
lable at ScienceDirect

Materials Today Physics 8 (2019) 1e9
Contents lists avai
Materials Today Physics
journal homepage: https: / /www.journals .e lsevier .com/

mater ia ls- today-physics
Abundant polymorphic transitions in the Al0.6CoCrFeNi high-entropy
alloy

L. Wang a, b, F. Zhang c, d, Z. Nie a, L. Wang a, F. Wang a, B. Wang a, S. Zhou a, Y. Xue a, *,
B. Cheng c, H. Lou c, X. Chen c, Y. Ren f, D.E. Brown b, V. Prakapenka g, E. Greenberg g,
Z. Zeng c, Q.S. Zeng c, e, **

a School of Materials Science and Engineering, Beijing Institute of Technology, Beijing 100081, People's Republic of China
b Department of Physics, Northern Illinois University, Dekalb, IL 60115, USA
c Center for High Pressure Science and Technology Advanced Research, Pudong, Shanghai 201203, People's Republic of China
d State Key Laboratory for Advanced Metals and Materials, University of Science and Technology Beijing, Beijing 100083, People's Republic of China
e Jiangsu Key Laboratory of Advanced Metallic Materials, School of Materials Science and Engineering, Southeast University, Nanjing 211189, People's
Republic of China
f X-ray Science Division, Argonne National Laboratory, Argonne, IL 60439, USA
g Center for Advanced Radiation Sources, University of Chicago, Chicago, IL 60437, USA
a r t i c l e i n f o

Article history:
Received 26 July 2018
Received in revised form
19 November 2018
Accepted 4 December 2018

Keywords:
High-pressure
Lattice distortion
High-entropy alloy
Polymorphic transition
* Corresponding author.
** Corresponding author. Center for High Pressu
Advanced Research, Pudong, Shanghai 201203, Peopl

E-mail addresses: xueyunfei@bit.edu.cn (Y.
(Q.S. Zeng).

https://doi.org/10.1016/j.mtphys.2018.12.002
2542-5293/© 2018 Elsevier Ltd. All rights reserved.
a b s t r a c t

Polymorphism and polymorphic transitions are attracting considerable interest because of their signif-
icant effect on the phase stability, switchable properties, and the atomic rearrangement mechanism in
materials. Here, by employing in situ high-pressure synchrotron radiation X-ray diffraction, we reveal
surprisingly abundant polymorphic transitions in an Al0.6CoCrFeNi high-entropy alloy (HEA). The original
body-centered cubic (bcc) phase transfers to an orthorhombic phase at ~ 10.6 GPa during compression at
room temperature, and the orthorhombic phase remains stable up to ~ 40 GPa. When the lattice stress is
released entirely, the orthorhombic phase can further transform into a body-centered tetragonal
structure. On the other hand, when the original bcc phase is heated to high temperatures, a face-centered
cubic phase forms, and it can further transform to a hexagonal close packing phase by applying pressure.
In total, we observed five polymorphs in the Al06 HEA, and they all can exist at ambient conditions. The
complex chemistry and the pressure/temperature tuned lattice distortion may play a key role in intro-
ducing and stabilizing the rich polymorphs in the Al06 HEA. Our findings may bring new insights into the
correlation between lattice distortion and phase stability/transitions of HEAs and help to explore HEAs
with novel structures and properties.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Polymorphism, the ability of a material with an identical
composition to exist in more than one crystal structure, has been
extensively observed in a vast amount of materials including pure
elements [1e12], compounds [13e18], and alloys [19e21]. Poly-
morphs with different structures can be readily altered by tem-
perature- and/or pressure-induced polymorphic transitions. The
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study of polymorphism is crucial to understand the phase stability/
transitions, the mechanism of the atomic arrangement, and also to
achieve switchable functions in properties such as the optical [22],
electrical [23,24], and mechanical [12,25e28] properties.

