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Abstract
Recently, various topics on high-entropy alloys have been reported and great amounts of excellent properties have been 
investigated, including high strength, great corrosion resistance, great thermal stability, good fatigue and fracture proper-
ties, etc. Among all these research activities, high-entropy alloys tend to form face-centered-cubic (FCC) or body-centered-
cubic (BCC) solid solutions due to their high-entropy stabilization effect, while the hexagonal structures are rarely reported. 
Up to now, the reported hexagonal high-entropy alloys are mainly composed of rare-earth elements and transitional elements. 
Their phase transformation and magnetic properties have also aroused wide concern. This study summarizes the above results 
and provides the forecast to the future.

Keywords High-entropy alloys · Hexagonal close-packed structure · Phase formation rules · Rare-earth elements · 
Multiple-based-element (MBE) alloys

1 Introduction

High-entropy alloys (HEAs) have aroused wide public inter-
ests owing to their distinguished properties since they were 
first proposed in 2004 [1]. They usually consist of five or 
more components, and the atomic percentage of each com-
ponent is 5–35% with no difference between the solute and 
solvent. As a result, different from the traditional alloys, the 
alloy-design range extends to the center of the phase dia-
gram, and the large mixing entropy plays a dominant role 
to expand the dissolution range of the intermetallic com-
pounds. Relatively, simple phase structures of face-centered 
cubic (FCC), body-centered cubic (BCC), or hexagonal 
close-packed (HCP) can be obtained. There are also some 

HEAs with amorphous structures [2, 3], but they are usually 
in the form of the film or small-sized sample, since the glass-
forming ability is low. Up to now, the vast majority of the 
published reports mainly concentrate on multi-phase alloys 
for their great comprehensive properties [4–6], or on the 
single-phase FCC or BCC structures for their high ductility 
or high strength, respectively. The FCC alloys, including 
 Al0.3CoCrFeNi [7], CoCrFeNi [8], and CoCrFeMnNi [9], 
are mainly based on 3D transition metals and exhibit com-
parable plasticity. The BCC alloys, including AlCoCrFeNi 
[10], NbMoTaW [11], NbMoTaVW [12], WTaFeCrV [13], 
and HfNbTaTiZr [14], are mainly based on refractory met-
als, and show ultra-high strength. As for the HCP HEAs, 
however, much effort has been made but few achievements 
are reached.

The crystal structure of HCP metals is significantly differ-
ent from that of FCC and BCC materials, which belongs to 
the simple hexagonal lattice and have two lattice constants c 
and a. The metallic atoms are located not only at the junction 
of the hexagonal prism cell but also in the middle of the unit 
cell (at a height of c/2). The projection of the central three 
atoms on the bottom surface is located at the center of grav-
ity of three non-adjacent triangles. In an ideal close-packed 
structure, adjacent atoms on the (0001) plane are tangent, 
and the nearest neighbor atoms on the adjacent two (0001) 
planes are also tangent to each other, so the coordination 
number is 12 in a HCP unit cell. But in fact, many of the 
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actual HCP metals are only closely packed, and the degree 
of atomic closeness on each crystal plane changes with the 
change of the axial ratio c/a. When c/a > 1.63, only atoms 
in the same (0001) layer are tangent, while those on the 
adjacent (0001) planes are not tangent, and when c/a < 1.63, 
it turns to the contrary. The ideal hexagonal close-packed 
structure is shown in Fig. 1a.

From the definition of high-entropy alloys, scientists have 
tried their best to prepare alloys with HCP structure. Chen 
et al. [15] tried to prepare BeCoMgTi and BeCoMgTiZn, 
which are entirely composed of HCP elements, using 
mechanical alloying. Nevertheless, no crystalline solid solu-
tions and compounds formed during milling except that an 
amorphous phase developed gradually until full amorphiza-
tion was attained. Then, in 2013, Gao and Alman [16] pre-
dicted that the CoOsReRu alloy may form a HCP structure 
based on available binary/ternary phase diagrams and other 
simulations, while there are no experimental results proving. 
Equi-atomic YGdTbDyLu and GdTbDyTmLu alloys with 
single-phase HCP structures were put forward for the first 
time by Takeuchi et al. [17], followed by another kind of 
HCPHEA, HoDyYGdTb, reported in 2015 [18]. Since then, 
the HEAs have ushered a new era in that all possible metallic 
structures have emerged, including HEAs with BCC, FCC, 
HCP, and amorphous structures. Since the size of different 
elements in HEAs can be very different in some cases (as 
shown in Fig. 1b), some differences on processing, proper-
ties, and deformation mechanisms have been made. In this 
study, HEAs with single-phase HCP structures and multi-
phase containing HCP structures are summarized, as well as 
their special properties and deformation mechanisms.

