 week at 800–1200 ◦C) resulted in
the precipitation of intergranular FCC plates from the B2 matrix, con-
firming that the as-built microstructure was a kinetically stabilized solid
solution [140].

In some cases, rapid solidification may also promote metastable
phase formation or extend solubility beyond conventional phase dia-
gram predictions. The high solidification velocity reduces the solid-
liquid interfacial energy barrier, allowing certain metastable phases to
nucleate during the short available time. For example, laser deposition
of FeCoCrAlNiTi alloys revealed the presence of a metastable interme-
tallic phase (Ti₂Ni) alongside expected FCC and BCC phases at higher Ti
concentrations. This was attributed to increased solute solubility and a
uniform distribution driven by rapid solidification [140].

During solidification, each alloying element typically partitions be-
tween solid and liquid according to an equilibrium partition coefficient
(k). At the high solidification velocities of DED, solute trapping occurs;
the interface velocity is too fast for solute atoms to diffuse away,
resulting in higher-than-equilibrium concentrations of solutes in the
solid. As interface velocity increases, the effective k approaches 1,
meaning the solid composition nearly equals that of the liquid [139].
This enhances chemical homogeneity in the solid and significantly re-
duces microsegregation.

In DED, as in L-PBF, turbulent convection in the melt pool further
promotes homogeneity by continually mixing the melt and diluting so-
lute build-up at the solid-liquid interface. Ren et al. showed that
convective flow redistributes solute-enriched liquid ahead of dendrite
tips, enhancing solute trapping and suppressing macrosegregation
[139]. This mixing contributes to uniform microstructures and promotes
non-equilibrium solid solution formation [141]. The same study also
showed that faster solidification reduces solidification cracking sus-
ceptibility, a beneficial effect of improved solute distribution [139].

Experimental observations support the claim that DED-fabricated
HEAs show only minor segregation compared to conventionally cast
counterparts. For example, CrMnFeCoNi (Cantor alloy) fabricated via
DED remains a single-phase FCC solid solution with dendritic
morphology. Although Mn was observed to segregate to grain bound-
aries mildly, this was attributed to DED’s relatively slower scan speed
compared to L-PBF, which allows slightly more elemental partitioning
[125]. Process parameter optimization (e.g., increasing scan speed or
reducing laser power) can mitigate even this limited segregation [142].

As noted, AlCoCrFeNi conventionally exhibits a two-phase BCC + B2
structure (with occasional FCC or σ-phase formation) under slow cooling
or casting conditions. However, DED-fabricated samples of the same
alloy have demonstrated a dominant BCC/B2 matrix with minimal ev-
idence of secondary phases [143]. For instance, Wang et al. reported
that their laser-processed AlCoCrFeNi HEA contained no detectable FCC
phase in the as-built condition but exhibited FCC precipitates along
grain boundaries after aging above 800 ◦C [140]. Likewise, EB-PBF of
AlCoCrFeNi, which involves slower cooling and heated substrates, led to

the formation of FCC and σ phases in regions that remained hot longer.
In contrast, top regions that cooled rapidly retained a BCC/B2 matrix
with fewer secondary phases [144]. This comparison illustrates how
DED’s high cooling rate preserves metastable solid solutions that would
decompose under equilibrium cooling.

The extent of phase suppression is alloy-specific and depends on DED
parameters. HEAs with strong thermodynamic driving forces for segre-
gation (e.g., large positive enthalpies of mixing) may still experience
phase separation even under fast cooling. For example, the DED of
AlCoCrFeNiTi₀.₅ produced a dual-phase BCC structure, a Cr, Fe-rich
disordered BCC (A2), and an Al, Ni, Ti-rich ordered B2 phase [145].
Importantly, these were coherent solid solutions at the nanoscale, and
no brittle intermetallic compounds were detected. The two BCC-based
phases were finely intermixed in lamellar or dendritic patterns, not
grossly segregated, again showing that DED suppresses equilibrium
decomposition pathways.

Compared to L-PBF, the slightly slower cooling rates in DED may
lead to coarser cellular structures and marginally more segregation, such
as the observed Mn enrichment in DED Cantor builds. Nevertheless, no
phase transformation or new phase formation occurs, and the matrix
remains single-phase FCC. The literature consensus is that FCC-type
HEAs, such as the Cantor alloy, are highly suited to AM, especially
DED, due to their phase stability and adaptability to thermal cycling.
Though grain morphology (columnar vs. equiaxed) and minor segre-
gation can vary with DED process parameters, the overall solid solution
retention is robust [125,146,147].

Refractory HEAs, such as those composed of Hf, Nb, Ta, Ti, and Zr,
also form single-phase BCC solid solutions at high temperatures. DED
processing of such alloys has yielded fine dendritic BCC structures with
only minor segregation. For instance, laser-DED of HfNbTaTiZr pro-
duced a BCC matrix with some Ta enrichment at dendrite cores and Zr in
interdendritic zones. In TiZrNbMoV, varying the Zr/Nb ratio during DED
led to dual BCC phases when Ta segregated at grain boundaries, but both
phases remained as coherent solid solutions, not intermetallics. These
results confirm that DED can stabilize BCC solid solutions even in re-
fractory compositions and that phase separation, when it occurs, is
typically subtle and fine-scaled [148].

Equiatomic AlCoCrFeNi, known for forming BCC/B2 phases, has
shown solid solution stabilization during DED. The B2 ordering—Al-Ni-
based, similar to NiAl—is typically retained, and the microstructure
remains uniform without large-scale phase separation. Only upon aging
do secondary FCC phases emerge, confirming that the BCC/B2 solid
solution is in a metastable, kinetically trapped state. Lower Al content
compositions (e.g., Al₀.₃CoCrFeNi) may shift the balance toward FCC or
FCC+BCC, but the key takeaway remains. DED can kinetically retain
high-temperature solid solutions across a wide range of HEA systems
[140].

5.2.2. Grain structure and size
DED is capable of producing a diverse range of grain sizes in HEAs,

ranging from ultrafine equiaxed grains that are on the order of tens of
micrometers in size to coarse columnar grains that are several hundred
micrometers in size. Processing parameters, including laser power, scan
speed, and the associated cooling rate, significantly influence the
achievable particle size. In general, a lower energy density (e.g., a lower
laser power or a faster scan speed) encourages rapid solidification and
grain refinement. In contrast, a higher energy input (e.g., a high power
or slow scan speed) results in larger melt pools, delayed cooling, and
coarser grains [142].

For example, studies on DED-fabricated equiatomic CoCrFeMnNi
alloys have shown that increasing the laser scan speed produces finer
grains, and adjusting the power can induce a transition from columnar
to equiaxed grain morphologies by altering the G to V ratio. High G/V
(as in a high-power, slow scan) favors columnar dendritic grains,
whereas a lower G/V (e.g., at faster scans or with inoculants) encourages
nucleation of equiaxed grains [142]. This trend is clearly observed in
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Fig. 14, where EBSD maps of CrMnFeCoNi HEAs show a gradual tran-
sition from columnar to equiaxed grains as scan speed increases at
200 W. In comparison, lower power (100 W) conditions retain pre-
dominantly columnar morphologies across all scan rates.

Kovalenko et al. reported grain sizes in as-built CoCrFeMnNi via DED
are typically on the order of 50–100 µm when a mix of columnar and
equiaxed grains is present [122] but can exceed ~200 µm if predomi-
nantly columnar grains develop under high heat input conditions [149].
Conversely, with grain refinement techniques (such as ultrafast scanning
or ultrasonic-assisted DED), grain sizes can be brought down below
~20 µm in certain regions. In a recent study, CoCrFeNi-based HEA
layers produced by DED, engineered to have a fine equiaxed micro-
structure, achieved an average grain size of ~18 µm [150]. Thus,
depending on DED conditions, HEA grain structures can span from ul-
trafine (~10–20 µm) to highly coarse (>200 µm) regimes.

In another study, Lu et al. compared the mechanical properties and
microstructures of Al0.3CoCrFeNiTi0.15 high entropy alloys fabricated by
LPBF and DED. Their findings revealed that the DED-produced alloy
exhibited larger grains, mainly columnar and centrally located equiaxed
grains. Microstructurally, the DED sample featured an FCC matrix with a
notable amount of precipitated B2 and L12 phases. In terms of defor-
mation behavior, the DED alloy demonstrated extensive dislocation in-
teractions with the secondary phases, particularly the L12 and B2
structures [151].

Typical primary dendrite arm spacings and grain widths in DED-built
CoCrFeMnNi are tens of microns. For instance, a recent study found the
mean grain area in a DED-fabricated CoCrFeMnNi was about 4332 µm²
(equivalent to a grain diameter on the order of ~65–70 µm), roughly
double that of the same alloy made by L-PBF [153]. Higher laser power
in DED tends to increase columnar dendrite thickness, enlarging the
grains, whereas moderate power and higher scan speeds favor smaller,
equiaxed grains [122].

Despite the generally coarser grains than PBF, DED often produces
finer grains than casting. DED-fabricated Cantor alloys exhibit signifi-
cantly higher yield strength than their cast counterparts, attributable to
Hall-Petch grain-boundary strengthening from the refined microstruc-
ture [96]. For example, DED-built CoCrFeMnNi (grain size on the order
of ~50 µm) showed yield strengths and microhardness values
~15–20 % higher than cast material with coarse grains [122]. The rapid
solidification in DED also induces high dislocation densities, further
boosting strength. One review noted that DED-produced Cantor alloy
samples had higher yield stress than even PBF-produced parts, owing to
a dense dislocation network from the thermal history [142].

HEAs that form DP microstructures (e.g., AlxCoCrFeNi systems,

which often solidify into a mixture of FCC, BCC, and/or B2 ordered
phases) exhibit grain size characteristics and mechanical responses
distinct from single-phase Cantor-type alloys. As-deposited AlCoCrFeNi
by DED typically shows a coarse dendritic morphology. For instance, a
study on the DED of Al0.5Mn0.5CoCrFeNi found the as-built structure to
consist of well-developed columnar dendrites (~257 µm in length) of an
FCC solid solution, with interdendritic regions containing a BCC phase
[149]. Generally, as-solidified AlCoCrFeNi tends toward large BCC/B2
grains (often >100 µm) due to the high thermal gradient and the slug-
gish diffusion of refractory elements. Within those grains, however, a
fine-scale two-phase mixture can form.

DED studies on DP-HEAs have observed nanometer-sized pre-
cipitates of the B2 (ordered BCC) phase decorating the grain interiors
and boundaries. For example, Kunce et al. reported that DED-fabricated
AlCoCrFeNi develops a BCC-derivative B2 phase, with precipitates as
small as ~100 nm in diameter in dendritic regions and nano-scale
(<100 nm) spinodal decomposition in interdendritic areas [154].

