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High-entropy alloys (HEAs) represent a revolutionary class of materials characterized by their
multi-principal element compositions and exceptional mechanical properties. Powder metallurgy, a
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versatile and cost-effective manufacturing process, offers significant advantages for the development

of HEAs, including precise control over their composition, microstructure, and mechanical properties.
This review explores innovative approaches integrating powder metallurgy techniques in the synthesis
and optimization of HEAs. Key advances in powder production, sintering methods, and additive manu-
facturing are examined, highlighting their roles in improving the performance, advancement, and ap-
plicability of HEAs. The review also discusses the mechanical properties, potential industrial applica-
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tions, and future trends in the field, providing a comprehensive overview of the current state and fu-

ture prospects of HEA development using powder metallurgy.
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1. Introduction

High-entropy alloys (HEAs) have emerged as a groundbreak-
ing class of materials with unique properties and diverse poten-
tial applications. Unlike traditional alloys, which typically con-
sist of one or two principal elements, HEAs are composed of
multiple principal elements (usually five or more) in near-equi-
atomic ratios [1-4]. This complex composition results in a high
configurational entropy, which stabilizes the formation of sim-
ple solid solution phases and imparts exceptional mechanical
and physical properties. HEAs are known for their superior
strength [5], excellent wear [6] and corrosion resistance [7],
and remarkable high-temperature stability [8], making them
highly attractive for advanced engineering applications in in-
dustries such as aerospace, automotive, and energy [9, 10].

Despite their promising attributes, the development and
commercialization of HEAs face significant challenges, primar-
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ily due to the difficulties associated with their fabrication. Con-
ventional manufacturing techniques often fall short in produc-
ing HEAs with consistent quality and desirable properties. This
is where powder metallurgy (PM) techniques come into play.
PM offers a versatile and cost-effective approach to producing
HEAs, allowing for precise control over composition and mi-
crostructure. The inherent advantages of PM, such as the ability
to produce fine and uniform powders, complex shapes, and
high-performance materials, make it an ideal method for HEA
fabrication [11-13]. In addition, HEAs typically consist of mul-
tiple elements in near-equiatomic proportions, leading to a
high degree of atomic mixing. This randomness in atomic ar-
rangement increases configurational entropy, which stabilizes
the solid solution phase because the system prefers higher en-
tropy for thermodynamic stability.

Configurational entropy discourages the formation of inter-
metallic compounds because these ordered structures have
lower entropy. Intermetallic compounds are more rigid, with
specific atomic arrangements, which reduce the system's
overall entropy. In contrast, solid solutions allow for more
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atomic disorder, leading to higher entropy and thus more sta-
bility at elevated temperatures. This stabilization mechanism
contributes to the unique properties of HEAs, such as im-
proved mechanical strength, corrosion resistance, and ther-
mal stability, making them superior for various high-perfor-
mance applications.

When comparing PM with conventional alloy production
methods, several distinct differences and advantages emerge.
Conventional methods typically involve significant material
waste due to machining and cutting processes, whereas PM of-
fers near-net shape capabilities, resulting in minimal material
waste. Conventional methods often require multiple steps and
extensive machining to achieve complex geometries, while PM
can produce intricate shapes directly from the powder, reduc-
ing the need for additional machining [14, 15]. Microstructural
control is another area where PM excels; conventional methods
may result in inhomogeneous microstructures due to the melt-
ing and solidification processes, whereas PM provides better
control and uniformity through controlled powder production
and sintering processes. In terms of processing temperature
and energy consumption, conventional methods typically in-
volve high temperatures for melting and casting, leading to
higher energy consumption, whereas PM often operates at low-
er temperatures, particularly in sintering and consolidation
steps, resulting in energy savings [16]. Mechanical properties
are also enhanced in PM, which can achieve superior proper-
ties through uniform microstructures, enhanced diffusion
bonding, and advanced consolidation techniques like hot iso-
static pressing (HIP) and spark plasma sintering (SPS) [15, 17—
19]. PM offers greater flexibility in alloy design, enabling the
development of novel alloys, including HEAs, with unique
properties, whereas conventional methods are limited in the
range of compositions that can be processed due to melting
point differences and segregation issues. While conventional
methods are generally more cost-effective for high-volume
production of standard alloys, PM can be more cost-effective
for producing specialized, high-performance alloys and com-
ponents, especially in lower volumes or for complex shapes. In
conclusion, powder metallurgy provides a versatile and efficient
approach to alloy development, offering significant advantages
in terms of material utilization, complexity of shapes, micro-
structural control, and energy consumption. These benefits
make PM an attractive option for developing advanced materi-
als like high-entropy alloys, which require precise control over
composition and properties [11, 12, 20, 21].