In the periodic table, the biggest group of elements is themetals,
which typically own a simple close-packed structure due to their
non-directional metallic bonds, such as body-centered cubic (bcc),
face-centered cubic (fcc), and hexagonal close packing (hcp) struc-
tures. Pressure is a powerful tuning parameter to induce poly-
morphic transitions between those structures in metals. One of the
most famous examples is iron, which shows three well-established
polymorphs with fcc, hcp, or bcc structures. The polymorphic
transitions between these polymorphs of iron have been widely
studied under both static [4,7,12,19,25,29e32] and shock
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compression [33,34]. Usually, less than three polymorphs exist in a
metal element, and its polymorphic transitions are mostly revers-
ible [4,7,12,19,25,29e32,35e38]. Some typical polymorphic transi-
tions in metal elements are listed in Table 1. Pursuing new
polymorphs in these pure elements by pushing the pressure and
temperature limit to unexplored regions has been a major focus
[7,19,30,35,39].

Adding metallic elements into another (solvent) with appro-
priate ratios could lead to the formation of solid solutions, namely
metallic alloys. These alloys could possess properties much supe-
rior to each individual component. Therefore, since the Bronze and
Iron Ages, the development of metallic alloys have played a crucial
role in the advancement of civilizations. The most common type of
alloy is the substitutional solid solution in which solute atoms
randomly substitute for atoms in the solvent lattice. Thus, the alloys
usually inherit the initial crystal structure of the solvent (principal)
elements and are also typically named after the solvent, such as Fe-
based, Al-based, and Ti-based alloys, etc. In traditional metallurgy,
when more and more elements are added to a solution, precipita-
tion of various intermetallic compounds readily occurs and results
in the embrittlement of the materials. Therefore, traditional alloys
are mainly located at the corner of their multicomponent phase
diagrams to avoid forming brittle composites.

Over the last decade, high-entropy alloys (HEAs) [40e42] based
on a new alloy design concept have been developed by deliberately
incorporating five or more elements with equimolar or near-
equimolar ratios to maximize their configurational entropy. As a
result, these new alloys can be surprisingly stabilized into single
solid solution phases with a simple crystal structure, such as the fcc
[43,44], bcc, [27,45] and hcp [46]. Owing to their unique composi-
tions, high chemical disorder, and severe local lattice distortion,
HEAs present high thermal stability, high wear and corrosion
resistance, and promising mechanical properties [28,42,43,47e50].

It is not surprising that polymorphism is common in traditional
metallic alloys, whichmostly inherit the polymorphic transitions of
their solvent elements [7,19,51,52]. However, whether this kind of
polymorphism is still possible in the HEAs with multiple-principal
components, but no identifiable solvent has been an intriguing
open question. Previous studies [53e55] showed that during
heating from cryogenic temperature up to melting temperature, no
polymorphic transition was observed in the CoCrFeNiMn HEA
system. The exceptional phase stability was attributed to their high
configurational entropy as well as the chemical disorder and
considerable local lattice distortion induced by the chemical
complexity [56e61]. Very recently, under high pressure, it was
Table 1
Some typical pressure-induced polymorphic transitions in the metal elements and alloy

Metal/alloy Phase transition Transitio

Al fcc/hcp/bcc 216 GPa
321 GPa

Fe bcc/hcp 14.7 GPa
V bcc/Rhombohedral 63e69 G
Co hcp/fcc 105 GPa
Ti hcpðaÞ/Distorted bccðuÞ/OrhorthombicðgÞ 116 GPa
Zr hcpðaÞ/Distorted bccðuÞ/bccðbÞ 30 GPa (b
Hf hcpðaÞ/Distorted bccðuÞ/bccðbÞ 50 GPa (u

60.5 GPa
Na bcc/fcc 65 GPa
Pb fcc/hcp 13 GPa
Ge Ge I/Ge II/Ge III 10.5 GPa
CoCrFeNiMn fcc/hcp 7e22 GP
CoCrFeNi fcc/hcp 13.5 GPa
Al0.6CoCrFeNi fcc/hcp;bcc/OrhorthombicðOÞ/bct 10.6 GPa

10.6 GPa

bcc, body-centered cubic; bct, body-centered tetragonal; fcc, face-centered cubic; hcp, he
discovered that the CrMnFeCoNi HEA [62e64] and the NiCoCrFe
HEA [65] exhibit fcc-to-hcp polymorphic phase transitions. These
results suggest that the HEAs may be far more complex than simply
‘highly-stable’ as we expected, especially with applying high
pressure. Is polymorphism general to HEAs with various initial
structures? Besides fcc and hcp structures, is there any poly-
morphism in the bcc HEAs under high pressure? How flexible can
an HEA structure be? Are multipolymorphs possible in HEA sys-
tems? The answers to these questions are vital to understanding
the phase stability and transitions of HEAs and exploration of new
HEA materials.

