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Introduction to High-Entropy Alloys
Origins and Evolution of HEAs

High-entropy alloys (HEAs) represent a paradigm shift in alloy design, diverging from traditional
metallurgy which relies on one principal element alloyed with minor additions. HEAs instead
consist of multiple principal elements, typically five or more, in near-equiatomic or significant
proportions (Yeh et al., 2004; Figure 1). This design philosophy emerged in the early 2000s through
the independent works of Yeh and Cantor, whose research challenged the classical approach to
alloy development, and opened new pathways for exploring multi-component systems with unique
and often superior properties.
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Figure 1: Schematic of a high-entropy alloy with five types of atoms with different sizes
Credit: Ivarofl, via Wikimedia Commons

Traditional alloy systems such as steel (Fe-based), brass (Cu-Zn), and superalloys (Ni-based) are
often limited by phase segregation, intermetallic brittleness, or corrosion susceptibility. In contrast,
HEAs offer a unique combination of high strength, ductility, thermal stability, and corrosion
resistance due to their configurational entropy-driven stabilization of simple solid solution phases
(Zhang et al., 2014). These characteristics make HEAs ideal candidates for critical applications
where environmental and mechanical demands are extreme.
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Limitations of Traditional Alloying Concepts

Conventional alloying strategies typically involve tuning the base element's properties with small
additions of alloying elements. However, this methodology limits the compositional freedom and
often leads to complex microstructures that are prone to failure under demanding service
conditions. Furthermore, phase diagrams and thermodynamic models used in traditional
metallurgy become less predictive when extended to multi-element systems.

The rise of HEAs overcomes these constraints by treating each constituent element as a principal
component, giving rise to vast unexplored compositional spaces. This fundamental shift has
introduced new criteria for alloy design, including considerations of entropy, enthalpy, atomic size
difference, and mixing behavior, rather than relying solely on binary or ternary phase equilibria.

The Entropic Stabilization Principle

The core principle underpinning HEAS is the role of configurational entropy (ASconfig) in stabilizing
simple solid solution phases. In thermodynamics, the Gibbs free energy (G) of a system determines
its phase stability, expressed as:

G=H-TAS

Where:
G = Gibbs free energy
H = Enthalpy of mixing
T = Temperature (in Kelvin)
AS = Entropy of mixing (configurational entropy in this context)

For a multi-component equiatomic alloy, the configurational entropy can be approximated as:
ASconﬁg =-R X x; In x;

Where:
R = Universal gas constant (8.314 J/mol-K)
xi = Molar fraction of element 1

In the case of an equiatomic five-element alloy, x; = 0.2, yielding a significant entropy contribution:
ASconfig=-R (5 X 0.2 x In 0.2) = 1.61R

This high entropy reduces the Gibbs free energy, favoring the formation of disordered solid
solutions (e.g., face-centered cubic (FCC) or body-centered cubic (BCC)) rather than ordered
intermetallic phases. The concept of entropic stabilization distinguishes HEAs from conventional
alloys, and facilitates the prediction of phase structures in compositionally complex systems
(Miracle and Senkov, 2017).
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Types of HEAs: Equiatomic, Non-Equiatomic, and Beyond

Although early research focused predominantly on equiatomic compositions for mathematical
simplicity and theoretical validation, non-equiatomic HEAs have gained traction in recent years.
These alloys offer enhanced tunability of mechanical and functional properties while still
leveraging the benefits of high configurational entropy (Zhang et al., 2017). Non-equiatomic
compositions are particularly relevant in industrial settings where specific elemental costs,
processing constraints, or application requirements dictate compositional adjustments.

HEAs are now broadly classified into several categories:

e Equiatomic HEAs, with each element present in equal molar proportions.

e Non-equiatomic HEAs, where principal elements are still present in significant but
unequal amounts.

e Medium-entropy alloys (MEASs), consisting of three or four principal elements but still
exhibiting entropic effects.

¢ Compositionally complex alloys (CCAs), which blur the distinction between HEAs and
traditional multi-component alloys.

These classifications allow engineers to adopt a more flexible design strategy, tailoring alloy
systems for structural, magnetic, superconducting, or catalytic purposes.

Historical Development and Milestones

The introduction of HEAs was a disruptive moment in materials science. Initially considered a
theoretical curiosity, the field gained legitimacy through experimental validation. Yeh et al. (2004)
first demonstrated that equiatomic CoCrFeMnNi alloys formed single-phase solid solutions with
impressive mechanical properties. Simultaneously, Cantor et al. (2004) reported similar findings
in the same alloy family, now referred to as the Cantor alloy.

Over the last two decades, the field has expanded dramatically. Research has extended into
refractory HEAs (RHEAs) for high-temperature applications, lightweight HEAs for aerospace
components, and corrosion-resistant HEAs for marine environments. Funding from agencies such
as the U.S. Department of Energy and the European Research Council has accelerated
experimental and computational development of new HEA systems.

Relevance to Modern Engineering Practice

HEAs hold particular relevance for engineering disciplines that require materials with multi-
functional performance under harsh service conditions. For example, the aerospace sector values
the combination of low density, high strength, and oxidation resistance offered by Al-containing
HEAs. The nuclear industry benefits from the radiation resistance and thermal stability of RHEAs.
Mechanical engineers engaged in high-wear environments increasingly investigate HEAs for
surface coatings and bulk wear-resistant components.
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Moreover, HEAs are aligned with broader sustainability trends in engineering. Many HEAs rely
on elements that are more abundant or recyclable than those used in critical superalloys, offering
pathways toward greener materials strategies.

Conclusion

This chapter introduced the core principles, classifications, and historical context of high-entropy
alloys. Distinct from traditional alloys, HEAs exploit high configurational entropy to stabilize
simple solid solution phases, resulting in exceptional mechanical and physical properties. The
development of HEAs reflects a major shift in alloy design methodology and opens expansive new
compositional spaces for exploration. With growing interest in industrial applications, HEAs are
transitioning from academic novelty to engineering necessity.

The next chapters will delve deeper into their thermodynamics, microstructure, and mechanical
behavior, building a robust foundation for professional engineering practice.
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Thermodynamics and Phase Formation
Introduction to Thermodynamic Foundations

The thermodynamic behavior of high-entropy alloys (HEAs) underpins their unique phase stability
and microstructural characteristics. Unlike traditional alloys, which often involve predictable
phase diagrams derived from binary or ternary systems, HEAs operate within a vastly more
complex thermodynamic landscape due to their multicomponent nature. A profound understanding
of enthalpy, entropy, and their interplay is essential for predicting the formation of solid solution
phases or intermetallic compounds, guiding alloy design strategies and process optimization.

