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ABSTRACT
High-entropy alloys (HEAs) attract growing interest due to their
remarkable properties. However, our knowledge of the
mechanism of phase stability of HEAs is still very limited. Herein,
CoCrFeNixAl1-x (x = 0.5 and 0.75) were compressed to high
pressures to investigate the lattice distortion effect on their phase
stability. It was discovered that both bcc CoCrFeNi0.5Al0.5 and fcc
CoCrFeNi0.75Al0.25 alloys transform to the hcp structure at high
pressures, following a gradual phase transition. The sluggish
character of these transitions perhaps originates from the local
energy fluctuations caused by the chemical disorder. The phase
transitions in both studied compounds commenced when their
intrinsic lattice strain had reached the maximum value, indicating
that the lattice distortion effect plays a key role in these
crystallographic structure-transforming processes. These results
provide fundamental information on the phase selection rules of
HEAs, which are important for physical metallurgy theories and
HEAs design in the future.
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I. Introduction

Comparing to conventional alloys containing only one or two principal elements, high-
entropy alloys (HEAs) include at least five principal elements whose concentrations
range between 5 and 35 at.% [1–3]. This revolutionary metallurgical concept not only dra-
matically extends the territory of alloys, but also introduces a substantial number of alloys
with exceptional properties, such as high fracture toughness [4], excellent strength [5],
superconductivity [6], and high resistance to corrosion [7]. The term ‘high-entropy
alloys’ stresses the high configuration entropy effect, signifying the underlying reason
why HEAs prefer to crystallize in chemical disordered simple structures (body-centered
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cubic (bcc), face-centered cubic ( fcc), or hexagonal close-packed (hcp)) rather than chemi-
cally ordered intermetallic compounds [1]. However, a recent investigation reveals that
vibrational, electronic, and magnetic entropies, in addition to the configuration entropy,
also play important roles in the phase stability of HEAs [8], indicating this category of com-
pounds is more complex than previously expected.

Nowadays, one of the important themes of research on HEAs is understanding the
phase selection rules: what are the dominating factors that determine the structures of
HEAs? [3]. Knowledge of the phase selection rules of HEAs will not only deepen our under-
standing of the physical metallurgy principles but also guide the future design of HEAs
exhibiting exceptional properties. It has been reported that the atomic size difference
(δ) [9], the mixing enthalpy (ΔHmix) [9], the valence electron concentration (VEC) [10],
and/or the entropy related parameter (ϕ) [11], all markedly affect the phase selection
rules of HEAs, indicating the complexity of this phenomenon. The values of δ and ΔHmix

are defined by formulas [9]:

d =

��������������������������∑n
i=1

ci 1− ri∑n
j=1 cjrj

( )2
√√√√ (1)

DHmix =
∑n

i=1,i=j

4DHmix
ij cicj (2)

where ci and ri are the atomic fractions and the atomic radius of the ith principal element,
respectively, and DHmix

ij is the mixing enthalpy of binary liquid alloy.
HEAs with different combinations of principal elements were selected in order to inves-

tigate the δ effect on the phase selection rules. However, the ΔHmix, VEC, and/or ϕ may
change simultaneously, making the conclusions more or less ambiguous. Therefore, for
the purpose of the phase selection rules investigation, it is important to disentangle the
interplaying effects. As known, pressure represents a fundamental thermodynamic vari-
able, which has the potential to tune the structural, mechanical, and electronic properties
of materials pronouncedly [12]. Moreover, it represents a clean tool, which can be selec-
tively applied to a desired effect, hence facilitating the disentanglement of crossover
phenomena. Under high pressures, atomic sizes and lattice distortion change pronounc-
edly, widely influencing the thermodynamic stability and various properties of HEAs
[13]. Therefore, investigating the structural evolution of HEAs under compression is
expected to provide valuable information about the impact of lattice distortion on their
phase selection rules [14–17].

