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Abstract: High-entropy alloys are a new type of material developed in recent years. It breaks the
traditional alloy-design conventions and has many excellent properties. High-pressure treatment
is an effective means to change the structures and properties of metal materials. The pressure can
effectively vary the distance and interaction between molecules or atoms, so as to change the bonding
mode, and form high-pressure phases. These new material states often have different structures and
characteristics, compared to untreated metal materials. At present, high-pressure technology is an
effective method to prepare alloys with unique properties, and there are many techniques that can
achieve high pressures. The most commonly used methods include high-pressure torsion, large cavity
presses and diamond-anvil-cell presses. The materials show many unique properties under high
pressures which do not exist under normal conditions, providing a new approach for the in-depth
study of materials. In this paper, high-pressure (HP) technologies applied to high-entropy alloys
(HEAs) are reviewed, and some possible ways to develop good properties of HEAs using HP as
fabrication are introduced. Moreover, the studies of HEAs under high pressures are summarized,
in order to deepen the basic understanding of HEAs under high pressures, which provides the
theoretical basis for the application of high-entropy alloys.
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1. Introduction

Emerging in recent years, high-entropy alloys (HEAs) are newly developed alloys, with many
outstanding properties which have broken the design concept of traditional alloys, and have a variety
of principal elements and special crystal structures. Although the composition of the high-entropy
alloys varies, the phase composition is very simple. Usually only one or two solid-solution phases
are detected by X-ray diffraction, and rare intermetallic compounds are formed. Since there is no
principal element in HEAs, the performance of the alloy is affected by the combined influence of the
constituent elements. As a result, the performance of HEAs is somewhat unpredictable. The structure
and stability of the alloy has crucial influence on its properties. Therefore, it is necessary to study the
structures, and the stability of the structure of the different HEAs under various conditions. HEAs are
solid solutions composed of many elements which can maintain their stable structures under normal
temperatures and atmospheric pressure. However, during long-term or high-temperature annealing,
the new phase will be created, which will affect the performance of the alloy [1–3]. The pressure,
temperature, and chemical composition are the basic thermodynamic factors that determine the state
of a substance. The use and control of temperature and chemical composition are almost synchronous
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with the development of human civilization. However, due to the limitations of technical conditions,
the application of pressure has just begun. High-pressure technology is a relatively-young and emerging
discipline, but most of the condensed matter in the universe is under high pressure. The research on
high pressures relies heavily on the experimental techniques, and each progression of the method has
led to a significant expansion of our basic understanding of material behavior under high pressures.
The progress in high-pressure experimental technology has directly promoted the development of
the high-pressure science and provided an advanced method for frontier subjects. It has become an
important field in modern scientific research. There are few studies on the structures of HEAs under
high pressures. Interactions within the materials will change under high pressures and induce the
generation of high-pressure phase transitions, thus becoming a new material with special properties.
The materials will show many unique properties under high pressures, ones which do not exist under
normal conditions, providing a subject for the in-depth study of materials. The behavior of HEAs
under high pressures is a potential research direction for the future.

2. High-Entropy Alloys (HEAs)

2.1. Concept

HEAs are kinds of alloys developed in recent years. HEAs are loosely defined as solid-solution
alloys that contain more than five principal elements in an equal or near-equal atomic percent (at. %) [4].
These kinds of alloys were defined by Yeh et al. [4] in 2004 as HEAs, and in the same year named by
Cantor [5] et al. as the multi-component alloy. The concept of HEAs is based on the development of
bulk amorphous alloys in the 1990s, when people were looking for alloys with ultra-high glass-forming
ability. According to the well-known confusion principle, the more components of the alloy, the higher
the chaos of the liquid alloy. That is, with a high entropy of mixing, it is easy for the alloy to retain the
structure of the melt, thus forming a disordered amorphous structure. Figure 1 shows a panoramic
view of the materials that humans have used over the past 10,000 years. The picture gives different
types of materials, from ceramics to metals, polymers, and most recently composites, the same age at
which HEA production is noted. With an increasing understanding of HEAs, the requirements for the
content of each element and the number of elements have gradually loosened in the definition of HEA.
At present, quaternary equiatomic or part of non-equiatomic quaternary alloys are also defined as
HEAs [6–8], and some literature now refers to multi-component alloys containing small amounts of
intermetallic compounds as HEAs [9,10].Metals 2019, 9, x FOR PEER REVIEW 3 of 16 
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2.2. Four Core Effects

Yeh [12] summarized the four core effects in HEAs. Those were: (1) High-entropy effects;
(2) sluggish diffusion; (3) severe lattice distortion; and (4) cocktail effects.