Grain sizes in the AMed refractory HEAs can easily reach hundreds of
microns without countermeasures. For example, Dobbelstein et al.
fabricated a near-equiatomic TiZrNbHfTa via laser metal deposition and
observed a coarse, uniform equiaxed BCC microstructure (grain size not
explicitly reported, but inherently large) with a high hardness of ~509
HV. In compositionally graded TiZrNbTa alloys made by DED, regions
that solidified as single-phase BCC showed coarse grains, whereas areas
that formed a multiphase structure (via elemental segregation or second-
phase formation) exhibited finer grains and higher hardness. This in-
dicates that introducing a second phase (or solute segregation) in re-
fractory HEAs can inhibit grain coarsening. Indeed, increasing the Zr
content (relative to Nb) in a Ti-Zr-Nb-Ta DED build was found to refine
the grains by producing a harder, multiphase microstructure, as opposed
to the coarse grains in the purely BCC compositions [155].

5.2.3. Phase transformations
Adding elements such as aluminum can induce phase trans-

formations in DED-processed HEAs. For example, adding aluminum to
transition metal HEAs can form mixed FCC and BCC phases, expanding
the range of attainable microstructural and mechanical properties.

Su et al. [156] showed that the AlMo₀.₅NbTa₀.₅TiZr alloy produced
via L-DED had a higher content of the HCP phase in the interdendritic
regions compared to VAM, which enhanced its microhardness and
high-temperature strength through precipitation strengthening. Fig. 15
(a) shows the DED specimen, while Fig. 15(b) presents the EBSD-phase
map, highlighting the distribution of phases. The EBSD-IPF map in
Fig. 15(c) and the SEM-BSE image in Fig. 15 (d) further confirm the

Fig. 14. EBSD images of DED HEA single-track walls produced at multiple scan rates (1.0, 1.5, 2.0, and 2.5 mm/s) and laser power (100 W and 200 W) [152].
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presence of HCP and BCC phases. Fig. 15(e) provides EPMA elemental
maps detailing the distribution of elements like Mo, Nb, Ta, Ti, Al, and Zr
across the alloy. Similarly, Jeong et al. [117] highlighted the formation
of fine grain structures in TiNbCrVNi HEAs, enhancing their tensile
strength at high temperatures.

5.3. Mechanical properties of DED-processed HEAs

5.3.1. Strength and ductility
DED-processed HEAs often exhibit superior mechanical properties

compared to their cast counterparts. The fine microstructures from rapid
cooling rates contribute to high yield strength and ductility. For
example, DED-fabricated CrMnFeCoNi HEAs demonstrate exceptional
mechanical performance due to their refined microstructures. Chen
et al. [103] reported that ultrasonic-assisted DED increased the tensile
yield strength of CoCrFeMnNi HEA by ~17 % without significant loss in

ductility, attributed to grain refinement facilitated by ultrasonic vibra-
tion. Jeong et al. [117] observed enhanced tensile strength and ductility
in Ti-Nb-Cr-V-Ni HEAs processed by DED, highlighting the method’s
capability to produce mechanically robust alloys.

Additionally, Liu et al. [127] demonstrated that optimizing DED
parameters could enhance the strength and ductility of HEAs through
microstructural control. Kang et al. [157] compared the mechanical
behavior of CoCrFeMnNi HEAs produced by DED and PBF, noting su-
perior mechanical properties in the DED samples due to finer grain
structures. Fig. 16 compares different types of HEAs and MEAs made by
DED in terms of their mechanical properties. Also Tashome et al.
demonstrated that using an ultra-high-frequency TIG heat source in DED
with dual alloy wires significantly improves strength and ductility. The
as-deposited samples showed a ductile FCC matrix with enhanced
elemental homogeneity. Post-heat treatment led to recrystallization and
L21 phase precipitation, which impeded dislocation motion. These

Fig. 15. (a) L-DED specimen; (b-e) Structure of the AlMo0.5NbTa0.5TiZr alloy: (b) EBSD-phase map; (c) EBSD-IPF map; (d) SEM-BSE image; (e) EPMA elemental
maps [156].

Fig. 16. Mechanical properties of different types of HEAs and MEAs made by DED.
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microstructural changes resulted in a 54.2 % increase in yield strength
and a 42 % rise in ultimate tensile strength. The method effectively
balanced strength and ductility through precipitation hardening and
dislocation network formation[158].

5.3.2. Wear and corrosion resistance
The tailored microstructures of DED-processed HEAs also enhance

their wear and corrosion resistance. The homogeneous distribution of
elements achieved through in-situ alloying improves the material’s
resistance to environmental degradation [52]. This makes
DED-processed HEAs suitable for applications in harsh environments,
such as aerospace and marine industries.

Ostovari Moghaddam et al. [102] developed a self-lubricating
CoCrCu1-xFeNix HEA coating using laser cladding, showing significant
improvement in wear resistance due to the formation of a Cu-rich pro-
tective oxide layer at elevated temperatures. Additionally, Zhang et al.
[10] showed that the wear resistance of DED-processed HEAs could be
significantly enhanced through microstructural optimization. Melia
et al. [110] reported that the corrosion resistance of CoCrFeMnNi HEAs
fabricated by DED was superior to that of conventionally processed al-
loys, attributing this to the uniform microstructures achieved through
DED. This is evident in Fig. 17, where Fig. 17(a) compares the cyclic
potentiodynamic polarization curves of as-built and annealed HEA with
wrought 304 L steel, showing enhanced corrosion resistance in the
HEAs. Fig. 17(b) further summarizes the key potentials (EOCP, EB, and
ER), highlighting the superior performance of the DED-processed HEA
compared to the conventionally processed 304 L steel.

To address the persistent challenge of poor oxidation resistance in
DED-fabricated alloys, Xia et al. investigated a NbMoTaWZr refractory
high-entropy alloy produced via laser directed energy deposition. They
applied a pack cementation silicon treatment, which significantly
enhanced oxidation resistance by promoting the formation of protective
scales. The resulting dense external SiO₂ layer, along with an internal
(Si,Zr)O layer, effectively limited the inward diffusion of oxygen,
thereby improving the alloy’s high-temperature oxidation behavior
[159].

5.4. Challenges in DED of HEAs

5.4.1. Cracking and compositional inhomogeneities
DED processes can face challenges such as cracking and composi-

tional inhomogeneities. These issues arise from the complex thermal
cycles and rapid solidification associated with the process. Cracking can
be mitigated by optimizing process parameters and implementing post-
DED heat treatments. Achieving compositional homogeneity requires

precise control over powder feed rates and thorough mixing of the
feedstock material. Liu et al. [160] highlighted that achieving homo-
geneous compositions in HEAs using AM methods can be difficult due to
the complex thermal and process attributes, mainly when premixed
elemental powders are used instead of pre-alloyed powders. Similarly,
Zheng et al. [10] emphasized the challenges in managing compositional
gradients and the need for effective in-situ monitoring to achieve desired
properties. Vashishtha et al. [161] investigated the effects of HIP and hot
rolling on DED-printed CoCrNi MEAs. They found that HIP significantly
reduced porosities and dislocations, improving corrosion resistance.
However, hot rolling increased hardness by about 40 % and reduced
wear rate by 21 %, parallel to the build direction, indicating that me-
chanical properties can be tailored through post-processing treatments.
Gu et al. [107] addressed the issue of defect formation at material in-
terfaces by fabricating a CoCrNi-CoCrFeMnNi multi-material using DED.
Their study demonstrated that a synergistic strengthening effect from
the heterogeneous microstructure improved the strength-ductility
combination, highlighting the potential of multi-material designs to
mitigate cracking and enhance mechanical performance.

Ahn et al. [162] explored the dynamic compression behavior of
CoCrFeMnNi HEA fabricated via DED. They reported that strain rate
significantly affected the mechanical properties, with twin formation
being more prominent at higher strain rates due to low stacking fault
energy. This study emphasized the importance of understanding
microstructural responses under different loading conditions to optimize
DED-printed HEAs for specific applications.

5.4.2. Composition control, powder quality, and scale-up challenges
Beyond solidification cracks and elemental gradients, the DED of

HEAs faces significant difficulties maintaining precise composition and
microstructure control in complex multi-principal-element systems. In
practice, the feedstock must be metered to exact ratios. Yet, differences
in melting point, vapor pressure, and density among the alloying ele-
ments often lead to local compositional drifts during deposition [93].
For example, even for well-studied HEAs like CrFeCoNi or CrMnFeCoNi,
Ron et al. note that using mixed elemental powders in DED remains
challenging due to the elemental segregation and the different melting
points of the constituents [163]. Such thermodynamic disparities can
induce unexpected phase formation or inhomogeneity unless carefully
compensated by process parameters or post-processing [164]. In more
complex HEAs (e.g., refractory or high-Al systems), these effects are
even more pronounced. Minor variations in local composition can shift
the equilibrium phase balance, making it hard to achieve a target
solid-solution or multi-phase microstructure reproducibly. In short,
precise composition control in DED of HEAs requires tight regulation of

Fig. 17. (a) Representative cyclic potentiodynamic polarization measurements for the as-built and annealed HEA and wrought 304 L steel. (b) Summary of the
relevant potentials (EOCP, EB, and ER) for the as-built material, the annealed specimen, and wrought 304 L steel [110].
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powder feed rates and thermal conditions. However, the inherently
non-equilibrium solidification makes it challenging to guarantee the
same microstructure in successive builds [165].

A significant hurdle is achieving phase uniformity and reproduc-
ibility across a deposited part. The extended thermal cycling in DED
(layer upon layer of heating and re-heating) tends to produce micro-
structural gradients along the building height. For instance, Sui et al.
observed that AlCrFeCoNi specimens developed new FCC phases near
the bottom of a DED build (due to repeated reheating). In contrast, the
as-solidified matrix remained BCC/B2 in the top regions [166]. Such
spatial phase variations can significantly alter properties within a single
component.

Furthermore, the choice of feedstock form matters. AlCrFeCoNi built
from pre-alloyed powder remained single-phase (BCC/B2), but the same
alloy made from mixed elemental powder crystallized into dual FCC
+ BCC/B2 phases [167]. This finding highlights how sensitive the
microstructure is to even small composition fluctuations. In practice,
these sensitivities mean that nominally identical DED builds may not be
reproducible - small drifts in powder feed or energy input can yield
different phase fractions or grain structures. In summary, controlling
phase uniformity in DED-processed HEAs is very difficult, and ensuring
reproducible phase constitution requires both precise process control
and often additional homogenization treatments.