The CoCrFeNixAl1-x system, representing a prototype of HEAs, has been widely studied
at ambient pressure [18,19]. Upon an Al (which has a significantly larger atomic size than
other composite elements) content increase, the configuration entropy Sconf, the mixing
enthalpy ΔHmix, the atomic size difference δ, and the valence electron concentration
VEC of CoCrFeNixAl1-x HEAs vary in appreciably large ranges (Figure 1). Concomitantly,
the structure of CoCrFeNixAl1-x transforms from a single fcc phase, through a mixture of
bcc and fcc phases, to a single bcc phase [18,19]. Consequently, CoCrFeNixAl1-x HEAs are
excellent candidates for studying the lattice distortion effect on phase selection rules in
terms of various combinations of Sconf, ΔHmix, δ and VEC values.
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Recently, Zhang et al. [14] reported an abnormal sluggish phase transition of CoCrFeNi
from the fcc to hcp structure, which started at 13.5 GPa and had not been completed at the
highest experimental pressure (∼40 GPa). The underlying mechanisms of this sluggish
structural transition were not clarified. CoCrFeNi alloy possesses the lowest ideal configur-
ation entropy and the smallest atomic size difference in the CoCrFeNixAl1-x system
(Figure 1). Thus the lattice distortion effect originating from the atomic sizes mismatch
is not severe in CoCrFeNi, disregarding it as a proper model to study the lattice distortion
effect on the phase selection rules of HEAs.

In the present study, by applying pressure in order to tune the crystal lattice distortion
independently, we examined the lattice distortion effect on the phase transition of HEAs,
choosing CoCrFeNixAl1-x (x = 0.5, 0.75) as a prototype. In the CoCrFeNixAl1-x system,
CoCrFeNi0.5Al0.5 displays the highest configuration entropy. It mainly adopts the bcc struc-
ture with a minor presence of the fcc phase. On the other hand, CoCrFeNi0.75Al0.25 exhibits
the configuration entropy intermediate between those of CoCrFeNi and CoCrFeNi0.5Al0.5,
and crystallizes into a single fcc phase at ambient pressure. We also discovered phase tran-
sitions to hcp structures in bcc CoCrFeNi0.5Al0.5 and fcc CoCrFeNi0.75Al0.25 at moderate
pressures, both displaying a very sluggish transformation dynamics. The transitions
began at the lattice distortions reaching their maximum values, indicating that the distor-
tion plays a key role in the pressure-induced phase transition in the two studied HEAs.
These results provide important information on the phase selection rules of HEAs.

II. Materials and methods

The CoCrFeNixAl1-x (x = 0.5, and 0.75) HEAs with nominal molar ratios were prepared by the
arc melting method in a high purity argon atmosphere. Diamond anvils with 300 µm culet

Figure 1. The ideal configuration entropy Sconf, the mixing enthalpy ΔHmix [9], the atomic size differ-
ence δ [9], and the VEC [10] of CoCrFeNixAl1-x as a function of x values at ambient pressure. The solid
dots present the results of CoCrFeNi0.5Al0.5, CoCrFeNi0.75Al0.25, and CoCrFeNi, respectively.
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size were mounted in the symmetric cells used to generate high pressure. The T301
stainless steel gasket with an initial thickness of 250 µm was indented to 30 µm, and
a sample chamber with a diameter of 120 µm was drilled in the center of the pre-
indented hole. The sample with a typical size of ∼50 µm was scraped from the ingot
and loaded in the sample chamber. The sample was sandwiched between two NaCl
plates, which served as the pressure transmitting medium and pressure scale [20].
Four runs (two runs for each sample) of in situ angle-dispersive X-ray diffraction exper-
iments were conducted at the High Pressure Station, 4W2 beamline at Beijing Synchro-
tron Radiation Facility (BSRF). The incident x-ray radiation was monochromatized to
20 keV (wavelength of 0.6199 Å) by using double silicon (111) crystals. The beam
was focused to a spot size of 7 µm (vertical) × 13 µm (horizontal) (the full width at
half maximum, FWHM) by Kirkpatrick–Baez mirrors. Diffraction patterns were collected
by the Pilatus3 2M detector. The distance from the sample to the detector and the geo-
metric parameters of the detector were calibrated by the CeO2 standard from the
National Institute of Standards and Technology. All the measurements were conducted
at room temperature. The two-dimensional diffraction patterns were integrated by
Fit2D [21] to obtain the 2θ–intensity curves for further analysis. Software Fityk [22]
was used to fit and decompose the overlapped diffraction peaks applying the Voigt-
profile peak function.

