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Abstract

In this article a review of current advancement in the field of High Entropy Alloys has been presented.
Papers from various reputed journal has been summarized. High-entropy alloys (HEAs) are known for
their unique mechanical properties, which include high tensile strength even at high temperatures, high
hardness, toughness exceeding that of most pure metals and alloys, comparable strength to structural
ceramics and some metallic glasses, exceptional ductility and fracture toughness at cryogenic
temperatures, and corrosion resistance. A lot of research is going on HEAs due to their application in
different fields.
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Introduction

A metal alloy with proportions of five or more metallic components is known as a high-entropy alloy
(HEA). Multi-principal metal alloys (MPEAs) are metal alloys that contain two or more fundamental
elements. HEAs are a subset of MPEAs. HEAs, like MPEAs, are noted for having better physical and
mechanical qualities than traditional alloys.

High-entropy alloys (HEAs) are known for their unique mechanical properties, which include high
tensile strength even at high temperatures, high hardness, toughness exceeding that of most pure metals
and alloys, comparable strength to structural ceramics and some metallic glasses, exceptional ductility
and fracture toughness at cryogenic temperatures, and corrosion resistance. Complex concentrated solid
solutions created by the suppression of fragile intermetallic complexes as a result of high mixing entropy
and enthalpy values were attributed to all of these unique features [1]. When the mixing enthalpy and
atomic size difference is modest, HEAs tend to form and make single-phase solid solutions.

As a result of these unique characteristics, HEA is now being considered as a material for a variety of
applications, including structural applications, aerospace engineering, and civil transportation;
superconducting electromagnets, such as magnetic resonance imaging, scanners, nuclear magnetic
resonance machines, and particle accelerators; high-temperature applications, such as gas turbines,
rocket nozzles, and nuclear construction; and cryogenic applications, such as roentgen synthesis..

Due to the diversification of types of interventions in military activities, the specifications on the
security of collective protection equipment and structures in the military field have increased the
requirements for the resistance of protection panels/floors/elements to penetration by various types of
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projectiles. The highest possible breaking and yield strength values, the highest possible hardness and
impact resistance, and the highest possible elongation at break and energy absorbed by a notched
specimen while breaking under an impact load (the Charpy test) at temperatures as low as minus 40°C
are the main characteristics of materials intended for the manufacture of protection components. Current
military specifications call for hardness levels of at least 540-600 BHN (Brinell hardness) or 55-60
HRC (Rockwell hardness), as well as yield and breaking strength values of at least 1500 and 1700 MPa,
respectively. When utilising the Charpy test to determine impact fracture energy, the values must be
around 13 J at 40 °C, with elongations of at least Such requirements have been met by designing
metallic alloys of various compositions; the most widely used is the high-strength microalloyed steels,
used to produce reinforcement elements of thicknesses between 8.5 and 30 mm. Some research papers in
the military field [4] have shown that the hardness of the plating material is not a sufficient factor to
provide maximum resistance against penetration by projectiles, considering that the values of the
mechanical strengths (yield and breaking) are much more important in the behaviour process under
dynamic stress.

For military applications, high-entropy alloys from the AICrFeCoNi system have excellent mechanical
qualities. As a result, the yield stress, compressive strength, and plastic deformation of these alloys reach
unexpectedly high levels, making them suitable for use as composite structures resistant to dynamic
stresses with high deformation velocity, such as in collective protection [9-20].

Mechanical properties of some high-entropy alloys

Alloy Yield Strength | Compressive Strength | Plastic Deformation
(MPa) (MPa) (%)
AlCrFeCoNi 1250.96 2004.23 32.7
CrFeCoNiCuTi 1272 1272 1.6
AlCrMnFeCoNiCuTiV 1862 2431 0.95
CrFeCoNiCuTigs 700 1650 21.26

Since the first copper-based alloy was cast over 7000 years ago, metallurgy has been based on the
production of alloys in which one metal, the base alloy, was used as the host for additional metals
(alloying elements) to ameliorate the base metal's potential weaknesses. Because most metals are ductile,
the objective of alloying elements is to increase hardness and strength. As society became more
sophisticated, it began to demand more metallic materials, and new requirements such as corrosion
resistance, wear resistance, high temperature resistance, fatigue resistance, impact resistance, and so on
were added.. These demands compelled physical metallurgists to create new material classes and heat
treatments. In the 1970s, when a new class of materials called intermetallics was discovered industrially,
the paradigm of a 'base metal' to construct an alloy began to shift. Intermetallics, with their defined
stoichiometry and high hardness, play an essential role as secondary components after heat treatments.
As a result of the search for materials with enhanced strength at high temperatures and low densities,
several intermetallics, such as -TiAl, with a stable face-centred cubic (FCC) structure at room
temperature, became available. However, these new families of alloys with no defined base element
were limited to a few intermetallic families, where the major component was usually two separate metals
combined. The use of alloying elements has always been limited, with the exception of the intermetallic
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approach and 'superalloys,’ where the number of alloying elements could reach half of the composition.
This constraint is linked to the risk of uncontrolled intermediate chemicals developing, which can cause
the material to become brittle.