In advancement, machine learning (ML) is transforming
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powder metallurgy in the production of HEAs by accelerating
the discovery, optimization, and processing of these complex
materials with improved material efficiency. In HEAs, where
numerous elements combine in near-equiatomic proportions,
the vast design space makes traditional trial-and-error ap-
proaches time-consuming and cost-prohibitive. ML algorithms
can efficiently analyze and predict optimal compositions, pow-
der processing parameters, and sintering conditions by learning
from extensive datasets on composition, microstructure, and
performance metrics. For instance, ML models can predict how
variations in milling speed, time, or temperature will influence
microstructure homogeneity, grain size, and phase stability.
Additionally, ML can aid in identifying ideal parameters for
high-energy ball milling and sintering to maximize chemical
uniformity and mechanical properties. By enhancing process
control and material characterization, ML in powder metallur-
gy improves the efficiency and precision of HEA development,
leading to faster innovations and superior performance of these
advanced alloys [22, 23].

Here, presenting a comprehensive overview of advancements
in powder production, sintering methods, and additive manu-
facturing. Unlike previous reviews, it emphasizes PM’s unique
ability to finely control HEA composition and microstructure,
which is essential for tailoring mechanical properties and en-
hancing performance. Additionally, this review extends beyond
technical discussions to address current and emerging industri-
al applications for PM-processed HEAs, providing valuable in-
sights into future trends and the evolving landscape of HEA re-
search. By integrating detailed analyses of PM process innova-
tions and their impact on HEA mechanical properties, this re-
view serves as a critical resource for researchers and industry
professionals seeking to leverage PM techniques for specific
HEA applications. Thus, this paper aims to explore the revolu-
tionary impact of powder metallurgy techniques on the devel-
opment of high-entropy alloys. It will discuss the various PM
processes, including atomization, mechanical alloying, and ad-
vanced sintering techniques, and how they contribute to the
optimization of HEAs. Furthermore, the paper will delve into
the applications of HEAs produced through PM, highlighting
their superior properties and potential industrial uses. By ex-
amining the latest advancements and future trends in this field,
this review seeks to provide a comprehensive understanding of
how PM is transforming the landscape of high-entropy alloy
development and paving the way for next-generation materials.
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2. Fundamentals and background of High-
Entropy Alloys

HEAs represent a novel class of materials characterized by
their unique composition and exceptional properties. Unlike
traditional alloys, which typically consist of one or two princi-
pal elements, HEAs are composed of five or more elements in
near-equiatomic proportions [24-26]. This unconventional ap-
proach to alloy design leads to a variety of beneficial character-
istics, making HEAs a subject of intense research and interest
in materials science. A brief fundamental has been present in
Fig. 1.

HEAs were first introduced in the early 2000s as researchers
sought to explore the untapped potential of multi-component
systems. Unlike traditional alloy design, which focuses on a
principal element with minor additions. Initial studies revealed
that HEAs could form stable, single-phase structures despite
their complex compositions, attributed to the high entropy of
mixing, which stabilizes disordered solid solutions over inter-
metallic compounds. The field of HEAs has rapidly expanded,
with ongoing research into various element combinations to
tailor properties for specific applications. Advances in compu-
tational methods and high-throughput experimental tech-
niques have accelerated HEA development, promising signifi-
cant impacts across industries such as aerospace, automotive,
biomedical, and energy. Despite developmental challenges, the
unique properties of HEAs continue to drive innovation and
interest in this groundbreaking field of alloy design [28-30].

Thermodynamic
(High entropy effect)

Properties
(Cocktail effects)

Kinetics
(sluggish diffusion effect)

Atomic structure
(Lattice distortion effect)

Fig. 1. Fundamental aspects of high-entropy alloys (permission will
be obtained after acceptance) [27].
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2.1. Constituents of Elements and Structure
HEAs are a novel class of materials defined by their unique

compositional complexity. Unlike conventional alloys, which
typically consist of one or two primary elements with minor
additions, HEAs are composed of five or more principal ele-
ments in near-equiatomic ratios. This high configurational en-
tropy leads to the stabilization of simple solid solution phases
rather than complex intermetallic compounds.