III. Results and discussions

A. Structure at ambient pressure

To minimize the potential effect of heterogeneity of the synthesized samples, we per-
formed two independent runs of diffraction experiments for each sample. The results of
the two runs are consistent with each other, indicating that the heterogeneity effect is
not obvious in the present experiments, at least at the probed length scales. The Debye
rings were observed to be smooth, demonstrating the absence of lattice texture in the
studied materials.

The typical integrated diffraction patterns are shown in Figure 2. At ambient
pressure, the main observed phase of CoCrFeNi0.5Al0.5 was of the bcc structure, while
a small diffraction peak from the fcc phase appeared at the left shoulder of the bcc
(110) reflection. The CoCrFeNi0.75Al0.25 adopted a single fcc phase at the ambient
pressure. Zhang et al. reported that CoCrFeNi also exhibited the single fcc structure
at the ambient pressure [14]. It seems that, upon Al concentration increase, the
crystal structure of CoCrFeNixAl1-x transforms from the fcc to the bcc symmetry,
which is consistent with the previous results [18,19]. Zhang et al. [9] proposed two par-
ameters, the atomic size difference δ, and the mixing enthalpy ΔHmix. It has been pre-
dicted that a single-phase solid solution will form when 0 < δ < 0.05, and −15 kJ/mol <
ΔHmix < 5 kJ/mol [9]. The values of δ and ΔHmix for CoCrFeNi0.5Al0.5, CoCrFeNi0.75Al0.25,
and CoCrFeNi alloys listed in Table 1, all these alloys fall in this range and thus
should crystallize in a single bcc or fcc phase. However, multiple phases were still
found in CoCrFeNi0.5Al0.5, indicating that also other effects, rather than only atomic
size difference and mixing enthalpy, should be taken into the account when discussing
the phase selection rules of HEAs.
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B. Sluggish phase transition

New peaks (hcp(100), and hcp(101)) of the hcp structure appeared (Figure 2(a)) in the diffr-
action patterns of CoCrFeNi0.5Al0.5 at 20.12 GPa, indicating the commencement of the bcc-
hcp phase transition. For CoCrFeNi0.75Al0.25, the fcc-hcp phase transition was also

Figure 2. Typical diffraction patterns of CoCrFeNi0.5Al0.5 (a) and CoCrFeNi0.75Al0.25 (b). In the top panels
of the figures, we show the deconvolution of the overlapped diffraction peaks using Voigt peak func-
tion in the program Fityk [22].

Table 1. The equation of states and thermodynamic variables of samples and their principal elements.

V0
(Å3/atom)

K0
(GPa) K ′0

Atomic
Radii
(Å) [23]

Sconf
(kB/atom)

ΔHmix
(kJ/mol) δ VEC Structure

CoCrFeNi0.5Al0.5 11.84 (2) 190 (4) 4 (fixed) 1.560 −9 0.0482 7.375 bcc
CoCrFeNi0.75Al0.25 11.66 (1) 192 (2) 4 (fixed) 1.527 −6.719 0.0357 7.813 fcc
CoCrFeNi [14] 11.42 206.5 4 (fixed) 1.386 −3.75 0.0030 8.250 fcc
Fe [24] 11.760 165 5.47 (51) 1.2412 bcc
Ni [24] 10.942 183 4.99 (6) 1.2459 fcc
Co [24] 11.096 184 4.73 (2) 1.2510 hcp
Cr [25] 12.011 193 4.89 1.2491 bcc
Al [26] 16.573 73 4.52 (2) 1.4317 fcc