This chapter provides a deep exploration of the thermodynamic principles critical to HEAs,
focusing on the role of configurational entropy, enthalpy of mixing, atomic size difference, and
valence electron concentration. It also examines how these variables interact to determine phase
selection and transformation, setting the stage for materials selection and performance engineering.

Configurational Entropy and Multicomponent Effects

The concept of configurational entropy is fundamental to the HEA design framework. It quantifies
the randomness associated with atomic arrangement in a solid solution.

For an ideal solution containing n components in equal molar fractions, the configurational entropy
(AScontfig) 1S given by:

ASconfig = -R X Xx; In x;

Where:
ASconfig = configurational entropy (J/mol-K)
R = universal gas constant = 8.314 J/mol-K
xi = mole fraction of component i

In a five-component equiatomic alloy, xi = 0.2 for each element. Substituting into the equation
yields:

ASconfig =-R x (§ x 0.2 x1n 0.2) = 1.61R = 13.39 J/mol-K

This value is significantly higher than for binary or ternary alloys, indicating a greater
thermodynamic driving force toward forming disordered solid solutions instead of intermetallic
phases (Yeh et al., 2004). This entropy effect becomes increasingly dominant at elevated
temperatures, favoring high-temperature phase stability.

However, it is critical to note that this model assumes ideal mixing, which rarely holds true in real
systems. Corrections for non-ideal behavior due to atomic interactions, short-range ordering, and
lattice strain are necessary for more accurate predictions (Zhang et al., 2014).
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Enthalpy of Mixing and Interatomic Interactions

While entropy favors disorder, the enthalpy of mixing (AHmix) reflects the energy change
associated with the interaction of dissimilar atoms. It is calculated using:

AHmix = X X; Xj

Where:
Q;; = binary interaction parameter between elements 7 and j
Xi, Xj = mole fractions of elements i and j

For HEAs, the balance between ASconfie and AHmix is delicate. A highly negative AHumix promotes
the formation of ordered intermetallic compounds, which may reduce ductility and processability.
Conversely, a small or slightly negative AHmix, when combined with high ASconfig, encourages the
formation of substitutional solid solutions.

The Hume-Rothery rules, although developed for binary systems, offer some guidance in
predicting phase stability, particularly when extended into multi-principal-element contexts.
Excessively negative or positive AHmix values can trigger phase separation, clustering, or complex
compound formation (Senkov et al., 2015).

Gibbs Free Energy Minimization and Phase Stability

The overarching thermodynamic driver for phase formation is the minimization of the system's
Gibbs free energy (G):

G=H-TAS

For HEAs, both AHmix and ASconfig contribute to phase selection. As temperature increases, the
entropy term (TAS) becomes more significant, favoring disordered solid solution phases. At lower
temperatures, enthalpic interactions dominate, potentially leading to phase separation or ordering.

Phase Formation Rules in HEASs

Several empirical and semi-empirical rules have been developed to predict whether a given HEA
composition will form a solid solution, intermetallic compound, or multiphase structure.

The most influential factors include:

e Atomic Size Difference (8): A large mismatch in atomic radii tends to induce lattice
distortion and destabilize solid solutions. The atomic size difference i1s defined as:

=" xi (1-r/F)?) x 100
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Where:
x; = mole fraction of element i
1; = atomic radius of element i
r = average atomic radius

Values of 8 < 6.5% generally favor solid solution formation (Zhang et al., 2014).

e Electronegativity Difference (Ay): Excessive differences in electronegativity between
elements can lead to compound formation. Ay is calculated similarly to & and influences
phase selection, particularly for intermetallic phases.

e Valence Electron Concentration (VEC): VEC influences the stability of different crystal
structures. Alloys with VEC > 8 tend to form FCC structures, whereas those with VEC <
6.87 favor BCC structures (Guo et al., 2011). This criterion is particularly useful for
tailoring phase type in mechanical design.

e Mixing Enthalpy (AHmix): As discussed earlier, moderate AHmix values (—15 to 5 kJ/mol)
are preferred for solid solution formation.

Table 1 summarizes the typical ranges for these parameters in HEAs expected to form solid
solution phases. It consolidates key parameters that influence whether a given high-entropy alloy

composition will stabilize as a single-phase solid solution.

Table 1: Empirical Criteria for Solid Solution Formation in HEAs

Parameter Preferred Range Effect on Phase Stability
Atomic Size Difference (8) | <6.5% Promotes lattice compatibility
Enthalpy of Mixing (AHmix) | =15 to +5 kJ/mol Avoids compound formation

Valence Electron Conc.
(VEC)

Electronegativity Dift. (Ay) | Low (<0.3)

>8 (FCC), <6.87 (BCC) | Guides crystal structure

Prevents strong charge-driven
bonding

Computational Thermodynamics: CALPHAD and Beyond

Computational thermodynamics has revolutionized HEA research by enabling predictions of phase
formation without exhaustive experimental trials. The CALPHAD (CALculation of PHAse
Diagrams) method, traditionally applied to binary and ternary systems, has been extended to
quinary and higher-order systems with notable success (Gao et al., 2016).

CALPHAD models combine thermodynamic databases with kinetic and equilibrium data to
simulate phase diagrams (see Figure 2 below for a typical phase diagram), identify miscibility
gaps, and predict transformation behavior. However, challenges remain due to the lack of reliable
multicomponent thermodynamic data and the presence of metastable phases in HEAs.
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Emerging tools such as machine learning and high-throughput computational platforms are now
augmenting CALPHAD to explore vast composition spaces, optimize alloy performance, and
reduce development cycles. These integrated approaches represent a forward leap in materials

engineering, particularly for systems as compositionally complex as HEAs.
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Figure 2: A typical phase diagram for a single-component material, exhibiting solid, liquid and

gaseous phases. The solid green line shows the usual shape of the liquid-solid phase line. The
dotted green line shows the anomalous behavior of water.

Credit: Matthieumarechal, via Wikimedia Commons

Conclusion

Thermodynamics serves as the cornerstone for understanding and designing high-entropy alloys.
The interplay between configurational entropy and mixing enthalpy governs phase stability,
guiding the formation of solid solutions or intermetallic compounds. A range of empirical
parameters, atomic size difference, VEC, and electronegativity, help predict phase behavior, while
computational tools such as CALPHAD extend these predictions into practice. As engineers and

researchers push HEAs toward real-world applications, a strong grasp of these thermodynamic
principles is indispensable.
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Microstructure and Physical Properties
Introduction

The microstructure of high-entropy alloys (HEAs) plays a pivotal role in dictating their physical
and mechanical properties. Unlike conventional alloys, where microstructure evolves within
relatively narrow compositional constraints, HEAs exhibit a diverse range of phase morphologies,
grain structures, defect configurations, and lattice distortions due to their multicomponent nature.
These structural attributes, in turn, govern key physical behaviors such as diffusion, electrical and
thermal conductivity, magnetic response, and corrosion resistance.

