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Recently, an irreversible polymorphic transition from face-centered cubic to hexagonal close-
packing was surprisingly observed under high pressure in the prototype CoCrFeMnNi high-entropy
alloys (HEAs) by various research groups. This unexpected phase transition brings new insights
into the stability of HEAs, and its irreversibility stimulates exploration for new HEAs via high-
pressure compression synthesis. However, the onset pressure for the phase transition was reported
to fluctuate over a vast range from ~7 to above 49 GPa in the reported experiments. The reason for
this inconsistency remains unclear and puzzles the HEA community. To address this problem, this
work systematically investigates the effects of non-hydrostaticity and grain size. Our results dem-
onstrate that larger deviatoric stress induced by the non-hydrostaticity of the pressure medium and
larger grain size of the initial sample can both promote a phase transition and, therefore, consider-
ably depress the onset pressure. Published by AIP Publishing. https://doi.org/10.1063/1.5046180

Unlike the conventional alloys, which are based on one
or two principal elements, high-entropy alloys (HEAs) usu-
ally contain five or more metallic elements with equimolar
or near-equimolar ratios to maximize their configurational
entropy.' Instead of forming typically expected composites
with precipitation of various brittle intermetallic compounds,
the complex compositions of HEAs can surprisingly stabilize
single solid solution phases with a simple crystal structure,
such as face-centered cubic (fcc), body-centered cubic (bcc),
or hexagonal close-packed (hcp) structures. Over the last
decade, HEAs have attracted intense research interest
because of their unique combination of superior properties
for broad potential applications, such as high ductility and
strength in a wide temperature range, and excellent resis-
tance to wear and corrosion.”

It is generally believed that HEAs possess high phase
stability because of their high configurational entropy. In
addition, their chemical complexity and packing disorder
cause considerable local lattice distortion and sluggish
atomic diffusion, which could further kinetically stabilize
the systems.* ® These basic ideas about HEAs are supported
by the observations of no polymorphic phase transition from
cryogenic temperatures up to the melting temperatures in
various HEAs over the last decade.>* Recently, pressure-
induced irreversible polymorphic transitions were discovered
from fcc to hep in the prototype fcc CoCrFeMnNi HEA at
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~22GPa’™ and also in another medium-entropy alloy sys-
tem, NiCoCrFe alloy.'® The fec phase of the CoCrFeMnNi
HEA was found to be stable at relatively high temperatures,
while its hcp phase is more thermodynamically favorable at
lower temperatures.” These results clarify the debate on the
existence of the possibly more stable /cp phase at room tem-
perature over the well-known fcc polymorph of the
CoCrFeMnNi HEA. These polymorphic transitions are slug-
gish and irreversible; therefore, they open up an avenue of
tailoring the structure and properties of HEAs.

However, Yu et al. compressed the CoCrFeMnNi HEA
(prepared by mechanical alloying and high-pressure sintering
with a grain size of ~100nm) up to 31 GPa with silicone oil
as the pressure medium, no phase transition was observed in
in situ high-pressure XRD measurements.'' Ahmad et al.,'
studied the structure of CoCrFeMnNi HEA during compres-
sion up to ~49 GPa with neon as the pressure medium, again
there was no phase transition. In another dynamic compres-
sion work on CoCrFeMnNi HEA by Jiang et al., no phase
transition was suggested below 11GPa.'” These previous
studies by different research groups indicate that the onset
pressure of the phase transition in the CoCrFeMnNi HEA fluc-
tuates over a huge range from ~7 to above 49 GPa.”!'=13 It
is typically normal to have a small difference by a few per-
cents in the starting pressures of a phase transition under dif-
ferent experimental conditions, and therefore, the large
scattering of the onset pressures observed in the CoCrFeMnNi
HEA in a relatively low-pressure region is surprising. The
underlying reason remains unclear, which obstructs our

Published by AIP Publishing.
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understanding of the stability of HEAs and also the practical
synthesis of the Acp phase and/or hcp-fee dual-phase compo-
sites for applications. To address these issues, we carefully
designed a series of in situ high-pressure x-ray diffraction
experiments and studied the effect of non-hydrostaticity of the
pressure environment on the phase transition by employing
three different pressure mediums and the effect of grain size
by loading different initial samples at the same time within
one pressure chamber in a diamond anvil cell (DAC).