This technique of working in physical metallurgy began to shift in 2004 when Cantor et al. presented a
study in which they created a multicomponent alloy using five elements in equiatomic proportions
(Fe20Cr20Mn20Ni20C020) and achieved an FCC monophasic structure. Similarly, Yeh et al. developed
the similar notion, describing 'high-entropy alloys' (HEAs) as alloys with five or more primary elements
in equimolar ratios. To broaden the scope of the alloy design, Yeh et al. suggest that HEAs contain
primary components in concentrations ranging from 35 to 5% for each element. In this study, Yeh et al.
describe how managing the configurational entropy of the system allows us to achieve a single-phase
solid solution with such a large number of alloying elements. In traditional metallurgy, the primary
element is present, while the alloying elements are present in minor amounts. In HEA, five or more
alloying elements with similar atomic percentages make up the alloy. This is what we wish to illustrate
in the figure, where the size of the circles represents the contribution of the various alloying components
in the final alloy. Alloying philosophy in conventional metallurgy and in HEAs.

Conventional metallurgy Multiprincipal element alloy

Conventional and High Entropy Alloy

According to the most comprehensive databases, HEAs have become a promising research subject, with
over 5000 scholarly publications published. We'd like to highlight a few noteworthy evaluations from
among those papers. The review of Miracle and Senkov [5], who developed a complete state of the art
on the subject, is perhaps the most comprehensive. Their work covers concepts, fundamentals, alloy
families, microstructural considerations, characteristics (including comparisons to competing alloys),
and so on. This study is essential reading for scholars who are new to the field. There are a number of
other general and critical reviews on the subject available in [6—10]. In addition, HEAs have been shown
to be capable of displaying a wide range of features; numerous studies have compiled arguments
highlighting their utility in various domains. The importance of HEAs in applications involving physical
qualities such as magnetic, electrical, or thermal properties is highlighted in references [11, 12]. Under
severely corrosive conditions, HEAs can also be utilised [13—15]. Furthermore, due to their superior
mechanical performance [16-18], particularly at high [5] or cryogenic temperatures [19], HEAs are
definitely a potential material for market introduction. Other studies of HEA mechanical behaviour focus
on its basic deformation behaviour [20] or fracture resistance [21]. There have also been two books
written on the subject [22, 23].

The majority of HEA-related research has focused on developing processing methods based on ingot
metallurgy. When more than five metals, some of which have high melting points, must be melted and
solidified with good solubility while avoiding segregation, arc melting has been proven to be a highly
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effective procedure. However, ingot metallurgy offers significant challenges in cases where a complex
composition is required, which may limit its potential for producing a developing, promising family of
alloys. Powder metallurgy (PM) has showed great promise as a method of producing HEAs in this
context. PM is a forming technology that can totally avoid segregation, provide superior microstructural
control (including the generation of nanocrystalline materials), and readily make metal matrix
composites.

Although the first articles on HEAs were published in 2004, it took another few years for papers
employing PM to appear [24-26]. The merits of nanostructures and their prospective usage for
numerous applications have been recognised since the early days of this novel family of structural alloys
[4]. PM, like other forming techniques like high-pressure torsion, has significant advantages in this
competitive context [27]. PM provides two additional advantages over conventional forming methods:
(1) it can be utilised when metals of different densities are required, as when lightweight HEAs are
formed [28]; and (2) it can be employed when a large number of metals with exceptionally high melting
points are used in the production of the HEA, as in so-called refractory HEAs [29].

A selected search was conducted in four databases for this study (ISI Web of Science, Scopus, Science
Direct and Google Scholar). Using various keyword combinations (high-entropy alloys, powder
metallurgy, sintering, mechanical alloying (MA), gas atomising, and spark plasma sintering, among
others), 166 papers that fulfilled the criteria were located. Some studies were excluded from the review
database for the following reasons: a valid citation system could not be replicated, some steps in the
experimental approach were unclear, or PM was employed as a substitute for other manufacturing
processes. Many articles on 'laser cladding,’ where powders were utilised to generate coatings or surface
alterations on substrates using a laser power source, were found as an illustration of this latter difficulty.
Papers were only used in these circumstances when the powder development played a unique function.
Only a few studies were devoted to the development of powder technology, thus they were included for
exceptional significance.