Feedstock powder quality and in-situ alloying reliability present
another set of challenges. DED depends on stable powder delivery, but
HEA powders (especially blends of multiple elemental powders) often
suffer from poor flow. Irregular or non-spherical particles and a broad
particle-size distribution degrade flowability and layer consistency
[168]. For example, mixed powders of light and heavy elements can
segregate in the powder stream or melt pool. Chen et al. found that
unsieved Al-Cu powder mixtures showed severe in-flight segregation,
subsiding only after careful sieving based on size and density [169].

In DED of HEAs, such powder segregation means the local compo-
sition in the melt pool can deviate from the target alloy. Similarly,
differing particle capture rates in the melt (larger or lighter particles
may not melt as efficiently) can skew the as-deposited chemistry. All
these factors make in-situ alloying by powder blending less reliable;
even with identical nominal settings, the actual elemental incorporation
can vary. Mitigating these problems requires very tight control of
powder morphology and feeding conditions or the use of advanced
powder delivery (e.g., vibration-assisted feeders). However, they remain
practical obstacles to ensuring uniform HEA composition in DED parts
[170].

Finally, industrial scalability and mass-production issues constrain
the DED of HEAs. DED is slower and less precise than conventional
manufacturing, which limits throughput and tolerances. On the positive
side, DED can achieve relatively high deposition rates (tens of cm³/min)
using multi-hopper powder feeds, making it attractive for large struc-
tures. In other words, fine features and strict tolerances are hard to
maintain over large build areas [96].

Also, multi-material DED systems (with multiple powder lines or
wire feeders) are expensive and complex, requiring precise calibration
to balance flows. Moreover, HEAs often contain expensive elements, so
procuring and mixing the required powders or wires is costly. (Indeed,
reviewers emphasize using elemental powder blends to reduce costs, but
doing so adds mixing complexity, as noted above.) Altogether, these
factors - moderate build speed, equipment precision limits, and high
material cost - make industrial-scale production of defect-free, compo-
sitionally controlled HEA parts by DED quite challenging [163].

5.5. Advancements in DED of HEAs

5.5.1. High-throughput in-situ alloying
DED enables in-situ alloying by directly introducing elemental or

pre-alloyed powders/wires into the melt pool, which is highly advan-
tageous for the rapid screening of HEA compositions. DED can generate

compositionally distinct tracks or layers on demand, thereby signifi-
cantly expediting alloy development, as opposed to melting and casting
each candidate alloy [99]. For instance, Liu et al. illustrated the efficacy
of DED in the CoCrFeNi-Ti system for high-throughput synthesis by
depositing a series of CoCrFeNiTi alloys. The primary FCC microstruc-
ture was substantially strengthened as the Ti content increased, resulting
in a considerable increase in both tensile strength and hardness [171].

In order to quickly recognize single-phase compositions in refractory
HEAs, Ribeiro et al. combined CALPHAD predictions with in-situ DED
alloying. They gradually added V during deposition, starting from a Mo-
Nb-Ta-W base that tends to multi-phase solidification. In-situ alloying of
up to 40 at% V while maintaining a dominant BCC solid solution was
confirmed by the experiments, as CALPHAD had suggested that V (or Ti)
could stabilize a single BCC phase. It is important to note that the V-free
base alloy had a lower room-temperature hardness than a 22 % V in-situ
alloyed sample, which was approximately 93 % higher at room tem-
perature and 150 % higher at 700◦C [172].

5.5.2. Tailoring microstructures
DED provides a variety of options for customizing the microstructure

of HEA structures in addition to independently composing them. In
comparison to their cast or wrought counterparts, nonequilibrium mi-
crostructures can be generated by the intrinsic rapid solidification of
DED, which are frequently finer and exhibit distinctive phase distribu-
tions. For example, the mechanical properties of equiatomic FeCo-
NiCrMn that were fabricated using laser DED were superior to those of
cast material due to the refined dendritic structure. The particle struc-
ture in DED can be influenced by process parameters [122].

Kovalenko et al. noted that the microstructure of FeCoNiCrMn un-
derwent a transition toward a columnar-dominated morphology as the
laser power was increased from approximately 800 W to 1400 W in L-
DED, resulting in a decrease in the equiaxed grain fraction. Columnar
grain growth may enhance anisotropic properties, while equiaxed grains
improve isotropy and reduce fracture susceptibility. These microstruc-
tural transitions can be critical. The particle size and texture can be
further influenced by thermal management strategies (e.g., inter-layer
cooling or tailored scan patterns) during DED, which provides a de-
gree of control over the anisotropy that is inherent in as-built HEAs
[122].

The single-phase FCC matrix of a FeCoNiCrMn alloy was converted
into an FCC+BCC dual-phase structure as the Al content increased in a
laser-DED study. The FCC matrix contained fine B2-ordered (NiAl-type)
precipitates in the higher-Al deposits, which facilitated precipitation
strengthening. Indeed, the regions with a higher Al content in graded
AlxCoCrFeNi compositions exhibited an increase in strength/hardness as
a result of a dense dispersion of B2 precipitates, albeit with a slight
reduction in ductility [173].

Finally, it is essential to regulate solidification conditions in order to
prevent the formation of deleterious phases and defects. Some slow-
forming intermetallics can be suppressed by rapid cooling in DED.
However, brittle phases or liquation fractures may still occur along grain
boundaries if alloying elements segregate extensively. Studies on the
DED of RHEAs have observed that eutectic-like interdendritic films and
hot fractures at grain boundaries can result from improper solidification
[174].

5.5.3. Compositional grading
The fabrication of compositionally graded materials is a distinctive

feature of DED, in which the alloy composition is intentionally altered
(continuously or sequentially) throughout the construction process. This
is especially appealing to HEAs, as grading can serve two purposes: (1)
generating combinatorial libraries to evaluate composition-structure-
property relationships swiftly and (2) generating functionally graded
components that transition between material behaviors. There are
numerous examples of graded HEAs that utilize DED’s multi-hopper
powder feeders and precise flow control [14,99].
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By progressively increasing the Al content during a DED construc-
tion, Lu et al. produced a functionally graded AlxCoCrFeNi alloy. This
single construct successfully transitioned from a ductile single-phase
FCC solid solution (low-Al, bottom region) to a high-strength dual-
phase mixture of BCC (B2-ordering) + minor FCC (high-Al, top region).
A smooth transition was attained. The graded sample exhibited a cor-
responding gradient in properties: the lower Al regions were more rigid
and ductile. In comparison, the higher Al regions exhibited higher
hardness and yield strength (due to the B2 precipitates and solid solution
reinforcement) but significantly reduced ductility [173].

In a recent study, the Fex(CoCrNi)100-x medium-entropy alloy was
graded using laser DED, which serves as an additional example. Liao
et al. established a compositional range that began with an FCC solid
solution (CoCrNi-based, low Fe) and culminated in a BCC-rich alloy
(high Fe) by modulating Fe content from 0 % to 100 % throughout the
construction. A spectrum of microstructures in between was produced as
a result of the distinct FCC→BCC phase transition that was induced by
this compositional gradient along the building height. Consequently, the
as-deposited gradient exhibited location-specific property combina-
tions. For instance, sections with a higher Fe (BCC) attained a higher
hardness (and strength) but a lower ductility, whereas sections with a
lower Fe (FCC) were softer but more ductile [175].

Dobbelstein et al. effectively mapped composition ranges that avoid
Laves phase formation by achieving a continuous gradient in a TiZrNbTa
alloy through in-situ mixing of elemental particles [176]. Xi et al. have
recently implemented a multi-powder DED process to generate a
Ti-Ni-Nb gradient. Although the result is not a conventional five-element
HEA, it demonstrates the method’s generality. The microstructure of the
deposit underwent a transition from Nb-rich intermetallic compounds
(e.g., NbNi4, Ni3Nb) at one end to Ti-rich phases (Ti and Ti2Ni) at the
other end as a result of the continuous adjustment of the powder feed
ratios along this gradient [177].

5.5.4. Data-driven and optimization strategies in DED of HEAs
Researchers are increasingly incorporating data-driven methods,

computational modeling, and optimization frameworks that guide both
alloy and process design in order to exploit DED for HEAs fully. CAL-
PHAD has been employed to map composition-phase relationships and
prevent problematic phases in the context of DED-fabricated HEAs. For
instance, Ribeiro et al. conducted CALPHAD calculations before exper-
imentally grading Mo-Nb-Ta-W with V additions. These calculations
demonstrated that V or Ti could be added in significant quantities while
maintaining a single BCC solid solution [172].

As previously mentioned, this computational insight was corrobo-
rated by experiments. Such ICME (Integrated Computational Materials
Engineering) approaches significantly reduce trial and error. Utilizing
CALPHAD or even first-principles calculations, which compute the for-
mation enthalpies or elastic moduli of potential phases, it is possible to
narrow down enormous compositional spaces to feasible regions. The
initial alloy design is guided by these modeling tools, which are subse-
quently immediately validated experimentally by DED [178].

Furthermore, the optimization of DED parameters for a specific alloy
can be achieved through the use of physics-based process modeling. For
instance, Mooraj et al. implemented a model-based processing map to
identify a laser power-scan speed range that prevents keyholing and
cracking in the L-PBF of a TiZrNbTa (similar principles are applicable to
DED). They achieved a nearly defect-free construct with mechanical
performance that was comparable to that of cast material but with
improved isotropy by employing a normalized process diagram [92].

ML and statistical optimization techniques are acquiring attraction in
the DED of HEAs in parallel to physics-based models. Design of Exper-
iment (DoE) and Response Surface Methodology (RSM) have been
employed as a practical approach to optimize process parameters. For
instance, Ribeiro et al. used RSM to ensure the consistent deposition of a
MoNbTaW single track. RSM was implemented to optimize laser power,
traverse speed, and powder feed rates. This data-driven optimization

resulted in process parameters that generated continuous, pore-free
tracks, thereby establishing a solid foundation for subsequent alloying
experiments [172].

Similarly, ML algorithms have been trained to forecast phase results
or mechanical properties of HEAs by analyzing their composition, uti-
lizing the accumulated literature data. ML can identify a select few
optimal compositions by digitally scanning thousands of potential
compositions, which DED can subsequently materialize and verify.
Mooraj et al. and others exemplified this synergy by employing an ML-
guided strategy to suggest novel HEA compositions with specific prop-
erties and subsequently manufacturing them using AM techniques
[178].