This chapter provides a detailed analysis of the microstructural characteristics of HEAs, linking
phase constitution and crystallographic structure with resultant physical properties. It further
examines the phenomena of lattice distortion, atomic-scale inhomogeneity, and defect
accommodation, offering insight into how these attributes may be harnessed or controlled in
engineering applications.

Grain Structures and Morphology

Grain structure in HEAs is influenced by factors such as solidification rate, processing method,
and thermodynamic phase stability. Many equiatomic HEAs, particularly those in the FCC and
BCC families, solidify as single-phase solid solutions with equiaxed grains. However, depending
on the alloying elements and their interaction parameters, microstructures may also display
dendritic segregation, eutectic phases, or precipitate distributions.

During casting or arc melting, grain sizes can range from micrometers to several millimeters unless
grain refinement techniques (e.g., mechanical alloying, thermomechanical treatment) are applied.
The extent of grain boundary area is a critical variable, as it affects diffusion rates, strength, and
corrosion behavior.

In systems like CoCrFeMnNi (the Cantor alloy), a uniform FCC phase with large equiaxed grains
is typically observed post-solidification, offering excellent ductility. In contrast, refractory HEAs
(e.g., MoNbTaW) exhibit BCC microstructures with fine dendritic and interdendritic
substructures, owing to sluggish diffusion and element segregation (Zhao et al., 2018).

Lattice Distortion and Defect Structures

A hallmark of HEASs is severe lattice distortion, resulting from the atomic size mismatch among
the constituent elements. This distortion is not merely a geometric consequence, but a key
determinant of mechanical resistance and diffusion behavior. The lattice parameter fluctuates
locally, leading to a distribution of interatomic spacings and angular deviations from ideal
positions.

Lattice distortion can be quantified using parameters such as atomic size mismatch (3), introduced
in ‘Thermodynamics and Phase Formation’. This distortion hinders dislocation motion and phonon
transport, enhancing strength and reducing thermal conductivity, respectively.
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Additionally, HEAs are characterized by high densities of point defects, such as vacancies and
interstitials, due to entropic stabilization of non-equilibrium configurations. These defects play a
significant role in diffusion, creep resistance, and electron scattering.

Dislocations in HEAs are often non-uniform and curved, indicating the presence of fluctuating
local stress fields. Transmission electron microscopy (TEM) studies reveal a wide spread in
dislocation densities across grains, correlating with the heterogeneous energy landscape imposed
by multicomponent interactions (Gludovatz et al., 2014).

Diffusion Characteristics

One of the most extensively studied physical properties in HEAs is atomic diffusion. The so-called
“sluggish diffusion” hypothesis, initially proposed by Yeh et al. (2004), suggested that diffusion
rates in HEAs are lower than in conventional alloys due to the high degree of atomic disorder and
energy barriers posed by fluctuating local environments.

However, subsequent studies have shown that diffusion behavior in HEAs is complex and system-
dependent. While some HEAs do exhibit reduced diffusion coefficients, others display rates
comparable to binary systems, particularly at elevated temperatures (Tsai and Yeh, 2014).

The effective diffusion coefficient (Defr) in multicomponent systems is typically modeled as:
Derr= X xi D;

Where:
Desr = effective diffusion coefficient
X; = atomic fraction of element i
D; = intrinsic diffusion coefficient of element i

Experimental studies using tracer diffusion and secondary ion mass spectrometry (SIMS) have
confirmed anisotropic diffusion behaviors in some HEAs, particularly those with ordered B2 or
L2: phases. These findings suggest that sluggish diffusion is not a universal feature but must be
evaluated in the context of specific alloy systems.

Electrical, Magnetic, and Thermal Conductivity

The physical transport properties of HEAs are closely linked to their microstructure and electronic
configuration. Electrical conductivity in HEAs is generally lower than in pure metals or dilute
alloys, primarily due to enhanced electron scattering from lattice distortions and compositional
randomness.

Thermal conductivity (k) follows a similar trend. The Wiedemann—Franz law relates « to electrical
conductivity (o) as:

kK =LoT

10
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Where:
K = thermal conductivity
o = electrical conductivity
T = temperature
L = Lorenz number (= 2.44 x 10°® WQK™ for metals)

Due to lower 6 in HEAsS, « is correspondingly reduced, which can be beneficial in thermoelectric
applications where low thermal transport is desired. The incorporation of heavy elements such as
Ta or W further depresses thermal conductivity by increasing phonon scattering.

Magnetic properties in HEAs vary widely depending on composition. Alloys containing Fe, Co,
or Ni typically exhibit ferromagnetism, while those rich in Cr, Mn, or non-magnetic elements like
Al tend toward paramagnetism or antiferromagnetism. The magnetic entropy contribution is also
a significant variable at elevated temperatures.

Oxidation and Corrosion Resistance

Corrosion and oxidation resistance are essential attributes for materials used in aggressive
environments, such as marine, aerospace, and nuclear settings. HEAs have demonstrated
promising performance in this regard, particularly when containing elements like Cr, Al, or Ti,
which form stable oxide layers.

Passivation behavior in HEAs is often comparable to, or better than that of conventional stainless
steels. For instance, AlICoCrFeNi forms a continuous Al.Os layer that offers superior oxidation
resistance up to 1100°C (Senkov et al., 2011). Chromium-containing HEAs benefit from the
formation of Cr20s scales, enhancing aqueous corrosion resistance.

Pitting corrosion studies using potentiodynamic polarization tests indicate that HEAs exhibit low
current densities and high breakdown potentials, particularly in chloride-rich environments.
However, susceptibility to localized corrosion still depends heavily on microstructural features
such as grain boundaries, precipitates, and elemental segregation.

Radiation Tolerance and Irradiation Effects

One of the more novel findings in HEA research is their potential for enhanced radiation tolerance.
When exposed to high-energy particle irradiation (e.g., in nuclear reactors), materials typically
suffer from swelling, hardening, and loss of ductility due to point defect clustering and dislocation
loop formation.