2.2.1. High-Entropy Effects

This is the most important characteristic of the HEA; i.e., the formation of intermetallic compounds
or complex phases is inhibited due to the high entropy of the HEAs, tending to form solid-solution
phases [4,5,13,14]. In other words, the high entropy produced by multiple principal elements can
inhibit the generation of intermetallic compounds.

2.2.2. Sluggish Diffusion

In traditional alloys, there is a high probability that a less prevalent atom is surrounded by the
main element’s atoms, which are called the solute atoms. It means that during the atom diffusion,
the interaction with the surrounding atoms is essentially constant. However, the atoms that surround an
atom in the HEAs are diverse, leading to different activation energies required by various lattice sites
during atomic diffusion in HEAs [15]. In comparison with traditional alloys, more energy is needed
during the atomic diffusion for HEAs. Although diffusion activation varies greatly with the elements,
the trend of the increased diffusion activation energy can be obtained from low entropy to high entropy.

The sluggish diffusion theoretically suppresses the grain growth in HEAs [4] and explains the
formation of nano-sized precipitates. On the other hand, the sluggish diffusion increases the phase
stability of HEAs, especially at high temperatures; the phase stability and high-temperature strength
even exceed some Ni-based superalloys [16].

2.2.3. Severe Lattice Distortion

In HEAs, each atom is surrounded by other kinds of atoms. Due to different compositional atomic
sizes in HEAs, that feature can lead to the severe lattice distortion. The severe lattice distortion affects
the mechanical, physical, and chemical properties of the material. As shown in Figure 2, the probability
that each element in the HEA occupies the position of the lattice is the same, and the atomic radii of
different atoms will cause severe lattice distortion.
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2.2.4. Cocktail Effect

The cocktail effect for alloys was first mentioned by Ranganathan [17] to describe some basic
characteristics of the elements affecting the properties of alloys. However, for the HEAs that break
through the traditional design concept, the cocktail effect does not mean that the performance of the
alloys is simply a superposition of the properties of each component. There are also interactions
between different elements that eventually lead to a composite effect in HEAs [12].

2.3. Research Status

Due to the four core effects of HEAs, many HEAs exhibit mechanical, physical, and chemical
properties that are superior to pure metals and other alloys. Many research groups have carried out
much research on HEAs. At present, several mature high-entropy systems have been formed, including
AlxCoCrCuFeNi [4], CoCrFeMnNi [5], WNbMoTaV [8], and GdTbDyTmLu [18]. The structures
and properties can be regulated through a series of elemental additions or changes in the content,
such as the addition of Ti [19], Zr [20], B [20], V [21], and/or Mo [22,23]. Some HEAs have the high
glass-forming ability, such as PdPtCuNiP [24], ScCaYbMgZn [25], and ZrHfTiCuFe [26]. The structures
of the HEAs include all the three simple metal crystal structures: A face-centered-cubic (fcc) structure
represented by CoCrFeNi, a body-centered-cubic (bcc) structure represented by TaZrHfNbTi, and a
hexagonal-closed-packed (hcp) structure represented by YGdTbDyLu. The deformation mechanisms
of hcp-phase metals have been summarized: Either tensile or compressive strain induced twins or
basal and prismatic slips [27–29].