I. Multi-Principal Element Composition: HEAs are designed
with multiple elements, each contributing significantly to the
overall composition. This multi-element approach increases
the entropy of mixing, which promotes the formation of sim-
ple structures like face-centered cubic (FCC), body-centered
cubic (BCC), or hexagonal close-packed (HCP) phases, rath-
er than multiple complex phases [31].

I1. Solid Solution Phases: The high entropy effect favors the for-
mation of solid solutions where different atoms are random-
ly distributed on the lattice sites. This random mixing can
occur in FCC, BCC, or HCP structures, resulting in high
configurational entropy that stabilizes these phases at high
temperatures.[32, 33].

III. Microstructure: The microstructure of HEAs can be highly
varied and is influenced by the specific elemental composi-
tion and processing conditions. Typically, HEAs exhibit a
single-phase or dual-phase microstructure with a mix of
FCC and BCC phases. The presence of multiple principal
elements can lead to lattice distortion, which plays a signifi-
cant role in the mechanical properties of HEAs [34].

2.2. Exceptional Properties of HEAs
The distinctive composition and structure of HEAs impart

several unique properties that distinguish them from tradition-

al alloys.

I. Mechanical Strength: HEAs exhibit remarkable mechanical
strength due to the combined effects of solid solution
strengthening, lattice distortion, and the presence of multiple
phases. These factors contribute to high yield strength and
tensile strength [14].

I1. Wear and Corrosion Resistance: The random distribution of
different atoms can lead to enhanced wear and corrosion re-
sistance. The multiple elements can form a passive oxide lay-
er that protects the alloy from aggressive environments [35,
36].

ITI. High-Temperature Stability: HEAs maintain their structur-

al integrity and mechanical properties at high temperatures.
The high entropy stabilizes simple solid solution phases
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even at elevated temperatures, making them suitable for
high-temperature applications.

IV. Thermal Stability and Creep Resistance: HEAs exhibit ex-
cellent thermal stability and resistance to creep deformation,
which is critical for applications in harsh thermal environ-
ments [37, 38].

V. Magnetic and Electrical Properties: Depending on the con-
stituent elements, HEAs can exhibit a range of magnetic and
electrical properties, making them versatile for various appli-
cations, from structural components to functional materials
[39].

Thus, high-entropy alloys represent a paradigm shift in alloy
design, offering a range of exceptional properties due to their
unique compositional and structural characteristics. However,
their development is hindered by several challenges that need
to be addressed through continued research and innovation in
materials science and engineering.

3. Powder Metallurgy Processes

Powder metallurgy (PM) is a manufacturing process that in-
volves producing components from powdered materials
through compaction and sintering. It offers a high degree of
control over the final material properties and allows for the cre-
ation of complex shapes and unique material compositions.
Fundamental steps are shown in Fig. 2.

3.1. Powder Production
Atomization: Atomization is the most common method for

Melting of metal pieces in
arc melting furnace

Classifying and Atomizing the flowing melt
conditioning (mixing, with a high pressure water jet
Packaging)

Steps of powder production

Reduction at about
1000°C

Draining the powder—
water suspension

Drying and sieving
the powder

Fig. 2. Basic steps of powder production.
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producing metal powders, where molten metal is dispersed
into fine droplets and solidified rapidly. Techniques include gas
atomization, water atomization, and centrifugal atomization
[40, 41].

Mechanical Alloying: This process involves repeated fractur-
ing, welding, and re-welding of a blend of powders to create al-
loy powders. It is particularly useful for creating composite
powders and nanostructured materials. A detailed illustration
of the material synthesized through the mechanical alloying is
presented in Fig. 3.

Chemical Methods: These include reduction of metal oxides,
electrolysis, and chemical vapor deposition (CVD). These
methods can produce high-purity powders with controlled
particle sizes.

Atomization: Atomization is a primary method for produc-
ing metal powders in powder metallurgy (PM). It involves dis-
integrating molten metal into fine droplets, which then solidify
into powder particles. This technique is crucial for creating
powders with controlled particle sizes and shapes, essential for
high-quality PM processes. The main atomization methods are
gas atomization, water atomization, and plasma atomization,
each with unique characteristics and applications. Different
types of atomization methods are widely used for the produc-
tion of alloy powder, some important methods are described in
Table 1.