2  Phase‑Formation Rules

2.1  Empirical Criterions

The Hume-Rothery criterion is an important theoreti-
cal basis in the physical metallurgy, which describes the 
effects of atom size, crystal structure, valence electron 
concentration, and electronegativity on the phase forma-
tion. Zhang et al. [19, 20] extended the “Hume-Rothery 
Criterion” to the field of HEAs after surveying a wide 
range of alloy compositions, which put forward that it is 
the difference in the atomic radius (δ), mixing enthalpy 
(ΔHmix), and mixing entropy (ΔSmix) that affects the phase 
formation of HEAs. In their criterion, the three main fac-
tors are defined as:

where r =
∑n

i=1
ciri , ci and ri are the atomic ratio and atomic 

radius of the ith component, respectively.

where Ωij = 4ΔHAB
mix

 , and ΔHAB
mix

 is the mixing enthalpy of 
the binary alloy consisting of the ith and jth components in 
a regular solution, which can be calculated by the Miedema 
model [21]. ci and cj are the atomic ratio of the ith and jth 
components.

(1)� = 100

√√√
√

n∑

i=1

ci
(
1 − ri∕r

)2
,

(2)ΔHmix =

n∑

i=1,i≠j
cicjΩij,

Fig. 1  a Ideal, b practical HCP structures in HEAs
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where R is constant.
After statistically calculating and analyzing, Zhang 

et al. [19, 22] plotted the relationship between the atomic 
radius difference and mixing enthalpy, as shown in Fig. 2. 
The range of the solid solution phase formation is the 
atomic radius difference is less than 6.5%, and the mix-
ing enthalpy is between − 15 kJ/mol and 5 kJ/mol, just 
as the S and S′ areas in the figure. The areas where the 
bulk amorphous structure forms are present in B1 and B2 
regions. A large negative enthalpy of formation causes the 
formation of intermetallics, while a positive enthalpy often 
results in the phase separation into terminal phases with 
low mutual solubilities.

(3)ΔSmix = −R

n∑

i=1

ci ln ci,
Guo et al. [23] studied the relationship between the 

valence electron concentration (VEC) and the stability of 
the solid solution on the basis of Zhang et al. The VEC of 
the alloy is defined as:

where (VEC)i is the valence electron concentration of the ith 
component. It is evident that the VEC has close relationship 
with crystal structure of HEAs. Ye et al. [24]calculated ~ 90 
cast HEAs and put forward that in the solid solution form-
ing area, when VEC = 8.5, the FCC solid-solution phase is 
stable, while when VEC = 5, the BCC solid solution phase is 
relatively stable, as shown in Fig. 3. The formation of a HCP 
structure falls in the region of VEC = 2.8 ± 0.2. In this figure, 
Φ is another phase formation parameter put forward by Ye 
when the actual atomic size and actual degree of closeness 
are considered [25, 26], which is defined as

where SC denotes the configurational entropy of mixing for 
an ideal gas, SE is the excessive entropy of mixing that is 
a function of atomic packing and atom size, and SH is the 
complementary entropy derived from the enthalpy. There 
is a critical value Φc ~ 20 that can effectively separate the 
single-phase solid solution from the multi-phase structure, 
after a lot of computing from five-, six-, seven-, and eight-
element alloys with single- or multi-phased structures. An 
HEA tends to display a single-phase solid solution when 
Φ > Φc.

(4)VEC =

n∑

i=1

ciVECi,

(5)� =
Sc − SH
||SE||

,

Fig. 2  Relationship between the atomic radius difference and the 
mixing enthalpy of the as-cast multi-component alloy [19]

Fig. 3  Map of VEC and � for different high-entropy alloys [24]
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2.2  Calculations and Simulations

The empirical rules of Zhang, Guo, Ye et al. [22, 25, 27, 
28], and other scientists have successfully predicted a large 
number phase structures of high-entropy alloys. However, 
the enthalpy values from the Miedema model are not rig-
orous and accurate enough, relative to those from density 
functional theory (DFT) and calculations of phase diagrams 
(CALPHAD) modeling. Secondly, the lack of scientific basis 
leads to many compositions that satisfy these empirical rules 
but form multi-phase structures instead. This phenomenon 
indicates the necessity of developing more restrictive cri-
teria (e.g., at atomic level) for single-phase solid solution 
formation.

A more reliable approach to predict phase formation 
is proposed by Gao and Alman [16]. They use predictive 
ab initio molecular dynamics (AIMD) simulations to investi-
gate the nature of interatomic interaction and the CALPHAD 
method for calculating multi-component phase diagrams. 
By combining the computational simulations with binary 
and ternary phase diagrams, a new single-phase HCP mul-
ticomponent solid solution Co–Os–Re–Ru was predicted. 
The binary phase diagrams show that there is no compounds 
formation in Co–Os, Co–Re, Co–Ru, Os–Re, Os–Ru, and 
Re–Ru binaries at lower temperatures, and it indicates the 
formation of isomorphous HCP solid solution at room tem-
perature. Also using this efficient searching strategy, Gao 
et al. [29] predicted a series of alloy compositions that hold 
significant potential in forming single-phase HCP HEAs, 
such as CoCrReRu, CoCrFeReRu, and CoPtReRu. There are 
also some other favorable rare earth elements, such as Sc, 
Y, Sm, Gd, Tb, Dy, Ho, Er, Tm, and Lu. It could be a total 
of 974 equi-molar alloys with four to ten principal compo-
nents, although future experiments are still desired to verify 
these predictions. They conclude that the HCP HEAs can be 
prepared with a high probability when using (1) rare-earth 
elements; (2) double HCP elements; and (3) isomorphous 
transitional elements as main constituent elements.