In HEAs, however, the disordered lattice acts as a trap for radiation-induced defects, reducing their
mobility and tendency to coalesce. This "defect sink" behavior is hypothesized to stem from energy
fluctuations across the lattice and local chemical disorder (Zhang et al., 2015).

Experimental studies on Ni-based and refractory HEAs have shown reduced void swelling, and
better retention of mechanical properties under neutron and ion irradiation compared to
conventional alloys, making HEAs strong candidates for nuclear structural materials.

11
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Conclusion

From grain morphology to lattice distortion and defect structures, HEAs present unique physical
characteristics not found in traditional systems. The role of sluggish diffusion, reduced thermal
and electrical conductivity, enhanced corrosion resistance, and radiation tolerance are all closely
linked to their inherent disorder and high configurational entropy.

These microstructural traits provide the foundation for the superior multifunctional properties of
HEAs, supporting their use in next-generation engineering systems.

12
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Mechanical Behavior of High-Entropy Alloys
Introduction

The mechanical behavior of high-entropy alloys (HEAs) has been a central focus of research due
to their potential to deliver superior combinations of strength, ductility, hardness, toughness, and
high-temperature stability. Unlike conventional alloys, where mechanical performance is largely
dictated by one dominant phase and a predictable microstructural hierarchy, HEAs derive their
properties from a complex interplay of solid solution strengthening, lattice distortion, sluggish
dislocation dynamics, and phase stability across wide temperature ranges.

This chapter provides a comprehensive analysis of the mechanical response of HEAs under various
loading and environmental conditions. It examines the fundamental strengthening mechanisms,
evaluates mechanical performance across temperature regimes, and addresses failure behavior
including fracture and fatigue. Special attention is given to cryogenic and high-temperature
applications, where HEAs have demonstrated exceptional resistance to embrittlement and creep.

Strengthening Mechanisms in HEAs

The mechanical strength of HEAs is primarily derived from multiple concurrent mechanisms, most
notably:

e Solid Solution Strengthening: In HEAs, each element can act as both solute and solvent.
The high degree of atomic size and modulus mismatch introduces local strain fields that
impede dislocation motion. This differs from conventional solid solution strengthening,
where solute atoms are present in dilute concentrations.

e Lattice Distortion Strengthening: The multicomponent nature of HEAs causes severe
local lattice distortions, generating a non-uniform potential energy landscape for
dislocations. These distortions increase the critical resolved shear stress (CRSS) required
for plastic deformation.

e Grain Boundary Strengthening (Hall-Petch Effect): Finer grains in HEAs, especially
those produced via mechanical alloying or severe plastic deformation, increase yield
strength according to the Hall-Petch relationship:

6, =60 + k-d/2

Where:
o, = yield stress
oo = friction stress (material constant)
k = Hall-Petch slope
d = average grain diameter

13
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e Precipitation Strengthening: In certain HEAs, controlled thermal treatments can induce
the formation of nanoscale precipitates (e.g., B2 or L12 phases) that obstruct dislocation
movement and enhance strength.

Tensile Strength and Ductility

HEAs exhibit a wide range of tensile properties depending on composition, processing route, and
testing temperature. For instance, the equiatomic FCC CoCrFeMnNi alloy (Cantor alloy)
demonstrates moderate yield strength (~250 MPa) and exceptional ductility (>60% elongation) at
room temperature, while retaining tensile ductility even at cryogenic temperatures (Gludovatz et
al., 2014).

In contrast, BCC-structured refractory HEAs (e.g., NbMoTaW) exhibit high strength (>1000
MPa), but lower ductility at ambient temperature due to their high lattice friction stress. However,
these alloys soften at elevated temperatures, making them suitable for high-temperature
applications.

Strain Hardening Behavior

One of the most remarkable attributes of some HEAs is their high strain hardening capacity. The
CoCrFeMnNi alloy, for example, exhibits a stable strain hardening rate even at large strains. This
behavior is attributed to its single-phase FCC structure, high dislocation storage capacity, and
delayed dynamic recovery.

The strain hardening exponent (n), derived from the Ludwik equation:
c=K-¢g"

Where:
o = true stress
€ = true strain
K = strength coefticient
n = strain hardening exponent

In HEAs like CoCrFeMnNi, n ranges from 0.4 to 0.5, which is higher than many conventional
stainless steels. This allows HEAs to delay necking and sustain plastic deformation over a larger
strain range.

Creep Resistance and High-Temperature Strength

HEAs, particularly those based on refractory metals (e.g., HfNbTaTiZr), have emerged as
promising candidates for structural applications above 1000°C. Their high melting points, stable
BCC phases, and sluggish diffusion behavior contribute to excellent creep resistance.

Creep behavior in HEAs is governed by diffusion and dislocation mechanisms.

14
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The steady-state creep rate (€) follows the general Norton equation:
¢ = A-o"exp(—Q/RT)

Where:
¢ = steady-state creep rate
A = material constant
o = applied stress
n = stress exponent
Q = activation energy for creep
R = universal gas constant
T = temperature (K)

Refractory HEAs show low € values even at 1300°C, making them viable for turbine blades,
thermal protection systems, and nuclear components (Senkov et al., 2018).

Fracture Behavior and Toughness

Fracture behavior in HEAs depends on their phase structure and operating temperature. FCC
HEAs, such as CoCrFeMnNi, exhibit outstanding fracture toughness, even at cryogenic
temperatures. This is attributed to their ability to sustain high strain hardening and generate
extensive dislocation networks prior to failure.

For instance, the fracture toughness (Kic) of CoCrFeMnNi can exceed 200 MPavm at 77 K,
surpassing most commercial steels under similar conditions (Gludovatz et al., 2014). Fractography
reveals ductile dimples and microvoid coalescence as dominant failure modes.

In contrast, BCC HEAs and intermetallic-containing HEAs often fail by brittle cleavage or
intergranular fracture, particularly when grain boundary precipitates or phase segregation are
present.

Fatigue and Cyclic Deformation

Fatigue resistance in HEAs remains an active area of research, with preliminary results suggesting
performance comparable to, or better than conventional alloys. The fatigue life (Ny) is influenced
by grain size, surface finish, and microstructural homogeneity.

The Basquin equation models high-cycle fatigue behavior:
6a=c't 2NpP

Where:
0. = stress amplitude
o'f= fatigue strength coefficient
Nr=number of cycles to failure
b = fatigue strength exponent
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HEAs with fine-grained microstructures and single-phase matrices tend to exhibit lower crack
initiation rates and slower crack propagation due to homogeneous slip and high work-hardening
capacity.