Regarding the pressure environment in a DAC, the stress
tensor can be considered approximately symmetric with
three nonzero components, one perpendicular (o) to the dia-
mond anvil surfaces and two coplanar ones (g;). The pres-
sure (P) is equal to (o5 + 20,)/3, and the deviatoric stress t
is equal to g3 — 0. Ideally, to accurately measure the equa-
tion of state (EOS) or the onset phase transition pressure of
materials in compression experiments, the hydrostatic condi-
tion (i.e., the deviatoric stress 1 = g3 — g; =0) is required. In
reality, the degree of hydrostaticity depends on how low the
yield strength of the pressure medium is. In our previous
study of the CoCrFeMnNi HEA, helium was used as the
pressure transmitting medium.” Since helium is a very soft
pressure medium, it is able to provide satisfactory hydro-
static pressure conditions up to 150 GPa.' In those positive
experimental results, the onset pressure for the fcc to hep
transition was observed at ~22 GPa in helium.” In contrast,
the transition was reported to start at a much lower pressure
of ~14 GPa using silicone oil as the pressure medium by
Tracy et al.® Silicone oil is regarded as a quasi-hydrostatic
pressure medium above ~1GPa.'> Therefore, it is reason-
able that the deviatoric (shear) stress gradually builds up
above ~1 GPa in silicone oil, which could lower the onset
pressure for the fcc to hcp transition. However, when a neon
pressure medium was used, whose hydrostaticity is in-
between helium and silicone oil, the onset pressure was
reported to be ~7 GPa by Huang er al.,” thereby contradict-
ing the trend found in other studies. To clarify this inconsis-
tency, experiments must be performed on the same sample
but only with different pressure mediums.

In situ high-pressure XRD experiments on the
CoCrFeMnNi HEA samples were performed at beamline
12.2.2, at the Advanced Light Source (ALS), Lawrence
Berkeley National Laboratory (LBNL) and also beamline
13-ID-D, at the Advanced Photon Source (APS), Argonne
National Laboratory (ANL). The X-ray wavelengths were
0.4959 A and 0.322 A, respectively. DACs with a culet size
of 400 um were used to generate high pressure. The
CoCrFeMnNi HEA samples were small spherical particles
synthesized by gas-atomization (GA).'® By selecting sam-
ples with nearly identical size, the difference in the grain
size and thermal history between each sample was mini-
mized to highlight the effect of the pressure mediums. A
T301 stainless steel gasket was pre-indented to ~20 GPa,
and then a hole was drilled inside the indentation as a sample
chamber using a laser drilling system. The sample size was
~20 um to avoid bridging the diamond anvils during com-
pression (bridging anvils usually causes severe deviatoric
stress on the sample). Two-dimensional XRD images were
collected using two-dimensional area detectors and then
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integrated into a one-dimensional pattern using the Dioptas
software.'’

Figures 1(a), 1(b), and 1(c) present the XRD patterns of
the same CoCrFeMnNi HEA samples collected with pressure
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FIG. 1. XRD patterns of the CoCrFeMnNi HEA GA samples with helium’
(a), silicone oil (b), and amorphous boron (c) as the pressure mediums dur-
ing compression. The initial structure is fcc. All three samples gradually
transform from fcc into hcp under high pressure. The onset pressures are
determined as the icp (100) and (101) peaks start to emerge, which are indi-
cated by the blue triangles. Intensity mismatch to the standard fcc and hcp
structures is mainly caused by relatively big grains of the initial samples or
the texture developed during compression.
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mediums of helium, silicone oil, and amorphous boron,
respectively. The pressure was measured using the ruby fluo-
rescence'® and the EOS of the standard material Au.'
According to the pressures that the hcp peaks start to emerge
in the XRD patterns in Fig. 1, the onset transition pressure is
estimated to be ~22 GPa in helium, ~7 GPa in silicone oil,
and between 2 and 6 GPa in amorphous boron (there was too
big a pressure step size to determine the exact onset pressure
in amorphous boron). Amorphous boron is a super hard mate-
rial [Mohs hardness: ~9.3 (Ref. 20)] and is typically used as a
hard pressure medium to provide an extremely non-
hydrostatic environment with low scattering background.
Therefore, our experiments generated pressure environments
with distinct hydrostaticity, i.e., the most hydrostatic (helium),
the most non-hydrostatic (amorphous boron), and a quasi-
hydrostatic condition in-between (silicone oil). It is clear that
the onset pressure of the phase transition in the CoCrFeMnNi
HEA shows a positive dependence on the hydrostaticity.
Since the fcc to hcp transition in the CoCrFeMnNi HEA is
suggested to have a sliding mechanism along the (112} direc-
tion on the {111} plane of the fcc phase, shear stress is a nec-
essary driving force for sliding.”' Therefore, it is reasonable
that the deviatoric (shear) stress caused by the non-hydrostatic
conditions could obviously promote the phase transition in
the CoCrFeMnNi HEA. This observation is also consistent
with the typical behaviors of the pressure-induced phase tran-
sition in many metals, such as iron?? and titanium.>>

