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High-entropy alloys (HEAs) have been investigated considerably in the last
decade. The phase selection in HEAs has attracted much attention recently,
especially on forming of the solid solutions. Up to now, phase diagrams of most
HEAs are still not well developed, and the empirical phase selection rules play
an important role in HEAs area. In this brief review, the physical factors
controlling the phase stability in HEAs are discussed, and the phase selection
rules are identified. Different from previous results, the rules on equilibrium
phase selection within a certain temperature range are carefully reviewed and
presented in this article.

INTRODUCTION

High-entropy alloys (HEAs) constitute a class of
novel, multicomponent alloys consisting of more
than four elements with equal or nearly equal molar
fractions.1–6 The high configurational entropy in
HEAs is considered to suppress the formation of
intermetallic compound and stabilize simple solid
solutions. HEAs have drawn much attention
recently because of their remarkable mechanical
properties, including high hardness, good wear and
corrosion resistance, and high-temperature soften-
ing resistance. As a new class of multicomponent
alloys, HEAs are complex in the phase selection
because of their high configurational entropy, slug-
gish diffusion, severe lattice distortion, and cocktail
effects.5,6 In principle, thousands of element
assemblies for HEAs can exist based on the Periodic
Table; however, candidate alloys for potential engi-
neering applications have to be carefully screened,
with phase selection as the first critical step to
search for HEAs with desirable properties.

Although a significant progress has been made on
the metallurgical and physical understanding of
HEAs, the phase diagram as a fundamental issue is
not fully solved. Preliminary work has been done on
phase diagrams for a very limited number of HEAs,
and it is still challenging to precisely determine

their phase diagram because of the multiprincipal
elements and sluggish kinetics.7–9 HEAs can exist
as solid solutions, intermetallic compound, amor-
phous alloys, or a mixture of these phases. Based on
the experimental results obtained so far, the phase
selection in HEAs is related to several characteristic
parameters. From the experimental results and
thermodynamic analyses, several simple rules use-
ful for the phase selection in HEAs have been pro-
posed in recent years.10–14

On the one hand, the previous phase selections
were mainly analyzed for experiments from as-cast
samples prepared from the rapid solidification
occurring in copper molds with small sizes. Thus,
the phase selection obtained previously is essen-
tially associated with the alloying states at high
temperatures. On the other hand, some HEAs with
attractive properties have been identified for struc-
tural applications at high temperatures, such as
structural materials in power plants.15,16 This can
certainly justify the merit of previously established
phase selection rules. However, in principle, the
phase stability in the equilibrium state should be
understood prior to any possible structural appli-
cations of HEAs. Thus, the determination and pre-
diction of the equilibrium phases as a function of
certain temperature in HEAs are of vital impor-
tance. In this review, the phase selection rules
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obtained so far from both theoretical analyses and
experimental studies will be carefully reviewed and
verified. Also, we will discuss the equilibrium phase
selection based on a plenty of heat-treatment
experiments within a certain temperature range.

PHYSICAL PARAMETERS FOR THE PHASE
SELECTION

In thermodynamics, the phase transformation
depends on the Gibbs free energy difference,

DGmix ¼ DHmix � TDSmix (1)

where DGmix is the change in the Gibbs free energy
that arises from the mixing of individual constituents,
DHmix and DSmix are the changes in enthalpy and
entropy, respectively. Solid solutions have a relatively
larger configurational entropy compared with inter-
metallic compounds. Therefore, the solid-solution
phase is expected to be more stable at high tempera-
tures because of the temperature-dependent term of
�TDSmix: However, the mixing enthalpy DHmix in
some HEAs is quite negative, and as a result, the
forming of intermetallic compounds cannot be totally
avoided. Accordingly, the mixing enthalpy is another
important characteristic parameter affecting the
phase selection in HEAs. In a random solid solution,
the mixing enthalpy is usually defined as10,13

DHmix ¼
Xn

i;j¼1;i 6¼j
aijcicj (2)

where aij ¼ 4DHmix
AB ; DHmix

AB is the mixing enthalpy
for the binary AB alloy, and ci(cj) is the molar con-
centration of the ith(jth) atom.