The V0, K0, and K ′0 are the equilibrium volume, bulk modulus and its pressure derivative at ambient pressure. The numbers
in the parentheses correspond to fitting uncertainties of the parameters (giving error in trailing digits).
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discovered at 14.64 GPa (Figure 2(b)). The transition pressure of CoCrFeNi0.75Al0.25 was
lower than that of CoCrFeNi0.5Al0.5, but consistent with the reported phase transition
pressure (13.5 GPa) of CoCrFeNi in general [14].

Guo et al. proposed that the crystal structure of HEAs can be predicted using the
valence electron concentration VEC = ∑n

i=1 ci(VEC)i where (VEC)i is the VEC of the ith
element [10]. The HEAs adopted the fcc structure when VEC > 8.0, whereas the bcc struc-
ture occurred for VEC > 6.87 [10]. The compounds in the CoCrFeNixAl1-x system follow this
rule at ambient pressure – their structures changed from bcc CoCrFeNi0.5Al0.5 (VEC = 7.375),
to fcc CoCrFeNi0.75Al0.25 (VEC = 7.813), and to fcc CoCrFeNi (VEC = 8.25). Ye et al. stated that
HEAs adopted an hcp structure when VEC = 2.8 ± 0.2 [3]. If this rule is indeed validated at
high pressures, the VEC values of CoCrFeNixAl1-x (x = 0.5, 0.75, and 1) should decrease dra-
matically under compression. However, no prominent electronic change of Co, Cr, Fe, Ni,
and Al has been observed in this pressure range. Recently, 4f electrons in addition to the s
and d electrons, have also counted as valence electrons [27]. Thus, the VEC values of the
hcp HEAs GdTbDyTmLu, HoDyYGdTb, and YGdTbDyLu are 13, 9.8, and 10.6 respectively,
being much higher than the value of 3 reported previously [3,28]. Consequently, the elec-
tron concentration effect, one of the key factors of Hume-Rothery rules, needs to be
assessed carefully when applied to HEAs, especially at high pressures.

It is worth pointing out that all these observed phase transitions were sluggish and not
completed at the highest pressures of experiments (41.03 GPa for CoCrFeNi0.5Al0.5,
48.43 GPa for CoCrFeNi0.75Al0.25, and 39 GPa for CoCrFeNi [14]). Zhang et al. attributed
the sluggishness of fcc to hcp phase transition to the pressure-assisted inhibition of an
atomic motion [14]. Very recently, the pressure-induced sluggish fcc to hcp transition of
CrMnFeCoNi HEA has also been reported [15,16]. Tracy et al. considered this sluggish
phase transition arose from the increasing energy barrier associated with stacking fault
formation with increasing pressure [15], akin to the fcc to hcp transition of xenon [29].
Asides from the sluggish nature of the fcc to hcp phase transition of CoCrFeNi0.75Al0.25,
which is similar to those occurring in CoCrFeNi and CrMnFeCoNi, our results for
CoCrFeNi0.5Al0.5 reveal the sluggishness also for the bcc to hcp transition and hence
suggest that it may represent a universal feature of HEAs.

Due to the chemical disorder in HEAs [30–33], the local atom configurations vary
between lattice sites, causing variation of local energies. Tsai et al. reported that the differ-
ence of mean potential energies of Ni atoms between various lattice sites of fcc CoCr-
FeMnNi alloy was as high as 60.3 meV [34]. This local energy fluctuation causes the
different energy barrier (ΔGa) and/or the different driving force (ΔG) of the phase tran-
sition from site to site (Figure 3). We consider this local energy fluctuation represents
the main underlying reason for the observed sluggish phase transitions in CoCrFeNixAl1-
x alloys, implying also that this phenomenon would be universal in HEA. To some
extent, the larger the amplitude of the local energy fluctuation, the larger the pressure
range of coexistence of phases in the transition process.