3  Constituent Elements

3.1  HCP HEAs with Rare‑Earth Elements

Zhang et al. [20] first proposed that it is likely to form HCP 
HEAs made up of rare-earth elements, because they have 
similar atomic sizes and crystal structures, and because they 
can form homogeneous solid solutions based on their binary 
phase diagrams. Based on this prediction, equi-atomic 
Y–Gd–Tb–Dy–Lu and Gd–Tb–Dy–Tm–Lu alloys with all 
the HCP rare-earth elements were designed and prepared 
in 2014 by Japanese scientists Takeuchi [17], which was 
assisted by the binary-phase diagrams and the elemental 

miscibility. These two kinds of HEAs are confirmed as an 
HCP structure by distinct sharp peaks in the X-ray diffrac-
tion (XRD) patterns. However, the enlarged XRD patterns 
contain some unknown phases, although the volume frac-
tions of these unknown phases are negligibly smaller than 
the primary crystalline phases. The analysis of the XRD 
patterns also reveals that the XRD peaks are the reflections 
of the HCP structure with lattice constants of a = 0.364 nm, 
c = 0.573 nm, and c/a = 1.574 for the Y–Gd–Tb–Dy–Lu 
alloy. Furthermore, it is found that they have the delta 
parameter ( � ) values of 1.4 and 1.6, respectively, and mixing 
enthalpy ( ΔHmix ) equal to 0 kJ/mol for both, located in Zone 
S for disordered HEAs in a � − ΔHmix diagram reported by 
Zhang et al., as shown in Fig. 3, which in turn proves the 
accuracy of the Zhang’s criterion.

Thereafter, Feuerbacheret al. [18] prepared the 
Ho–Dy–Y–Gd–Tb HEA through arc melting, and nanoscale 
samples were taken using a focused ion beam (FIB) from 
the centers of the ingots. The scanning electron microscopy, 
electron diffraction investigations, and high-resolution scan-
ning transmission electron microscopy are employed, imply-
ing that this kind of alloy exhibits the HCP structure. The 
material is found to be homogeneous macroscopically and 
microscopically; no features due to composition variation, 
precipitation of secondary phases, dendrite formation, etc., 
could be observed by transmission electron microscopy 
(TEM). The electron diffraction pattern is inconsistency 
with an Mg-type structure and displays perfect hexagonal 
symmetry. Later, as a complementary result, Luzniket al. 
[30] proved the HCP structure of this Ho–Dy–Y–Gd–Tb 
HEA using XRD pattern, which also demonstrate that all 
peaks could be indexed to an HCP structure (space group 
P63/mmc) with the lattice parameters a = 0.3613(1) nm and 
c = 0.5704(2) nm.

Almost simultaneously, the group of Qiao successfully 
prepared several pure rare earth HCP alloys without any 
second phase, and firstly revealed their mechanical proper-
ties and the role of solid solution strengthening effect in it 
[31]. Details will be discussed in the next section.

3.2  HCP HEAs with Transitional Elements

Although HCP structure can be successfully prepared 
using rare-earth elements, the cost of them is relatively 
high, and the rare-earth alloys usually have poor mechani-
cal properties. The HCP HEA with transitional elements 
Ir–Os–Re–Rh–Ru was firstly developed through a spe-
cial chemical method, that is, the thermal decomposition 
of a single-source precursor [32]. It was found that the 
 Ir0.19Os0.22Re0.21Rh0.20Ru0.19 alloy maintained the structural 
stability with no phase change at temperatures up to 1200 °C 
and isostatic pressures up to 45 GPa, which proves that it has 
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great high-temperature stability and has the potential to be 
used as superalloys.

Takeuchi et al. [33] prepared a senary ScYLaTiZrHf HEA 
with a novel double HCP structure. The scanning electron 
micrograph of ScYLaTiZrHf and the distribution map of 
each element show that in this dual structure, one is mainly 
composed of Y and La, and another is mainly Ti, Zr, and 
Hf. This is because of the evolution of dendrites and the 
difference in interatomic forces. The mixing enthalpy of 
Y–La, Ti–Zr, Ti–Hf, and Zr–Hf are all equal to 0, while 
that of other elemental pairs is larger than 10 kJ/mol. The 
slightly large enthalpy of Sc-(Y, La, Ti, Zr, Hf) contributes 
to the homogeneous distribution of Sc. Further calculation 
indicates that this is not an entropy-driven alloy with mix-
ing enthalpy ΔHmix = 11.4 kJ/mol. A new design strategy 
to alloys with double or three phases may be provided in 
this work, by using significantly different mixing enthalpy 
of elements.