From the strain energy consideration, the geo-
metrical factor, atomic radius of alloying elements,
also greatly influences the solid-solution stability
and hence the phase stability. In Hume-Rothery
rules,17 the atomic-size difference between the sol-
vent and solute could not exceed 15% in binary solid
solutions. In HEAs, there are no specific solvent and
solute elements. The dispersion of atomic sizes is
thus selected to describe the solid-solution stability.
The parameter related to the atomic-size difference
d is defined as10,13

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i
cið1� ri=�rÞ2

q
; �r ¼

Xn

i
ciri (3)

where ri is the atomic radius of the ith atom.
Both face-centered cubic (fcc) and body-centered

cubic (bcc) solid-solution structures can form in
HEAs. In conventional multicomponent alloys, the
structure selection is normally considered from the
effects of the additional elements (solute atoms) on
the structure of the principal element (solvent
atom). In HEAs, there are several principal ele-
ments, where the traditional thought on the struc-
ture selection can no longer be applied directly.
Recent studies revealed that the valence electron
concentration (VEC) is a dominant factor control-
ling the solid-solution structures of fcc and bcc in

HEAs, on the premise that only solid solutions form
and no intermetallic compounds form.12 The aver-
age VEC in HEAs is defined as

VEC ¼
Xn

i

ciðVECÞi (4)

where ðVECÞi is the valence electron numbers for
the ith atom.

Based on limited experiments on HEAs obtained
so far, both the mixing enthalpy and atomic-size
difference have been found to play dominant roles in
controlling the phase stability in HEAs. Although
the parameters of DHmix and d are more empirical in
nature and the physical meaning of VEC is not well
understood, these empirical parameters provide
useful guidance for phase selection in HEAs.

PHASE SELECTION AT ELEVATED
TEMPERATURES NEAR THE MELTING

POINT

The phase stability of solid solutions, intermetallic
compounds, and amorphous alloys has been discussed
for HEAs.10–14 Most previous discussions on the phase
selection were based on the as-cast samples prepared
with rapid solidification. Therefore, the phase selec-
tion discussed for as-cast samples is more suitable for
the case of high temperatures caused by the sluggish
diffusion effects in HEAs. Plenty of HEAs experiments
indicate that the solid solutions in HEAs are favored in
the region of 5 kJ/mol � DHmix � �15 kJ/mol and
d £ 6.6%, as indicated in Fig. 1.10,14 Beyond this
region, intermetallic compounds have a chance to oc-
cur and meta-stable amorphous alloys can also appear
following the fast quenching.

Solid Solutions

The tendency to form simple solid solutions is one
of the main features for HEAs with equiatomic
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Fig. 1. The DHmix � d plot delineating the phase selection in HEAs in
the as-cast state. The oval zone is for mixed solid solutions, inter-
metallic compounds, and metallic glasses.14
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compositions. Most solid-solution HEAs have fcc
and bcc structures. Very recently, the possible for-
mation of hexagonal close-packed (hcp) structure
was addressed in Reference 18, and the potential hcp
phase forming alloy systems were suggested. Up to
now, only limited HEAs have found to be a single-
phased solid solution, and most alloy systems
essentially contain essentially mixed solid solutions.
The search for single-phased solid-solution alloys
has been discussed from theoretical consider-
ations.18 Experimentally, a single fcc structure is
found in CoCrFeMnNi and its subsets of CoCrFeNi,
CoFeMnNi, and CoCrMnNi.19 Alloys with a single
bcc structure include MoNbTaW,20,21 MoNb-
TaWV,20,21 and HfNbTaTiZr containing mainly
refractory alloying elements.22 Note that all these
alloys are in a much narrow range of DHmix >�7:5
kJ/mol and d< 4.5%, as shown in Fig. 1. The for-
mation mechanism for single-phased solid solution
is still not well understood. The mixing enthalpy
and atomic-size difference only indicates the possi-
bility of forming a solid solution, i.e., they are nec-
essary but not sufficient requirements. The phase
separation and intermetallic precipitation are the
two factors hindering the formation of single-phased
solid solution in HEAs. The single-phased solid
solution can form in the systems without a strong
short-range order CoCrFeNi.23 In ab initio molecu-
lar dynamics simulations, the elements are distrib-
uted randomly in the liquid state of an HfNbTaTiZr
alloy.18 The diffusion constant in the liquid alloys is
another factor affecting the formation of single-
phased solid solutions. The Cu atom has the fastest
diffusivity in the CoCrCuFeNiAl1.3 alloy and posi-
tive mixing enthalpies with other elements, both of
which enhance the segregation of Cu.18