5.6. Future directions in DED of HEAs

Recent studies highlight the growing importance of high-throughput
and data-driven techniques in accelerating the discovery and develop-
ment of HEAs. ML approaches are being increasingly utilized to predict
promising HEA compositions, understand structure-property relation-
ships, and optimize material properties[179]. High-throughput
computational methods, including first-principles calculations, CAL-
PHAD, and empirical models, enable rapid screening of vast composi-
tional spaces. Combinatorial synthesis techniques, such as AM, facilitate
the efficient production of HEA libraries for systematic property evalu-
ation. These advanced methods are particularly valuable for exploring
HEAs incorporating lightweight and refractory elements. However,
challenges remain in accurately modeling atomic interactions and con-
structing reliable macro-scale models for HEAs due to their chemical
complexity. Future research will focus on integrating these techniques to
expedite the discovery of novel HEA compositions with optimized
properties [178,180].

Advances in real-time monitoring and control systems will enhance
the precision and repeatability of the DED process. Implementing in-situ
sensors and feedback mechanisms will allow for dynamic adjustments of
process parameters, ensuring consistent quality and performance of the
printed HEAs [181]. Developing robust predictive models to understand
the relationship between process parameters, microstructural evolution,
and resulting properties of HEAs will be crucial. These models will
leverage machine learning and computational tools to predict outcomes
more accurately, facilitating the design and optimization of new HEA
compositions and DED process parameters [30].

5.7. Industrial applications

The unique properties of HEAs fabricated through DED, such as high
strength, wear resistance, and corrosion resistance, make them suitable
for various high-performance applications. Future research will focus on
specific industry applications, including aerospace components, auto-
motive parts, biomedical implants, and energy-related materials. The
ability to tailor the properties of HEAs through DED will enable the
development of components that meet stringent performance re-
quirements in these industries [20]. DED is a transformative technique
in materials engineering, offering unparalleled flexibility in the design
and production of HEAs [182]. The synergy between HEAs and DED
processes has unlocked new possibilities for developing materials with
tailored properties and advanced performance. Despite the challenges
associated with DED, such as cracking and compositional in-
homogeneities, ongoing advancements in process optimization,
high-throughput alloying, and post-processing treatments are enhancing
the quality and capabilities of DED-processed HEAs. Future research will
continue to explore new HEA systems, refine process parameters, and
expand the applications of these advanced materials in various in-
dustries, driving innovation and progress in materials science.
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6. Introduction to L-PBF of HEAs

L-PBF is an AM process that builds complex three-dimensional
structures layer by layer by selectively melting metallic powders using
a high-energy laser beam [185,186]. The process involves several crit-
ical parameters, including laser power, scanning speed, layer thickness,
and hatch spacing, which must be optimized to achieve the desired
material properties and minimize defects. L-PBF’s primary advantage

lies in its ability to produce highly precise parts and intricate geometries
that are challenging to fabricate using traditional manufacturing
methods [187,188].

The high cooling rates during L-PBF lead to refined microstructures
and the potential for enhanced mechanical properties. The process’s
layer-by-layer nature also allows for the fabrication of components with
graded properties or complex internal structures, which is particularly
beneficial for advanced materials like HEAs [189,190].

Fig. 18. (a-c) Microstructure from the XZ cross-section of the as-built alloy. IPF grain orientation mapping from (d) XY and (e) XZ cross-sections. (f) Corresponding
grain size distribution, and (g) Engineering tensile stress-strain curves of L-PBF fabricated alloy and Yield strength vs. elongation plot of several CoCrFeNi-based HEAs
fabricated by L-PBF technology[98].
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L-PBF is highly relevant for the fabrication of HEAs due to several
reasons. Firstly, the rapid cooling rates inherent to L-PBF help retain the
single-phase solid solution structures of HEAs, which are crucial for their
superior properties. Secondly, L-PBF allows for precise control over the
material’s microstructure and composition, enabling the tailoring of
properties for specific applications [163,191,192]. Additionally, the
flexibility of L-PBF in creating complex geometries and structures aligns
well with the advanced design requirements for HEA applications [104,
193].

6.1. Processing parameters and their effects

6.1.1. Laser power and scanning speed
Laser power and scanning speed are critical parameters in the L-PBF

process that directly influence the energy input into the material,
affecting the melt pool dynamics, microstructure, and mechanical
properties of the final product. Higher laser power increases the energy
density, leading to deeper penetration and a larger melt pool, which can
enhance interlayer bonding but may also cause excessive evaporation
and spattering [194–196].

Studies have shown that varying laser power and scanning speed can
significantly impact the microstructure of L-PBF-processed HEAs. For
example, in a study by Ikeda et al. [197] on CoCrFeNiTiMo HEAs,
optimizing laser power and scan speed resulted in high-density parts
with anisotropic microstructures and excellent mechanical properties.
They found that too high laser power can lead to defects such as keyhole
and porosity. The scanning speed also plays a crucial role. Faster scan-
ning speeds reduce the heat input per unit area, leading to finer mi-
crostructures due to rapid solidification rates [198,199].

However, suppose the scanning speed is too high. In that case, it can
result in incomplete melting and poor interlayer bonding, making it
crucial to optimize these parameters to balance mechanical strength and
ductility. Fig. 18 illustrates this with detailed microstructural analysis
and mechanical testing of an L-PBF fabricated alloy. Fig. 18(a-c) shows
the microstructure from the XZ cross-section, revealing the effects of
scanning speed on grain structure. Fig. 18(d and e) presents the IPF grain
orientation maps from the XY and XZ cross-sections, respectively, while
Fig. 18(f) depicts the corresponding grain size distribution. Fig. 18(g)
provides the engineering tensile stress-strain curves and a plot
comparing yield strength and elongation across various CoCrFeNi-based
HEAs fabricated by L-PBF, highlighting the impact of optimized pro-
cessing parameters on mechanical properties [98].

Recent studies, such as those by Zhang et al. [200], highlight that
lower energy inputs in L-PBF result in finer grains and enhanced me-
chanical properties, illustrating the importance of optimizing these pa-
rameters for different alloy compositions. Additionally, the work by
Zhang et al. [201] on iron-based amorphous reinforced CoCrNi MEA
demonstrated that increasing laser power can improve yield strength
and hardness while maintaining considerable fracture elongation,
particularly under low-temperature conditions.

6.1.2. Layer thickness and hatch spacing
Layer thickness and hatch spacing are essential parameters that in-

fluence the build time, surface finish, and density of the L-PBF-processed
parts. Layer thickness refers to the height of each deposited layer, while
hatch spacing is the distance between adjacent scan lines within a layer.
Cui et al. [202] highlighted that thinner layers result in finer micro-
structures and better mechanical properties due to increased melting
and solidification cycles, which refine the grain structure. However,
thinner layers also increase the build time and cost. On the other hand,
thicker layers can reduce build time but may compromise the part
quality by increasing the likelihood of defects such as porosity and
incomplete fusion [203]. Hatch spacing must be optimized to ensure
adequate overlap between adjacent scan lines to achieve full density. If
the hatch spacing is too broad, it can lead to a lack of fusion defects,
whereas too narrow hatch spacing increases the risk of excessive heat

buildup and distortion [204].
Recent work by Amar et al. on VCoNi MEAs fabricated via DED

emphasized the critical balance between layer thickness and hatch
spacing to optimize the microstructural properties and mechanical
performance of the alloys[205].

6.1.3. Influence of chamber atmosphere
The building atmosphere in the L-PBF process is typically controlled

using inert gases such as argon or nitrogen to prevent oxidation and
contamination of the powder bed. The choice of gas can affect the
thermal conductivity of the environment, influencing the cooling rates
and microstructure of the alloy [206,207]. Research has shown that an
argon atmosphere generally provides better protection against oxidation
for most HEAs than nitrogen. However, the specific effects can vary
depending on the alloy system. For instance, certain elements in HEAs
might react differently with nitrogen, potentially leading to the forma-
tion of nitrides, which could affect the mechanical properties [208]. The
ordered nitrogen complexes (ONCs) facilitate dislocation multiplication
and promote a more heterogeneous microstructure. This dual effect
leads to a higher dislocation density and smaller dislocation cells,
increasing the material’s strength. Simultaneously, the heterogeneous
structure provided by these complexes improves ductility. As a result,
the nitrogen-doped HEA achieves a remarkable combination of high
tensile strength and enhanced elongation, outperforming similar alloys
produced under inert conditions, as illustrated in Fig. 19. Fig. 19(e and f)
shows the finer dislocation cell structures in the nitrogen-doped HEA,
while Fig. 19(g) demonstrates the superior tensile strength and work
hardening behavior. Fig. 19(h) further quantifies the contributions of
different strengthening mechanisms to the overall yield strength, high-
lighting the benefits of nitrogen doping in the L-PBF process [208].

Savinov et al. [209] explored the addition of CeO2 to CoCrFeMnNi
HEAs via laser metal deposition, finding that the built atmosphere plays
a crucial role in the distribution and effectiveness of the added rare earth
elements, further underscoring the importance of controlled atmo-
spheres in L-PBF processes.

6.2. Microstructural characteristics

6.2.1. As-built microstructure of L-PBF-processed HEAs
The microstructure of L-PBF-processed HEAs is typically character-

ized by fine grains and a homogeneous distribution of elements,
resulting from the rapid solidification rates inherent in the process. This
fine microstructure is beneficial for achieving high strength and hard-
ness. Studies such as those by Brif et al. [210] and Cui et al. [202] have
shown that the as-built microstructures of L-PBF-processed HEAs often
exhibit a single-phase fcc or bcc structure, depending on the alloy
composition and processing parameters.

A study by Zhang et al. [200] on AlCoCrFeNi2.1 EHEA fabricated via
L-PBF reported an ultimate tensile strength of 1159.4 MPa and elonga-
tion of 29.0 %, attributed to the unique FCC-B2 core-shell structures
formed during the L-PBF process, which contribute to outstanding me-
chanical properties by hindering dislocation motion. Wang et al. [211]
found that iron-based amorphous materials added to CoCrNi MEAs
during L-PBF significantly enhanced yield strength and hardness while
maintaining substantial fracture elongation, especially under
low-temperature conditions. The stability of the phases formed during
the L-PBF process is critical for the long-term performance of HEAs. The
high cooling rates in L-PBF promote the formation of metastable phases,
which may transform during subsequent thermal exposure. Brif et al.
[210] demonstrated that the FeCoCrNi HEA maintained a stable
single-phase FCC structure up to its melting point, indicating good
thermal stability. This stability is confirmed by the XRD patterns shown
in Fig. 20(a-d), which display the consistent FCC phase in both
as-deposited and annealed specimens with different layer thicknesses.
However, other studies have reported the formation of secondary phases
upon aging or heat treatment, which could influence mechanical
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Fig. 19. (a) Schematic illustration of the in situ doping through the L-PBF process under a reactive N2 atmosphere. (b) Schematic illustration of the L-PBF process
layer by layer with chess scanning strategy. (c) Morphology and particle size distribution of pre-alloyed CoCrFeMnNi powder. (d) X-ray diffraction spectrums of pre-
alloyed powder and as-built samples of CoCrFeMnNi HEA, Dislocation cell structure in the HEAs (e) TEM image of N-0, (f) TEM image of N-50, (g) Tensile stress-
strain curve of the as-built CoCrFeMnNi HEA in a different atmosphere, with work hardening rate curve inserted, and (h) Experimental yield strength of the HEAs and
the calculated strengthening terms [208].
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properties.
The as-deposited microstructure, shown in Fig. 20(e) and the EDS

element maps, further supports the uniform phase distribution in the as-
deposited state. The influence of chemical short-range order (CSRO) on
the nanoindentation properties of HEAs prepared via L-PBF was
explored by Guo et al. [212]. They found that the CSRO significantly
affects the mechanical properties, with higher CSRO levels leading to
increased hardness and reduced dislocation density. This highlights the
importance of controlling phase stability and CSRO in optimizing the
performance of L-PBF-processed HEAs.