In this study, Al0.6CoCrFeNi HEA powders (Al06) with a single
bcc phase were prepared by gas atomization, and the structure at
high pressure was investigated by employing in situ high-pressure
synchrotron radiation X-ray diffraction (XRD) in a diamond anvil
cell (DAC). We discovered a bcc-to-orthorhombic phase transition
in the gas-atomized Al06 sample, which started at ~10.6 GPa and
completed at ~21.4 GPa. When the pressure was totally released,
body-centered tetragonal (bct) phase was found to co-exist with
the orthorhombic phase, showing that the start pressure of the
orthorhombic-to-bct transition is close to the ambient pressure.
Moreover, after annealing the gas-atomized bcc Al06 at 1000�C for
2 h, a more stable fcc phase was obtained. The fcc phase completely
transformed to an hcp phase during compression. We suggest se-
vere lattice distortion manipulated by temperature and high pres-
sure may play a crucial role in controlling the formation of various
polymorphs in the Al06 HEA. In total, five polymorphs were ob-
tained that could all exist at ambient conditions. These results
demonstrate that HEAs could have structural flexibility far beyond
that of their constituent elements, opening up an avenue toward
unexplored region for HEAs design and development.

2. Materials and methods

2.1. Sample preparation

The Al0.6CoCrFeNi (Al06) HEA ingots were prepared by arc
melting a mixture of high-purity metals (>99.9 mass %) in a Ti-
gettered high-purity Ar atmosphere. Each ingot was re-melted at
least four times to ensure chemical homogeneity. Al06 powders
were prepared by high-pressure argon gas atomization. The master
ingots were heated up to 1600�C under high vacuum conditions
(<10�2 Pa). Subsequently, the molten alloy was injected through a
nozzle into droplets by Ar with a pressure of 3.5 MPa. Powders
between 25 and 38 mm were then sieved for further investigation.
s.

n initial pressure Reversibility Ref

(hcp)
(bcc)

e [1]

Reversible [4,7,12,19,25,29e32]
Pa e [8]

Reversible [26,35]
(g) Reversible [36]
) Reversible [35]
)
(b)

Reversible [5]

e [81]
e [82]

(Ge_II) Reversible [83]
a Irreversible [62e64]

Irreversible [65]
(hcp)
(O) lattice stress release (bct)

Irreversible This work

xagonal close packing.
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2.2. In situ high-pressure synchrotron radiation XRD

In situ high-pressure angle-dispersive XRD experiments were
performed at beamline 13-ID-D, Advanced Photon Source, Argonne
National Laboratory. An X-ray beam with a wavelength of 0.322 Å
and a beam size of 2.5 mm � 3 mm was used during the tests. The
detector position and orientation were calibrated using the LaB6
standard. A DACwith a 400 mmdiameter culet was used to generate
high pressures. A T301 stainless steel gasket was preindented down
to a thickness of ~42 mm. A 150 mm hole was drilled as a sample
chamber at the center of the gasket indent by a laser drilling sys-
tem. The gas-atomized Al06 powder with a diameter of ~20 mmwas
loaded into the DAC, and a tiny ruby ball beside the sample was
used as a pressure calibrant. Silicone oil was used as the pressure-
transmitting medium. Two-dimensional (2D) diffraction patterns
were collected using a Mar165 charge-coupled device detector, and
the exposure time was set at 2s. 2D diffraction patterns were in-
tegrated by the Dioptas software [66], and the results were refined
using the GSAS package [67].