Furthermore, HEAs made up of 3D transition elements 
can also exhibit HCP structures. In 2016, Tracy et al. and 
Zhang et al. [34, 35] almost simultaneously found that the 
CoCrFeMnNi HEA can be transformed from FCC to HCP 
structures under high pressure, and the alloy maintained the 
HCP structure after reducing the pressure. Their results are 
shown in Figs. 4 and 5, respectively. In Fig. 4, the CoCrF-
eMnNi alloy is prepared by arc melting. The alloy exhibits 
single FCC phase at 14 GPa, and almost all convert to the HCP 
phase at 54.1 GPa, while in Fig. 5, gas atomization is used, and 
the alloys are all FCC phase at 19.5 GPa. Then, almost all of 
them convert to the HCP phase when the pressure increases to 
41 GPa. The difference in the critical value of the phase transi-
tion may be due to the difference in the preparation method. 
Both Tracy and Zhang believe that it is the lower stacking fault 
energy of the HCP structure under high pressures that cause 
this phenomenon. In addition to the ultra-high pressure, the 
phase transformation from FCC to HCP structures in CoCr-
FeMnNi can also be induced by the cryogenic high-pressure 
torsion [36], and the HCP phase is proved to be stable at low 
temperatures by thermodynamic calculations.

Another phase transformation from FCC to HCP hap-
pened in a novel low-density HEA  Al20Li20Mg10Sc20Ti30 after 
annealing [37]. The material prepared by mechanical alloying 
was observed to have a single-phase FCC crystal structure in 
the as-milled condition initially. After annealing this sample 
at 500 °C for 1 h, the crystal structure changed to hexagonal.

The hexagonal structure can also be inco-existence with 
the FCC structure. Li et al. [38] developed a transformation-
induced plasticity-assisted dual-phase HEA  Fe50Mn30Cr10Co10 
with varying phase fractions. The fraction of the HCP phase 
changes along with the variation of the annealing time and 
deformation. It was investigated that the sample annealed 
for only 3 min at 900 °C is fully recrystallized with the HCP 
phase fraction of ~ 32%. Interestingly, the further increase in 
the annealing time to 60 min results in the HCP phase fraction 
dropping to ~ 14% firstly, and then linearly increasing to ~ 36%. 
Another influence factor is the local strain level. The fraction 
of HCP phase maintains increasing with the increase in strain 
level. With increase in local strain from 0 to 10% and fur-
ther increase to 30%, the average fraction of the HCP phase 
obtained from EBSD increases from 28 to 46% and further 
increase to 70%. Finally, with further increase in strain to 65%, 
localized necking occurs and still approximately 80% HCP 
phase is retained.

There are also some other kinds of phases coexisting with 
the HCP structure in the alloy, and these HCP phases usu-
ally present among dendrites slightly. Tsau and Chang [39] 
found that there are HCP phase existing in the dendrites of 
the BCC phase in the quaternary alloy TiCrZrNb of film 
state. He also found hard ordered HCP dendrites in the as-
cast TiFeCoNi alloy [40], which did not alter its HCP dendrite 
structure after annealing at 1000 °C. Shun et al. [41, 42] also 
reported the interdendritic HCP phase in  Al0.3CoCrFeNiTi0.1 
and  CoCrFeNiTi0.3.

4  Properties

4.1  Mechanical Properties

The group of Qiao et al. developed a variety of rare-earth HCP 
HEAs and deeply analyzed their mechanical properties. They 
reported the Gd–Ho–La–Tb-Y as a new HCP HEA system 
[31], and found that the hardness value of this alloy obey the 
rule of mixture, or the “additivity law,” which can be expressed 
as

where ci and pi are the atomic percentage and the mechanical 
property of each constituent element, respectively. They also 
widely applied the mixing rules to the alloy’s c/a, hardness, 

(6)p =

n∑

i=1

cipi,

Fig. 4  HCP phase fraction as a function of pressure [28]



1038 R.-X. Li et al.

1 3

yield strength, fracture strength, plastic deformation, lattice 
constant, etc., and they were all found to be consistent with 
the mixing rule. On the contrary, as shown in Fig. 6, the 
measured Vickers hardness of FCC CoCrFeNi and BCC 
MoNbTaVW is significantly greater than the average hard-
ness values calculated from the rule of mixture. This indi-
cates that the high-entropy did not contribute to the same 
hardening effect in this kind of HCP HEA.

Then, this group also reported HCP HEAsDyErGdHo-
LuScTbY, DyGdHoLaTbY, and ErGdHoLaTbY [43].Their 
measured compressive yield stress values were 245, 205, and 

360 MPa, respectively, and the corresponding solid solution 
strengthening contributions were only estimated as 28, 27, 
and 42 MPa, respectively. Based on the fact that the solid 
solution strengthening of alloys is caused by the elastic inter-
actions between the local stress fields of solute atoms and 
those of dislocations, the solid solution strengthening caused 
by element i can be expressed as

(7)Δ�i = ZGf
4∕3

i
c
2∕3

i
,

Fig. 5  a, b Experimental setup, c the in situ high-pressure XRD patterns of the CoCrFeMnNi HEA [29]
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where Z is a material-dependent dimensionless constant, G 
is the shear modulus of the alloy, ci is the concentration of 
element i, and fi is the mismatch parameter. The fi parameter 
can be calculated by

where �Gi is the atomic modulus mismatch parameter, �ri 
is the atomic size mismatch parameter, and α is a constant. 
By summing Δσi of every component of the alloy, the solid 
solution strengthening (Δσ) of the alloy is calculated by

Then, the total yield stress of the alloy is calculated by

where �mix
y

 is the average of yield stress calculated using 
Eq. 6.