Some HEAs contain multiple solid solutions,
including fcc phases, mixed fcc/bcc phases, and bcc
phases. In the CoCrCuFeNi alloy, there are two dif-
ferent fcc phases in the primary dendrite and inter-
dendrite with different Cu concentrations.24 In
AlxCoCrFeNi system, the mixed fcc/bcc phases ap-
pear at 0.4< x< 0.8 and the spinodal-decomposed
two bcc phases appear at x > 0.9.25 Statistic analyses
of previous solid solutions forming in HEAs showed
that the fcc phase is stable at a higher VEC (>7.8), bcc
phase is stable at a lower VEC (<6.8), and mixed fcc
and bcc phases appear in the intermediate range.12

The mechanism of the VEC rule for the phase selec-
tion is not well understood. The first-principles cal-
culations have been proven as a powerful tool for the
phase selection of HEAs.26 The relationship between
the VEC and the Fermi level should be further eval-
uated27 to reveal the mechanism for VEC rule to work
efficiently in the phase selection of HEAs.

Intermetallic Compounds

Intermetallic compounds in HEAs have received
much less attention compared with the solid solu-
tions. Recently, l, r, v, and Laves phases have been

confirmed in well-annealed HEAs.28,29 The forma-
tion of these topologically close-packed phases roots
in the nature of alloying elements in HEAs. These
intermetallic compounds appear in the binary and
ternary phase diagrams, such as Co-Mo, Co-Ti, Fe-
Ti, Fe-Cr, Ni-Al, Co-Mo-Fe, etc.28 Most of these
intermetallic compounds are composed of the ele-
ments in VIIB or VIIIB and VIIB and VIIIB in the
Periodic Table. In HEAs, a large configurational
entropy and small atomic-size difference are
expected to suppress the formation of intermetallic
compounds, such as in the CoCrFeNi alloy. Thus,
intermetallic compounds appear only in the HEAs
with quite negative DHmix <�15 kJ/mol and a large
d(>6.6%), as shown in Fig. 1. The formation of
intermetallic compounds in HEAs usually decreases
the ductility of alloys, but their contribution to the
hardness and strength is certainly attractive. By
properly designing the alloying compositions, the
mechanical properties of HEAs can be significantly
improved through dispersed intermetallic particles.
Certainly, the formation and dispersion of inter-
metallic compounds in HEAs deserves more atten-
tion in the future development of HEAs with
desirable mechanical properties.

Amorphous Alloys

The alloy compositions in certain HEAs are similar
to those for bulk amorphous alloys, or better known
as bulk metallic glasses (BMGs). The design princi-
ples for BMGs share three common factors with
HEAs: element number, atomic-size difference, and
mixing enthalpy. However, the requirements for
BMGs are usually in the opposite direction as to those
for solid solutions in HEAs. Most of previous BMGs
have three or four elements, where the configura-
tional entropy is in the medium range. Recent
experiments found some metallic glasses with a high
configurational entropy.30–33 In the DHmix � d plot,
these high-entropy metallic glasses are randomly
distributed14,34 and the regions of metallic glasses
and the intermetallic compounds are overlapping,
indicating that they compete with each other during
solidification, i.e., the competition between the short-
range order and the long-range order.