The growing number of papers published in the last ten years demonstrates the topic's importance (see
the figure). The number of papers published over this time span has increased geometrically due to the
growing interest in PM HEAs.
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Research Papers Published In The Last 10 Years on PM HEAs

PMHEA Publications
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Ingot metallurgy was used to create the earliest HEAs, which consisted of at least five core elements
alloyed in equimolar quantities. Hundreds of distinct compositions are available in the literature, most of
which are based on 3d transition metals. To be called a HEA, such complex compositions (five or more
elements, all of which play an essential role in the alloy) must meet a set of basic requirements specified
by Yeh et al. [6]. These prerequisites are: (1) high-entropy effects in thermodynamics; (2) sluggish
diffusion in kinetics; (3) severe lattice distortion in structures; and (4) properties: cocktail effects. These
four core HEA effects have been thoroughly studied in various works, but [5, 18] and [30] highlight
them.

According to the technical literature on ingot casting HEAs, they can be categorised into four groups:
Transition metals in three dimensions, lightweight materials, lanthanide, and refractory HEAs are all
examples.

HIGH ENTROPY ALLOYS
3d Transition = Lightweight Lanthanide Refractory

metals materials

CoCrFeNi AITIVCr HoDyYGdTh NbCriMoTaTiZr
CoCrFeNiMn  MnAlZnCu(Mgx)  GdDyFrHoTh AlNbMoTaV
CoCrCuFeNiTi AlLiMgZn5Sn GdErHoTh AlMoNbTaTiZr
CoCrCuFeNiAl AILiMgScTi WNbMoTaV

Classification of Ingot Metallurgy HEAs

Nearly 200 publications covering 166 PM alloys have been included in this evaluation. Because several
writers employ the same alloys, the number of papers is higher than the number of alloys. When the
frequency of different alloying elements is examined, three primary categories of elements emerge.

Distribution (frequency) of alloying elements in the studied PM HEAs (i.e. Fe is in 152 different alloys;
Al in 98 of the studied alloys).
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PMHEA

Main alloying elements in the HEAs studied
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Main alloying elements in the HEAs studied

Fe, Ni, Cr, and Co are the most regularly used elements, all of which belong to the core group of
transition metals. A second set of alloying elements, likewise pertaining to the transition metals (save
Al), is employed less frequently: Al, Ti, Cu, and Mn. According to the definition of HEA proposed by
Yeh et al. [4], at least five alloying elements are required. According to the figure, the majority of the
alloys tested have four elements from the first group and one or two elements from the second group.
Mo, V, Zn, Zr, Ta, W, and Nb are a third fascinating group of elements that are employed less
frequently. Except for Zn, all of these components are refractory metals that play a key role in refractory
HEAs [29]. Following the initial boom of HEAs based mostly on 3d transition metals, refractory HEAs
were produced, with very particular and distinct features that could span a wider range of applications.
Finally, certain examples of the utilisation of components such as Mg and Si are recounted, resulting in a
fourth group in the figure.

We used the statistical Jaccard distance to run a hierarchical cluster analysis (HCA) to see if certain
combinations of items were employed consistently. The grouping followed the complete linkage method
based on dissimilarities between the different alloys’ compositions. In the investigation, we used 166
PM HEAs from various articles.

The HCA identified nine different clusters of alloys based on their composition. Some of the clusters
had a few members, and others were composed of a considerably higher number of members. As could
be expected, the clusters with more members are related to the HEAs based on the 3d transition metals.
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Dendrogram Showing The 9 types Of HEA Alloys Derived from the HCA

A bundle of papers can be seen on the right side of the tree diagram among clusters 1-3 and 4, and these
latter groupings are tied to cluster 2. In terms of membership, these clusters are the most strong. The
core group (clusters 1 and 3) is made up of four transition metals (Fe, Ni, Cr, and Co), which are the
most prevalent in HEAs, plus a fifth transition metal from the second most commonly utilised elements
(Al, Mn and Ti). Another intriguing fact is that cluster 3's core composition is the so-called Cantor alloy
[3], which is one of the most studied HEAs in the field. If we look at the alloys in these clusters closely,
we can see that most of them have an FCC structure after consolidation or, in certain cases, an
FCC+body-centred cubic structure (BCC). Cluster 1's main composition exemplifies how Al is a crucial
element that can significantly alter the crystal structure. The final crystal structure can be changed from
FCC to FCC+BCC and BCC simply by altering the Al concentration in the HEA [6]. These four clusters
are linked to Cluster 2, which shares only Ni and Co with the other clusters, as well as some other
elements that vary by cluster, such as Al and Ti, but also Cu and Zn. Cluster 2 has elements in common
with Ni, Co, Al, and Ti. These combinations of elements also produce a final structure of FCC+BCC in
all the members of the cluster.