The comparison in the yield stress between calcula-
tions and experiments, and the calculated solid solution 

(8)fi =

√
�G2

i
+ �2�r2

i
,

(9)Δ� =
(∑

Δ�
3∕2

i

)2∕3

.

(10)�cal
y

= �mix
y

+ Δ�,

strengthening value is exhibited in Fig. 7. It indicates that 
solid solution strengthening provides a lower proportion of 
total strength, which challenges the fundamental assertion 
that “solid solution strengthening is the most important 
strengthening mechanism for HEAs” and is instructive for 
the future study of the mechanical properties.

4.2  Magnetic Properties

At present, studies on the magnetic properties of HEAs 
mainly focus on the soft magnetic properties of alloys with 
FCC, BCC, or amorphous structures [44–48]. Soft mag-
netic materials are those which can easily magnetize and 
demagnetize under a relatively weak magnetic field, and 
high-entropy alloys have drawn much attention for their 
especially low coercivity and saturation magnetization. 
The entropy increasing and chemical disordered structure 
make the magnetic reordering more difficult than tradi-
tional magnetic compounds, which is expected to raise 
coercivity. And the equi-atomic composition naturally 
reduces the concentration of nonmagnetic elements, which 
therefore reduce the saturation magnetization of alloys.

On the other hands, the magnetocaloric effect of HEAs 
has also generated some concern, and this in turn focuses 
on the HCP HEAs. The magnetocaloric effect refers to 
the exothermic or endothermic phenomenon when the 
magnetic field is enhanced or weakened, or the entropic 
change or adiabatic heating caused by the magnetization or 
demagnetization. The orientation of the magnetic moment 
in a magnet is disordered without magnetic field. At this 
time, the magnetic entropy is larger and the adiabatic 
temperature is lower. When the magnetic field is applied, 
the magnetic moment tends to be parallel to the magnetic 
field, resulting in magnetic entropy decrease, adiabatic 
temperature rise, and heat release; while when the mag-
netic field becomes smaller, things are opposite and heat 
absorption happened. The magnetic entropy change is 
defined by magnetic field H and temperature T as:

Fig. 6  Relationships of hardnesses for three kinds of HEAs, CoCr-
FeNi, MoNbTaVW, and GdHoLaTbY, and their constituent elements 
[31]

Fig. 7  Comparison in the yield stress between calculations and experiments [43]
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The refrigerant capacity (RC) value, which is determined 
by the temperature range and the magnetic entropy, has been 
commonly used for comparing magnetocaloric materials. 
RC can be calculated by three different criteria: (a) 
|
|
|
ΔS

pk

M

|
|
|
× �T  ; (b) 

T2∫
T1

ΔSMdT  ; and (c) the maximum value of 

ΔSM × �T  below the ΔSM(T) curve.
It has been accepted that the rare earth metal Gd has been 

the most typical magnetocaloric material in the room tem-
perature. Gd exhibits ferromagnetic order from liquid helium 
temperature to room temperature, and its Curie temperature 
Tc = 293 K. The maximum magnetic enthalpy change of Gd 
under 0–2 T and 0–5 T magnetic field changes is about 5.0 
and 9.7 J/(kgK). As a result, many Gd-based alloys also have 
great magnetocaloric effect.

Yuan et al. [49] studied the giant magnetocaloric effect 
of several rare-earth HEAs, including DyErGdHoTb, ErGd-
HoTb, DyErHoTb, and ErHoTb. They found that the quinary 
DyErGdHoTb alloy with the HCP structure exhibited a small 
magnetic hysteresis and possessed the largest RC reported 
to date (about 627 J kg−1 at the 5 T magnetic field), together 
with decent mechanical properties with the yield strength 
above 250 MPa and plasticity larger than 20%. A collec-
tion of magnetocalorific HEAs with different structures is 
summarized in Table 1. Chemical disorder in HEAs may 
cause sluggish magnetic phase transitions during cooling, 
resulting in an enhanced magnetocalorific effect, and among 
HEAs, Gd-containing multi-component alloys are the most 
outstanding ones in particular.

4.3  Thermo‑Stability

Since metallic alloys for high-temperature load-bearing 
structures and thermal protection remain in high demand for 
the aerospace industry, there is a clear rationale for exploring 
alloys composed of constituents with high melting tempera-
tures and high softening point. At present, it has been widely 
accepted that HEAs usually have excellent high-temperature 

(11)ΔSM =

H

∫
0

(
�M

�T

)

H
dH.

properties and high melting temperatures, and can maintain 
their microstructure during high-temperature annealing. This 
is because the system entropy is high enough to decrease 
the Gibbs free energy, slow down the atomic diffusion, and 
stabilize the phase structure.