In addition to the excellent mechanical properties of the HEAs at room temperature, the HEAs also
have good performance under extreme conditions, such as high and low temperatures. The VNbMoTaW
alloy developed by Senkov et al. maintains a yield strength of 800 MPa at 600 to 800 ◦C, and the yield
strength is still more than 400 MPa at 1600 ◦C [30]. The CoCrFeMnNi single-phase fcc alloy demonstrates
the characteristics of “lower temperature and more toughness,” and the fracture toughness value is greater
than 200 MPa·m1/2 at a low temperature (77 K) [31]. For Co1.5CrFeNi1.5Ti and Al0.2Co1.5CrFeNi1.5Ti
HEAs, the wear resistance is at least twice that of conventional wear-resistance steels, such as SUJ and
SKH51 steel under similar hardness conditions [32]. Moreover, the mechanism of the phase transition
in HEAs has received great attention from researchers. At present, the transformation-induced plastic
deformation and polymorphism have been studied [7,33]. However, the phase-transition kinetics of the
HEAs still need to be further studied. The atomic mechanism and thermodynamic principle of the HEA
phase transition are still in dispute [34,35]. Surface energy at the interface may affect the solidification
and diffusion of solids, such as precipitation, resulting in phase transitions [36].

3. High Pressure

The rapid development of the high-pressure technology and the interpenetration with other
technologies have become a hot topic in science today. High pressure is an important means to
control the properties of the material, and is a decisive variable in modern scientific research [37].
Bundy synthesized diamond with technologies employing high pressures and high temperatures,
which paved the way for the high-pressure technology for the application of new materials [38].

According to the different high-pressure loading methods or technologies, the high-pressure
experimental technology can be divided into the static high-pressure loading technology and dynamic
high-pressure loading technology. The duration of the traditional, dynamic high-pressure experiments
is very short, typically no more than a few milliseconds, and can reach very high pressures and
temperatures. However, the defects are also obvious: The time span is too short to be effectively
detected and accurately controlled, and the large amount of extra heat will affect the expected
experimental results. In contrast, the static high-pressure technique can perform the non-destructive
research on the material under fixed pressure conditions and can obtain good data. Static and dynamic
high pressures are complementary to each other, which enhances our basic understanding of the
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material structure and performance under different high pressures. The dynamic high-pressure
loading technology is an experimental technique for subjecting samples to transient high-pressure
and high-temperature environments by the shock waves or high-speed physical impact generated
from an explosion, or other means. At present, there are many experimental techniques that can
achieve dynamic high pressures, which can be simply divided into high-speed dynamic loading and
low-speed dynamic loading. The methods implementing the former mainly include the underground
nuclear explosion, magnetic flux compression, rapid expansion, or an explosion of air currents. These
methods are characterized by fast loading (can realize nanosecond loading), and high-pressure limits.
But it is difficult to accurately control the pressure range, relying heavily on experience and repeated
experiments. Many high-speed dynamic-loading methods are still in development and inappropriate
for research under normal laboratory conditions. In contrast, the experimental techniques of low-speed
dynamic loading are relatively mature and have mostly been used in experiments. These loading
techniques have a large time span (from hours to milliseconds or even microseconds), high repeatability,
high-pressure loading accuracy, and wide adaptation (which can be applied to room temperature,
high temperature, low temperature, magnetic field, and other conditions), which can be combined
with other test methods and characteristics. It is of great help to study the structures and properties of
materials under nonequilibrium thermodynamic conditions, which is an important direction in the
high-pressure research.

The static high-pressure loading method is a technique for obtaining high-pressure experimental
conditions using a static compression method. The sample is slowly compressed by means of the
external mechanical loading device. Since the compression process is slow enough, the heat generated
in the process can be fully exchanged with the external environment. Hence, the static high-pressure
loading process is an isothermal compression process. At present, the equipment to achieve the
static high pressure mainly includes large cavity presses and diamond-anvil-cell presses. Currently,
the highest pressure of the former is up to hundreds of thousands GPa, which is the main equipment for
the synthesis of high-pressure materials, and it has a unique advantage in the use of high-temperature
and high-pressure, synthetic block, superhard materials. Compared to the former, the diamond-anvil
cell (DAC) is small in size, requires few samples, and has low experimental costs. Multiple in-situ
experiments (including X-ray diffraction, Raman spectrum, etc.) can be performed under a variety
of experimental conditions, and higher-pressure limits can be achieved. The hexahedron-anvil-press
instrument is the most widely-used static high-pressure device. Figure 3 is the schematic of the
instrument. The instrument is composed of six anvil cells, extruding a square-pressure transmitting
medium, and the sample is wrapped in the medium. As shown in the figure, the machine applies the
pressure from six directions to the center simultaneously to achieve the static equilibrium [39,40].
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The DAC, another device that can achieve the static high-pressure loading, it is smaller in size,
and Figure 4 shows the principle of the DAC. DACs are composed of two opposing diamond anvils
that squeeze the samples between them to create hydrostatic/non-hydrostatic pressures [41]. In 1977,
Bruas combined the DAC technology with synchrotron-radiation X-ray diffraction for the first time [42],
which greatly promoted the development of the high-pressure science. In 2015, Dubrovinsky et al. used
nano-diamonds in combination with a two-stage pressurized device to obtain a high static pressure of
770 GPa [43]. The core of the DAC is to use the extremely-high hardness of the diamond, with two
diamonds pressing on top of each other, to generate high pressures.