Analogous to the HEAs, the local energy fluctuations also exist in metallic glasses, where
the variation of the coordination numbers brings an extra contribution to the fluctuations.
However, because of the electronic nature of the transition [35–38], several observed
phase transitions of metallic glasses completed in a narrow pressure range. Consequently,
it is expected that the change in an electronic structure, like 4f electrons delocalization, will
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accelerate the structural phase transition process in some specific HEAs, for example, in a
HEA including element Ce.

Up to date, only about 1% (7 out of 648 reported HEAs) of HEAs crystallize in the hcp
structure [13]. Hence, the accumulated knowledge about the hcp HEAs is quite limited.
Pressure-tuning turns out to represent an efficient method for the synthesis of hcp
HEAs of diverse chemical compositions, allowing to alloy cheap and convenient elements,
offering an alternative to expensive lanthanides [14–16]. The results also outline new pos-
sibilities to investigate HEAs’ physical and chemical properties. In the future, it is expected
that phase selection rules for the hcp HEAs will be progressively emerging with a growing
number of studies exploring a sufficiently broad range of compositional variations in this
class of materials.

C. Equation of states

The pressure-volume relations of bcc CoCrFeNi0.5Al0.5 and fcc CoCrFeNi0.75Al0.25 are shown
in Figure 4, compared with that of fcc CoCrFeNi. The equilibrium volume (V0) and bulk
modulus (K0) at ambient pressure were determined by fitting the experimental data
points with the Vinet equation of state (fixing the pressure derivative of bulk modulus
at 4):

P = 3K0
V
V0

( )−2/3

1− V
V0

( )1/3
[ ]

exp
3
2
(K ′

0 − 1) 1− V
V0

( )1/3
[ ]{ }

. (3)

The results are plotted in Figure 4 and summarized in Table 1. The fitting yielded V0 = 11.84
(2) Å3/atom, and 11.66(1) Å3/atom for bcc CoCrFeNi0.5Al0.5 and fcc CoCrFeNi0.75Al0.25,

Figure 3. Local energy fluctuation due to the intrinsic chemical disorder in HEAs. Configurations 1 and
2 correspond to different local atomic arrangements.
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respectively. Due to the significantly larger atomic size of aluminum (Table 1), the cell par-
ameters increase with a higher Al molar concentration, in agreement with the Vegard’s law
[39]. The bulk moduli of bcc CoCrFeNi0.5Al0.5 and fcc CoCrFeNi0.75Al0.25 are 190(4) GPa and
194(2) GPa, respectively, a bit smaller than that of fcc CoCrFeNi, 206.5 GPa [14]. This result
is consistent with the conclusion of Zhang et al. that the bulk moduli decrease upon
increasing the number of elements in a solid solution [14]. Zhang et al. also suggested
that the addition of atoms with a larger size mismatch increased the ‘free volume’ in
the solid solution. Consequently, easily squeezing out this volume upon compression
lowers the bulk modulus of HEAs [14].

D. Lattice distortion effect

Lattice distortion originates from the deviation of equilibrium atom positions away from
the ideal lattice sites because of the large atomic size mismatch. Though it influences
the structure and properties of HEA significantly, there is no widely accepted quantitative
definition of the lattice distortion to date. The great challenge remains to evaluate the
lattice distortion of HEAs experimentally [40,41], even more so at high pressures.
Because HEA has several principal elements, the atomic configurations in the unit cells
vary from one unit cell to another, so does the lattice distortions. This variation leads to
a distribution of local distortion, similar to the interatomic distance distribution [42]. To
investigate the lattice distortion effect on the bulk material, the lattice distortion of a
single unit cell is meaningless, and a statistical method is needed to describe the lattice

Figure 4. The measured average atomic volumes of bcc CoCrFeNi0.5Al0.5 and fcc CoCrFeNi0.75Al0.25 as a
function of pressure, comparing with the results of fcc CoCrFeNi [14]. The lines represent the fitted
equation of states with K ′0 fixed at 4, using Vinet equation of state.
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distortion of the whole bulk material. Unfortunately, it is almost impossible to measure this
distribution at the present stage.