Behavior Under Cryogenic and Elevated Temperatures

The mechanical behavior of HEAs across a broad temperature spectrum is one of their most
advantageous characteristics. At cryogenic temperatures (e.g., 77 K), FCC HEAs display increased
strength and toughness due to suppressed dynamic recovery and enhanced dislocation storage.

Conversely, BCC HEAs and refractory HEAs maintain structural integrity at temperatures
exceeding 1200°C, outperforming Ni-based superalloys in some cases. This temperature resilience
makes HEAs attractive for aerospace propulsion, nuclear reactors, and high-speed machining
applications.

Table 2 summarizes key mechanical properties of selected HEAs at varying temperatures. It
demonstrates the versatility of HEAs in maintaining mechanical performance across extreme

temperature regimes.

Table 2: Mechanical Properties of Representative HEAs at Different Temperatures

Alloy System | Structure | Temp (°C) 21{\1/&],(;) Strength ff,z))n gation ;l;\(:ﬁ)galijl:fl;s
CoCrFeMnNi | FCC 25 ~250 ~65 >150
NbMoTaW BCC 25 ~1200 ~5 <30
HfNbTaTiZr | BCC 1000 ~300 ~15 ~40

Conclusion

High-entropy alloys offer a unique blend of mechanical properties derived from their
multicomponent, entropy-stabilized nature. Through solid solution strengthening, lattice
distortion, and stable phase structures, HEAs exhibit superior strength, ductility, and toughness.
Their performance under extreme temperatures, both low and high, distinguishes them from
conventional alloy systems. The adaptability of their mechanical response to processing and
compositional tuning positions HEAs at the forefront of next-generation structural materials.
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Processing and Manufacturing Methods
Introduction

The processing and manufacturing methods of high-entropy alloys (HEAs) significantly influence
their microstructure, phase composition, and performance characteristics. Given their complex
multicomponent nature and thermodynamic sensitivity, HEAs pose unique challenges and
opportunities for materials engineers. Conventional techniques such as casting and powder
metallurgy remain relevant, but novel methods including additive manufacturing and severe plastic
deformation are increasingly utilized to control microstructural features at multiple scales.

This chapter presents a comprehensive analysis of the various synthesis routes for HEAs, detailing
their influence on structural evolution and properties. It also examines the thermomechanical
treatments applied to optimize phase stability, mechanical performance, and scalability. The aim
is to equip engineers with a nuanced understanding of how process parameters affect HEA
behavior, enabling informed selection and design for specific applications.

Vacuum Arc Melting and Casting
Methodology

Vacuum arc melting (VAM) is among the most widely used methods for laboratory-scale synthesis
of HEAs. This technique involves placing high-purity elemental constituents into a water-cooled
copper crucible and melting them with an electric arc under an inert or vacuum atmosphere to
prevent oxidation (see Figure 3). The melt is typically remelted several times (commonly 4-6) to
ensure homogeneity.
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Figure 3: Vacuum arc remelting
Credit: iob.rwth-aachen, via Wikimedia Commons
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Advantages and Limitations

VAM allows for rapid production of dense ingots and is compatible with a broad range of elements,
including refractory and reactive metals. However, issues such as segregation, porosity, and
dendritic solidification can arise if cooling rates are not carefully controlled. The scale of
production is also limited, making this method more suitable for prototyping than mass
manufacturing.

Microstructures resulting from casting are often coarse-grained, with composition gradients
between dendritic and interdendritic regions.

Powder Metallurgy and Mechanical Alloying
Overview

Powder metallurgy (PM) is particularly useful for fabricating HEAs with high melting point
elements or complex compositions that are difficult to melt directly. Mechanical alloying (MA), a
core PM technique, involves the repeated fracturing and cold welding of elemental powders in a
high-energy ball mill.

After alloying, powders are consolidated via cold pressing followed by sintering or hot isostatic
pressing (HIP). This process allows for precise compositional control and the formation of ultrafine
or nanocrystalline microstructures.

Structural and Mechanical Outcomes

PM-processed HEAs tend to have smaller grain sizes, reduced segregation, and higher hardness
due to work hardening and grain boundary strengthening. However, porosity and oxide
contamination can be concerns, particularly when powders are exposed to ambient air.

The use of spark plasma sintering (SPS) offers a promising solution by applying pulsed DC current
and uniaxial pressure to achieve rapid densification with minimal grain growth (Zhao et al., 2017).

Additive Manufacturing (AM) of HEAs
Principles and Techniques

Additive manufacturing (AM), including selective laser melting (SLM), electron beam melting
(EBM), and directed energy deposition (DED), is increasingly being explored for HEA fabrication.
These layer-by-layer techniques allow for near-net-shape production with minimal material waste
and the possibility of functionally graded materials. SLM involves laser melting of a powder bed,
while DED uses a focused energy source to melt powder or wire feedstock as it is deposited. Both
methods require precise control of thermal gradients and scan strategies.
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Benefits and Process Challenges

The high cooling rates (~10° K/s) inherent in AM processes suppress segregation and can stabilize
metastable phases. This enables the creation of ultrafine microstructures and unique phase
distributions not achievable through conventional casting. However, residual stresses, anisotropy,
and build defects such as porosity and cracking must be mitigated through optimized process
parameters and post-processing, such as heat treatment or hot isostatic pressing (Suryawanshi et
al., 2020).

Thermomechanical Processing

Rolling, Forging, and Annealing

Thermomechanical treatments such as hot/cold rolling, forging, and subsequent annealing are
crucial for refining microstructure, breaking down dendritic structures, and improving mechanical
properties. These processes promote recrystallization, homogenization, and phase stability.

For example, cold rolling followed by annealing of CoCrFeMnNi alloy can induce a transition
from lamellar deformation structures to equiaxed recrystallized grains, enhancing both strength
and ductility (Laplanche et al., 2015).

Phase Transformation and Texture Control

Controlled thermomechanical treatment can also tailor the texture and phase fraction in HEAs. In
duplex HEAs (e.g., FCC+B2), heat treatment can be used to dissolve or precipitate secondary
phases, influencing hardness and wear resistance.

Synthesis of Refractory HEAs

Refractory HEAs containing elements like Nb, Ta, Mo, W, and Hf require specialized processing
due to their extremely high melting points. These alloys are typically fabricated via vacuum arc
melting or powder metallurgy using hot pressing or spark plasma sintering.

Processing conditions must be carefully optimized to prevent oxide formation, intermetallic
segregation, and cracking. Post-consolidation treatments such as hot extrusion or swaging improve
density and mechanical homogeneity.