2.3. Microstructure characterization

The microstructure of the samples was examined by a Hitachi
S4800 scanning electron microscope (SEM) with an energy disper-
sive spectrometer (EDS) and JEOL JEM-2100 transmission electron
microscope (TEM)with selected area electron diffraction (SAED). The
TEM sampleswere prepared by focused ion beam (FIB, FEI Versa 3D).

3. Results

3.1. Microstructure at ambient pressure

The Al06 sample synthesized by gas atomization is a bcc (B2 or
A2) phase (Supplementary Fig. S1a) with a unit cell parameter of
a ¼ 2.864 (2) Å. Since the B2 phase (space group: Pm-3m) and A2
phase (space group: Im-3m) are only different in the chemical
ordering but have identical unit cell parameters, here, the gas-
atomized Al06 could be treated simply as a single bcc phase HEA
for convenience. The spherical particle powders are polycrystalline
with a grain size ranging from submicron to a few microns
(Supplementary Fig. S1b). The energy-dispersive X-ray spectros-
copy analysis confirmed that the composition of gas-atomized Al06
is homogeneous and close to the nominal composition
(Supplementary Fig. S2a).
Fig. 1. The in situ high-pressure XRD patterns of the Al06 HEA. (a) XRD patterns at differen
at ~10.6 GPa and completes at ~21.4 GPa. (b) XRD patterns at different pressures of the fcc Al0
the grain size in the bcc Al06 powders is not small enough to obtain a smooth diffraction
orthorhombic peaks is not statistically reliable. XRD, X-ray diffraction; bcc, body-centered c
3.2. High pressureeinduced phase transitions

In situ high-pressure XRD experiments of the gas-atomized Al06
were investigated in a DAC up to ~40.4 GPa (Supplementary Fig. S3).
The XRD patterns during loading and unloading are shown in
Fig. 1a. With increasing pressure, the diffraction peaks shift to
higher 2-theta values. When the pressure approached ~10.6 GPa, a
new diffraction peak beside the bcc (110) peak appears, suggesting
the occurrence of a phase transition. With further pressure in-
crease, more new diffraction peaks emerge and increase their peak
intensity appreciably at the expense of the initial bcc peaks, and the
initial bcc peaks almost entirely disappear at ~21.4 GPa, indicating
the completion of the phase transition. During the unloading pro-
cess, the bcc phase does not reappear, and the newly formed phase
seems retained.

To identify the structure of the new phase, the high-pressure
XRD patterns were fitted using the Le Bail method in the GSAS
package [67]. Although the new peaks look quite similar to that of
an hcp phase as observed in the Cantor's alloy [62,63], the XRD
pattern actually cannot be well-fitted by an hcp phase. In contrast,
all new phase peaks can be well indexed into an orthorhombic
(space group Cmcm) phase (Supplementary Fig. S4a and b). Similar
pressure- or deformation-induced bcc to orthorhombic phase
transitions were reported in other metals [51,68,69]. Therefore, it
suggests that a transition from bcc to orthorhombic phase at high-
pressure is observed in the Al06 HEA.

The bcc Al06 powder in this work was synthesized using the
gas-atomizationmethod, which producesmicrosized particles with
much higher cooling rate than the typical melt-casting method.
Therefore, a single bcc structure rather than the typical fcc
(main) þ bcc biphasic mixture [70e72] (usually obtained by cast-
ing) was obtained in the Al06 powders. After annealing the gas-
atomization Al06 powders at 1000�C for 2 h, the bcc phase trans-
formed into a more stable fcc phase (Supplementary Fig. S1a and c).
When we compressed the annealed Al06 powders to high pres-
sures (loaded in the same DAC together with the as-prepared bcc
sample), a sluggish and irreversible fcc-to-hcp phase transition was
observed (Fig. 1b), which is similar to the behavior of its master
alloy CoCrFeNi [65].

According to the refinement results, the average volume per
atom for the bcc, orthorhombic, fcc, and hcp phases was calculated,
as shown in Fig. 2a. Volume collapse appeared in the bcc-to-
orthorhombic phase transition, which is only 27% of the full volume
collapse value as that in the bcc-to-hcp phase transition observed in
t pressures of the bcc Al06 HEA during loading and unloading. A phase transition starts
6 HEA during loading and unloading. The X-ray wavelength is 0.322 Å. Please note that
ring (Supplementary Figs. S1b and S4b). Therefore, the relative intensity of the bcc/
ubic; HEA, high-entropy alloy; fcc, face-centered cubic.