The direct outcome of the lattice distortion is that the unit cell parameters are not equal
to each other anymore (for cubic unit cells). Therefore, if we can measure the standard
deviation of the lattice parameters, this deviation can also represent the magnitude of
lattice distortion of HEA. Furthermore, lattice constants represent experimentally measur-
able structural parameters of HEA, thus it is reasonable to use them for evaluating the
magnitude of lattice distortion:

1 = 1
N

∑N
all unit cells

1
n

������������������∑n
i=1

ai − ai0
ai0

( )2
√√√√ (4)

where ai are the exact real edge length of the distorted unit cell, and ai0 are the corre-
sponding lattice constants of the undistorted ideal unit cell. The measurement of ai is
still almost impossible, and the x-ray diffraction technique determines the average value
of all ai, i.e. a. Consequently, for cubic HEAs, Equation (4) can be rewritten as:

1 = |a− a0|
a0

(5)

The undistorted ideal unit cell is imaginary. Therefore Zhou et al. used the lattice constant
of original elemental crystals aOEC to replace a0, and got [43,44]

1intr = |a− aOEC|
aOEC

(6)

The physical implication of this model is to evaluate the magnitude of the deviation of
the HEA from the undistorted cubic lattice. Zhou et al. proposed the following four criteria
for selecting the original elemental crystals: (1) being the principal element of the HEA; (2)
crystallizing in the same structure with the HEA; (3) being homogeneously distributed in
the HEA, and (4) possessing the moderate atomic radius among all the principal elements
[44]. Comparing with Equation (6), Equation (1) ignores the atomic size alteration during
the alloying process, as well as it is difficult to measure the atomic size at high pressures.
Equation (6) not only includes the alteration of the atomic size and crystal structure effects,
but is also expedient to perform calculations at high pressures. Therefore, in order to study
the effect of severe lattice distortion effect on the phase transition, we use the intrinsic
lattice strain (Equation (6)) for evaluating the magnitude of lattice distortion of HEAs at
high pressures.

According to the criteria, the equation of states of bcc Fe and fcc Ni, which were used to
calculate the εintr of CoCrFeNixAl1-x, were taken from Ref. [24] and are listed in Table 1. The
εintr of bcc CoCrFeNi0.5Al0.5, fcc CoCrFeNi0.75Al0.25, and fcc CoCrFeNi as a function of
pressure are shown in Figure 5(a)–(c). The εintr of bcc CoCrFeNi0.5Al0.5 and fcc CoCrFeNi0.75-
Al0.25 reach their maximum values at 18.85 and 11.93 GPa, respectively. These pressures
agree well with the experimentally observed onset pressures of the phase transitions of
bcc CoCrFeNi0.5Al0.5 and fcc CoCrFeNi0.75Al0.25 alloys (Figure 5(d)), respectively. The agree-
ment suggests that the lattice distortion effect plays a key role in these phase transform-
ations. The intrinsic lattice strains of bcc CoCrFeNi0.5Al0.5 and fcc CoCrFeNi0.75Al0.25 reached
values 0.0043 and 0.0220, respectively, when the phase transitions commenced. The
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evaluated strains are much smaller than previous lattice instability criterions (10% as pro-
posed by Lindemann [45], 5% as proposed by Ye et al. [46], or 6% according to Egami et al.
[47]). The reason is that different methods were applied for evaluating the lattice strain.