Comparison of Processing Routes
Table 3 summarizes the relative advantages and limitations of major HEA processing techniques.

It outlines the trade-offs among key manufacturing routes for HEAs, helping guide engineers in
selecting appropriate methods for targeted properties.
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Table 3: Comparative Overview of HEA Processing Techniques

Technique Advantages Limitations Suitable Alloys
Vacuum Arc Melting ngh. purity,  full | Segregation, limited All alloy types
melting scale
Mechanical Alloying Nan(‘)structures,‘ ‘ Pprosﬁy, oxidation Refrggtory, oxide-
precise composition | risk sensitive HEAs
Additive Net-shape, high | Anisotropy, residual | Complex or graded
Manufacturing cooling rate stress alloys
SPS/HIP Rapid densification, | Equipment cost, size | Ultrafine-grained
fine microstructure limitations HEAs
Thermomechanical | Texture and grain Multlste.ep .
processing, requires | FCC, duplex HEAs
Treatment refinement .
annealing
Conclusion

Processing and manufacturing routes are critical to unlocking the full potential of high-entropy
alloys. Techniques such as vacuum arc melting, powder metallurgy, additive manufacturing, and
thermomechanical processing each offer distinct advantages and challenges. Their influence
extends beyond phase composition and grain structure to determine key mechanical and functional
properties. Understanding these process-structure-property relationships enables the design of
HEAs tailored to specific performance criteria in advanced engineering applications.
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Alloy Design Strategies
Introduction

The design of high-entropy alloys (HEAs) diverges fundamentally from traditional alloy
development due to the absence of a dominant base element and the vast compositional degrees of
freedom. This necessitates a new design paradigm that balances entropy-driven stabilization with
enthalpic and kinetic constraints. Effective alloy design must incorporate thermodynamic
principles, empirical selection criteria, and advanced computational tools to predict and optimize
phase formation, microstructure, and property-performance relationships.

This chapter presents a systematic approach to HEA design, beginning with empirical rules based
on atomic-scale parameters and advancing toward modern computational strategies, including
thermodynamic modeling via CALPHAD and machine learning-based prediction frameworks.
Emphasis is placed on strategies for exploring composition space efficiently and developing HEAs
for targeted applications.

Empirical Design Criteria

In the early development of HEAs, several empirical parameters were established to guide alloy
selection and predict phase stability. These include atomic size difference (5), mixing enthalpy
(AHmix), valence electron concentration (VEC), and electronegativity difference (Ay), discussed in
‘Thermodynamics and Phase Formation’ and ‘Microstructure and Physical Properties’. These
parameters help identify compositions that are likely to form solid solutions rather than
intermetallic compounds.

For rapid screening of viable HEAs, Zhang et al. (2014) proposed a compositional design window
where solid solution phases are most likely to form:

e §6<6.5%
e —15kJ/mol < AHnix <5 kJ/mol
VEC > 8 (for FCC) or < 6.87 (for BCC)

Although not universally applicable, these criteria provide a practical first-pass filter for narrowing
down potential HEA compositions from the immense theoretical space.

Thermodynamic Modeling: CALPHAD Approach

Fundamentals of CALPHAD

CALPHAD (CALculation of PHAse Diagrams) is a widely adopted method for predicting phase
stability in multicomponent systems based on thermodynamic databases and solution models. It

enables the construction of pseudo-binary and pseudo-ternary phase diagrams for HEA systems,
offering insights into phase equilibria, miscibility gaps, and transition temperatures.
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Application to HEAs

CALPHAD calculations are performed using software tools such as Thermo-Calc, Pandat, and
JMatPro. These tools rely on extensive thermodynamic databases, which have recently been
expanded to include HEA-relevant systems, such as TCHEA (Thermo-Calc High-Entropy Alloy
database).

Limitations and Advances

While CALPHAD provides valuable predictions, it is constrained by the quality and availability
of experimental thermodynamic data, especially in systems with five or more elements.
Approximations are often made using extrapolations from binary and ternary subsystems,
introducing potential inaccuracies.

To address this, high-throughput CALPHAD approaches are being developed, combining
automated simulations with data-mining techniques to explore large compositional spaces
efficiently (Gao et al., 2016).

Machine Learning and Artificial Intelligence in HEA Design
Data-Driven Approaches

Machine learning (ML) offers powerful capabilities for alloy design by identifying patterns in large
datasets and generating predictive models for properties such as phase stability, hardness, and
corrosion resistance. Common algorithms include random forests, support vector machines, neural
networks, and gradient boosting.

These models are trained on curated databases of experimental and simulated data, using
descriptors such as atomic radius, electronegativity, melting point, and electron configuration.

Case Studies in ML-Based Design

Zhang et al. (2020) developed an ML model that classified HEAs into single-phase or multiphase
with over 85% accuracy using elemental features and synthesis conditions. Another study by Tian
et al. (2021) predicted mechanical properties of HEAs with mean absolute errors under 10%,
significantly accelerating the screening process.

Table 4 summarizes common ML features and their relevance in HEA property prediction. This
table outlines key features that enable machine learning models to predict phase stability and
properties in high-entropy alloys.
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Table 4: Common Features Used in Machine Learning Models for HEAs

Feature Description Role in Prediction
Atomic Size Variance (8%) | Variance of atomic radii Affects lattice distortion and
strength

Electronegativity Spread Range in elemental Inﬂuencqs . phase stability
electronegativity and reactivity

Melting Point Average Weighted mean melting point | Relates to thermal stability

VEC Valence electron concentration | Predicts FCC/BCC structure

Mixing Enthalpy (AHmix) Interaction — enthalpy among Drives phase formation
elements

Composition Space Exploration and Design Maps

Given the combinatorial explosion of possible HEA compositions, efficient exploration of the
design space is critical. For five-element equiatomic alloys drawn from 30 elements, there are over
140,000 unique combinations.

To visualize and interpret this space, design maps and composition-property diagrams are
increasingly used. These tools plot compositionally derived metrics (e.g., 8, AHmix, VEC) against
experimentally measured or computed properties, revealing optimal regions for targeted
performance. For instance, design maps for wear resistance or corrosion performance can guide
the development of HEAs for marine or tribological applications by highlighting favorable
compositional trends.

Integrated Computational Materials Engineering (ICME) Framework
Concept and Structure

Integrated Computational Materials Engineering (ICME) is an approach that connects materials
design, processing, and performance prediction through multiscale modeling and simulation.