6.2.2. Grain structure and orientation
Grain structure and orientation significantly influence the mechan-

ical properties of L-PBF-processed HEAs. The rapid solidification rates in
L-PBF typically result in fine, equiaxed grains with a random orienta-
tion, which is beneficial for isotropic mechanical properties. Cui et al.
[202] reported that controlling processing parameters such as laser
power, scanning speed, and layer thickness can tailor the grain structure
to achieve desired properties.

Li et al. [213] investigated the microstructural characteristics and
mechanical behavior of CoCrFeNi HEAs fabricated via L-PBF, empha-
sizing the role of deformation twins and dislocation interactions in
determining the material’s mechanical properties. As shown in Fig. 21,
the microstructure analysis reveals the presence of submicron cellular
grains at the molten pool boundary (Fig. 21(a)) and a high density of
dislocations and dislocation networks (Fig. 21(b)). The SAED pattern
(Fig. 21(c)) confirms the presence of the primary FCC phase and a
tetragonal sigma precipitate phase. Fig. 21(d-f) highlights the defor-
mation twins coupled with stacking faults, which critically enhance the
material’s mechanical performance. The tensile stress-strain curves
(Fig. 21(h)) further demonstrate the significant impact of these micro-
structural features on the alloy’s strength and ductility.

6.3. Mechanical properties

6.3.1. Hardness and strength
The hardness and strength of L-PBF-processed HEAs are generally

higher than those produced by traditional methods such as casting or arc
melting. This is attributed to the fine grain structure and the absence of
significant phase segregation. Wang et al. [211] reported that the
FeCoCrNi HEA exhibited a yield strength of 600 MPa and a tensile
strength of 745 MPa in the as-deposited state, which were significantly

higher than those of cast specimens. The fine microstructure resulting
from the rapid solidification in L-PBF was a key factor in achieving these
properties. Furthermore, DADA et al. [214] observed similar enhance-
ments in the AlCoCrCuFeNi HEA, where the L-PBF process produced a
yield strength of 500 MPa and tensile strength of 650 MPa, significantly
outperforming its cast counterpart. These improvements are mainly due
to the refined microstructures and homogeneous element distribution
achieved through L-PBF. Zhang et al. [215] found that AlCoCrFeNi2.1
EHEA fabricated via L-PBF exhibited an ultimate tensile strength of
1159.4 MPa and elongation of 29.0 %, attributed to the unique FCC-B2
core-shell structures formed during the L-PBF process. Additionally,
Mullin et al. [216] reported that refractory multi-principal element al-
loys (RMPEAs) like HfMoNbTaTi fabricated via L-PBF demonstrate
high-temperature strength and ductility, making them ideal for
high-temperature applications. Amar et al. [205] highlighted the effects
of annealing treatment on VCoNi MEAs, showing that appropriate heat
treatments can enhance strength and ductility.

6.3.2. Ductility and fracture toughness
While L-PBF-processed HEAs exhibit high strength, maintaining

ductility and fracture toughness is equally essential. The fine grain
structure generally contributes to good ductility, but defects such as
porosity can negatively impact toughness. Cui et al. [202] found that
optimizing the L-PBF parameters to minimize defects is crucial for
balancing strength and ductility. Post-processing treatments such as HIP
can also help to reduce porosity and enhance toughness [217]. In a study
by Zhang et al. [36], the addition of in-situ [218] nanoparticles to
CoCrFeNi MEAs fabricated via L-PBF significantly improved the
ductility and fracture toughness by enhancing grain refinement and
introducing Orowan strengthening mechanisms.

6.3.3. Fatigue and wear resistance
The fatigue and wear resistance of L-PBF-processed HEAs are critical

for their application in demanding environments. The refined micro-
structure and high hardness contribute to excellent wear resistance,
while the fatigue performance depends on defects and the alloy’s
intrinsic properties. Research by Fu et al. [219] on FeCrNi MEA fabri-
cated via L-PBF showed superior fatigue resistance due to the refined
microstructure and enhanced corrosion resistance from the Cr2O3-rich
passive film. Similarly, Zhang et al. [218] reported that adding TiCxNy
nanoparticles in CoCrFeNi MEAs significantly improved wear resistance
and fatigue life by enhancing grain refinement and introducing Orowan

Fig. 20. XRD patterns of L-PBF manufactured FeCoCrNi alloy: (a) 50 lm as-deposited specimen, (b) 50 lm annealed specimen, (c) 20 lm as-deposited specimen, (d)
20 lm annealed specimen, and (e) As-deposited microstructure: SE image of a 20 lm specimen. The inset shows EDS element maps of the same area [210].
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strengthening mechanisms.
Park et al. [220] explored cell boundary engineering in ferrous MEAs

fabricated by L-PBF, demonstrating that introducing Mo segregation
along cell boundaries significantly enhances strength and ductility,
improving wear resistance and fatigue life.

6.4. Thermal and corrosion behavior

6.4.1. High temperature performance
HEAs are known for their superior high-temperature performance,

making them suitable for applications in extreme environments. The
stability of their microstructure at elevated temperatures is a key factor
in their performance. For instance, Ozalp et al. [221] highlighted that
RMPEAs like HfMoNbTaTi demonstrate high-temperature strength and

Fig. 21. Microstructure of the L-PBF processed CoCrFeMnNi HEA. (a) SEM image showing the laser molten pool boundary and submicron cellular grains. (b) TEM
bright field showing the high density of dislocations piled up and a dislocation network. (c) SAED pattern showing the primary FCC phase and tetragonal precipitate
phase. (d) HRTEM showing dislocations. (e,f) HRTEM showing the nano twin coupled with SF. (g) Calculated equilibrium phase fractions for an alloy with equal
amounts (20 at% each) of Co, Cr, Fe, Mn, and Ni, and (h) Tensile engineering stress-strain curves of the L-PBF and L-PBF-HIP CoCrFeMnNi alloy [213].
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ductility, making them ideal for high-temperature applications. The
work by Gwalani et al. [99] further confirmed the excellent
high-temperature stability of Al0.7CoCrFeNi2.4 HEA fabricated by L-PBF,
where the alloy maintained its mechanical properties even at elevated
temperatures due to its hypereutectic microstructure and
triple-nanoprecipitation strengthening mechanism. Savinov et al. [209]
found that CeO2-doped CoCrFeMnNi HEAs fabricated via laser metal
deposition exhibited heterogeneous dendritic microstructures with long
columnar grains oriented along the build direction, significantly
improving high-temperature performance.

6.4.2. Oxidation and corrosion resistance
Oxidation and corrosion resistance are crucial for the long-term

durability of HEAs in harsh environments. The presence of multiple
principal elements can enhance the formation of protective oxide layers,
improving corrosion resistance [222]. Fu et al. [219] demonstrated that
FeCrNi MEA fabricated via L-PBF exhibited superior corrosion resistance
in 3.5 wt% NaCl solution compared to 316 L stainless steel, attributed to
the Cr₂O₃-rich passive film formed on its surface, which is illustrated in
Fig. 22. Fig. 22(a) shows the microstructure of the FeCrNi MEA, high-
lighting its fine-grain structure. Fig. 22(b) compares the cyclic

Fig. 21. (continued).

Fig. 22. Microstructural analysis and corrosion behavior of FeCrNi MEA fabricated via L-PBF [219].
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potentiodynamic polarization curves of the FeCrNi MEA and 316 L
stainless steel, showing the enhanced corrosion resistance of the MEA.
Fig. 22(c) further supports this by displaying the cationic fractions of the
passive film, emphasizing the Cr₂O₃ content that contributes to the
improved corrosion behavior.

Han et al. [138] also showed that oxide dispersion strengthening in
CrCoNi MEA using oxygen-rich powder during L-PBF improved the al-
loy’s mechanical properties and corrosion resistance. This approach
reduced the cost of powder preparation while enhancing the alloy’s
performance, demonstrating the practical benefits of incorporating ox-
ygen in controlled amounts during the L-PBF process. Liu et al. [223]
showed that adding iron-based amorphous materials to CoCrNi MEAs
improved mechanical properties and significantly enhanced corrosion
resistance by reducing corrosion current density.

6.4.3. Thermal fatigue and creep properties
Thermal fatigue and creep properties are essential for HEAs in high-

temperature applications. The fine grain structure and phase stability in
L-PBF-processed HEAs contribute to their thermal fatigue and creep
resistance. Research by Zhang et al. [200] on eutectic HEAs with unique
core-shell structures fabricated by L-PBF highlighted their excellent
thermal fatigue resistance due to the hindrance of dislocation motion by
the core-shell structures.

Moreover, Shang et al. [224] noted that adding Fe-based metallic
glass to FeCoNiCrMn HEA significantly improved creep resistance by
refining the microstructure and increasing dislocation density. Fig. 23
illustrates these effects; the IPF and KAM maps (Fig. 23(a-d)) reveal a
more refined grain structure and higher dislocation density in the
HEA-MG compared to the HEA. This microstructural refinement leads to
enhanced mechanical performance, as shown in the stress-strain curves
(Fig. 23(e)), with the HEA-MG exhibiting higher strength and ductility.
The TEM images and SAED patterns (Fig. 23(h) and (i)) confirm the
presence of deformation twins and dense dislocations in the HEA-MG,
contributing to its superior resistance to thermal fatigue and creep.
These results underscore the potential of L-PBF-processed HEAs for
high-temperature applications requiring enhanced durability.

Li et al. [225] studied the effect of Al content on the microstructure
and properties of AlxCr0.2NbTiV refractory HEAs, finding that increasing
Al content enhances solution strengthening and reduces creep strain rate
sensitivity, thereby improving high-temperature performance.