Fig. 2. The atomic volume and unit cell parameter changes as a function of pressure through the phase transitions. (a) The atomic volume changes of Al06 HEAs as a function
of pressure during loading and unloading. The volume data were fitted by a third-order Birch-Murnaghan isothermal equation of state (EOS) [73], and the ambient pressure volume
(V0) and bulk moduli (B0) at ambient pressure were determined. The khaki stars are the volume data of iron with a bcc-to-hcp phase transition at high pressures [4]. (b) The b/a and
c/a ratio variation in the gas-atomized and annealed Al06 HEAs during loading. bcc, body-centered cubic; HEA, high-entropy alloy; fcc, face-centered cubic.
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iron [4]. The volume data can be well-fitted by a third-order Birch-
Murnaghan isothermal equation of state [73], and the ambient-
pressure volume (V0) and bulk moduli (B0) at ambient pressure
were determined (Fig. 2a). The ambient pressure bulk moduli B0 of
the bcc and orthorhombic phases of the gas-atomized Al06 HEA are
155 (5) GPa and 165 (8) GPa, respectively, which are quite consis-
tent with the previous experimental and simulation results [72,74].
The volume (V0) per atom of the bcc phase and orthorhombic phase
are 11.83 Å3/atom and 11.68 Å3/atom, respectively. Compared with
the initial bcc phase, the orthorhombic phase has increased density
(by ~1.3%) and bulk modulus (by ~ 6.5%). In the annealed Al06, the
ambient pressure volume (V0) per atom of the fcc and hcp phases
are 11.38 Å3/atom and 11.40 Å3/atom, respectively. No volume
collapse appeared in the fcc-to-hcp phase transition, consistent
with previous works [62,63,65]. Fig. 2b shows the comparison of
the unit cell parameter ratio (b/a and c/a) of different polymorphs of
Al06 during compression.

It should be noted that the orthorhombic phase Al0.6 HEA can
be almost fully retained down to ~0.5 GPa. However, once the
pressure was totally released down to 0 GPa, a new peak at ~8.85�

was found (Supplementary Fig. S4e and f). The (110) peak of the bcc
phase is at ~9.11� at ambient pressure, indicating that the new peak
should not come from the bcc phase. To identify the structure of the
newphase, the XRD pattern at 0 GPa after decompressionwas fitted
Fig. 3. TEM and SAED patterns of the gas-atomized Al06 powder before (a) and after (b) t
lattice constant is calculated to be a ¼ 2.85 (1) Å. In (b), the distance between (020) and (020
Instead of a right angle, the angle (000)-to-(011)-to-(020) is 87.6� . All these characteristics sh
bct phase, and the lattice constants are calculated to be a ¼ 2.95 (1) Å and c ¼ 2.83 (1) Å. TEM
centered cubic; bct, body-centered tetragonal.
using the Le Bail method in the GSAS package, as shown in Fig. S4e
and f. The XRD pattern could be well-fitted by an
orthorhombic þ bct biphasic structure. The new peak at ~8.85� was
confirmed to be the (110) peak of the bct phase, with a ¼ 2.93 (3) Å
and c ¼ 2.80 (3) Å.

