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Abstract

High entropy alloys (HEAs) have emerged as a new class of materials that can exhibit superior mechanical properties to the conventional alloy
systems. Therefore, they are promising candidates as the next generation structural materials. As the studies into the HEAs deepen, the original
proposal of equal concentration of each element while remaining a single phased structure has been expanded and new opportunities start to
emerge. Here we briefly discuss several future directions for HEAs which include fundamental questions such as chemical short-range order and
synergistic strengthening mechanisms, as well as HEA’s potential applications under extreme conditions such as high-temperature and cryogen-

ic load-bearing, impact protection and kinetic penetrator.
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1 Introduction

The ever more extreme service conditions have posed sig-
nificant challenges on the structural materials that are cur-
rently available off the shelf. For example, the rapid develop-
ment of aerospace industry demands more powerful jet en-
gines, which calls for new materials that can sustain higher
temperatures. The opposite extreme is materials that do not
fracture easily under low-to-cryogenic temperatures, which
can find applications in deep-sea and deep-space explora-
tions. In fusion reactors, the "hot plasma" must be generated
and confined for sufficiently long time to ignite fusion reac-
tions, thus subjecting the plasma facing materials to a highly
corrosive and high temperature environment. On top of these
extreme material selection criteria, lightweight structural ma-
terials are always of pursuit in practically every engineering
fields. Therefore, we need stronger, tougher, lighter and more
heat-resistant materials to meet these challenges. The ques-
tion naturally arises as to what the structural materials will be
used for the future. Although the answer is still vague, sever-
al directions can be laid out which can potentially offer solu-
tions for extreme applications.

2 The concept and developments of high en-
tropy alloy

The most widely used approach to tailor the mechanical
behavior of materials is via metallurgical alloying in which dif-
ferent chemical species can play different roles. Such
strategies dates back to thousands of years ago since metals
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become the primary tool for human beings. In recent dec-
ades, the advance of high entropy alloys (HEA), or multiple
principal element alloys, have drawn massive research in-
terests ever since the pioneering work of Yeh and Cantorl’-2,
Contrary to the conventional alloy design strategies which
only use single principal element and minor amounts of oth-
er constitutes, HEAs often involve multiple elements with
equal- or near equal-atomic ratio, which pushes our under-
standings of phase equilibria to its limitBl. As a result, the
highly concentrated alloys exhibit some distinctive proper-
ties that can cater to the extreme conditions. Currently, the
most widely studied HEAs can be classified into two major
groups (shown in Fig. 1), the transition metal based, face
centered cubic structured family and the refractory metals
based, body centered cubic structured family.

The transition metals-based alloys often acquire a FCC
structure with low stacking fault energy, which ensures their
sustained strain hardening ability and strain rate hardening
ability. It has been reported that the classical equal-atomic
CrMnFeCoNi high entropy alloy (the Cantor alloy) exhibits an
excellent strain hardening ability within a wide temperature
range. Especially, both strength and fracture toughness of the
alloy are higher at 77 K than the ambient condition, owing to
the enhanced twinning ability at reduced temperatures!l. An-
other important merit of the FCC HEAs is its excellent impact
resistance, which is attributed to the strong strain rate
hardening of the material.

In addition to the FCC high entropy alloys, refractory metals
based, BCC high entropy alloys (often termed as RHEA) re-
ceive more attention in recent years due to their potential to
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A simplified periodic table for high entropy alloys
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A simplified periodic table for the high entropy alloys with a focus on transition metals-based FCC family and refractory metals-based

BCC family. Note that there are other HEAs with less common elements which are not included in this diagram.

be used at elevated temperatures. The rationale is simply that
RHEAs often acquire remarkably high melting points (often >
1600 °C). Typical examples are NoMoTaW and NbMoTaVW al-
loys which were designed by Senkov and co-workersl5l, Some
RHEAs can achieve remarkable strength at elevated temperat-
ures up to 1600 °C, which is far beyond the melting point of
Ni-based superalloys. For instance, the NobMoTaVW alloy dis-
plays an impressive yield strength (compressive) of 500 MPa
at 1600 °C, showing great potential for high temperature ap-
plicationsl®. It has been shown that adding Al to the RHEA
system can further improve the strength as well as the oxida-
tion resistance of the materials. However, the materials be-
come progressively brittlel7],

3 Future directions and challenges

The emergence of HEA has dramatically expanded the
chemical space of the alloy design, thus providing numerous
opportunities to solve the ground challenges we will be fa-
cing in the future. Regardless of the promises, there are im-
portant scientific problems need to be clarified and HEAs with
better mechanical properties need to be designed.