6.5. Challenges and solutions in L-PBF of HEAs

6.5.1. Defect formation; porosity and cracking
Defect formation, such as porosity and cracking, is a significant

challenge in the L-PBF process. These defects can arise from improper
processing parameters, inadequate powder quality, and thermal stresses
during the build. Han et al. [226] discussed how using oxygen-rich
powder in L-PBF could introduce porosity but also demonstrated that
optimizing the oxygen content can enhance the alloy’s properties
through oxide dispersion strengthening.

Zhang et al. [218] addressed the issue of hot cracking in CoCrFeNi
MEA by incorporating in-situ TiCxNy nanoparticles during the L-PBF
process. This approach effectively eliminated hot cracks and improved
the mechanical properties of the alloy. Zhang et al. [227] emphasized
optimizing energy input to minimize thermal cracking in CoCrFeNi
HEAs, illustrating that lower energy inputs result in finer grains and
reduced cracking.

6.5.2. Strategies to mitigate defects
Various strategies can be employed to mitigate defects in L-PBF-

processed HEAs. These include optimizing processing parameters, using
high-quality powders, and implementing in-situ monitoring and control
systems. Dada et al. [228] emphasized the importance of optimizing
laser power, scanning speed, and layer thickness to minimize defects and
enhance the mechanical properties of HEAs. Post-processing techniques
such as HIP and heat treatments can also reduce porosity and improve
mechanical properties. Shang et al. [224] demonstrated that adding
Fe-based metallic glass to FeCoNiCrMn HEA enhanced mechanical
properties and mitigated defects by refining the microstructure.

To further reduce defects in LPBF-fabricated components, hot
isostatic pressing (HIP) can be applied as a post-processing step. For
example, Tang et al. examined the effects of HIP on equimolar CoCrNi
produced by LPBF, focusing on its microstructure, mechanical proper-
ties, and deformation mechanisms. Their findings revealed that
although HIP may lead to grain coarsening and a slight reduction in
strength, it markedly improves ductility and fatigue resistance by
relieving stress concentrations associated with internal defects[229].

6.6. Case studies and applications

6.6.1. Structural applications
L-PBF-processed HEAs have shown promise in structural applications

due to their high strength and durability. Case studies highlight their use

Fig. 23. EBSD analysis of HEA and HEA-MG: (a) and (b) IPF and KAM maps of the HEA, (c) and (d) IPF and KAM maps of the HEA-MG. Room temperature tensile
performance results: (e) stress-strain curves, fracture morphology of (f) HEA and (g) HEA-MG, bright-field TEM images, and corresponding SAED patterns of (h) HEA
and (i) HEA-MG [224].
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in aerospace, automotive, and engineering fields. For example, Guo
et al. [230] reported that AlCoCrFeNi2.1 EHEA fabricated by L-PBF
exhibited excellent mechanical properties suitable for structural appli-
cations in aerospace and automotive industries. Similarly, Peng et al.
[231] discussed the potential of RMPEAs like HfMoNbTaTi for
high-temperature structural applications due to their superior
high-temperature performance and resistance to thermal fatigue. Liu
et al. [223] highlighted the application of iron-based amorphous rein-
forced CoCrNi MEAs in structural components, demonstrating their
enhanced mechanical properties and corrosion resistance.

6.6.2. Functional applications
The unique properties of HEAs make them suitable for various

functional applications, including electrical and magnetic applications.
Specific examples demonstrate the advantages of using L-PBF-processed
HEAs in these areas. Zhang et al. [200] showed that the unique
core-shell structures in AlCoCrFeNi2.1 EHEA fabricated by L-PBF
enhanced its magnetic properties, making it suitable for functional ap-
plications. Fu et al. [219] highlighted the superior corrosion resistance
of FeCrNi MEA fabricated by L-PBF, making it ideal for applications in
aggressive environments where corrosion resistance is critical. Savinov
et al. [209] demonstrated that CeO2-doped CoCrFeMnNi HEAs fabri-
cated via laser metal deposition exhibited enhanced high-temperature
performance and corrosion resistance, making them suitable for func-
tional applications in harsh environments.

6.7. Future directions and research opportunities

6.7.1. Advances in L-PBF technology
Emerging trends and technological advancements in L-PBF are ex-

pected to further enhance the capabilities of this manufacturing process
for HEAs. Developments in laser technology, process control, and in-situ
monitoring are key areas of focus [232]. Mahmood et al. [233] discussed
the importance of advanced process control and in-situ monitoring for
optimizing L-PBF parameters and improving the quality of HEAs. Han
et al. [226] highlighted the potential of using oxygen-rich powder and
oxide dispersion strengthening in L-PBF to reduce costs and enhance
alloy performance, indicating a promising direction for future research.
Savinov et al. [209] emphasized the benefits of integrating rare earth
elements like CeO2 in the L-PBF process to enhance microstructural
properties and overall performance.

6.7.2. Development of new HEA compositions
Research into novel HEA compositions continues to expand the po-

tential applications of these materials. High-throughput experimenta-
tion and computational modeling drive the discovery of new alloy
systems with tailored properties. Zhang et al. [234] emphasized the
importance of developing new eutectic HEAs with unique core-shell
structures to achieve superior mechanical properties. Shang et al.
[224] noted that the addition of novel strengthening phases, such as
Fe-based metallic glass, can significantly enhance the properties of
HEAs, indicating a fruitful area for future research. Li et al. [225]
explored the effects of varying Al content in AlxCr0.2NbTiV refractory
HEAs, demonstrating that optimizing alloy composition can signifi-
cantly improve high-temperature performance and creep resistance.

Developing HEAs that can endure high stress while maintaining
ductility from ambient to cryogenic temperatures remains a key chal-
lenge. For instance, the limited cryogenic yield strength of CoCrFeNiMn
HEA restricts its broader application. In one study, microalloying stra-
tegies combined with LPBF were used to fabricate an Al₀.₃CoCrFeNiMn
HEA, and its deformation behavior was systematically investigated at
298 K, 200 K, and 77 K. The interactions among in-situ formed Al₂O₃
particles, dislocations, and deformation twins were found to enhance
both strength and ductility at cryogenic temperatures [235],. In another
study, an equiatomic CrMnFeCoNi HEA reinforced with TiB₂ particles
was produced via LPBF, achieving ~1350 MPa tensile strength and

~19 % fracture elongation at cryogenic temperatures—almost twice
that of room temperature. The improvement was attributed to the
combined effects of stacking faults, deformation twins, hard σ-phase and
TiB₂ particles, and the dislocation networks they generated during
deformation [236].

7. EB-PBF of HEAs

EB-PBF is an AM technique that uses a high-energy electron beam to
selectively melt and fuse metallic powders, layer by layer, to create
complex three-dimensional components. This process operates in a
vacuum, significantly reducing oxidation and contamination and
enhancing the quality of the fabricated parts [237]. EB-PBF shares
similarities with L-PBF in its layer-by-layer approach; however, it uses
an electron beam instead of a laser beam. This difference necessitates a
high vacuum environment to ensure a high-quality electron beam and a
contaminant-free processing atmosphere [238].

The EB-PBF process involves several critical steps; a thin layer of
metal powder is evenly spread over the build platform, the electron
beam preheats the powder bed to reduce residual stresses, and the
electron beam selectively melts the powder according to the CAD model.
This sequence is repeated layer by layer until the entire part is
completed. Preheating is crucial as it prevents powder spattering and
minimizes thermal gradients, improving mechanical properties and
reducing residual stresses [239,240]. Studies have demonstrated that
the vacuum environment in EB-PBF reduces oxidation and contamina-
tion more effectively than the inert gas environment used in L-PBF,
providing a cleaner processing atmosphere essential for
high-performance materials [241].

Compared to other AM methods, EB-PBF offers distinct advantages.
The vacuum environment allows for higher energy efficiency and deeper
penetration of the electron beam, which is beneficial for producing high-
density parts with fine microstructures. Additionally, the EB-PBF pro-
cess achieves higher build rates due to the high power of the electron
beam and its efficient scanning mechanism, making it suitable for pro-
ducing large and complex structures [163,242]. The electron beam’s
deeper penetration compared to lasers in L-PBF results in denser parts,
as demonstrated by several studies [243]. Furthermore, EB-PBF’s pre-
heating capability significantly improves thermal gradient control,
reducing residual stresses and enhancing part integrity [163].

7.1. Importance of EB-PBF in the fabrication of HEAs

EB-PBF is particularly suited for fabricating HEAs due to its ability to
maintain complex compositions and achieve desired microstructures
with minimal elemental segregation [244].

The vacuum environment in EB-PBF is critical for processing reactive
elements found in HEAs, as it prevents contamination and oxidation,
which can adversely affect the mechanical properties and stability of the
alloys. The high cooling rates inherent to the EB-PBF process lead to
refined microstructures and homogeneous phase distributions, which
are essential for achieving superior mechanical properties [245]. For
example, studies have shown that EB-PBF-processed HEAs exhibit
improved tensile strength and hardness due to the fine grain structures
and uniform phase distributions achieved through rapid solidification
[246]. Kuwabara et al. reported that equiatomic AlCoCrFeNi HEAs
fabricated using EB-PBF exhibit superior tensile properties compared to
those produced by conventional casting methods. As illustrated in
Fig. 24(a), the EB-PBF processed alloy achieves a tensile strength
exceeding 900 MPa and improved ductility. This enhancement is
attributed to the refined and homogeneous microstructure observed in
the EB-PBF sample (Fig. 24(b)), in contrast to the coarser grains present
in the cast alloy (Fig. 24(c))[247]. This improvement is attributed to the
uniform dispersion of intermetallic phases and refined microstructures
obtained through EB-PBF [248].

The ability to control process parameters such as beam current, scan
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speed, and preheating temperature allows for optimizing mechanical
properties tailored to specific applications. For instance, adjusting the
preheating temperature helps reduce residual stresses and prevent de-
fects such as cracks and porosity, thereby enhancing the overall me-
chanical performance of the fabricated parts [192]. Studies comparing
EB-PBF and L-PBF highlight EB-PBF’s superior ability to maintain the
desired composition and phase distribution of HEAs, reducing elemental
segregation and achieving more consistent mechanical properties [249].

7.2. Unique advantages of EB-PBF over other AM methods

EB-PBF offers several unique advantages over other AM techniques
like L-PBF and DED. One significant advantage is its operation in a
vacuum, significantly reducing oxidation and contamination, which is
particularly important for processing reactive metals and alloys like
HEAs [250]. This vacuum environment allows EB-PBF to achieve higher
energy efficiency and deeper penetration with the electron beam, pro-
ducing high-density parts with superior mechanical properties [251].