3.3. TEM characterization

The gas-atomized initial Al06 HEA before and after the high-
pressure experiment (decompressed from ~41 GPa) was further
investigated by TEM. The TEM images and the SAED are shown in
Fig. 3. The TEM samples were prepared by FIB (FEI Versa 3D)
technology. As shown in Fig. 3a, the gas-atomized initial Al06 HEA
has a bcc/B2 structure with a unit cell parameter of a ¼ 2.85 (1) Å,
consistent with the XRD results (Supplementary Fig. S1a). In Fig. 3b,
rather than the orthorhombic þ bct biphasic structure revealed by
in situ high-pressure XRD, the TEM measurement of the high-
pressure recovered Al06 sample surprisingly shows a single bct
structure, with the unit cell parameter of a¼ 2.95 (1) Å and c¼ 2.83
(1) Å. The SEM images of the TEM samples are shown in
Supplementary Fig. S5. Compared with the flat gas-atomized initial
Al06 TEM sample, the high-pressure-recovered Al06 TEM sample is
quite waved, suggesting that considerable lattice stress may still
partially exist in the high-pressure-recovered sample, then the
he high-pressure experiment. The SAED in (a) shows a typical bcc/B2 structure and the
) is 1.345 Å�1, obviously smaller than that between (002) and (002), which is 1.413 Å�1.
ow that the phase in the gas-atomized Al06 after high-pressure experiment is a typical
, transmission electron microscope; SAED, selected area electron diffraction; bcc, body-
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stress further releases during FIB cutting/thinning (probably
deconfinement effect) and causes deformation. The TEM results
indicate that the orthorhombic phase in the high-pressure released
Al06 powder is metastable and may be kept by the residual lattice
stress. After the FIB cutting process, the lattice stress was relaxed
and then the orthorhombicþ bct biphasic can fully transform to the
bct phase.

4. Discussion

The phase stability of the AlxCoCrFeNi HEA system has been
widely studied at ambient conditions. The master quaternary alloy
CoCrFeNi has an fcc phase as the well-known Cantor's alloy
(CoCrFeNiMn). By adding Al atoms into the CoCrFeNi master alloy
with increasing content, the AlxCoCrFeNi HEA changes from a single
fcc phase (x < ~0.5), through fcc þ bcc co-existing phases
(~0.5 < x < ~0.9), to a single bcc phase (x > ~0.9) [42,43,47]. The
main reason is that the Al atom size is much larger than the other
four elements; the increasing lattice distortion caused by Al alloy-
ing changes the phase stability of AlxCoCrFeNi [42,75]. The Al06
composition studied in this work is located around the boundary
between the fcc and the fcc þ bcc phases. Therefore, the Al06 HEA
may be susceptible to changes in external conditions or tuned with
possible rich polymorphism. Al06 HEA powder could be prepared
by using the gas-atomization method. The particles with small size
(diameter < 75 mm) shows a single bcc phase, and the particles with
large size (diameter > 75 mm) shows a fccþ bccmixture phase [70].
The smaller size means the faster cooling rate. During the fast
quenching, the atom diffusion would be restricted by limited time
window for atoms to move to a more favorable position, and excess
energy would be stored in the atomic structure in terms of relative
large lattice distortion. Similar to the effect of increasing concen-
tration of Al in the AlxCoCrFeNi HEA system, accumulated high
lattice distortionmay cause the forming of a bcc structure. Thus, the
lattice distortion could be controlled by manipulating the atom
diffusion as well. Further annealing of the bcc Al06 HEA at high
temperature enhances the atom diffusion. Therefore, the bcc phase
Fig. 4. The schematic plot of the atomic structure and transition paths between all five
fcc, face-centered cubic; hcp, hexagonal close packing.
transformed into a more stable fcc phase with reduced lattice
distortion. When we compressed the annealed Al06 samples to
high pressures, an irreversible fcc to hcp phase transition was
observed, which is similar to the behavior of its master alloy
CoCrFeNi [65]. In contrast, the gas-atomized initial Al06 powders
without annealing showed a bcc-to-orthorhombic phase transition
during compression. After the lattice stress fully released in the
decompressed gas-atomized Al06, the orthorhombic phase totally
transformed to a single bct phase. These unusually rich poly-
morphism phenomena including five polymorphs (Fig. 4) have
never been predicted or experimentally observed in any HEA. How
and why did the bcc phase in the gas-atomized initial Al06 HEA
transform to an orthorhombic instead of a more stable high-
pressure hcp phase? Why does the orthorhombic phase further
transform into a bct phase? These are key issues for further un-
derstanding the phase stability of Al06 HEA and its rich
polymorphism.