Some distinctive HEAs are promising for high-tempera-
ture applications and have the potential to replace Ni-base 
superalloys as the next-generation high-temperature mate-
rials, which nearly exclusively based on refractory metals, 
such as W, Mo, Nb, Ta, typically crystallizing in BCC struc-
ture. Due to the well-known high melting point of refractory 
elements, alloys manufactured from these elements seem 
to be very promising for applications at very high service 
temperatures. Outstanding values were reported for yield 
strength of Nb–Mo–Ta–W and V–Nb–Mo–Ta–W alloys at 
temperatures of up to 1600 °C. To reduce the strikingly high 
alloy density, some heavy refractory elements were substi-
tuted by lighter elements, such as Zr and Ti.

Recently, one novel HCP alloy system Ir–Mo–Rh–Ru–W 
with potentially excellent high thermo-stability is reported 
by Takeuchi et  al. [56, 57]. They investigated that 
 Ir26Mo20Rh22.5Ru20W11.5 and  Ir25.5Mo20Rh20Ru25W9.5 alloys 
show single-phase HCP structure after annealing at 2373 K 
for 1 h, and they exhibit a stable HCP phase for a wide range 
from 2500 to 1300 K. Moreover, another refractory alloy 
 Ir29.0678Mo15Rh29.0678Ru11.8644W15 annealed at 1273 K for 
200 h still maintains the single HCP structure. Table 2 
exhibits the comparison of physical properties and high-
temperature performances between these novel alloys and 
the reported refractory HEAs. The melting point and density 
are calculated using the equation Tm =

∑
ciTmi and 

� =
∑

ciAi

∑
�
ciAi∕�i

� , respectively, where ci, Ai, ρi, and Tmi are the 

atomic ratio, relative atomic mass, density, and melting point 
of the ith component, respectively. It clearly shows that the 
newly developed HCP HEAs have similar melting point and 
high-temperature phase stability with other BCC refractory 
HEAs. Unfortunately, the density of these alloys is much 
higher than the existing refractory HEAs, and mechanical 
properties are not reported, so further researches are still 
needed.

Table 1  A collection of 
magnetocalorific HEAs with 
different structures in recent 
years

Alloy Structure Applied field ||ΔSM
|| (J/kg/K) RC (J/kg) References

FeCoNi1.5Cr0.5Al BCC 70 kOe 0.674 242.6 [50]
Fe26.7Ni26.7Ga15.6Mn20Si11 BCC 2 T 1.59 75.86 [51]
Fe25Co25Ni25Mo5P10B10 BMG 5 T 1.88 310.2 [52]
Gd20Ho20Er20Al20Co20 BMG 5 T 10.2 625 [53]
Gd20Tb20Dy20Al20Co20 BMG 5 T 9.43 632 [54]
Gd25Ho25Co25Al25 BMG 5 T 9.78 626 [55]
Dy20Er20Gd20Ho20Tb20 HCP 5 T 8.6 627 [49]
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5  Discussion

At present, researches on HCP HEAs mainly focus on the 
design of alloys with required structures by empirical for-
mulas or simulations, but there are few studies on their 
mechanical properties, which may result from the intrin-
sic HCP crystal structures. There are few independent slip 
systems in the dense hexagonal structure, which therefore 
cause immense hardship to provide five independent strain 
components and satisfy the deformation coordination con-
ditions. In addition, the degree of atomic closeness on each 
crystal plane varies with the axial ratio c/a. As a result, the 
deformation of the hexagonal crystal is much more compli-
cated than that of FCC and BCC crystals. The axis ratio c/a, 
impurity atom concentration, test temperature, etc., all have 
a significant effect on the plastic deformation.

The atomic closeness changes with c/a ratio, and then 
results in the change of slip plane and the amount of slip 
system. In general, when the axial ratio c/a > 1.63, the slip 
is dominated by the basal plane 0001 (< a > slip); when the 
axial ratio c/a < 1.63, the basal plane is no longer the only 
close-packed one, other prismatic plane 1010 or the pyrami-
dal plane 1011 also has a similar degree of closeness, even 
exceeding that of the basal surface, at which time prismatic 
and pyramidal sliding become possible. Table 3 shows the 
different slipping modes in the HCP alloy. Among all these 
slip, what’s really rise the importance of the pyramidal slip 
system is that it can provide five independent strain com-
ponents in the 〈c + a〉 slip. As a result, any HCP crystal 
exhibiting 〈c + a〉 slip fulfills the von Mises criterion and 
the homogeneous plastic deformation occur. In another 
word, the open of 〈c + a〉 slip will lead to a reduced single-
crystal plastic anisotropy, which is often blamed for HCP 
alloys’ typically poor overall mechanical behavior. Now, 
there are two main ways by which non-basal 〈c + a〉 slip 

dislocations can be generated (a) at/near surfaces and inter-
faces such as grain boundaries and incoherent twin bounda-
ries, and (b) at heterogeneous sites in the grain interior such 
as the junction associated with 〈a〉 and 〈c〉 dislocations 
[60].