In the context of HEAs, ICME integrates:

Thermodynamic modeling (e.g., CALPHAD)

First-principles calculations (e.g., density functional theory)
Microstructure evolution simulations (e.g., phase field modeling)
Continuum property modeling (e.g., finite element analysis)

ICME Applications in HEA Development

ICME enables the design of HEAs tailored to specific functions, such as high-temperature strength,
wear resistance, or magnetic properties. For example, combining DFT-calculated elastic constants
with CALPHAD phase predictions can guide the development of HEAs for load-bearing aerospace
components.
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This synergy of models allows for the rapid iteration of compositions and process parameters,
reducing time-to-deployment for new materials.

Conclusion

Alloy design in high-entropy systems requires a multifaceted approach that integrates empirical
criteria, thermodynamic modeling, and data-driven prediction tools. While early HEA
development relied on intuition and rule-of-thumb parameters, modern strategies leverage the
power of CALPHAD, machine learning, and ICME to accelerate discovery and optimization.
These tools enable engineers to navigate the vast HEA compositional landscape with greater
precision, targeting properties such as phase stability, mechanical strength, and corrosion
resistance.
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Engineering Applications of High-Entropy Alloys

Introduction

High-entropy alloys (HEAs) are emerging as transformative materials across multiple engineering
sectors due to their outstanding combinations of mechanical strength, corrosion resistance, thermal
stability, and structural integrity under extreme environments. The multicomponent design and
phase stability that characterize HEAs grant them exceptional performance attributes not easily
achieved with traditional alloys. Consequently, HEAs are being explored for use in aerospace,
energy systems, nuclear reactors, marine structures, and biomedical implants, among others.

This chapter provides a comprehensive analysis of the application domains where HEAs are
demonstrating or are expected to demonstrate significant advantages. Each section discusses the
functional demands of the application environment, the challenges faced by conventional
materials, and how HEAs meet or exceed those demands.

Aerospace and Turbomachinery Applications
Environmental and Mechanical Demands

Aerospace components, particularly in jet engines and high-speed aircraft, operate under extreme
thermal, oxidative, and mechanical loads. Traditional Ni-based superalloys dominate this domain
but are nearing their performance limits in terms of creep resistance, oxidation protection, and
temperature capability.

Role of HEAS

HEAs, particularly refractory HEAs (RHEAs) composed of elements such as Nb, Mo, Ta, and W,
exhibit melting points above 2000°C, excellent strength retention at elevated temperatures, and
stable oxide layer formation. These properties make them suitable for turbine blades, nozzles, and
combustion chamber linings (Senkov et al., 2018).
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Table 5 compares the high-temperature tensile strength of RHEAs and superalloys. This table
shows that refractory HEAs offer competitive strength at higher temperatures than conventional
superalloys, with the potential for further optimization.

Table 5: High-Temperature Tensile Strength of Selected Materials

Material Temp (°C) | Tensile Strength (MPa)
Inconel 718 800 ~700
HfNbTaTiZr HEA | 1000 ~320
MoNbTaW HEA 1200 ~450

Nuclear Reactor Applications
Radiation Damage and Creep

Materials used in nuclear fission and fusion reactors must endure radiation damage, thermal
cycling, and long-term exposure to corrosive coolants. Traditional steels and zirconium alloys
often suffer from swelling, embrittlement, and phase instability under neutron irradiation.

Advantages of HEAs

HEAs exhibit exceptional radiation tolerance due to their lattice distortion and compositional
disorder, which serve as defect sinks for radiation-induced vacancies and interstitials. Studies on
CoCrFeMnNi and FeNiCrMnCu systems demonstrate minimal swelling and phase separation
under irradiation, making HEAs strong candidates for fuel cladding and structural components in
next-generation reactors (Zhang et al., 2015).

Energy Systems and Thermoelectrics
Thermal and Electrical Demands

Energy systems, including thermoelectric generators and concentrated solar power units, demand
materials that can maintain performance under thermal cycling and high-temperature gradients
while minimizing thermal conductivity.

HEA Potential

HEAs with low thermal conductivity and stable high-temperature phases are promising for
thermoelectric applications. For instance, the inclusion of heavy elements like Hf and Ta in HEAs
reduces phonon transport, enhancing thermoelectric efficiency (Kozelj et al., 2014). Furthermore,
the corrosion resistance of Al-containing HEAs supports their use in heat exchangers and molten
salt reactors.
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Wear-Resistant and Surface Engineering Applications
Tribological Stress and Surface Failure

Industrial components such as cutting tools, bearings, and engine parts are exposed to frictional
loading and wear. Conventional surface coatings like nitrides and carbides often crack or
delaminate under thermal or impact stresses.

HEA Coatings

HEAs exhibit high hardness, stable oxide formation, and resistance to abrasive and adhesive wear.
Techniques such as magnetron sputtering and laser cladding are used to deposit HEA coatings on
steel and ceramic substrates. CoCrFeNiTi coatings, for instance, have demonstrated wear rates
significantly lower than those of conventional coatings in dry sliding tests (Li et al., 2016).

Marine and Corrosion-Intensive Applications
Corrosion and Biofouling

Marine environments pose challenges such as chloride-induced pitting, galvanic corrosion, and
biofouling. Stainless steels and copper alloys require regular maintenance or protective coatings.

HEASs in Corrosive Environments

Cr- and Al-containing HEAs form passive oxide layers (Cr20s, Al2Os) that provide exceptional
corrosion resistance. Electrochemical studies in 3.5% NaCl solutions show that AICoCrFeNi and
FeCrNiMo HEAs have comparable or superior pitting potentials to 316L stainless steel (Shi et al.,
2017). These alloys also show promise in offshore drilling equipment, ship hulls, and desalination
systems.

Biomedical Applications

Biocompatibility and Fatigue Resistance

Biomedical implants demand materials that are biocompatible, corrosion-resistant in body fluids,
and fatigue-resistant under cyclic physiological loads. Traditional options like titanium alloys and
stainless steels are effective, but limited in performance longevity.

HEAs for Implants

HEAs based on Ti, Zr, Ta, and Nb are being developed for orthopedic and dental implants. These
alloys exhibit good biocompatibility, high wear resistance, and favorable modulus of elasticity. For

instance, TiZrNbTa HEAs have demonstrated non-toxic behavior and excellent corrosion
resistance in simulated body fluids (Ni et al., 2017).
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Electronic, Magnetic, and Cryogenic Systems

HEAs also show promise in functional applications beyond structural roles. Magnetic HEAs (e.g.,
FeCoNiAl) display tunable magnetic saturation and coercivity, making them candidates for electric
motors and sensors. Cryogenic applications benefit from the toughness retention of FCC HEAs
like CoCrFeMnNi, as explored in ‘Microstructures and Physical Properties’ and ‘Mechanical
Behavior of High-Entropy Alloys’. Additionally, their electrical resistance and stability under high
fields open possibilities in power electronics and superconducting devices.