Three clusters on the left side of the dendrogram contain all of the refractory elements, including Ti.
Because all of these elements have a BCC structure, all HEAs derived from various combinations of
these elements should also have a BCC structure. These are also transition metals, with the majority
belonging to Periods 5 and 6. These HEAs were created in the hunt for high-temperature load-bearing
structures and thermal protection materials for the aerospace sector, among other applications [29, 178].

Two clusters in the dendrogram's centre are made up mostly of alloying elements from 3d transition
metals. Fe, Cr, and Al are found in clusters 5 and 9, as well as Ti, Cu, Zn, Mn, and V. Many elements in
these two clusters have a preference BCC structure, hence these HEAs will preferentially crystallise as
BCC.

Powder Development
Obtaining suitable powders for the process is the first stage in every PM process. Using fully prealloyed
powders as the starting material should make any PM approach easier in this specific family of alloys
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where at least five separate metals contribute to the alloy. However, we identified several articles [33,
49, 52, 69, 80, 83] in which the starting point is a traditional powder mix with pure metals in powder
form. The powders were subjected to various shape processes such as uniaxial pressing, cold isostatic
pressing, and spark plasma sintering in those studies.

In the several studies that used fully prealloyed powders, two different techniques of obtaining the
powders were used: MA and atomising. MA is the most frequent method for obtaining HEA powders.
With enough time and energy to combine the best powder with the best composition, this process makes
any imaginable composition viable. Appendix A displays the varied conditions utilised to create distinct
totally prealloyed powders by MA, as well as the phase acquired when the process is done, in Table S1
of the accompanying supplemental data. The key records of this table are shown in the figures. The main
milling system is a planetary ball mill, using stainless-steel vials and balls as the main grinding
mechanism, however various combinations are acceptable.

Plametary (3 & Tirconiavial and balls
Vibratory | 5 I stainless steel visl and WC balls
Milling ball |4 N W vial and balls
Other |4 PET Hard steel vial and balls
argen ST PFETN stainless steel vial and balls
Toluene [0S0 &l =50 hours
n-heptane [IZ - % 50 hours
Ethanal 7 | T = a0 hours
Methanol [N T = 30 hours
Cydohexane I < 20 hours

The length of the bars represents the number of times a certain procedure was used

Cca
(8
5
C4
c3
c2
Cl

® FCC+FCC(BCC) m BCC+BCC(FCC)

il

:

0 10 20 30 40

Frequency of the main phases associated to the clusters’ compositions, obtained after the mechanical
alloying step: BCC, FCC and BCC with some minor FCC and FCC with some minor BCC

A protected milling environment was applied in every case. Different writers have chosen different
techniques to reach the best powder for the procedure depending on the alloy composition target. One
important issue is that while most works use a carbon-based process control agent (PCA), only a few
writers address contamination or impact in the final development of the HEA, as stated in the next
paragraph..
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After a prudential time for the procedure, i.e. on the order of hours, a monophasic HEA (BCC or FCC,
depending on the starting metal powder) is formed in all of the examined articles. The leaving phases in
clusters C1 to C4 are FCC and BCC, while in clusters C5 to C9, a BCC structure arises preferentially
from the powder state and before any heat treatment..

One MA flaw to address is the possibility of powder contamination from two sources: the PCA and the
grinding media. When the grinding media is stainless steel and the target alloy contains Cr and/or Fe, the
transfer of these elements can be regulated, similar to how tungsten carbide is used to make some
refractory HEAs. Nonetheless, the PCA's effect is not insignificant and is not acknowledged in the
majority of the studies examined. Only two articles [144] consider the effect of the PCA, minimising it
due to the potential creation of unwanted carbides during the formation process by spark plasma
sintering (SPS).In contrast, in other works, the presence of extra carbon is desirable because the final
goal of the process is to develop a hardmetal from the HEA [141].

Atomising is the second most frequent method for obtaining a fully prealloyed HEA powder. Most
additive manufacturing processes are well-suited to this PM method. Various atomising procedures are
discussed in this review, all of which have yielded positive results: gas atomising in Ar [73, 107, 108,
121, 140], gas atomising in N2 [59], and even water atomising.

[61, 70] used an alternative to MA and atomization to obtain fully prealloyed HEA powders. Melting
alloys was used in those experiments, and the as-cast bulk portion was then pulverised using high-energy
milling.

We must mention the work of Liu et al. [124] to complete this chapter on powder development. A
hardmetal based on the HEA binder was pursued in their research. WC, Mo2C, TaC, NbC, and VC were
blended with pure Ti in a high-energy mill instead of using pure elemental powders as the starting
powders for the alloying elements of the binder and then combining these powders with the reinforcing
carbide (this time TiC). SPS sintered the combined powders at a high temperature (1500 °C), taking into
account the increased affinity of Ti for C and searching for the reduction of all refractory carbides at the
sintering temperature. At the end of the process, a matrix of BCC HEA with TiC as the reinforcing agent
was obtained.