Hydrogen
storage,
magnetic
materials,
catalysts

Pure metals
Nanostructured

materials

compounds

Mechanical
alloying

oDs
superalloys

Super
corroding
alloys

Synthesis of
novel phase,
PVD targets,
solders, etc

Fig. 3. Different materials synthesized through mechanical alloying
(permission will be obtained after acceptance) [27].
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Table 1. Different atomization methods and respective advantages and applications [11-13, 42, 43]

Methods Process Description Advantages Applications
Gas Molten metal stream Melted in crucible and poured through nozzle Spherical particles ~ Aerospace and
atomization  Gag stream High-pressure gas jets break molten stream into droplets Controlled particle  automotive
Cooli d solidificati Dropl idlv solidifv i ization chamber. formi size High purity Additive
ooling and solidification roplets rapidly solidify in atomization chamber, forming manufacturing
fine powder.
Water Molten metal Stream Metal is melted and poured through a tundish into water- ~ Cost-effective High ~ Structural
atomization cooled chamber. production rates components Hard
Water jets High-pressure water jets break molten stream into droplets. l?liverse particle materials
Cooling and solidification ~ Droplets solidify quickly due to high cooling rate from shapes
water.
Plasma Plasma torch Plasma torch melts metal feedstock (wire or rod) athigh ~ High-purity spherical Aerospace and
atomization temperatures. particles Fine biomedical Additive
Inert gas stream Inert gas (argon) atomizes molten metal into fine droplets, ~ POWders manufacturing

Cooling and solidification
powder particles.

Droplets solidify in atomization chamber, forming fine

3.2. Sintering and Consolidation Methods in Powder
Metallurgy

Sintering and consolidation are critical processes in PM that
transform compacted metal powders into solid, dense materials
with enhanced mechanical properties. These processes involve
heating the powder compact to promote bonding between par-
ticles, eliminate porosity, and achieve the desired microstruc-
ture and properties [44, 45]. Various sintering and consolida-
tion methods are employed, each offering distinct advantages
for different applications. Various types of processes have been
used to consolidate the powder which are described in Table 2.

3.3. Advantages of PM in Alloy Development

Powder metallurgy (PM) offers several significant advantages
over traditional metallurgical processes, particularly in the de-
velopment of advanced alloys such as HEAs. One of the most
notable benefits is material efficiency. PM minimizes waste, as
nearly all the powder can be utilized in the final product, mak-
ing the process highly efficient in terms of material usage. This
contrasts with conventional methods, which often involve sub-
stantial material loss due to machining and cutting [50].

The ability to produce complex shapes and near-net shapes is
another key advantage of PM. This capability reduces the need
for extensive machining and post-processing, saving both time
and resources. PM processes can create intricate geometries di-
rectly from the powder, allowing for greater design flexibility
and the production of components that would be challenging
or impossible to achieve with traditional methods. In addition,
Uniform microstructure is a critical factor in determining the
mechanical properties and performance of an alloy. PM excels
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in this area by producing materials with highly uniform micro-
structures. This uniformity enhances the mechanical proper-
ties, such as strength and durability, leading to superior perfor-
mance in the final product. In addition, PM allows for precise
control over the alloy composition, enabling the development
of new alloys with tailored properties. This level of control is
particularly beneficial for creating HEAs, which require specific
elemental combinations to achieve their unique characteristics
[11, 13, 51, 52]. In addition, chemical homogeneity is crucial
for HEAs as it ensures uniform mechanical properties, corro-
sion resistance, and thermal stability by preventing localized
weaknesses from elemental segregation. Powder metallurgy
techniques like high-energy ball milling and homogeneous sin-
tering are particularly effective in achieving this uniformity.
High-energy ball milling breaks down segregated phases by re-
peatedly fracturing and cold-welding particles, promoting
atomic-level mixing of elements. Homogeneous sintering then
densifies the milled powders without melting, allowing con-
trolled atomic diffusion for even elemental distribution. To-
gether, these methods create a chemically homogeneous alloy
microstructure, which significantly enhances HEA perfor-
mance.

Enhanced properties are another major advantage of PM.
Processes such as mechanical alloying and SPS can significantly
improve the mechanical properties of the material, including
hardness, strength, and wear resistance. These enhancements
are crucial for applications that demand high-performance ma-
terials capable of withstanding extreme conditions. Further,
scalability is also a strength of PM. The process is suitable for
both small-scale production of specialized components and

J Powder Mater 2024;31(6):480-492
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Table 2. Different atomization methods and respective advantages and applications

Methods

Process

Description Advantages

Applications

Conventional
sintering

Hot isostatic
pressing (HIP)

Heating

Soaking

Cooling
Encapsulation

Pressurization and heating

Densification

Green compact is gradually heated to sin- Simplicity
tering temperature.