4.1. Phase transition mechanism

The high pressureeinduced bcc-to-hcp phase transition has
been intensely studied in iron [12,25,30e33,68]. As stated by Mao
et al. [12] and Bassett et al. [31], the hcp structure of iron can be
derived through a relatively minor distortion of its bcc structure
during compression. An orthorhombic phase can usually be
considered as a distorted hcp phase [68]. As shown in Fig. 5, with
the pressure increase, the bcc lattice contracts along the [001] di-
rection on the (110) plane and expands along the [110] direction. An
additional shuffling of the alternate (110) planes of the initial bcc
phase can readily establish the atomic ordering of an orthorhombic
phasewith

ffiffiffi

2
p

a < b <
ffiffiffi

3
p

a or further an hcp lattice with b¼
ffiffiffi

3
p

a. In
the Al06 HEA, the structure seems to get stuck halfway through the
bcc-to-hcp transition, synthesizing the orthorhombic phase. Thus,
the volume collapse in the bcc-to-orthorhombic phase transition
(Fig. 2a) is not as thorough as that in the bcc-to-hcp phase transition
in iron [4]. As mentioned previously, the bcc structure is a meta-
stable phase trapped by the fast quenching rate in the gas-
polymorphs of the Al06 HEA. bcc, body-centered cubic; bct, body-centered tetragonal;



Fig. 5. Schematic plot of the lattice relationship between the bcc, orthorhombic, and hcp structures and the possible transition mechanism. During the transition, the bcc
lattice was contracted along the [001] direction and expanded along the [110] direction, lattice distortion hindered the atommovements, and the structure may get stuck halfway to
the hcp phase, synthesizing an orthorhombic phase. bcc, body-centered cubic; hcp, hexagonal close packing.
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atomization process. Compared with the fcc phase obtained by
melt-casting, it is reasonable to expect that more severe lattice
distortion may be quenched in the bcc phase because of less time
available for atoms to adjust their positions toward a more
comfortable arrangement (the fcc phase). During the compression
of the bcc Al06 HEA, unlike the case of pure iron, the lattice
distortion in the Al06 HEA hinders the atom movements and
eventually results in the formation of a metastable orthorhombic
phase, which can be mostly retained to ambient conditions with
minor bct phase. However, once the lattice stress in Al06 is further
released after FIB cutting (removal of the confinement caused by
surrounding bulk materials), the remaining orthorhombic phase
transformed to a bct phase. This phenomenon indicates that under
ambient conditions, the bcc phase is still more stable than the
orthorhombic phase, and the latter tends to transform into the
former. However, like the high-pressure transition, the ortho-
rhombic-to-bcc is hindered halfway as well, synthesizing the bct
structure instead.
4.2. Correlation between lattice distortion and phase transition

Compared with temperature, pressure is a more powerful
external parameter for squeezing the volume, altering the atom
arrangement and the energy state of a material. Moreover, unlike
high temperature, high pressure strongly suppresses atomic diffu-
sion. Therefore, no compositional change is usually expected during
the high-pressure tests at room temperature [63], which is also
confirmed by the EDS results (Supplementary Fig. S2b) in this
study. As shown in Table 1, the high pressure induced polymorphic
transitions in pure elements, and traditional low-entropy alloys are
usually reversible [5,7,26,31,37]. In contrast, the transitions in the
Al06 HEA are irreversible. All the results suggest that severe lattice
distortion may play a key role resulting in and stabilizing the rich
polymorphism of the Al06 HEA. The lattice distortion is obvious in
the bct phase comparedwith the bcc phases (Fig. 3). Supplementary
Fig. S6 shows the comparison of the XRD curve of the orthorhombic
phase in the gas-atomized Al06 and the hcp phase in the annealed
Al06 at 40.4 GPa. The unconformity of these two curves further
confirms that the orthorhombic phase is different to the hcp phase,
and the former could be regarded as a distorted hcp with lower
symmetry, which was hindered halfway to the hcp phase by lattice
distortion. This transition stagnation is also consistent with the
incomplete volume collapse as shown in Fig. 2a.
As previously discussed, the axis ratio b/a could correlate the
orthorhombic phase with the bcc/hcp phase: b/a is

ffiffiffi

2
p

for the bcc
phase and

ffiffiffi

3
p

for the hcp phase. Fig. 2b shows the b/a and c/a ratios
variation in the gas-atomized original Al06 and c/a in the annealed
Al06 during loading. The c/a ratio of the hcp phase in the annealed
Al06 is almost constant at 1.62 ± 0.01 during loading, consistent
with the previous works on the high-pressure fcc-to-hcp transitions
in HEAs [62e65]. The b/a and c/a ratios of the orthorhombic phase
continuously increase during the loading process, indicating that
the orthorhombic phase keeps approaching the hcp phase with
increasing pressure.