Mechanical Behaviour of HEAs

If we classified high-entropy materials into a distinct family in the material world, it must be as a
'structural material,’ and in this family of materials, mechanical behaviour is probably the most
significant attribute required. Some of the figures included in this paper were derived from a variety of
sources. Despite the fact that all of the cited papers used standard tests to measure mechanical properties,
it was not possible to ensure that all of the results were obtained using the same procedures (especially in
the case of hardness, where the load in the Vickers hardness was different in most of the examined
works). In this way, readers are aware that this data must be handled with caution.

Fine Grain and Twinning Effect

The studies on HEAs published by PM show that the strengthening processes that work in the alloys are
necessarily the same as those that act in conventional HEAs. The impact of solid solutions in alloys
containing at least five separate alloying elements with various structural properties is critical. The high
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amount of alloying elements causes significant lattice distortions, which can have a significant impact on
phase transformation, dislocation dynamics, and HEA yield. A detailed book that provides a basic grasp
of this essential problem was just released [116]. However, even if the solid solution effect is ignored,
the observed twinning after deformation is critical in HEAs. Most HEAs have an FCC structure, at least
partially, that causes a twinning effect following deformation, which gives an extra deformation mode
that boosts ductility. Twinning also creates additional interfaces inside the grains during deformation,
resulting in a 'dynamic Hall-Petch' effect that accelerates work hardening and, as a result, enhances
strength [137]. The intricate interaction between dislocations and twin boundaries can also be linked to
the strengthening mechanism of nanoscale twins. Twin boundaries, especially when the thickness of the
twin/matrix lamellae is reduced to the nanoscale, are thought to effectively inhibit dislocation motion,
amplifying the Hall-Petch effect [122]. When the high lattice deformation is combined with the
twinning effect, and we consider that twinning occurs in materials with a low stacking fault energy
(SFE), the increase in solute atoms reduces the SFE significantly and increases the nanotwinning
tendency [99]. These effects have been investigated extensively in ingot metallurgy HEAs, but they have
also been verified in PMHEAs.

[34, 99] describes the twinning effect in the alloys CoNiFeAl0.6Ti0.4, CrCoNiFeAl0.6Ti0.4, and
Al0.5CrFeNiCo00.3C0.2 produced by MA and SPS, respectively. The transmission electron microscopy
(TEM) photographs show the FCC phase with nanoscale twins, as well as the associated selected-area
electron diffraction (SAED) patterns. Energy dispersive X-ray spectroscopy (EDS)/TEM and the
accompanying diffraction patterns indicated that the nanoscale twins were only detected in the FCC
phase.

L_"

TEM microstructures and SAED pattern of a twinned FCC phase. (a) A twinned FCC grain with the
corresponding SAED pattern, and (b) a twinned FCC grain surrounded by Cr23C6 carbide.

[55] also looked at the twinning effect in an AICrCuFeNiZn HEA made by MA. The solubility of Cu
and Zn FCC with other solute atoms causes stacking defects in this HEA. The twin thicknesses in a
copper-aluminum alloy reduced as the Al percentage increased [130, 138]. Another significant element
to consider is that the twinning effect under stress is mostly created in the compression mode, since
tensile load twinning is minor [13].

Some PMHEA experiments suggest that there are more ways to boost the twinning effect. The
introduction of reinforcing particles such as TiC [62] is one option. SFE is reduced when particles that
can act as hard hinges in the production of deformation twins are introduced. The presence of dual
microstructures is another option. Dual microstructures may be formed more easily with PM than with
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other processing techniques, and dual microstructures may be useful for integrating BCC and FCC
structures in PMHEAs [174]. A bimodal particle size distribution or ultrafine-grained microstructure
could encourage the formation of dislocations, resulting in a high strain-hardening rate [22].

High-temperature Behaviour and High-strain-rate Deformation
Although HEAs are a promising material for use as structural materials at high temperature [23, 114],
fewer articles deal with the behaviour of PMHEASs at high temperature.