EB-PBF also provides superior control over thermal gradients and
cooling rates, which help reduce residual stresses and minimize the risk
of warping and other thermal deformation issues. The preheating
capability of EB-PBF is crucial for reducing residual stresses and
improving mechanical integrity by preventing rapid thermal shocks and
reducing thermal gradients during the build process [251]. Studies have
shown that EB-PBF’s ability to preheat the powder bed results in lower
residual stresses and better dimensional accuracy than parts produced
by L-PBF [252]. Furthermore, EB-PBF allows for precise control over
various process parameters, enabling the production of parts with
tailored microstructures and mechanical properties. This flexibility is
particularly beneficial for manufacturing high-performance HEAs, as it
optimizes the microstructure and mechanical properties to meet specific
application requirements [253].

7.3. Influence of EB-PBF on the microstructure of HEAs

The microstructure of HEAs fabricated using EB-PBF is significantly
influenced by process parameters such as beam current, scan speed, and
preheating temperature. One of the significant benefits of EB-PBF is its
ability to produce fine and uniform microstructures due to the high
cooling rates inherent in the process. For instance, Fujieda et al. suc-
cessfully fabricated an equiatomic AlCoCrFeNi HEA using EB-PBF,
which displayed a dual-phase structure consisting of BCC and FCC
phases. This contrasted with the single-phase BCC structure observed in
the gas-atomized raw powder and the casting specimen, highlighting the
impact of the EB-PBF process on phase formation. The rapid cooling
rates during EB-PBF resulted in much finer grains than the coarser grains
observed in casting specimens [254].

Similarly, Shiratori et al. examined the microstructure of AlCoCrFeNi
HEA fabricated by EB-PBF and revealed a nano-lamellar structure with
mixed disordered BCC and ordered BCC (B2) phases. The preheating

effect during EB-PBF promoted the formation of FCC phases along the
grain boundaries of the BCC/B2 phases. This preheating also led to
differences in phase distribution between the top and bottom parts of the
EB-PBF specimen, with the bottom part showing a higher fraction of FCC
phases due to longer exposure times at elevated temperatures. Fig. 25
illustrates these findings, where the phase maps show the higher FCC
content in the bottom section. In contrast, the IPF maps display the
refined grain structure, particularly in the EB-PBF-fabricated samples
compared to the cast specimen [255].

The presence of a strong crystallographic texture in EB-PBF-
processed HEAs, particularly in the BCC grains oriented along the
build direction, was noted. This texture, coupled with the fine grain
structures achieved through rapid solidification, contributes to the su-
perior mechanical properties of EB-PBF-fabricated HEAs compared to
those produced by traditional methods [256].

The influence of rapid cooling and preheating on the microstructure
of HEAs in EB-PBF cannot be overstated. The fine grain size and mixed-
phase compositions observed in EB-PBF-processed HEAs contrast
sharply with the coarser grains and single-phase structures typically
found in cast HEAs. This refined microstructure is crucial for achieving
the enhanced mechanical properties of EB-PBF-fabricated HEAs [93,
137,163]. The ability to control phase composition and grain structure
through adjustments in process parameters like preheating temperature
and beam current is a significant advantage of EB-PBF, enabling the
tailoring of material properties to specific application needs [93].

A recent study examined the effects of heat treatment on EB-PBF
fabricated (CoCrNi)₉₄Al₃Ti₃, revealing that solutionization followed by
aging significantly refined L1₂ nanoparticles and enhanced mechanical
performance. The as-aged alloy exhibited superior strength and
ductility, especially at cryogenic temperatures. Post-failure analysis
showed distinct texture evolution and deformation mechanisms among
the as-printed, solutionized, and aged states. Differences in strain
hardening rates and activation of deformation twins and stacking faults
were also observed across conditions[257].

7.4. Mechanical properties of EB-PBF-processed HEAs

The mechanical properties of HEAs fabricated using EB-PBF are
closely tied to their microstructure. The fine grain structure and ho-
mogeneous phase distribution achieved through EB-PBF contribute to
enhanced mechanical properties, such as increased hardness, tensile
strength, and ductility. For example, Fujieda et al. reported that EB-PBF-
processed AlCoCrFeNi HEAs exhibited a tensile strength exceeding
900 MPa, significantly higher than their cast counterparts. This
improvement in tensile strength is mainly due to the fine-grain struc-
tures and uniform dispersion of intermetallic phases [240]. Addition-
ally, the presence of the FCC phase, which has a higher atomic packing
factor and more closely packed slip planes than the BCC phase, con-
tributes to improved mechanical properties[254].

The study by Shiratori et al. demonstrated that the anisotropy in

Fig. 24. Engineering stress-strain curves and microstructures of a CoCrFeNiMn HEA fabricated by different methods [247].
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mechanical properties is a common feature in EB-PBF-fabricated HEAs.
Specimens with cylinder axes parallel to the build direction showed
better mechanical properties than those perpendicular to the build di-
rection. This anisotropy is attributed to the strong crystallographic
texture and the distribution of grain boundaries along the compression
direction [255]. Such directional dependence of mechanical properties
is critical for applications requiring specific mechanical performance in
particular orientations [258]. The enhanced mechanical properties of
EB-PBF-processed HEAs are evident compared to those produced by
traditional casting. The rapid cooling rates and preheating in EB-PBF
result in fine grain structures and optimal phase distributions, leading
to higher tensile strengths and hardness values. These improvements are
particularly pronounced when comparing EB-PBF-processed HEAs to
their L-PBF-processed counterparts, as the finer microstructures and
better phase control achievable in EB-PBF lead to superior mechanical
performance.

7.5. Corrosion and oxidation behavior of EB-PBF-processed HEAs

The corrosion and oxidation resistance of HEAs is critical for their
application in harsh environments. The vacuum environment in EB-PBF
helps reduce contamination and oxidation during processing, improving
corrosion resistance. Studies have shown that the fine and homogeneous
microstructure of EB-PBF-processed HEAs enhances their corrosion
resistance. For example, EB-PBF-fabricated AlCoCrFeNi HEAs exhibited
superior corrosion resistance compared to their cast counterparts,
attributed to the uniform phase distribution and absence of large pre-
cipitates, which can act as corrosion initiation sites [247].

The study by Peng et al. on EB-PBF-processed (FeCoNi)86Al7Ti7 HEA
demonstrated improved oxidation resistance due to the formation of a
protective oxide layer. The rapid cooling rates and controlled atmo-
sphere in EB-PBF formed a uniform and adherent oxide layer, enhancing
the alloy’s resistance to high-temperature oxidation [245]. The ability to
create stable and adherent oxide layers in EB-PBF-processed HEAs
makes them suitable for applications in aerospace and other
high-temperature environments.

The improved corrosion and oxidation resistance of EB-PBF-
processed HEAs is significant when considering their applications in
environments where these properties are critical. The vacuum envi-
ronment in EB-PBF prevents contamination and oxidation during the
build process, leading to cleaner surfaces and better corrosion resis-
tance. Additionally, the fine microstructure and uniform phase distri-
bution achieved in EB-PBF further enhance these properties, making EB-
PBF-processed HEAs superior to those produced by traditional casting

and even L-PBF in terms of corrosion and oxidation resistance [259].
To address the oxidation resistance limitations of refractory HEAs, Li

et al. introduced two innovative post-processing treatments—Al-depo-
sition and remelting—applied to alloys fabricated via electron beam
freeform fabrication (EBF3). These treatments refined the microstruc-
ture, with the remelted sample exhibiting finer short-range ordered
structures and the Al-deposited sample forming silicide and interme-
tallic phases. Oxidation tests at 1000 ◦C showed significant improve-
ments, with weight gain reductions for remelted and Al-deposited
samples, respectively, compared to the as-cast alloy. The enhanced
performance was attributed to the formation of a protective multilayer
oxide scale (TiO₂, Al₂O₃, SiO₂, AlNbO₄) and supported by first-principles
calculations and defect analysis, highlighting the treatments’ potential
for improving oxidation resistance in refractory HEAs[260].

7.6. Applications of EB-PBF-processed HEAs

HEAs processed through EB-PBF have shown great potential across
various applications due to their superior mechanical properties,
corrosion resistance, and high-temperature stability. One of the primary
applications of EB-PBF-processed HEAs is in the aerospace industry,
where materials with high strength-to-weight ratios and excellent high-
temperature performance are crucial. For instance, the study by Xiao
et al. demonstrated the use of EB-PBF to fabricate WMoTaNbVFeCoCrNi
refractory HEA, which exhibited remarkable mechanical properties and
oxidation resistance, making it suitable for turbine blades and other
high-stress components in aerospace applications [261].

Similarly, HEAs have been employed in the biomedical field due to
their excellent biocompatibility and corrosion resistance. EB-PBF-
processed HEAs, such as Ti-35Nb-7Zr-5Ta, have been investigated for
medical applications [262]. These materials exhibit superior mechanical
properties and biocompatibility compared to traditional biomedical
alloys.

In the energy sector, HEAs processed via EB-PBF are being explored
for hydrogen storage and as catalysts for fuel cells. Kunce et al. fabri-
cated TiZrNbMoV and LaNiFeMnV HEA parts using AM techniques,
which exhibited excellent hydrogen storage capacities and electro-
chemical properties [251]. These attributes are crucial for developing
efficient and durable hydrogen storage systems and fuel cells, key
components in the transition to renewable energy sources.

7.7. Advantages of using EB-PBF-processed HEAs in specific applications

The advantages of using EB-PBF-processed HEAs in specific

Fig. 25. Phase maps and IPF maps of equiatomic AlCoCrFeNi HEA fabricated by EB-PBF compared to conventional casting [255].
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applications are numerous. In the aerospace industry, the high cooling
rates and controlled atmosphere of EB-PBF lead to the formation of fine-
grained microstructures with improved mechanical properties and
oxidation resistance. EB-PBF-processed HEAs are ideal for high-stress,
high-temperature components, such as turbine blades and heat
shields. The study by Fujieda et al. highlighted the superior tensile
strength and corrosion resistance of CoCrFeNiTi-based HEAs fabricated
using EB-PBF, which were significantly higher than those of cast coun-
terparts [254].

In the biomedical field, the ability of EB-PBF to produce complex
geometries with precise control over microstructure and phase compo-
sition allows for the fabrication of implants with tailored mechanical
properties and enhanced biocompatibility. The Study by Ishimoto et al.
demonstrated that EB-PBF-processed TiTaZrNbMo-based biomaterials
exhibited excellent yield strength, low porosity, and customizable
shapes, which are critical for reducing stress shielding and promoting
osseointegration in orthopedic implants [263].

For energy applications, the unique properties of HEAs, such as their
high specific surface area and chemical stability, are enhanced by the
EB-PBF process. This results in highly efficient materials for hydrogen
storage and catalytic applications. The ability to fabricate parts with
intricate geometries and controlled porosity using EB-PBF further en-
hances the performance of these materials in practical applications [246,
264].