Held at sintering temperature for a specif- Cost-effectiveness
ic duration to enable diffusion and
bonding.

Material is cooled at controlled rate to
prevent thermal stresses.

Powder compact is encapsulated in a gas- High density
tight container.
Encapsulated compact is subjected to

high pressure and temperature in an au-
toclave using inert gas.

Isotropic properties

Pressure and heat induce particle bonding

Structural components,

Hard materials

Aeri ospace components

Biomedical implants

and densification.

Spark plasma
sintering (SPS)

Electric pulses
Pressure application
Rapid sintering

utes.

Microwave sintering Microwave energy

Pulsed electric current generates internal ~ Fast processing
heat in the compact.

Uniaxial pressure applied simultaneously Fine microstructures
to promote densification.

Microwaves generate heat, ensuring uni- Energy efficiency

Nanomaterials

Functionally graded
materials

Process is rapid, often completed in min-

Ceramics and composites

[46, 47] form temperature distribution.
Sintering Material is sintered via dielectric heating  Uniform heating Low-temperature
sintering
Hot pressing [48, 49] Compaction and heating Powder is compacted and heated simulta- High density and strength ~ Tool materials
neously in a die
Densification Pressure and heat promote densification Dimensional control Refractory metals
and grain growth.
Cold isostatic Encapsulation Powder compact is placed in a flexible ~ Uniform pressure Preforms for sintering
pressing (CIP) mold.
Pressure application Mold is placed in a pressure vessel; uni-  Shape flexibility Large components

form pressure is applied using a liquid

medium.

Pre-sintering densification
process

Compact is densified before sintering

large-scale industrial manufacturing, providing versatility in
production volumes. This scalability makes PM an attractive
option for various industries, from aerospace to biomedical,
where both precision and volume production are required [11,
20].

3.4. Comparison with Other Processing Routes

In comparison with conventional alloy production methods,
PM stands out for its ability to efficiently utilize materials, pro-
duce complex shapes, ensure uniform microstructures, offer al-
loy design flexibility, enhance material properties, and scale
production to meet diverse needs. These advantages make
powder metallurgy a powerful and versatile tool in the devel-
opment of advanced materials like high-entropy alloys, driving

J Powder Mater 2024:31(6):480-492

innovation and performance across multiple fields. Thus, a
comparison has been made in Table 3.

High-entropy alloys prepared by powder metallurgy exhibit
outstanding mechanical and thermal properties, including high
strength, hardness, toughness, wear resistance, and thermal sta-
bility. The PM process offers superior control over microstruc-
ture and composition compared to traditional casting and ad-
ditive manufacturing. This results in materials with enhanced
performance, particularly in high-temperature and demanding
environments. As research and technology in powder metallur-
gy advance, the potential for HEAs in various high-perfor-
mance applications continues to grow, highlighting the signifi-
cance of this fabrication method in the development of ad-
vanced materials.
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Table 3. Comparison of different processing routes with powder metallurgy process

Casting [53]

Powder metallurgy [11, 12]

Additive manufacturing [54]

Microstructural control
to segregation of elements due to the
slow cooling rates, resulting in inho-

mogeneous microstructures. mg.

Produces larger grain sizes and may lead Achieves finer grain sizes and more uni- Can achieve complex geometries and
form element distribution due to con-
trolled powder production and sinter-  tures, but may suffer from anisotropy

near-net shapes with fine microstruc-

and residual stresses.

Produces uniform and isotropic proper-
ties with better control over porosity
and grain size.

Mechanical properties Typically yields materials with lower
strength and hardness compared to

powder metallurgy due to the pres-

Produces materials with higher strength, Offers high strength and hardness, but
hardness, and improved toughness
due to better microstructural control.

properties can vary depending on the
build direction and process parame-

ence of casting defects such as porosity pejivers consistent mechanical proper-  ters.

and segregation.

ties due to uniform microstructure

and controlled processing conditions.

Thermal properties

phases.

Can result in lower thermal stability due Provides higher thermal stability and
to the potential for coarse intermetallic ~ oxidation resistance due to the homo-
geneous microstructure.

Exhibits good thermal properties, but
residual stresses and anisotropy can
affect performance at high tempera-
tures.