The development of HEAs provides a new way 
for 〈c + a〉 slip activation by adjusting alloying element 
content. Taking traditional Mg and Ti alloys as examples. 
Generally, the deformation of pure Mg with large c/a ratio 
is dominated by only basal 〈a〉 slip, and its plasticity is 
severely limited [61]. Reduced axial ratio helps to obtain 
large plasticity, so in pure Ti alloys which have decreased 
c/a ratio as 1.588, the deformability can be enhanced rela-
tive to the Mg alloys, where only prismatic 〈a〉 slip occurs 
during deformation [62]. Figure 8 summarizes the changes 
in the c/a ratio of several Mg–Li, Mg–Y, and Ti–Al alloys 
[63–65]. It can be found that the increase in alloying ele-
ments shifts the axial ratio to the middle region, that is, 
1.588 < c/a < 1.624, and the study of alloy properties reveals 
that the shift of the axial ratio corresponds to the activation 
of 〈c + a〉 slip and the improvement of plasticity.

In the concept of entropy controlling, alloying ele-
ment increasing in Mg–Li, Mg–Y, and Ti–Al alloys cor-
responds to the increase in entropy value from low entropy 

Table 2  Comparison of different refractory high-entropy alloys

The melting point and density are calculated using T
m
=
∑

c
i
T
mi

 and � =
∑

c
i
A
i

∑
�
c
i
A
i∕�

i

� , respectively, where ci, Ai, ρi, and Tmi are the atomic ratio, 

relative atomic mass, density, and melting point of the i-th component, respectively
HIP hot isostatically press

Alloy Melting 
point (°C)

Density (g/cm3) Structure Phase stable condition References

Ir26Mo20Rh22.5Ru20W11.5 2459 15.37 HCP Annealing at 2373 K for 1 h [56]
Ir25.5Mo20Rh20Ru25W9.5 2444 15.18 HCP Annealing at 2373 K for 1 h [56]
Ir29.0678Mo15Rh29.0678Ru11.8644W15 2463 16.07 HCP Annealing at 1273 K for 2000 h [57]
Hf25Nb25Ti25Zr25 2039 8.4 BCC Annealing at 1573 K for 6 h [58]
Nb25Mo25Ta25W25 2904 13.64 BCC Annealing at 1673 K for 19 h [11]
Nb20Mo20Ta20W20V20 2673 12.36 BCC Annealing at 1673 K for 19 h [11]
Ti20Zr20Hf20Nb20Ta20 2231 9.94 BCC HIPing at 1473 K, 207 MPa for 3 h [14]
Mo20Nb20Ta20Ti20V20 2341 9.27 BCC Stable at 516–2162 °C by CALPHAD [59]

Table 3  Different slipping modes in HCP alloys

Slip direction Slip plane Slip system Independent 
slip number

a Basal 0001 〈1120〉 2

Prismatic 1100 〈1120〉 2

Pyramidal 1101〈1120〉 4

c Prismatic hki0 [0001]
c + a Pyramidal hkil〈1123〉 5
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to a range close to medium entropy. Therefore, it can be 
concluded that the entropy value has some influence on 
the open of 〈c + a〉 slip. Table 4 exhibits the currently 
developed single-phase HCP alloys and alloys with HCP 
structure as the main phase, and the c/a ratio of these 
alloys are also added to the axial ratio slip mode diagram 

in Fig. 8. The c/a value of transitional HCP HEAs falls 
exactly in the area where the 〈c + a〉 slip can be acti-
vated, such as  Fe50Mn30Cr10Co10 and Co-Re-Ru-V, so they 
are more likely to have significant ductility in nature. When 
it turns to alloys composed of rare-earth elements, such as 
 Gd20Ho20La20Tb20Y20, the axial ratio c/a reduces to the level 

Fig. 8  Overview of the c/a ratios of Mg alloys, Ti alloys and HEAs exhibiting HCP structure. TE transitional elements, and RE rare earth ele-
ments

Table 4  Currently developed single-phase HCP alloys and alloys with HCP structure as the main phase

OMP other minor phase

Published year Composition Structure c/a References

2013 Co25Os25Re25Ru25 HCP (predicted) None [16]
2014 Y20Gd20Tb20Dy20Lu20 HCP + OMP 1.574 [17]
2014 Gd20Tb20Dy20Tm20Lu20 HCP + OMP 1.574 [17]
2014 Ho20Dy20Y20Gd20Tb20 HCP 1.579 [18, 30]
2014 Al20Li20Mg20Sc20Ti20 HCP (annealing) 1.588 [37]
2015 Co25Fe25Re25Ru25 HCP 1.581 [29]
2015 Co25Re25Ru25V25 HCP + OMP 1.606 [29]
2016 Sc16.67Y16.67La16.67Ti16.67Zr16.67Hf16.67 Dual HCP 1.583/1.575 [33]
2016 Gd20Ho20La20Tb20Y20 HCP 1.589 [31]
2017 Al15Hf25Sc10Ti25Zr25 HCP + OMP 1.585 [67]
2017 Ir19Os22Re21Rh20Ru19 HCP 1.590 [32]
2017 Gd20Dy20Er20Ho20Tb20 HCP 1.578 [49]
2017 Co20Cr20Fe20Mn20Ni20 HCP (high pressure) 1.620 [34, 35]
2017 Co20Cr26Fe20Mn20Ni14 HCP (high pressure torsion) 1.620 [36]
2017 Fe50Mn30Co10Cr10 HCP + FCC 1.616 [38]
2018 Ce20Gd20Tb20Dy20Ho20 HCP + OMP 1.588 [68]
2018 Er16.67Gd16.67Ho16.67La16.67Tb16.67Y16.67 HCP 1.578 [43]
2019 Ir26Mo20Rh22.5Ru20W11.5 HCP 1.601 [56]
2019 Ir25.5Mo20Rh20Ru25W9.5 HCP 1.598 [56]
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of pure Ti, placing themselves in the prismatic slip region. 
The ductility of these alloys therefore falls off to that similar 
with Ti alloys [31, 62], but they are still in decent value. In 
the dual-phase HEA  Fe50Mn30Cr10Co10, Bu et al. observed 
50% non-basal slip and double cross-slip in the HCP phase 
through in situ and postmortem observations, and proved 
that ductile HCP structure can be designed by increasing 
the alloying content and shifting the c/a ratio into the mid-
dle regions, where the non-basal 〈c + a〉 dislocation slip 
is promoted [66].