The high-pressure torsion (HPT) process was first proposed by Bridgman in 1935 [44]. With the
development of microscopy technology, it was not until the 1980s that researchers discovered that
ultra-fine crystalline structure could be prepared by high-pressure torsion technology [45]. The principle
of HPT is exhibited in Figure 5. The sample is placed between the two anvils and subjected to extremely
high pressures of hundreds of GPa. When there is a relative rotation between the two anvils driven
by external forces, the friction between the sample and the anvils drives the sample to rotate and
causes the shear deformation of the sample. Although the sample is subjected to the large strain plastic
deformation, it will not rupture, due to the high pressure. By means of HPT, the size of crystal grains
can be significantly reduced, and a dense nano-bulk material can be prepared effectively.

In high-pressure scientific research, the structure-phase transitions, which combine pressure or
temperature and pressure as driving forces, can be divided into two basic types, namely reconstructive
phase transitions and displacive phase transitions. The classification is based on whether the chemical
bonds that form the periodic grid are destroyed after the phase transformation. In the process of the
reconstructive phase transition, the main chemical bonds are broken and recombined to form a new
structure. There is no clear orientation relationship with the previous phase in crystallography. All the
reconstructive phase transitions belong to the first-order phase transition, and the discontinuity of
the volume change during the phase transition is obvious. Since there are dynamic barriers between
the equilibrium pressures of the adjacent two phases, it often leads to a hysteresis effect in the phase
transition. The phase-transition pressure point in the pressurization process is greater than the
pressure-relief process. The secondary bonds may break when a displacive phase transition occurs,
but the main chemical bonds will not break, usually due to the displacement of the atoms or the
tilt of the polyhedral structure. Under a high pressure, many phase transitions are displacive phase
transitions, and the degree of the discontinuous volume change is very small. Most of them still belong
to the first-order phase transition.
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4. HEAs under High Pressure

4.1. Dynamic High Pressure

The HEA is a new kind of alloy between the traditional alloy and the amorphous alloy.
The deformation mechanism shows different characteristics from the traditional alloys. Therefore,
it is necessary to study the structure and phase-transition process of HEAs under high pressures.
The microstructures of HEAs under high pressures is also one of the hot topics in the alloy research.
Huang et al. [46] developed a facile, two-step carbothermal shock (CTS) method that employs flash heating
and cooling (temperature of 2000 K, shock duration of 55 ms, and ramp rates in the order of 105 K/s) of
metal precursors on oxygenated-carbon support to produce HEA nanoparticles (HEA-NPs) with up to
eight metallic elements. Figure 6 shows the scanning transmission electron microscopy (STEM) elemental
maps for PtPdRhRuCe HEA-NPs. The aforementioned is a method of synthesizing HEAs using the high
pressure produced by the thermal shock. Nanoparticles are useful in a wide range of applications. Huang
et al. [46] developed a method for making HEA nanoparticles, and the “carbothermal shock synthesis”
can be tuned to select for the nanoparticle size as well as final structure. These carbothermal shock (CTS)
capabilities facilitate a new research area for the materials discovery and optimization.
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4.2. Diamond Anvil Cells