A piece of Gleeble equipment dedicated to modelling thermomechanical treatments is used in several of
these research to measure compression strength at various strain rates and temperatures. [104]
investigates the behaviour of two alloys, TiNbTa0.5Zr and TiNbTa0.5ZrAl0.2, in compression at 800 °C
with a 50% engineering strain. The influence on the microstructure of Nb and Ta precipitates, as well as
the favourable effect of adding Al, are examined. The presence of precipitates in grain boundaries and
the bimodal microstructure improve the mechanical behaviour at high temperatures in these alloys,
which belong to the C8 cluster and have BCC as the main current phase. Another example is the
CrFeCoNiMo00.2 (cluster C3) alloy study [109]. Specimens were tested at temperatures ranging from
700 to 1100°C in this case. Dynamic recovery and grain growth pinning by the precipitation of a Mo-
rich phase improve the flow behaviour at high temperatures. In addition, there is some information on
creep behaviour under compression. The compressive creep behaviour of an SPS-produced oxide-
dispersion-strengthened (ODS) CoCrFeMnNi PMHEA was investigated in [123]. This research
discovered that when the same material was tested with and without scattered oxides, the latter
performed better. Few studies have looked upon tensile properties at high temperatures. In [119], MA
and HP compare a unique PMHEA (Fel8Ni23Co025Cr21Mo8WNbL3C2) with a 12 Cr ODS steel. The
PMHEA steel has a substantially higher tensile strength but a poorer ductility than the ODS steel, as
seen in the table.

Serrated yielding is a phenomenon that occurs when PMHEASs are subjected to a high strain deformation
rate. This topic is visually explained in [98]. Varied compressive tests were done over a PMHEA in
[133] (quasistatic at ambient temperature and different strain rates, quasistatic at different strain rates
and different temperatures up to 900 °C, and dynamic compressive testing) (CoCrFeMnNi). This
phenomena is more accurate in PMHEA than in an as-cast HEA, according to [21]. The periodic pinning
and unpinning process of dislocations in the grains produced by the quantity of dispersed Cr-rich phase
particles causes the serrations seen on the stress-strain curves of the PM CoCrFeMnNi HEA. Serration
yielding is also increased by a rapid deformation rate at room temperature [107]. In [98], where tests are
performed a low strain rate, the serration behaviour is also observed but in this case, it is attributed to the
Al,O; reinforcements in the Alp4sFeCrCo;sNiTios PMHEA.
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Compression Behaviour

The majority of articles on mechanical behaviour use compression tests to assess mechanical behaviour.
As a result, extensive data can be used to analyse this subject. The results for yield strength, ultimate
strength, deformation at fracture, and hardness for numerous HEAs, including HEA produced by ingot
casting [53, 66], are included in Table S6 of the accompanying supplemental data, Appendix A. The
alloy composition, the cluster to which the alloy belongs, the findings for these qualities, and the source
of the data are all listed in the table. In addition, for comparison, the processing method used to obtain
the alloy is mentioned (i.e. if it is a PM route another specific route, or casting).

The results of the ultimate compressive strength as a function of fracture deformation are shown. When
these two qualities are analysed and compared in the figure, no discernible trend can be seen that could
distinguish the materials obtained by conventional ingot casting from those obtained by PM. Perhaps the
most notable distinction is that some HEAs made by casting have a relatively low deformation at
fracture but a higher ability to achieve higher levels of deformation, but the sample of articles examined
in this graph prevents us from drawing definite conclusions. collects just the results that belong to a
given cluster, that is, according to the composition, without taking into account whether the processing is
PM or ingot casting. Materials from clusters C1, C3, and C4, which are based on NiCoFeCr, are
distributed across the image, demonstrating all possible strengths and deformations. On average, C3
materials have less strength (but can reach higher levels of deformation), while C4 materials have a
lower level of distortion. They are based on the core group of transition metals (3d transition metals
from the 4th period) commonly employed in ingot metallurgy and are the most common in the literature
discussing HEAs. The Cantor alloy [3], which contains these elements plus Mn, was used to build HEAs
in part. Leaving clusters C2—C5 (which have only one alloy) aside, materials constructed using clusters
C6—C8, i.e. refractory HEAs, which are mostly constituted of refractory metals (W, Ta, Nb, Mo, Zr),
show significantly less deformation at fracture.
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However, when we compare hardness to fracture deformation, we can see a modest improvement in the
hardness/deformation relationship of the cast alloys compared to the PM alloys. In any case, these
results are based on a variety of materials (even compositions) made under a variety of processing
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conditions, and this is merely a trend. Clearly, PM can compete in most fields to provide possibly
required properties. Interestingly, the compositions and processing conditions of PMHEAs can be
modified for a customised application, in contrast with ingot metallurgy.
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Hardness vs. deformation at fracture of different HEA

Tensile Behaviour

Unfortunately, there is very little knowledge about the tensile behaviour of PMHEAs. Only a few
articles on tensile properties for these materials have been discovered. Some tensile results (those
obtained from papers where reliable tensile data were provided) are shown in Table S7 of the
accompanying supplementary data, Appendix A, as well as results from as-cast HEAs [34, 77, 111],
rolled HEAs [26, 88, 102, 137], forged HEAs [109], and HEAs obtained by high pressure torsion [134].
Other structural alloys, such as Ti base alloys [35, 129], stainless steels [26], Ni base superalloys [54],
ODS steels [87], or intermetallics [99], are also included in this category.