4. Mechanical and Thermal Properties of
HEAs

HEAs synthesized by PM followed by milling and sintering
exhibit remarkable mechanical properties due to their unique
multi-component composition and refined microstructure.
The PM process, particularly through high-energy ball milling,
ensures a homogeneous distribution of elements at the atomic
level, resulting in a fine and uniform microstructure. This leads
to high strength and hardness as the multiple principal ele-
ments create lattice distortions that impede dislocation move-
ment. Thus, in Fig. 4 and Fig. 5 (a & b), the mechanical proper-
ties of some reported HEAs have been compared and presented
as a bar chart.

Additionally, the enhanced toughness is attributed to the ef-
fective energy dissipation facilitated by the high-entropy effect,
reducing the risk of brittle fracture. The superior hardness and
toughness also translate into excellent wear resistance, making
these HEAs suitable for abrasive environments. Furthermore,
the uniform and fine-grained microstructure enhances fatigue
resistance, enabling the alloys to endure cyclic loading condi-
tions without premature failure. Overall, the mechanical prop-
erties of HEAs synthesized by PM followed by milling and sin-
tering make them highly suitable for demanding applications
that require a combination of high strength, toughness, and du-
rability. In addition, Fig. 6 (a & b) presents the thermal proper-
ties of different high-entropy alloys.

HEAs are distinguished by their unique multi-element com-
position, which imparts exceptional thermal properties. These
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alloys exhibit remarkable thermal stability, maintaining phase
integrity and resisting phase transformations at elevated tem-
peratures due to high configurational entropy. Their thermal
conductivity is generally moderate to low, a result of phonon
scattering by diverse atomic sizes and mass differences. This
property, along with a reduced coefficient of thermal expan-
sion, helps mitigate thermal stress and reduces thermal distor-
tion. HEAs also demonstrate excellent thermal shock resis-
tance, distributing thermal stress evenly and enhancing dura-
bility in environments with rapid temperature changes. Their
high melting points extend their operational range in extreme
thermal conditions, while superior oxidation resistance, facili-
tated by the formation of stable protective oxide layers, and
good corrosion resistance at high temperatures ensure robust
performance in harsh chemical environments. Furthermore,
HEAs exhibit significant resistance to thermal fatigue, main-
taining their properties through repeated heating and cooling
cycles, which enhances the lifespan and reliability of compo-
nents made from these materials. In addition, Table 4 and 5
shows the microstructure and their properties of different high
entropy alloys.

5. Applications of HEAs Produced by
Powder Metallurgy

HEAs produced by powder metallurgy have diverse and
promising applications due to their unique properties, such as
high thermal stability, mechanical strength, and corrosion re-
sistance. The versatility and enhanced properties of HEAs pro-

J Powder Mater 2024;31(6):480-492
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Fig. 4. Mechanical properties of some reported high-entropy alloys for sintering temperature and yield stress [55]. (permission will be

obtained after acceptance).

duced by powder metallurgy make them suitable for a wide
range of advanced engineering applications. A schematic pre-
sentation has been shown in Fig. 7.

Aerospace industry: The aerospace industry has traditionally
relied on superalloys and single-crystal alloys for components.
However, the discovery of HEAs is shifting this narrative. HEAs
offer high thermal stability and strength at elevated tempera-
tures, making them ideal replacements for conventional alloys
in jet engine components such as turbine blades, compressors,
and combustors. For instance, GE Aviation has developed a
NbMoTaW HEA to replace ferritic steel in rotors, offering supe-
rior properties like temperature resistance above 800°C, high
strength, corrosion resistance, and sound creep resistance. Ad-
ditionally, HEAs in other jet engine parts exhibit enhanced re-
sistance to wear, corrosion, oxidation, fatigue, and creep com-
pared to traditional superalloys and single-crystal alloys [55, 57].

J Powder Mater 2024:31(6):480-492

Automotive industry: HEAs are emerging as novel materials
for the automotive industry due to their high strength and duc-
tility. These properties make HEAs ideal for robust automotive
components such as engine valves, gears, brake calipers, shafts,
connecting rods, engine pistons, and ball joints. HEAs also of-
fer resistance to fatigue, corrosion, wear, and impact loads,
which are essential for automotive applications. For example,
the AICoCrFeNi HEA is lightweight, with a high yield strength
of 1263 MPa at 773 K, ultimate compressive strength (UCS) of
1702 MPa, and plasticity of 19.9% up to 773 K. These charac-
teristics make it suitable for structural and high-temperature
applications like gears, engine pistons, and valves [58, 59].