It is worthy of noting an unexpected case of
Al0.5TiZrPdCuNi alloy during the search for high-en-
tropy metallic glasses.35 This alloy showed an amor-
phous phase in the melt-spun sample, while a bcc
phase without intermetallic compounds is shown in
the 1.5 mm as-cast samples. It seems that the metallic
glass competes well with the solid solution phases,
rather than intermetallic compounds, during solidifi-
cation in this system. In this alloy, DHmix ¼
�46:7 kJ/mol and d = 8.8%, both of them are out of the
conventional solid-solution region. The Al-free alloy
TiZrPdCuNi is composed of intermetallic compounds,
with DHmix ¼ �45:1 kJ/mol and d = 9.2%. The phase
selection rules based on the configuration-entropy,
mixing-enthalpyandatomic-sizedifferencesapparently
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fails to work for this system. Further understanding
into this exception is certainly required.

PHASE STABILITY WITHIN A CERTAIN
TEMPERATURE RANGE

The phase selection in HEAs discussed in the previ-
ous section is based on as-cast samples under rapid
solidification in copper molds. The thermal treatment
of some as-cast samples of HEAs could induce the phase
transformation. Although the sluggish diffusion effect
in HEAs could retard the solid phase transforma-
tion,36,37 the solid solutions in HEAs existing at high
temperatures could be unstable as the temperature
decreases because the contribution of the configura-
tional entropy in the Gibbs free energy decreases. In
some HEAs, intermetallic compounds precipitate out
after a long-time annealing at intermediate tempera-
tures.36 Solid-solution forming HEAs, particularly fcc
structured HEAs, generally have a good ductility, and
they are most attractive for structure applications.
Here, the stability of solid solutions in a certain tem-
perature range will be emphasized. We will discuss the
selection of equilibrium phases in HEAs based on
available aging experiments data. The temperatures
used for thermal treatments are usually in the range of
0.5< T/Tm< 0.9.

Homogenization and Aging

The solubility and phase stability are found to
change substantially after homogenization treat-
ments of many HEAs at high temperatures below
their melting points. In AlxCoCrCuFeNi or
AlxCoCrFeNi systems, the homogenization will
reduce the composition range for fcc and bcc phases.
After the homogenization of the AlxCoCrFeNi alloys
at 1100�C, the single fcc solid solution was found to
exist only at x< 0.3 in the homogenized condition,
while the solubility of Al had extended to x< 0.45 in
the as-cast condition.38 This is because the solid
solubility limit generally decreases as the temper-
ature decreases. During the homogenization pro-
cess, intermetallic compounds show up in some
HEAs.28 For example, after homogenization at
1000�C for 3 days, the l phase appears in the CoF-
eMnMoNi alloy, and both v and Laves phases were
precipitated out in the CrFeMnNiTi alloy. The r
phase is formed in some systems containing Cr and
V, and the bcc phase may also transform directly to
the r phase without a composition change after
aging at 700�C.29 The intermetallic compounds were
also observed in the in AlxCoCrFeNi systems at
x > 0.3; however, the volume fraction of interme-
tallic compounds is very small at x > 0.88 after
homogenization at 1100�C.38

Thermomechanical Treatment

The increased strain energy and induced defects
after cold working greatly increase the driving force
for the solid-state phase transformation. The

annealing of cold-worked samples results in the for-
mation of stable phases more quickly than that
without mechanical treatment. Among HEAs, the
annealing effect has been investigated extensively in
the Al0.5CoCrCuFeNi alloy.36,39 In this system, the
samples were cold worked before annealing. The fcc,
bcc, and r phase coexist in the samples after
annealing around 700�C. At 900�C, the annealed
samples contain the fcc and bcc phases. Above
1100�C, the samples consist of only two fcc phases,
the same as that in the as-cast samples. In the single-
phased fcc alloys of CoCrFeNi, CoFeNi, and CoCrNi,
the samples with annealing of 1 h after the cold
rolling did not show any phase transformation at
temperatures from 300�C to 1000�C.19 The result of a
longer annealing is not reported yet. It is possible to
form intermetallic precipitations in these alloys after
long-term annealing because the formation of inter-
metallic phases and bcc phases in these alloys has
been revealed by phase diagram calculations.19