Some clusters of findings can be detected in the figure if we plot some of these results for analysis.
Because these materials are the traditional structural alloys in this smaller range, as-cast HEAs can be
found in all of the spaces of the figure, but might be appreciated in some groupings in the high values of
deformation (and here Ti-based alloys show a little slightly bit better performance). The PMHEAs are
dispersed over the space of the graph, just as they are in the compression findings, but this is irrelevant
here because of the small amount of samples. Only one paper [77] examined the same material
(CoCrFeNi HEA) manufactured by additive manufacturing and arc melting, and the results for the
PMHEA are clearly positive (max/ in PMHEA of 745 MPa/32% vs. 457 Mpa/50% vs. 188 MPa, yield
strength of 600 MPa vs. 188 MPa). Furthermore, the majority of the tensile results for the PMHEAs
came from additive manufacturing materials. These are promising results, but there is a significant
dearth of knowledge on this method, making it an interesting niche to investigate.
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Tensile features for different HEAs and other structural alloys

Special Properties of PM HEAs

HEAs clearly have a lot of potential as structural materials, mainly because of their key mechanical
properties, but they also have a lot of other useful features as structural materials. Some of these skills
are outlined below.

Corrosion and Oxidation

The presence in the composition of an alloy of more than 20% (wt.) Cr in combination with Ti and Al
powerfully suggests possible good corrosion or oxidation behaviour. Among the works covered in this
review, some of them focus on corrosion or oxidation, and among those, most of them belong to
compositional clusters C1 to C4, in which Cr, Ti or Al are present.

Considering the HEAs in [32, 52, 54, 104], all of them belong to compositional clusters C1 and C2 made
by conventional PM. Electrochemical corrosion is tested through potentiodynamic polarisation curves,
and better performance than that of stainless steel 304 was observed in all of these works. In [132], the
electrochemical behaviour of a C4 cluster was evaluated by measuring the pitting potential, the results
were positive. This later work was devoted to the development of composites (HEA reinforced with
SiC), and introducing reinforcements deteriorated the pitting corrosion behaviour.

In [104] the pitting corrosion of three alloys (a CuZr alloy, labelled E2, a CuZrAITiNi HEA, labelled ES,
and stainless steel 304, obtained by MA and SPS) is evaluated by electrochemical polarisation
measurements using a potentiostat in an artificial sea water solution at a scan rate of 0.003 V s™'. The
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artificial sea water mainly consisted of NaCl, MgSO4, MgCl, and CaCl,. The corrosion resistance of the
as-sintered bulk samples in the sea water solution is demonstrated by the potentiodynamic polarisation
curves displayed in the figure. The HEA sintered at 620°C exhibits the highest corrosion potential (Ecor)
and the lowest corrosion current density (ic) With a wider passive region. The HEA sintered at 959 °C
possesses the best passivity behaviour (the lowest i) and a high pitting resistance (with the widest
passive region). The corrosion rate (r.r) can be calculated through Faraday’s law, as shown in the
equation below:

Reor = 0.0327 x (EW X igor = D) (D
Where EW is the equivalent weight, and D is the density. shows all these corrosion parameters (and also

the pit potential and shows the best behaviour of the HEA sintered at 620 against the stainless steel,
tested under the same conditions.

b
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Potentiodynamic polarisation curves of the as-sintered E2 (CuZr alloy) and ES (CuZrAITiNi HEA) bulk
alloys at different sintering temperatures (from 520 °C to 959 °C)

Only one work [84] has been found in which the behaviour of the HEA is less competitive than that of
stainless steel 304, and the reason should be related to the different aging treatments that were applied to
the material, this time manufactured by direct laser fabrication.

If the performance against corrosion is quite good, the response against oxidation at high temperature is
truly promising. In [47], a cermet based on an HEA (C1 cluster) was studied, and the oxidation tests
were performed at the same time as cermets manufactured using conventional Ni/Co binders. The
behaviour in the HEA-based cermet is three times superior. Similar behaviour can be found in [54]
wherein in addition to the electrochemical corrosion, oxidation was studied. A unique study on a
refractory HEA (C7 cluster) made by additive manufacturing can be found in [11]. Here, the behaviour
was studied at high temperature in air, and a good performance was observed, suggesting good possible
fusion applications.
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The results explained above suggest that the HEAs have good potential for a niche of applications
requiring good corrosion/oxidation behaviour.