However, for the fcc CoCrFeNi, the onset pressure of phase transition is 13.5 GPa [14],
while its intrinsic lattice strain reaches the maximum value of 0.0163 at 32.33 GPa, indicat-
ing that effects other than the lattice distortion effect play the main role in its fcc to hcp
phase transition. In the CoCrFeNixAl1-x system, as is evident from values listed in Table
1, Co, Cr, Fe, and Ni atoms have almost the same atomic sizes (∼1.24–1.25 Å), while Al
atom is of a much larger atomic radius (∼1.43 Å). Accordingly, most part of the lattice dis-
tortion is ascribed to the addition of Al atoms. From Figure 1, one can see that the atomic
size difference δ of the aluminum-free alloy CoCrFeNi is much smaller (0.0030) in

Figure 5. The intrinsic lattice strain and its pressure derivative for bcc CoCrFeNi0.5Al0.5 (a), fcc
CoCrFeNi0.75Al0.25 (b), and fcc CoCrFeNi (c) as a function of pressure. The cyan lines are the fitting
lines using the 3rd order polynomial function. The orange lines correspond to the pressure derivative
of the lattice strain. For fcc CoCrFeNi, the 4th order polynomial function was used when fitting the
intrinsic lattice strain, because of insufficient quality when using the 3rd order function (blue dash
line). Results of both 3rd and 4th order function are presented in (c) and indicate the intrinsic
lattice strain reaches the maximum value at 29.53 and 32.33 GPa, respectively. The possible pressure
ranges of phase transitions (open squares are the phase transition pressures determined in exper-
iments, the horizontal bars are the pressure points before phase transition in experiments, the asterisks
represent pressures where intrinsic lattice strains reach the maximum) and the pressures where the
intrinsic lattice strain reaches maximum are summarized in (d). The vertical green line in (d) shows
the x value (0.8) where the atomic concentration of Al reaches 5%, signifying the limiting boundary
of the HEA concept.
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comparison with the values of CoCrFeNi0.5Al0.5 (0.0482), and CoCrFeNi0.75Al0.25 (0.0357).
This indicates that the lattice distortion is not the dominant effect in CoCrFeNi. Zhang
et al. considered that the driving force of the fcc to hcp phase transition of CoCrFeNi is
the vibrational entropy difference between the two crystal structures [14]. Apparently,
several different effects compete in the phase selection rules of HEAs, which makes the
application of these rules less straightforward and calls for a further investigation.

Taking into the account that the intrinsic lattice strain is proportional to the total
elastic energy stored in the whole lattice [46], the obtained results signify that the
phase transitions took place when a maximally possible amount of accumulated elastic
energy has been reached in the distorted lattice. For the bcc CoCrFeNi0.5Al0.5 and fcc
CoCrFeNi0.75Al0.25 alloys, because of the strain relaxation, the elastic energy decreased
gradually above the onset pressure of transition. However, the elastic energy of the fcc
CoCrFeNi continued to increase until 32.33 GPa, a value much higher than the transition
pressure.

Materials stabilize into a structure whose Gibbs free energy reaches a (local) minimum
at a specific pressure and temperature. For HEAs exhibiting a severe lattice distortion, the
distortion-induced elastic energy ΔE is not trivial and the Gibbs free energy at constant
temperature can be written as [44]

G = GP + DE (7)

where Gp is the Gibbs free energy of a perfect lattice and can be expressed by the formula:

GP = E0(V)+ Fel(V )+ Fmag(V)+ Fvib(V)+ PV − TSconf (8)

Here, E0 is the zero-point energy. Fel, Fmag, and Fvib are electronic, magnetic, and
vibrational contributions to the free energy, respectively, and Sconf represents the ideal
configuration entropy. The elastic energy can be expressed as [48,49]