3.1 The elemental distribution within HEA is non-
trivial and needs to be deciphered

For example, chemical short-range order (SRO) and/or loc-
al chemical fluctuation exists in the previously presumed dis-
ordered latticel®-'2, which lowers the configurational en-
tropy and challenge the original concept of HEA. Although
more and more evidence has confirmed the existence of such
a subtle chemical heterogeneity, much more need to be done
to understand the thermodynamics, the spatial distribution,
and the complex effects of SRO on the physical and mechan-
ical properties of the materials. For example, the driving force
and the kinetics of the formation of the SRO is still unknown.
Since SROs only involves a couple of nearest neighbor dis-
tance, it is difficult to resolve their structural or chemical iden-
tity. With the advance of modern characterization techniques
such as energy filtered electron microscopy, atomic electron
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tomography and atomic probe tomography, these puzzles
are expected to be solved in the future. Understanding the
chemical heterogeneity in these complex concentrated alloy
systems can facilitate designing better HEAs with extraordin-
ary mechanical behavior!'3l,

3.2 Incorporation of multiple strengthening mech-
anisms in a single FCCHEA

The versatile deformation mechanisms render many trans-
itions metals-based FCC HEAs to be ductile and crack-resist-
ant. However, their yield strengths of the as-casted alloys are
somewhat mediocre, which limits its applications in extreme
conditions. Therefore, improving the yield strength of FCC
HEAs is of technological importance. Many efforts have been
devoted in this aspect; the primary goal is to incorporate as
many deformation mechanisms as possible in a single alloy
system. For example, one can take the advantage of the sus-
tained strain hardening ability of the CrMnFeCoNi related FCC
alloys and impose significant cold work into the material,
which may sacrifice the ductility but can achieve high
strength. Further reducing the stacking fault energy by devi-
ating the composition away from equal-atomic ratio can af-
fect the phase stability of the alloy and can further promote
their mechanical properties. Based on this strategy, the meta-
stability engineering of the CrCoNi-based alloy has become a
viable approach to achieve better mechanical properties4.
For example, some non-equal-atomic HEAs can both display
strong twinning induced plasticity (TWIP), transformation in-
duced plasticity (TRIP) and even amorphization!’>), which im-
prove the strength-ductility synergy of these HEAs. Another
strengthening mechanism is precipitation hardening where
an analogy to the Ni-based superalloy can be drawn for the
FCC HEAs. For example, Yang and co-workers!'®! introduced Ti
and Al into the FCC HEA and obtained the ordered phase
strengthened HEA where both the disordered matrix and the
order precipitates (y') are of "high-entropy" in nature. In addi-
tion to these "conventional strengthening mechanisms", mi-
crostructure design is another viable route for achieving bet-
ter mechanical properties. In this regard, as pointed it out by
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Ma and Wul'7l, engineering HEA with heterogeneous struc-
tures can further promote strength and ductility. Recently,
Panl'8 introduced a gradient cell-structured HEA which in-
deed achieved a much improved strength-ductility synergy
compared with the pristine material. In the future, how to in-
corporate different types of strengthening mechanisms in a
single material (or part) remain to be an outstanding chal-
lenge. Additive manufacturing perhaps is the utmost solu-
tion where gradient structures and chemistry can be pre-
cisely introduced in a single part.

3.3 Enhancing the tensile ductility of the RHEA at
ambient temperature

Some RHEAs (especially those W-containing ones) can dis-
play outstanding strength at elevated temperatures(19.20],
However, the much-reduced tensile ductility at ambient tem-
perature limits the applications of these systems. The origin of
the room temperature brittleness is still a mystery to be
solved. But it must have to do with dislocation dynamics(2'l,
The complex energy landscape for the RHEAs renders the
configuration of dislocations distinctive to the dilute BCC al-
loys. None-screw dislocations can play a crucial role in these
materialsi2'l. Interstitials can also affect the dislocation pat-
tern in Ti-containing RHEAs. For instance, Lei et al., demon-
strates that by doping the model TiZrHfNb RHEA with 2 per-
cent of oxygen, a planar-to-wavy dislocation slip transition
can be observed, and the room temperature ductility is en-
hanced[?2], Going forward, much more need to be done to un-
derstand the fundamentals of dislocation in the RHEAs, which
require correlative in-situ microscopy with first principal simu-
lations. As for the practical application, the biggest challenge
for the RHEA is to overcome the tradeoff between high tem-
perature strength and room temperature formability. In this
frontier, it still seems unclear as to what is the right alloy sys-
tem that can be used in the future. The chemical space of the
RHEA is huge, and we are only scratching the surface. With
the aid of high throughput experiment as well as machine
learning-based alloy screening strategies(?3, we are on the
verge to make a breakthrough.