The local lattice distortion is inevitably introduced when an
element is added into another solute lattice forming a solid solu-
tion, which typically makes plastic deformation more difficult and
causes strengthening. This lattice distortion is believed to be more
severe in the HEAs with multiprinciple elements [40e42] and has
been extensively studied as a core effect of HEAs [56,60,61]. How-
ever, how the lattice distortion affects the phase stability and
polymorphism has not been addressed before. One of the key fac-
tors that cause lattice distortion is the relative atomic size
mismatch between the constituent elements in HEAs. High pres-
sure has been proven to be an effective way to modulate the atomic
sizemismatch and therefore, tune the lattice distortion [76]. For the
Al06 HEA, the Al atoms have the biggest atomic size but the lowest
bulk modulus; therefore, its lattice distortion could be susceptible
to pressure, which could be the reason for the unusually rich
polymorphism observed in this study.

As shown in Fig. S3, the sample after high-pressure compression
had been severely deformed. Plastic deformation is usually caused
by shear stress which is over the shear strength of a material. Shear
stress is a typical driving force for many displacive phase transi-
tions. Shear stress (caused by the non-hydrostaticity of the pressure
medium) has been found to depress the onset transition pressure of
the pressure-induced fcc to hcp transition in CoCrFeNiMn HEA in a
DAC. If no obvious shear stress is involved with helium as the
pressure medium, the fcc to hcp transition was also observed in the
CoCrFeNiMn HEA only with higher transition pressure of ~22 GPa
[77]. However, pure shear stress (plastic deformation)einduced
obvious phase transition has not been observed in the AlxCoCrFeNi
HEAs or their close related HEAs at low (ambient) hydrostatic
pressures. For example, the high-pressure torsion (HPT) and cold
rolling (CR), which are two effective methods to induce severe
plastic deformation in alloys by applying high shear stress, have
been employed to study the AlxCoCrFeNi and CoCrFeNiMn HEA
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systems [78e80]. After the HPT, grain refinement to nanocrystals
was reported in the Al0.3CoCrFeNi [79] and CoCrFeNiMn [78] HEAs,
but no obvious phase transition was found at room temperature. In
the work of Kao et al., AlxCoCrFeNi (0 � x � 2) HEAs were cold
rolled by a 50% reduction of thickness and no any phase transition
was found as well [80]. The phase transitions observed in the Al06
HEA start at ~10 GPa in the current work. Around 10 GPa, silicone oil
can still provide quite good hydrostatic condition [77], no obvious
plastic deformation is expected to occur. Therefore, we believed
that the lattice distortion tuned by high hydrostatic pressure,
instead of the plastic deformation, play a dominant role in con-
trolling the formation of various polymorphs in the Al06 HEA.

5. Conclusions

In conclusion, five polymorphs, including bcc, orthorhombic, bct,
fcc, and hcpwere observed in the Al06 HEA. It is unusual compared
with the typical two or three polymorphs in the transition metal
elements reported in a similar pressure and temperature synthesis/
treatment region (Table 1). Moreover, all these five phases of Al06
HEA could exist/co-exist at ambient conditions. Our work suggests
that the lattice distortion could alter the phase transition pathway
and promote rich polymorphism in HEAs. Since multicomponents
can be incorporated into a single lattice of an HEA and the
composition space is basically infinite, the difference of the atomic
size and bulk modulus between the constituent elements provides
vast unexplored space for pressure and temperature to tune in
HEAs. Therefore, the abundant polymorphic transitions discovered
in this work are expected to be general in various HEAs.
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