Conclusion

High-entropy alloys are transitioning from laboratory materials to engineering solutions,
addressing challenges in aerospace, nuclear, marine, energy, and biomedical applications. Their
unique balance of high strength, corrosion resistance, thermal stability, and phase integrity under
extreme conditions enables their use in environments where traditional materials falter. As
processing technologies mature and design strategies evolve, HEAs are poised to play a central
role in advanced materials systems across multiple disciplines.

28




High-Entropy Alloys — T03-008

Challenges, Opportunities, and Future Directions
Introduction

High-entropy alloys (HEAs) have disrupted conventional metallurgical thinking, offering
unprecedented combinations of structural and functional properties. However, despite their
promise and accelerating research momentum, several critical barriers must be addressed before
widespread industrial adoption is realized. These include challenges in synthesis scalability, cost,
compositional complexity, and regulatory standardization. Simultaneously, numerous
opportunities are emerging through advances in computational materials design, processing
technologies, and sustainable engineering.

This chapter presents a rigorous examination of the current limitations and unresolved issues in
HEA development, followed by a forward-looking analysis of potential solutions and innovation
trajectories. Emphasis is placed on integrating scientific challenges with engineering feasibility to
identify a viable path forward for HEAs in advanced material systems.

Scaling and Cost Considerations
Raw Material Costs and Supply Constraints

Many high-performance HEAs rely on expensive or geopolitically sensitive elements such as Hf,
Ta, W, or rare-earths. This raises concerns about economic viability and long-term supply security,
especially for mass-market applications.

For example, the refractory alloy MoNbTaW is composed entirely of high-cost elements, making
it unsuitable for cost-sensitive sectors without substantial performance justification (Senkov et al.,
2015).

Manufacturing Throughput and Reproducibility

Scaling from laboratory-scale vacuum arc melting to commercial-scale ingot production or
additive manufacturing remains a bottleneck. Issues include compositional inhomogeneity,
segregation, and reproducibility of properties across batches.

Powder production for additive manufacturing also introduces cost and technical constraints, such
as powder flowability, oxidation risk, and particle size uniformity. Establishing standardized,
scalable processing protocols is therefore a prerequisite for commercialization.

Environmental and Sustainability Considerations

Energy Intensity of Production

The synthesis of HEAs often requires energy-intensive processes, such as high-temperature
melting, mechanical alloying, and post-processing treatments. These processes contribute to a high
embedded energy profile and carbon footprint relative to traditional alloys.
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Material Recycling and Circularity

Due to their multicomponent composition, recycling HEAs poses unique challenges. Conventional
recycling streams are designed around single-major-element systems (e.g., Fe, Al, Cu). Separating
and recovering constituent elements from HEAs is technically difficult and economically unviable
at present (Pickering et al., 2021).

Research is needed to design HEAs that are not only high-performing, but are also compatible
with existing or novel recycling frameworks. Green alloy design should be a key consideration in
future development.

Standardization and Regulatory Adoption
Absence of Standardized Specifications

HEAs currently lack international material specifications, certification standards, and design
codes. This impedes their adoption in safety-critical applications such as aerospace, nuclear, and
biomedical systems.

Organizations such as ASTM and ISO have yet to issue formal guidelines for HEA composition
ranges, processing conditions, or performance benchmarks. This absence creates uncertainty for
design engineers and regulatory bodies.

Data Inconsistencies and Reporting Norms

Variability in testing methodologies and data reporting across research groups hampers
comparative evaluation of HEAs. Discrepancies in phase identification, mechanical property
measurement, and corrosion testing protocols reduce the reliability of literature-derived design
strategies.

The adoption of consistent experimental protocols, open-access databases, and metadata standards
will be critical in establishing HEA reliability.

Computational Innovation and Design Acceleration
Integrating Machine Learning and High-Throughput Methods

The vast composition space of HEAs necessitates computational design tools that can rapidly
screen and optimize alloy systems. Machine learning (ML), discussed in ‘Alloy Design Strategies’,
is becoming integral in predicting phase stability, mechanical behavior, and corrosion
performance.

High-throughput computational frameworks are now integrating density functional theory (DFT),
CALPHAD, and ML models to create predictive design maps and performance filters (Wang et
al., 2020). This approach allows for virtual testing of thousands of compositions, significantly
reducing experimental workload.
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Emerging Research Directions
Lightweight High-Entropy Alloys

While early HEAs emphasized strength and stability, newer research is shifting toward lightweight
systems suitable for aecrospace and automotive applications. Alloys based on Al, Ti, Mg, and Li
are being explored for high strength-to-weight ratios while maintaining corrosion resistance
(Youssef et al., 2015).

High-Entropy Ceramics and Oxides

The HEA concept has expanded into ceramic domains, with high-entropy oxides (HEOs) and
carbides showing remarkable thermal stability and ionic conductivity. These materials are finding
roles in thermal barrier coatings, solid-state batteries, and catalysis (Rost et al., 2015).

Amorphous and Bulk Metallic Glass HEAs

The formation of amorphous HEAs through rapid quenching offers high hardness and elastic limit,
making them attractive for wear-resistant and magnetic applications. Bulk metallic glasses
(BMGs) based on multicomponent systems are under active investigation for toughness and
corrosion resistance.

Industrial Adoption and Path to Commercialization

Several companies and research consortia are now investing in HEA commercialization. For
example, QuesTek Innovations and NASA have funded HEA development for aerospace
applications, while Oak Ridge National Laboratory (ORNL) has produced HEAs via additive
manufacturing for nuclear use.

Nevertheless, the path to widespread industrial deployment requires addressing lifecycle
performance, cost-effectiveness, and certification. Pilot-scale validation, lifecycle assessment, and
real-world testing are necessary for closing the gap between potential and practice.

Conclusion

While high-entropy alloys hold tremendous promise, their journey from discovery to deployment
is far from complete. Current challenges, including cost, recyclability, lack of standards, and
processing complexity, must be met with innovation in alloy design, manufacturing, and
sustainability.

Future directions point toward the integration of computational tools, the development of
lightweight and multifunctional HEAs, and the expansion into non-metallic high-entropy
materials. With coordinated academic, industrial, and regulatory efforts, HEAs can evolve into a
cornerstone of next-generation engineering materials.
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