Friction

In the classification of attributes, friction and wear are commonly lumped together, but we'll separate
them apart in the next paragraph. Significant improvements in the friction behaviour of the alloys have
been made by making little changes to the composition of the HEA, which is possible because to the
flexibility of the PM process. Friction behaviour is critical in a variety of applications, particularly
bearings. The profile of materials discussed here is covered in the chapter [133] on composites based on
HEAs (HEACMs). Because as-cast HEAs contain segregations, multiple phases, and brittle
intermetallics at grain boundaries, all of which negatively affect ductility and toughness and damage the
friction features of these alloys, the advantages of PM for the development of this family of materials are
highlighted in this later work.

Yadav et al. [132, 142] carried out a fascinating experiment in which they added Bi and Pb dispersoids
to two different HEAs, AICrFeMnV (C9 cluster) and CuCrFeTiZn (C5 cluster), respectively. The
friction coefficient was lowered in both situations, and the wear resistance was raised by about 20%. The
mechanical properties of the basic HEA were not considerably changed in any situation. A similar work
was carried out in [140] with the addition of Mo to a basic HEA (CoCrCuFe). The presence of Mo in the
microstructure caused some precipitates to form, which changed the friction behaviour, reducing friction
as the amount of Mo increased.

Zhang et al. [120, 128]'s research points in the same direction. The basis alloy in these investigations
was the core alloy of the C1-C4 clusters (CoCrFeNi), with Ni coated with graphite, Ni coated with
MoS2, and S added to the alloy (added as FeS). From ambient temperature to 800 °C, the friction and
wear behaviour was investigated. Excellent self-lubrication behaviour and wear resistance were
observed in all situations. At room temperature, the friction coefficient was always lowered, and wear
performance increased up to five times. Furthermore, the mechanical qualities were not severely harmed.
To end this section on the friction properties, an interesting work on the machinability of an HEA
manufactured by AM [136] is discussed. Different machining conditions were applied to the
CoCrFeNiMn alloy (C3 cluster), and the report concluded that with the suitable process combination,
any practical surface quality and dimensional accuracy could be obtained.

Soft Magnetic Features

Ji et al. [105] investigated the PM HEA's soft magnetic properties (CoCrFeNiMn, C3 cluster). After 60
hours of MA, the particles' hysteresis curve shows soft magnetic characteristics. The saturation
magnetization and remanence ratio values are higher and lower, respectively, than those reported in the
literature for a similar cast alloy [56]. This finding suggests that the powder, as-milled, can be employed
as a soft magnetic material. Furthermore, the powder displayed superparamagnetic behaviour, which has
previously been observed for magnetic particles smaller than 10 nm [29]. Unfortunately, the coarsening
of the grains following SPS changed the alloy's soft magnetic and superparamagnetic properties.
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Magnetic hysteresis curves of the CoCrFeNiMn HEAs measured at room temperature.

Yu et al. [106] conducted a similar study, but this time with success in a PM consolidated HEA. In this
research, changing just one element in the alloy changes the magnetic response dramatically. A similar
result was obtained using the same alloy as Ji et al. [105], but the Mn in the composition was replaced
with Cu (CoCrFeCuNi, also in the C3 cluster). Even after SPS, the saturation magnetization, remanence
ratio, and coercivity levels allow this PM HEA to be used in soft magnetic applications. The saturation
magnetization value achieved is higher than the CoCrFeNiCuTi HEA produced by casting [29].

These studies demonstrate that this is another promising field of application for PM HEAs.

Hydrogen Storage

Although hydrogen is regarded as a viable alternative to fossil fuels, its practical application is
contingent on the development of materials capable of storing it. Some studies have shown that certain
alloys with the BCC structure can react with hydrogen, making them a suitable hydrogen storage
material [25]. With the right balance of alloying elements, several HEA compositions can guarantee the
BCC structure. Kunce et al. [18] used additive manufacturing to create two PM HEAs with two distinct
compositions (TiZrNbMoV and ZrTiVCrFeNi, which correspond to the C8 and C5 clusters,
respectively), with the goal of utilising the BCC structure for hydrogen storage. Pressure-composition-
temperature experiments were used to determine the viability of this possible application, and both
alloys can absorb and desorb hydrogen (until the hydrogen is 1.8% and 0.59% in weight, respectively).
The alloys were not able to completely desorbs hydrogen in this experimental configuration.

Pressure-composition-temperature experiments were used to determine the viability of this possible
application, and both alloys can absorb and desorb hydrogen (until the hydrogen is 1.8% and 0.59% in
weight, respectively). The alloys were not able to completely desorb hydrogen in this experimental
configuration.

Conclusion

High-entropy alloys (HEAs) is having broad scope for research due to their unique mechanical
properties, which include high tensile strength even at high temperatures, high hardness, toughness
exceeding that of most pure metals and alloys, comparable strength to structural ceramics and some
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metallic glasses, exceptional ductility and fracture toughness at cryogenic temperatures, and corrosion
resistance. Worldwide a lot of research is going on HEAs due to their application in different fields.
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