3.4 Investigation and application of the HEAs at
high strain rates

In recent years, the behavior of HEAs at elevated strain rate
starts to receive massive attentions. Such scenarios can typic-
ally be found in either kinetic energy penetrator or armor pro-
tection. For example, 'Self-sharpening' is an ability of the al-
loy retaining the sharp head during dynamic penetration
mainly due to the adiabatic shear localization. Traditional
heavy-tungsten alloys containing the principal tungsten ele-
ment have been used as the kinetic energy penetrator due to
its high strength and high density. However, its poor plasti-
city limits its penetration performance. Recently, WFeNiMo
high-entropy alloy was created to have much better penetra-
tion ability due to its high strength (~1.9 GPa) and the sus-
ceptibility to shear localization[?4. The presence of the strong
u phase precipitations results in inhomogeneous deforma-
tion and strain gradients between them and FCC matrix.
These stored deformation energy drives the dynamic recrys-
tallization softening and triggers the formation of shear
bands easily. Liu et al.?5! developed a novel high density Fe-
22W-13.3Ni-6.8Mo0-6.5Co steel obtaining high strength ~2.3
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GPa and good plasticity under dynamic loading, which can be
served as the low-cost penetrator. The micro-sized p phases
in it can be resolved into the BCC matrix during shear localiza-
tion process. By optimizing the chemical composition and mi-
crostructure of these HEAs, the anti-armor capacity can be
raised significantly. In contrast, the resistance of shear localiz-
ation has been revealed in the CrCoNi-based high-entropy al-
loys to a large forced shear strain ~7 bearing high strain-rate
103-105 s7' load?l. The CrCoNi-based alloys shows ex-
traordinary strain hardening rate over 1000 MPa until the
shear failure. This was mainly attributed to the multiple
strengthening mechanisms such as forest dislocation sliding,
nano-twining and even phase transformation(2”l, Due to smal-
ler activation volume for the dislocation motion, the strain-
rate sensitivity of HEAs is relatively larger than that of conven-
tional alloys. The high strain hardening rate and high strain-
rate sensitivity overcomes the thermal softening effect under
dynamic loading in the CrCoNi-based HEAs, which retards the
shear localization failure. To work as an impact-resistance ma-
terial, microstructural design such as defect engineering can
be applied to increase strength, and incorporating alloy ele-
ments that can reduce the stacking-fault energy may give rise
to higher strain hardening ability of CrCoNi-based HEAs. Spall
failure of HEAs under dynamic impact cannot be ignored for
defense applications. Hawkins et al.l28! conducted a series of
shock loading experiments with projectile speed 300 m s on
FeCrMnNi HEA. It concludes that the compressive strength is
not high enough although the spall strength is relatively high
~1.9 GPa. Thus, they suggest using a higher compressive
strength HEAs for potential armor applications. Thirmer et
al.?% found the exceptional high spall strength of the Cantor
alloy ~8 GPa at 107 s71, which is comparable to the strong BCC
material like Ta. Profound amounts of nano-twins were dis-
covered to resist crack-propagation. Jian et al.139 utilized the
molecular dynamics simulation method to study the possible
amorphization behavior in CrCoNi medium-entropy alloy. At
high velocity 1200-1400 m s, the lattice distortion pro-
motes the amorphization, resulting in a lower spall strength.
It is still not clear how local chemical composition change
may influence the deformation and failure behavior of the
HEAs at the extreme strain-rate >10° s~. More systems need
to be explored for the development of next generation amor.

3.5 Lightweight high-entropy alloys

Reduction of density is a critical issue for the application of
HEAs in the areas of automobile, aerospace, and fossil energy.
Most of low density HEAs were synthesized with Al, Mg, and
Ti elements and often obtained secondary phases. A light-
weight TisV,ZrNbMog s HEA with high yield stress and suffi-
cient ductility was developed by mixing ductile BCC matrix
and strong ultrafine- or nano-sized intermetallic compound
particlesB. In addition to this, by taking advantaging of CAL-
PHAD-based high-throughput computational method to
eliminate detrimental intermetallic phases, Feng et alBZ
found a lightweight Al-Cr-Fe-Mn-Ti HEA with high-density co-
herent L2, precipitates, achieving an extraordinary tensile
yield strength ~2 GPa and failure strain ~30%. Incorporating
non-metallic elements such as B, C, N, and O would be an al-
ternative low-cost way to improve the strength of light-
weight HEAs in the futurel33],
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4 Concluding remarks

The concept of high entropy alloys indeed opens a door to
the new world for alloy design and many interesting materi-
als continuously being proposed almost everyday in the labs
all around the worldB34, For example, Xie recently designed
FCC/Laves eutectic high-entropy alloys where the Lavas
phases keep strengthening through the obstacle-defect inter-
action to a large fracture strength over 2 GPal*sl, However, the
application of high entropy alloys still needs to be explored.
The major roadblock that hinters the applications of the HEAs
lies in the fact that they are remarkably more expensive than
the commercial alloys. Moreover, the complex composition
renders the expensive elements used in HEAs extremely chal-
lenging to be recycled, which, in turn, increases the cost of
the materials. Therefore, the most promising applications for
HEAs are those extreme ones where expense are not usually
of the primary concern. Significant efforts are required to
choose economically feasible and environmental-friendly al-
loys that meet green, low-carbon, and technical standards
nowadays!36l. This perspective only provides, but not limits to,
several future directions in this vibrating field. There are, of
course, other important aspects of HEA such as their excel-
lent radiation-resistance, which is beneficial for next genera-
tion fission reactorsB71,
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