Criteria for the Equilibrium Phase Selection

Figure 2 is a plot of DHmix � d to show the phase
selection of HEAs in a temperature range of 0.5< T/
Tm< 0.9 based on the available data. These data are
also listed in Table I together with their references.
This plot clearly shows that the region for the solid
solutions shrinks significantly after thermal treat-
ments, as indicated by a much smaller region com-
pared with the region of solid solutions in the as-cast
state. The plot shows that the region containing the fcc
and bccsolid solutions is stable atDHmix >�7:5 kJ/mol
and d< 3.3, which is much smaller than that of the as-
cast state as indicated by the dashed line in Fig. 2. It
confirms that the configurational entropy appears to
play a less important roleat lower temperatures.Some
intermetallic compounds appear at DHmix <�7:5 kJ/
mol and d > 3.3. However, the Al-added bcc solid
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Fig. 2. The DHmix � d plot delineating the phase selection after
thermal treatments in the temperature range (0.5< T/Tm< 0.9).
The oval zone includes Al-added alloys. The asterisk denotes that
the intermetallic phases in these alloy systems need to be checked
further.
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solutions are not what is expected. In these annealed
samples, the intermetallic precipitates can be
observed by the scanning electron microscopy (SEM)
and transmission electron microscopy (TEM), but they
were not revealed from the x-ray diffraction (XRD).
Note that most of phases in Fig. 2 were identified only
from the XRD; thus, the intermetallic precipitates in
the asterisk-marked alloys need to be further checked.
In these alloys, usually the spinodal-decomposed bcc
phases are more stable and the volume fraction of
intermetallic compounds is very small. Perhaps addi-
tional work using TEM, three-dimensional atomic
probe, or neutron-scattering studies is required to
provide more information on the phase formation in
these Al-added bcc HEAs. Also, it is expected that
these sophisticated microanalyses may provide a clue
for the formation of the bcc phase in Al0.5TiZrPdCuNi
with DHmix ¼ �46:7 kJ:mol�1 and d = 8.8, largely
exceeding the previous established phase selection
rule.34

Figure 3 shows the VEC plot with the data ob-
tained from thermal treatments. This plot reveals
that the intermetallic compounds appear within the
range of 7.8 > VEC > 6.0, and the fcc and bcc pha-
ses are still stable for VEC > 7.8 and VEC< 6.0,
respectively. There is a little change of the fcc region,
but the bcc region becomes much smaller after
annealing. The annealing induces the formation of

intermetallic compounds in the previous mixed fcc
and bcc region for the as-cast state. The simple VEC
rule is still effective in predicting the phase selection
within certain temperature ranges. It was also found

Table I. The DHmix, d, VEC, and Phases after Thermal Treatment at Finite Temperature in some HEAs, Which
are also Plotted in Figs. 2 and 3