Marine industry: HEAs are becoming valuable in the nauti-
cal and maritime industry due to their high strength-to-weight
ratio and excellent corrosion resistance. These properties are
crucial for submarine machines and other maritime devices
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that are in constant contact with salt water, which is highly cor-
rosive. Components for these applications require superior cor-
rosion resistance and low density. One such HEA, MAR-M247
(NiCr16Col1Mo4), is a nickel-based alloy recognized for its ef-
fectiveness in constructing maritime ships and boats, offering
enhanced durability and performance in harsh marine environ-
ments [60, 61].
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Biomedical industries: HEAs show great promise in biomed-
ical applications, particularly for implants. Popescu et al. devel-
oped TiZrNbTaFe HEA, which exhibits superior corrosion re-
sistance compared to the conventional Ti6Al4V alloy due to its
single B phase and the presence of Ta, which forms a protective
Ta205 film. This HEA has proven to be more biocompatible
than Ti6Al4V, making it suitable for orthopedic implants like
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Table 4. Microstructures and their effects on different high-entropy alloys

Observed phase(s) through different

HEA ) Effects on mechanical properties
processing route(s)

Composition Melting and casting  MA SPS AM Melting and casting MA SPS AM

CoCrFeNiMn FCC FCC FCC+BCC Compressive strength: 1987 Tensile strength:
MPa 601 MPa

Hardness: 646 HV

CoCrFeNiAl03 FCC FCC+BCC FCC UTS: 528 MPa Compressive strength: 1907 YS: 730 MPa

MPa
YTS: 275 MPa Hardness: 625 HV UTS: 896 MPa
CoCrFeNi FCC+ Cr7C3 FCC Hardness: 580 HV
AICoCrCuFeNi FCC+BCC FCC+BCC BCC Hardness: 515.5 HV (5.056 Hardness: 8.13 GPa

GPa) Compressive
strength: 1.82 GPa

Yield strength: 1312 MPa
and 50% increase in
plastic strain

YS: 896 MPa Compressive Hardness: 442 HV 5
strength:1502 MPa Tensile strength: 1384 MPa

Elastic modulus: 172 GPa

TiZrNbMon3 V0.3 BCC FCCBCC

Ni155015CrFeT105 FCC FCC

Hardness: 515 HV

Elastic modulus:216 GPa

hip and knee replacements, as well as dental implants. CoCrF-
eMnNi HEA has shown superior performance in hip and knee
replacements, while CoCrFeNiMnMo HEA has excelled in
dental applications due to its corrosion resistance, biocompati-
bility, and strength. Additionally, HEAs are being explored as
substitutes for conventional synthetic drugs [62-66].

Energy industries: HEAs are emerging as superior materials
for hydrogen energy storage, surpassing traditional metal hy-
drides like MgH2 and NaAlH4, which have a maximum hydro-
gen-to-metal (H/M) ratio of 2. Research indicates that HEAs
can achieve an H/M ratio of 2.5 or more [67]. For instance,
TiVZrNbHf HEA can store more hydrogen than its individual
elements due to the large lattice strain in the alloy. This strain
creates an environment conducive to absorbing hydrogen in
both tetrahedral and octahedral interstitial sites, enhancing its
storage capacity [68, 69].

Defense Industries: HEAs are crucial in the military sector,
particularly for military vehicles, protective shields, and armor-
ies. Their high strength, hardness, corrosion and wear resis-
tance, impact strength, and fatigue resistance make them ideal
for these applications. For instance, AerMet 100 (NiCoFeVMo)
is used in ammunition casings due to its excellent wear and im-
pact resistance. Research by Tang and Li using molecular dy-
namics simulations revealed that the ballistic performance of
CrMnFeCoNi and CrFeCoNi HEAs is influenced by their dis-
location dynamics under strain. CrFeCoNi HEA, with stronger
atomic bonds and higher dislocation densities, exhibits superi-

J Powder Mater 2024:31(6):480-492

or strain-hardening and toughness, while CrMnFeCoNi, with
weaker bonds and lower dislocation densities, is more suscepti-
ble to failure under ballistic impact. Thus, the presence of Mn
reduces the impact energy of ballistic-resistant HEAs [70, 71].

6. Conclusions and Challenges in HEA
Development

Despite their promising properties, the development and
commercialization of HEAs face several significant challenges.
(1) Complexity in Alloy Design: Designing HEAs involves se-

lecting appropriate combinations of elements from a vast
compositional space. The interactions between multiple ele-
ments are complex and not fully understood, making it
challenging to predict the resulting phases and properties.