The duration of traditional dynamic high-pressure experiments is very short, generally no more
than a few milliseconds. Therefore, it is difficult to effectively detect and accurately control, and the
large amount of the extra heat will affect the expected experimental results. Thus, the experiment of
placing HEAs under high pressures usually adopts a static high-pressure technology. Yu et al. [47]
used DAC to pressurize the rare-earth HoDyYGdTb HEA and studied the phase transition under high
pressures. Figure 7 shows the pressure-volume relationship of different phases of the HoDyYGdTb HEA
measured at room temperature, and the red line indicates the fitting result using the Birch-Murnaghan
equation of the state in [48]. The sample was prepared by arc-melting, then scraped, and loaded
into the T301-stainless-steel gasket hole with a diameter of 180 µm. The specimen was pressurized
up to 60.1 GPa. The HEA is shown to follow the trivalent rare-earth crystal structure sequence of
hcp→ Sm-type→ dhcp→ dfcc, which correlated the s→ d charge transfer of the HEA. The bulk
modulus and atomic volume of the rare-earth HEA agree extremely well with the calculated values
with the “additivity law.” The pressure-included phase transformation among bcc, fcc, and hcp phases
in transition metals were reported previously. What is most noteworthy is that Au changes the
structure of HCP under extreme conditions [49]. Zhang et al. [50] studied the phase transition in
Ni-based HEAs under high pressures. For high-pressure experiments, the sample was loaded in the
chamber, which was indented from the Re gasket with a pair of diamond anvils with a thickness
of 40 µm. The single-phase CoCrFeNi HEA alloy was pressurized to observe the phase transition.
A pressure-induced fcc-hcp phase transition was found in the CoCrFeNi HEA at the pressure of
13.5 GPa and at an ambient temperature. The hcp structure is recoverable when the pressure is released.
The phase transformation is very sluggish and did not finish at 39 GPa

The HEA is essentially an alloy-design concept, and there is no requirement on which elements
must be used. Therefore, it also provides a broad scope for the study of HEAs. The transition elements
are the most frequently-used components of HEAs. As the major element in our planet, Fe is the
most interesting element to be studied, and the phase transformations (including from bcc to hcp
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structures) under high pressures or high temperature have already been found [51–53]. In ambient
conditions, cobalt is in the hcp structure, and a pressure-induced phase transition to the fcc phase was
found [54]. Figure 8 shows this pressure-induced phase transition. However, no pressure-included
phase transition was found in Ni up to 260 GPa [55]. [50].

Polymorphism is widely observed in many materials, which describes the occurrence of
different lattice structures in a crystalline material, and is a potential research direction in the future.
The polymorphism in the CoCrFeMnNi HEA is reported in [33]. By employing in situ, high-pressure,
synchrotron radiation X-ray diffraction, the polymorphic transition from fcc to hcp structures in the
CoCrFeMnNi HEA is observed. The hydrostatic pressure was up to 41 GPa using a DAC. The CoCrFeMnNi
HEA has an fcc single–phase structure and remains stable up to 19.5 GPa. When the pressure reaches
22.1 GPa, new peaks appeared, indicating that the phase transition has occurred. All the new peaks
revealed an fcc-to-hcp transition under high pressures. During the decompression, the phase transition
was irreversible. Huang et al. [56] studied the deviatoric deformation kinetics in the CoCrFeMnNi HEA
under hydrostatic compression. The HEA was subjected to a hydrostatic pressure of 20 GPa via a DAC.
The main significance of this study was to provide another perspective for studying the deformation
mode of the HEA system through high-pressure experiments [56].
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Gong Li et al. [57] studied the pressure-volume relationship of CoCrFeNiAlCu HEA using in-situ
high-pressure energy-dispersive X-ray diffraction with synchrotron radiation at high pressures, and
the results show that the CoCrFeNiAlCu HEA keeps a stable fcc + bcc structure in the experimental
pressure ranges from 0 to 24 GPa. The equation of the state of the HEA determined by the calculation
of the radial distribution function in the non-phase-transitional case is:

−∆V/V0 = 2.7P − 0.256P2 + 0.012P3
− 2.928 × 10−4P4 + 2.907 × 10−6P5

where V0 is the volume at zero pressure, (∆V/V0) is the relative volume change.
Cheng et al. [58] studied an ordered, bcc-structured (B2 phase) AlCoCrFeNi HEA using in situ,

synchrotron radiation X-ray diffraction up to 42 GPa and non-in transmission electron microscopy.
Pressure-induced polymorphic transitions (PIPT) to potentially disordered phase were observed.
Yusenko et al. [59] studied the temperature and pressure stability for a hcp Ir0.19Os0.22Re0.21Rh0.20Ru0.19
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HEA. The sample was loaded in a DAC cell and did not result in phase transition with a maximum
pressure of 45 GPa. Ahmad et al. [60] performed in-situ high-pressure and high-temperature XRD
measurements on bcc-Hf25Nb25Zr25Ti25, fcc-Ni20Co20Fe20Mn20Cr20 and hcp-Re25Ru25Co25Fe25 HEAs;
all of the HEAs remained stable and no phase transition was observed.Metals 2019, 9, x FOR PEER REVIEW 10 of 16 
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4.3. High-Pressure Torsion

Due to the severe lattice distortion effect and different chemical bonds of their constituent
elements, the plastic deformation mechanisms of HEA could be different from that of conventional
alloys. The high-pressure torsion (HPT) method is currently used mainly as a severe plastic deformation
(SPD) technique for grain refinement, and it has taken a long time to synthesize a metastable phase
by HPT processing. High-pressure torsion is generally used to prepare non-porous bulk ultrafine
grain samples, which can generate large plastic deformation of the sample through shear stress
(γ = 10–100) [61–64]. At present, there have been reports on high-entropy alloys treated by high
pressure torsion. These reports are mainly focused on the face centered cubic HEAs. Tang [65] obtained
the nano-scale Al0.3CoCrFeNi HEA by HPT and studied the strengthening mechanism of the annealing
process. Schuh [66] used high pressure torsion to treat the CoCrFeMnNi HEA; the grain can be refined
to 50 nm, and the strength and hardness can be increased to 1950 MPa and 520 HV, respectively.
After high-pressure torsion of the face centered cubic high-entropy alloy, the grain gradually refines
as the strain increases. As shown in Figure 9, the plastic-deformation mechanism mainly includes
dislocation slip and twinning.
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Yu et al. showed that the plastic-deformation mechanisms of the single-phase fcc Al0.1CoCrFeNi
HEA induced by HPT at room temperature [67]. The sample was prepared by arc-melting and
then casted as a plate by vacuum induction. The plate was hot-isostatic pressed (HIPed) at 1473 K,
and 100 MPa, for 4 h, and then placed in a horizontal tube furnace at 1423 K for 50 h. The samples
were compressed at 6 GPa through 1 and 2 turns with the rotation speed of 1 rpm. Processing by
HPT produces a very substantial grain refinement in HEAs. The deformation mechanisms include
the dislocation slip and twinning at room temperature. As shown in Figure 10, the average Vickers
microhardness of the HIPed sample is 135 Hv. After HPT for 1 revolution, the microhardness reaches a
saturation of about 482 Hv at the edge of the sample.

A deformation-induced phase transformation in a single-phase fcc Co20Cr26Fe20Mn20Ni14 HEA
during the cryogenic HPT was reported [68]. The sample was prepared by arc-melting and then
homogenizing by heat treatment at 1050 ◦C for 24 h; the sample was cold-rolled after the heat treatment,
followed by annealing at 1050 ◦C for 1 h with water quenching. The HPT processing was performed
at 77 K in the liquid nitrogen (cryo-HPT) and at room temperature (300 K-HPT), the samples were
compressed at 5 GPa for 5 revolutions. The thermodynamic calculations indicated that the hcp phase
showed a higher stability than the fcc phase. The cryo-HPT providing an extra driving force for
the fcc to hcp phase transformation of the Co20Cr26Fe20Mn20Ni14 alloy at 77 K. The XRD pattern
of the annealed sample shows the FCC phase and the r phase. In contrast, there was no r phase
in the XRD pattern of the 300 K-HPT or cryo-HPT treated samples. Only the fcc peak was found.
The absence of the r-phase peak after HPT treatment may have been due to grain refinement and
residual strain after HPT treatment, which causes the main fcc peak to broaden. Unlike other conditions,
the XRD pattern of the low temperature and high pressure treated alloy contains a well-developed
hcp peak. This gives us reason to assume that, unlike 300 K-HPT, low temperature HPT induces
a phase transition of fcc-to-hcp [68]. Furthermore, the microstructure and thermal stability of the
nanocrystalline CoCrFeMnNi HEA after HPT were reported, and the results indicated that the grain
size was refined, along with an unusual increase of the strength [66]. The hardness of Al0.3CoCrFeNi
was significantly increased processed by HPT [65].
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4.4. Hexahedron Anvils Press