Material d 3 100 DHmixðkJ/molÞ VEC Phases References

CoCrFeMnNi 3.27 –4.16 8 fcc 28
CoCrFeNi 1.06 –3.75 8.25 fcc 19
CoCrFeNiAl0.25 3.25 –6.75 7.94 fcc 38
CoCr2FeNi 0.3215 –4.34 7.8 fcc 29
Co1.5Cr0.5FeMn0.5Ni 2.6192 –3.5 8.44 fcc 29
FeCoCrMnCu 3.15 2.24 9 fcc 28
FeCoNiCrCu0.5 0.84 –0.30 8.78 fcc 40
WNbMoTa 2.31 –6.5 5.5 bcc 21
WNbMoTaV 3.15 –4.64 5.4 bcc 21
TaNbHfZrTi 4.99 2.72 4.4 bcc 22
CoCrFeNiAl0.3 3.8 –7.26 7.88 fcc + ordered phase 41
CoCrFeNiAl1.17 6.094 –13.1 7.06 bcc + ordered phase 38
CoCrFeNiAl2 6.04 –15.44 6.5 bcc + ordered phase 38
Co0.5Cr0.5Fe0.5NiAlMnV 5.35 –14.26 6.63 bcc* 29
Co0.5Cr0.5Fe0.5NiAlMnV0.5 5.61 –15.96 6.8 bcc* 29
CrMnFe1.5Ni0.5Al1.2 6.03 –11.28 6.46 bcc* 29
CoCrFeNiTi0.5 5.33 –11.56 7.77 fcc + IM 42
CoCrFeNiCuAl0.5 4.17 –1.52 7.45 fcc + bcc + IM 36
Co0.5CrFeMn1.5Ni 3.73 –4.04 7.8 fcc + IM 29
CrMnFe1.5Ni0.5Al0.5 5.16 –7.26 7 bcc + IM 29
CoCr2FeNiAl0.3 3.4 –6.92 7.53 fcc + bcc + IM 29
CoCrFeNiAl0.4MnV 4.32 –10.43 7.22 IM# 29
Co1.5Cr2Fe1.5NiAlMn2V 4.84 –10.15 6.95 IM# 29
FeCoNiMnV 3.44 –8.96 7.8 fcc + IM 28
FeCoNiMnMo 4.21 –4 8 fcc + IM 28
FeNiCrMnTi 6.59 –16.64 7 fcc + bcc + IM 28
NiCoCrMnV 3.33 –9.12 7.6 fcc + IM 28

IM intermetallics, * denotes the phases in the alloys, # denotes there are only IM in the alloys.
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Fig. 3. Relationship between the VEC and the phase stability after
thermal treatments in the temperature range of 0.5< T/Tm< 0.9.
The asterisk denotes that the intermetallic compounds in these alloy
systems need to be checked further.
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that the r phase, as an electron intermetallic
compound, is favored in the region of 7.84 > VEC >
6.88 in HEAs.29 These results are similar to the VEC
rule of solid solutions in the as-cast state but with a
different critical value.12

Experimental results from thermal treatments of
HEAs indicate that the high configurational entropy
alone is insufficient in suppressing the formation of
intermetallic compounds, especially at lower tem-
peratures. The configurational entropy for equi-
atomic HEAs with five elements is 13.38 kJ/mol.
For some metallic pairs, the mixing enthalpy is
quite negative, such as DHmix

Ni;Ti ¼ �35 kJ/mol. As a
result, the configurational entropy is insufficient to
suppress all intermetallic pairs in HEAs, especially
after thermal or thermomechanical treatments.

CONCLUSION

The recent progress in the phase selection of HEAs
is summarized and analyzed based on the mixing
enthalpy, atomic-size difference, and valence-elec-
tron concentration. Although the high configura-
tional entropy supposedly favors the solid solutions,
intermetallic compounds are found to exist in many
HEAs. In addition to the atomic size effect, the en-
thalpy of mixing among alloying elements also plays
an important role in the phase selection of HEAs.
The mixing enthalpy DHmix and atomic-size differ-
ence d both strongly affect the phase selection. In the
high temperature near the melting point, the solid
solutions are favorably formed in the region of
5 kJ/mol � DHmix � �15 kJ/mol and d £ 6.6%, and
the stable intermetallic compounds and even meta-
stable metallic glasses appear at DHmix < �15 kJ/mol
and d > 6.6% in certain as-cast samples. The VEC
can be used to verify the solid solution structure: fcc
at VEC > 7.84, bcc at VEC< 6.87, and mixed fcc
and bcc in the range between them. At lower tem-
peratures within 0.5< T/Tm< 0.9, the equilibrium
phase selection criteria change due to the reduced
configurational entropy effect. Most of the solid
solutions shrinks to DHmix � �7:5 kJ/mol and
d < 3:3% after thermal or thermomechanical treat-
ments. The VEC plot shows that the intermetallic
compounds appear in the medium range of VEC, and
the fcc and bcc solid solution phases are more stable
at VEC > 7.8 and VEC< 6.0, respectively.
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