(2) Manufacturing Difficulties: Traditional casting and process-
ing methods may not be suitable for HEAs due to their
compositional complexity. Achieving a homogeneous dis-
tribution of elements and preventing segregation during so-
lidification are major challenges.

(3) Characterization and Testing: The characterization of HEAs
requires advanced techniques to accurately determine their
phase composition, microstructure, and properties. High-
throughput experimental methods and computational model-
ing are often necessary to understand the behavior of HEAs.

(4) Cost and Scalability: The high cost of raw materials and the
complexity of processing can make HEAs expensive to pro-
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Table 5. Microstructure, process and properties of various high-entropy alloys [56]

Alloys Processing Density (g/cm’) Phases Yield strength
Ti0.5VNbMoTa MA+SPS 9.99 BCC 2563
TilVNbMoTa MA+SPS 9.45 BCC 2208
Til.5VNbMoTa MA+SPS 9.08 BCC+FCC 2696
Ti2VNbMoTa MA+SPS 8.75 BCC+FCC 2824
NbMoTaWVCr MA+SPS 11.06 BCC+Laves+Oxide 3410
NbMoTaWVCr MA+SPS 11.16 BCC+Laves+Oxide 3416
MoNbTaTiV MA+SPS 9.45 BCC 2208
NbMoTaWVTi MA+SPS 10.6 BCC+TiO 2709
CrNbVMo MA+SPS 8.03 BCC+Nb00.7 2743
Al0.5CrNbVMo MA+SPS 7.53 BCC+AIRO3 2497
Al1ICrNbVMo MA+SPS 7.05 BCC+ARO3 2326
(W35Ta35Mo15Nb15)95Ni5 MA+SPS 14.55 BCC+Nb5.7Ni4Ta2.302 2128
NbTaWMo MA+SPS 13.44 BCC+Silicide 1217
NbTaWMoSi0.25 MA+SPS 12.92 BCC+Silicide 1826
NbTaWMoSi0.5 MA+SPS 12.65 BCC+Silicide 1883
NbTaWMoSi0.75 MA+SPS 12.23 BCC+Silicide 2483
Al0.1CrMoNbV MA+SPS 7.97 BCC+AL20O3 2544
Al0.1CrMoNbVB0.015 MA+SPS 7.97 BCC+AIR2O3 2933
TiNbTa0.5Zr Sintering 7.6 BCC 1310
TiNbTa0.5ZrAl0.2 Sintering - BCC 1500
TiNbTa0.5ZrAl0.5 Sintering 73 BCC 1740
WO0.3(TaTiCrV)0.7 SPS 13.4 BCC 2265
W0.4(TaTiCrV)0.6 SPS 13.6 BCC 2314
WO0.5(TaTiCrV)0.5 SPS 14.5 BCC 2144
WO0.6(TaTiCrV)0.4 SPS 14.9 BCC 2187
W0.7(TaTiCrV)0.3 SPS 15.7 BCC 1473
WO.8(TaTiCrV)0.2 SPS 16.5 BCC 1208
WO.9(TaTiCrV)0.1 SPS 16.5 BCC 1206
V0.5Nb0.5ZrTi SLM 6.5 BCC 1450
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Fig. 7. Potential applications of high-entropy alloys.
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duce. Developing cost-effective and scalable manufacturing
processes is crucial for their widespread adoption.

(5) Limited Understanding of Properties: While HEAs exhibit
unique properties, there is still limited understanding of
how these properties change with different compositions
and processing conditions. More research is needed to fully
exploit the potential of HEAs.

(6) In conclusion, the advancement of HEAs through powder
metallurgy techniques marks a significant breakthrough in
materials science. Powder metallurgy allows for precise con-
trol over composition and microstructure, leading to HEAs
with superior mechanical properties, thermal stability, and
corrosion resistance. This innovative approach not only en-
hances the performance and durability of HEAs but also
broadens their application range across industries such as

J Powder Mater 2024;31(6):480-492
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aerospace, automotive, medical, and energy. The synergy
between HEA development and powder metallurgy tech-
niques paves the way for the creation of next-generation
materials that meet the stringent demands of modern engi-
neering challenges. As research and technology continue to
evolve, the potential of HEAs produced via powder metal-
lurgy promises to revolutionize material design and applica-
tion, driving forward industrial innovation and efficiency.
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