7.8. Limits and future prospects of EB-PBF of HEAs

One of the primary challenges in the EB-PBF process for HEAs is
achieving process stability. While beneficial for specific properties, the
high cooling rates and vacuum environment can also lead to residual
stresses and material defects. Residual stresses arise due to the rapid
thermal cycles during the EB-PBF process, which can result in warping,
cracking, and delamination of the built parts. These stresses are partic-
ularly problematic in HEAs, which often contain elements with varying
thermal expansion coefficients [265].

Material defects, including porosity and lack of fusion, are also sig-
nificant challenges. These defects typically result from improper process
parameters, such as insufficient beam power or incorrect scan speeds,
which can cause incomplete melting or solidification of the powders. For
example, achieving a balance between beam power and scan speed is
crucial for minimizing porosity and ensuring complete fusion of the
metal powders [266]. The prevalence of material defects like porosity is
generally higher in EB-PBF-processed HEAs compared to L-PBF-pro-
cessed counterparts, attributed to the greater complexity in controlling
electron beam parameters. Recent studies have shown that optimizing
beam current and scan speed can significantly reduce these defects,
which requires precise control and monitoring during the build process
[163].

Ongoing research focuses on optimizing process parameters and
developing new stress relief and defect reduction techniques to address
these challenges. One promising approach is using in-situ monitoring
and feedback control systems, which can adjust process parameters in
real time to minimize defects and control residual stresses. Recent ad-
vancements in real-time electron beam and powder bed monitoring have
enabled precise control over the melting and solidification processes,
improving part quality [267]. Implementing in-situ monitoring systems
in EB-PBF is more advanced than traditional methods like L-PBF, pri-
marily due to the inherent capabilities of EB-PBF technology. Studies
have demonstrated that real-time adjustments based on monitoring data
can significantly improve the quality and consistency of
EB-PBF-processed HEAs [268].

Another area of research is the development of new alloy composi-
tions designed explicitly for EB-PBF. These alloys are tailored to mini-
mize thermal expansion mismatches and enhance phase stability during
rapid cooling. For example, alloys with reduced aluminum content have
improved processability and reduced cracking tendencies [269].

Customizing alloy compositions for EB-PBF has led to significant im-
provements in reducing defects and enhancing mechanical properties.
Comparative studies have shown that HEAs designed specifically for
EB-PBF exhibit fewer defects and better mechanical performance than
those adapted from traditional alloy compositions [270].

Future improvements in EB-PBF technology and process optimiza-
tion are expected to enhance the fabrication of HEAs further. Advances
in electron beam technology, such as higher precision control and
improved beam stability, will improve process reliability and part
quality. Developing multi-beam EB-PBF systems that use multiple elec-
tron beams simultaneously could significantly increase build rates and
reduce production times [251]. Multi-beam EB-PBF systems represent a
significant advancement over single-beam systems, offering higher build
rates and improved efficiency. Studies have shown that these systems
can produce comparable or better quality parts than traditional
single-beam systems while significantly reducing build times [254].

Optimization of process parameters through machine learning and
AI is another promising direction [271]. AI algorithms can analyze large
datasets from EB-PBF processes to identify optimal parameter settings
and predict outcomes, thereby reducing trial-and-error approaches and
accelerating development cycles [272]. The application of AI and ma-
chine learning in EB-PBF process optimization is a growing field.
Comparative studies indicate that AI-driven parameter optimization can
achieve better part quality and consistency than traditional manual
optimization methods [246].

Studies have consistently shown that EB-PBF can achieve fine grain
structures and uniform phase distributions due to its high cooling rates
and precise control over process parameters. The ability to fabricate
complex geometries with tailored properties makes EB-PBF an attractive
option for various high-performance applications, including aerospace,
biomedical, and energy sectors [207,245,248,273,274].

The future of EB-PBF in the context of AM of advanced materials is
promising, with ongoing research focused on addressing current chal-
lenges and optimizing the process for better performance. The devel-
opment of new alloy compositions designed explicitly for EB-PBF and
advancements in machine learning and AI for process optimization are
expected to drive significant improvements in part quality and
manufacturing efficiency. The continued exploration of EB-PBF for high-
performance applications across various industries will likely lead to
broader adoption and further innovations in this field [207,251,254,
263,273,275].

8. Conclusions and future outlook

In conclusion, AM has proven to be a feasible method to produce
HEAs with complex geometries and customized chemistries. A variety of
HEA compositions, including equiatomic 3d transition metal systems (e.
g., CoCrFeMnNi), Al-containing and refractory metal HEAs, as well as
interstitially strengthened modifications, have been successfully manu-
factured utilizing laser-based (L-PBF, DED) and electron beam-based
(EB-PBF) methods. The rapid solidification inherent in these tech-
niques produces refined microstructures that suppress chemical segre-
gation and frequently result in superior mechanical properties compared
to cast counterparts; for example, AM-built HEAs commonly exhibit
higher strength and hardness than their conventionally cast counter-
parts. At the same time, process parameters (such as laser power, scan
speed, and scan strategy) significantly impact microstructural evolution,
influencing grain size, phase formation, and defect densities in as-
printed material. Post-processing treatments, including annealing and
HIP, frequently relieve residual stresses and minimize porosity in AM-
fabricated HEAs, ensuring structural integrity and dependable
performance.

Additionally, this review examined the potential of combining AM
processing with fundamental alloy design strategies to improve the
performance of HEAs. In particular, the ductility and work-hardening
capacity of HEAs can be considerably enhanced by customizing
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compositions to activate deformation mechanisms such as TWIP or
TRIP. This can be achieved by adjusting stacking-fault energies through
alloying modifications. Similarly, alloys can be designed to form mul-
tiple strengthening phases (e.g., dual-phase or spinodal-decomposed
microstructures) or to introduce fine precipitates and interstitial sol-
utes in order to exploit additional hardening mechanisms and obtain a
more favorable strength-ductility balance. Researchers can achieve
extraordinary mechanical properties in printed HEAs by utilizing these
mechanistic design principles in conjunction with the intrinsic rapid
solidification of AM. This results in the development of hierarchical
microstructures and novel phase combinations.

To effectively leverage AM of HEAs, it is crucial to address several
critical challenges and opportunities in the future. Initially, the predic-
tive design of novel HEA compositions optimized for additive processes
remains a research frontier. This issue will necessitate sophisticated
computational methods, including CALPHAD-based thermodynamic
calculations and machine-learning algorithms, to effectively screen the
extensive compositional space for printable, high-performance alloys.

Early endeavors in this regard, such as combining AM experiments
and high-throughput calculations, have demonstrated potential for
expediting the discovery of new HEA compositions. Secondly, opti-
mizing AM processes is contingent upon developing robust process-
structure-property models. In order to forecast how process parame-
ters are translated into solidification pathways, microstructural features,
and resultant properties, it is necessary to employ integrated modeling
frameworks and data-driven tools. Real-time process monitoring with
in-situ sensors to facilitate dynamic adjustment of build parameters and
machine-learning models trained on experimental data to recommend
optimal processing conditions for minimizing defects and achieving
targeted performance are among the initiatives in this field.

Another obstacle in AM-HEAs is the management of residual stresses
and microstructural anisotropy that result from layer-by-layer thermal
cycling. Internal stresses can accumulate and induce crystallographic
texture (build-direction anisotropy), which may result in distortion or
fracture if not mitigated due to steep thermal gradients and differential
cooling rates. Careful process control is necessary to address these is-
sues. For instance, residual stresses and warping can be substantially
reduced by preheating the build plate or powder bed (as implemented in
EB-PBF) to reduce thermal gradients. Additionally, optimizing scan
strategies and building orientations can assist in the more equitable
distribution of stresses. Post-build stress-relief thermal treatments are
frequently implemented to guarantee dimensional stability and prevent
the premature failure of critical components.

Conversely, AM provides unique opportunities to create tailored
material gradients and multi-material components that would be
impossible with conventional fabrication. In particular, in-situ alloying
and multi-feedstock techniques (especially in DED) enable the fabrica-
tion of compositionally graded HEAs within a single build. By varying
the elemental feed during deposition, engineers can produce function-
ally graded materials, for example, a part that transitions gradually from
one HEA composition to another, thus localizing different properties in
different component sections. This capability opens new avenues for
component-level design, such as combining a rigid, fracture-resistant
core with a hard, wear-resistant surface in one integrated piece.
Exploiting such strategies will allow future HEA components to be
optimized for multiple performance requirements simultaneously.

In contrast, AM offers distinctive opportunities to produce multi-
material components and tailored material gradients that would be
impossible to create through conventional fabrication. In particular, the
fabrication of compositionally graded HEAs within a single construct is
made possible by in-situ alloying and multi-feedstock techniques,
particularly in DED. Engineers can generate functionally graded mate-
rials by altering the elemental feed during deposition. For instance, they
can create a component that progressively transitions from one HEA
composition to another, thereby localizing distinct properties in distinct
component sections. This capability creates new opportunities for

component-level design, such as integrating a hard, wear-resistant sur-
face with a rigid, fracture-resistant interior in a single, integrated part.
By employing these strategies, future HEA components can be optimized
for multiple performance requirements simultaneously.

AM-fabricated HEAs provide a unique blend of unparalleled design
flexibility at the component level and exceptional material properties.
For example, aerospace engines and airframe components can benefit
from HEAs’ high strength-to-weight ratios and stability at elevated
temperatures. In the biomedical sector, AM can utilize HEAs with su-
perior erosion and corrosion resistance (and appropriate biocompati-
bility) to extend the service life of patient-specific implants in the human
body. The tooling and manufacturing industry can capitalize on the
extraordinary hardness and toughness of HEAs. Cutting tools and dies
that are additively manufactured and comprised of optimized HEAs may
demonstrate enhanced durability and resistance to wear. Furthermore,
other industries, including automotive and power generation, are also
investigating AM-processed HEAs for applications that necessitate a
customized equilibrium of mechanical strength, thermal stability, and
corrosion resistance. Customizing a component’s geometry and material
distribution via AM (for instance, by incorporating internal lattices or
graded compositions) is a unique advantage that enables engineers to
design parts specifically for their service conditions.

In summary, the advancement of AM of HEAs necessitates a robust
interdisciplinary research initiative. Advancements in this domain occur
at the convergence of materials science, mechanical engineering,
computational modeling, and related fields, necessitating collaboration
to tackle the complex challenges associated with alloy design, process-
ing, and performance assessment. Utilizing this interdisciplinary
collaboration enables researchers to expedite the identification of novel
alloys, enhance AM processes, and broaden the applications of HEAs.
These initiatives will foster advancements in materials science and ul-
timately facilitate the development of the next generation of durable,
high-performance components for diverse applications.
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