DE / (1(P))2D (9)

where ε(P) is the elastic strain arising from atomic size mismatch at pressure P, and D is
the atomic packing efficiency (D is 0.68, 0.74, and 0.74 for bcc, fcc and hcp structures,
respectively). Ye et al. proposed a sophisticated geometric model to calculate ε at
ambient pressure [46]. However, it is not a convenient model to apply, especially at
high pressures. It is reasonable to assume that the elastic strain ε is proportional to
the atomic size mismatch δ. The atomic size difference δ of fcc CoCrFeNi is less than
10% of that of bcc CoCrFeNi0.5Al0.5 and fcc CoCrFeNi0.75Al0.25 alloys (Table 1). Hence
the distortion-induced elastic energy ΔE of fcc CoCrFeNi is ∼1% of that of bcc CoCrFeNi0.5-
Al0.5 and fcc CoCrFeNi0.75Al0.25 alloys. For the fcc CoCrFeNi, the ΔE contribution to the
Gibbs free energy is negligible, while the magnitudes of contributions Fel, Fmag, and/or
Fvib are decisive for its phase transition at high pressures. Ab initio calculations revealed
that a vibrational contribution dominated the Gibbs free energy increase, thus controlling
the phase transition of CoCrFeNi at high pressures [14]. For bcc CoCrFeNi0.5Al0.5 and fcc
CoCrFeNi0.75Al0.25 alloys, their lattice distortion and elastic strain ε(P) are pronounced,
as indicated by the large atomic size difference δ. Consequently, upon compression,
the increasing δ(P) which is proportional to εintr(P), contributes to a major part of the
Gibbs free energy increment, eventually destabilizing structures and triggering phase
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transitions. Thus, we suggest that the observed pressure-induced phase transitions in bcc
CoCrFeNi0.5Al0.5 and fcc CoCrFeNi0.75Al0.25 alloys are controlled by the lattice distortion.

At last, it should be pointed out that while δ is a good indicator of the elastic strain ε of
the distorted lattice, εintr is not. The absolute value of δ can be used to evaluate the absol-
ute value of the elastic strain ε: the materials with a larger δ also have a larger ε. However,
the absolute values of εintr of materials with different structures should not be compared
with each other. For example, εintr of bcc CoCrFeNi0.5Al0.5 is much smaller than that of fcc
CoCrFeNi. However, δ and ε of bcc CoCrFeNi0.5Al0.5 are obviously larger than those of fcc
CoCrFeNi. The reason is that different original elemental crystals are used to calculate
εintr of bcc CoCrFeNi0.5Al0.5 and fcc CoCrFeNi. Moreover, because the average lattice par-
ameters of HEAs are used to calculate εintr, a major part of the fluctuation of atomic size
is smeared out. For instance, εintr of fcc CoCrFeNi is ∼ 70% of that of fcc CoCrFeNi0.75Al0.25,
but δ or ε of fcc CoCrFeNi are less than 10% of those of fcc CoCrFeNi0.75Al0.25. Fortunately,
for a specific HEA, the value of εintr increases when δ or ε increase. This is the reason why
one can use εintr for evaluating the variation of ε or lattice distortion under pressure.
Anyway, for future investigations, a handy model for a reliable assessment of ε needs to
be worked out, especially for high pressure analyses.

IV. Conclusions

In the present study, CoCrFeNi0.5Al0.5 and CoCrFeNi0.75Al0.25 HEAs were compressed to
pressures reaching 40–50 GPa (volume compression ∼15%) in order to investigate the
effect of lattice distortion on the phase selection rules of HEAs. Both bcc CoCrFeNi0.5Al0.5
and fcc CoCrFeNi0.75Al0.25 transformed into an hcp structure at high pressure, despite
the different starting crystal structures at ambient pressure. The phase transitions of
CoCrFeNi0.5Al0.5 and CoCrFeNi0.75Al0.25 took place when the intrinsic lattice strain had
reached a maximum value, implying that the lattice distortion played a key role in trigger-
ing the transformation processes. By spanning the pressure range of a few tens of GPa, the
observed transitions turned out to be very sluggish and had not been completed even at
the highest experimental pressures. The local energy fluctuations arising from the chemi-
cal disorder are suggested to represent the underlying reason for the sluggishness, making
it an inherent and universal feature of the pressure-induced phase transitions in HEAs.
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