Consequently, with the help of multi-alloying elements 
in HEAs, the shift in the c/a ratio indeed leads to the activa-
tion of non-basal 〈a〉 and 〈c + a〉 slip, placing the HCP 
HEAs into a range where multiple deformation systems 
become active and contributing to the great ductility, espe-
cially in the alloys composed of transitional elements.

6  Conclusion and Prospect

HCP HEAs are based on the multi-principal-element con-
cept combined with hexagonal crystal structure, and the 
study of them fills in the blanks of the total HEAs research, 
such as some fundamental understandings, processing meth-
ods, and properties. This article reviews the phase forma-
tion, physical properties, and mechanical properties of newly 
developed hexagonal HEAs. With the aid of four core effects 
of HEAs, hexagonal alloys have similar high-temperature 

properties, more special magnetic properties, and more 
complex mechanical properties, compared with traditional 
FCC and BCC HEAs. On the other hand, this field is still 
in its incipient stage, and there are still some problems and 
opportunities involved in the further research:

(1) The first generation of HCP HEAs mainly consists of 
rare-earth elements, and these alloys are mainly pre-
pared using arc melting method. Figure 9 shows the 
constituent elements using in present HCP HEAs, and 
the green areas exhibit the elements used in the first 
generation. Then, along with the expansion of HEA 
definitions changing from equi-molar to non-equi-
molar multi-phase solid solution alloys, the second 
generation rises, and they are composed of transitional 
or lightweight elements [32, 37], just as the blue areas 
shown in Fig. 9. Diversified preparation methods have 
also been employed, such as mechanical alloying, ther-
mal decomposition, and gas atomization. A variety of 
dual-phase and multi-phase HEAs containing HCP 
phases have also been developed to help improve the 
overall performance of the alloys. However, there are 
still some similar elements located in the same family 
or the same period in the phase diagram not been used, 
such as Pr, Md, and Pm in the Lanthanide and Ta and 
Te in the transitional family. As a result, based on these 
unused vacancy elements, more novel hexagonal alloys 
may also be developed.

Fig. 9  Constituent elements used in the present HCP HEAs. The green areas exhibit the elements used in the first generation of HCP HEA, and 
the blue areas correspond to the second generation
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(2) Compared with experimental exploring, the alloy 
designing, based on the properties calculated by the 
DFT method and the multi-component phase diagrams 
assessed by CALPHAD, is an effective way to save 
time and reduce the cost [69–71]. However, the mul-
tiple elements and complex microstructures make the 
computation much more complex. Furthermore, there 
exists a difference between simulation results and 
experiment. Therefore, based on experimental verifi-
cation, a more efficient HEA database needs to be built 
and improved.

(3) There is a great opportunity for HEAs to overcome 
the bottlenecks of conventional alloys. As for HCP 
HEAs, further studies still needed, while they are sup-
posed to provide broad potential use in the high-tem-
perature, magnetic, and superconductivity field. The 
high-temperature mechanical and oxidation resistance 
of the alloys need to be optimized. In order to further 
decrease the density, the light elements, such as Al 
(ρ = 2.7 g/cm3), V (ρ = 6.11 g/cm3), Zr (ρ = 6.51 g/
cm3), Cr (ρ = 7.14 g/cm3), and Ti (ρ = 4.51 g/cm3), can 
be employed. Secondly, since the size of different ele-
ments in HEAs can be very different in some cases, 
the slip modes can be adjusted and enough slip system 
can be activated, contributing to the enhanced ductil-
ity and paving the way to develop high-performance 
alloys. Thirdly, the superconductivity of HCP binaries 
Re–Os, Re–Ru, Ru–Os, and Re–W has been studied 
[72], and HCP HEAs through substitutional of these 
similar elements have also been investigated. It is to be 
expected that novel superconductivity will be reported, 
after combining the four special effects of HEAs. Last, 
based on their small magnetic hysteresis and large RC, 
these special hexagonal HEAs are conducive to the 
development of environmentally friendly magnetic-
refrigerant materials with excellent comprehensive 
properties.
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