HEAs with high hardness prepared by high-pressure sintering were reported by Yu et al. [69].
The equiatomic CoCrFeNiCu and CoCrFeNiMn HEAs were prepared by high-pressure sintering (HPS).
The elemental powders were developed in a planetary ball mill. Then the powders were sintered in the
hexahedron anvil press at 1273 K and 5 GPa for 15 min. A graphite tube was taken as the heating device
and the pyrophyllite as the pressure-transmitting medium. The structures and mechanical properties
were carefully investigated. It revealed that the structure of the HEA powders have a main fcc phase
and a minor bcc phase. After high-pressure sintering, the phase transition from the bcc to fcc structures
occurred, and exhibited a simple fcc solid-solution structure. The hardness of the CoCrFeNiCu HEA
increased from 133 HV to 494 HV by HPS, and the hardness of the CoCrFeNiMn increased from 300 HV
to 587 HV. The increase of hardness is the reason for the decrease of the grain size. The grain size is about
100 nm after HPS. It reveals that the HPS is an effective way to design excellent HEAs.

5. Future Work

HEAs are considered to be one of the three breakthroughs in alloying theory in recent decades
(the other two are bulk metallic glass and metal rubber). There are huge developments underway for
this unique design concept. The high mixing entropy makes it have an extensive application potential.
Since the discovery of HEAs, it has been about two decades. Only in recent years, it has received
sufficient attention from researchers and developed rapidly. There is still a great amount of work to be
done. The high-pressure technology has been more and more widely used in the fields of fabricating
the new material preparation and changing the structures and organizations of materials, such as
synthesizing diamonds with the ultra-high-pressure technology, producing ultra-hard and antifriction
materials, etc. The constant renewal of the high-pressure technology will enable the development
of excellent and more promising materials. Additionally, high pressure science has obvious frontier
characteristics, which brings forth many new opportunities and challenges for the development of
science and technology. National security is a potentially important driving force of the international
attention, in addition to mere intellectual interest and economic interests. HEAs will be an important
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materials development route for the field of the high-pressure science in the future. The properties of
HEAs change when high pressure act on the alloys. The most significant change in the alloys, due to the
high pressure, is the phase change during the high-pressure crystallization. The materials show many
unique properties under high pressures. The research of high entropy alloy under high pressure has
already established a certain foundation, but the industrial applications have not matched the expected
results. It is necessary to further broaden the application field, which will play a more important role
in future theoretical improvement and new material preparation. With HEAs, as emerging alloys with
a great potential for the future development, their structures and properties under high pressures need
further studies.

6. Conclusions

HEAs as a new class of alloys have been attracting more and more attention in recent years.
With the unique design concept, HEAs show wide application potentials. High pressure is an external
condition that is important for structural changes and phase transitions. The unique phenomenon
of HEAs under high pressures gives us a new understanding of HEAs, providing a new way
forward for the in-depth study of HEAs. Some single-phase HEAs, such as CoCrFeNi, rare-earth
HoDyYGdTb, and CoCrFeMnNi phase transition under high pressure, but bcc-Hf25Nb25Zr25Ti25,
fcc-Ni20Co20Fe20Mn20Cr20, and hcp-Re25Ru25Co25Fe25 remaine stable and no phase transition is
observed under high pressure. These unique structural changes and phase transitions of HEAs under
high pressure show wide application potentials. As a new research trend, there is a growing interest
in the structure and performance of HEAs under high pressures. The studies of HEAs under high
pressures are summarized in this paper, with a hope to deepen the fundamental understanding of
HEAs under high pressures.
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