Besides the effect of non-hydrostaticity as the critical
external factor, in another experiment, we further studied the
influence of internal grain size on the phase transition as a
crucial internal factor in the initial samples. It is well known
that during melt-quenching, grain growth can be effectively
suppressed; a faster quenching rate gives rise to smaller aver-
age grain size. The GA process involves a high quenching
rate, and as a result, relatively fine grains with an average
size of ~5um can be obtained.'® In contrast, the high-
temperature annealed cast samples usually have low
quenched-in strain but a large grain size above tens or hun-
dreds of microns. A very spotty XRD pattern is generally
obtained since the x-ray beam size for in sifu high-pressure
experiments is usually small, around 10 um. Thus, in this
work, rather than choosing the extensively studied cast
CoCrFeMnNi HEA samples, we studied samples after high-
pressure torsion (HPT) treatment. The HPT treatment ena-
bles us to reach the other extreme end of the grain size,
down to ~10nm.>* The two samples with distinct grain size,
obtained by GA and HPT, respectively, were loaded together
into one symmetric DAC and located at equivalent positions
to ensure identical pressure environments [indicated by the
apexes of the triangle in Fig. 2(a)] in the sample chamber.
Silicone oil was used as the pressure medium. Figure 2(b)
shows the pressure gradient calculated by the pressure and
position differences between the two ruby balls, which is a
direct quantitative indicator of the degree of the non-
hydrostaticity. Below ~2 GPa, it is almost ideally hydrostatic
(the pressure difference between the two ruby balls are
smaller than 0.1 GPa). Above ~2 GPa, the pressure gradient
(deviatoric stress) firstly develops slowly, and then increases

J. Appl. Phys. 124, 115901 (2018)
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FIG. 2. The development of hydrostaticity in the sample chamber as a function
of pressure. The inset shows the image of samples loaded in a DAC at 0.3 GPa.
The GA and HPT samples were loaded together, along with two ruby balls as
the pressure calibrant and silicone oil as the pressure medium. The spots of
each sample for x-ray exposure are indicated by the two apexes of the triangle.
The scale bar represents 100 um. Two ruby balls were loaded into the sample
chamber to quantitatively estimate the development of the pressure hydrostatic-
ity. The distance between two ruby balls along the radial direction is
L~41 um. The right Y-axis represents the pressure difference between the two
ruby balls. The left-Y axis represents the pressure gradient which can be simply
obtained (VP = |Pryby1 — Pruny2|/L) as an indicator of the pressure hydrostatic-
ity. The average pressure is calculated as P = (Pruby1 + Pruby2)/2.

rapidly above 15 GPa. This trend is similar to the previous
report of the hydrostaticity of silicone oil in a DAC.

Figures 3(a) and 3(b) compare two-dimensional XRD
images of the two samples loaded into the DAC at the initial
pressure (0.3 GPa). The GA sample has a relatively spotty
pattern with a grain size comparable to the x-ray beam size;
however, the HPT sample has a very smooth pattern because
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FIG. 3. Comparison of the XRD patterns of the GA and HPT samples loaded
together in one DAC at the initial pressure of 0.3 GPa. (a) The integrated one-
dimensional XRD patterns of the HPT and GA samples. (b) The smooth XRD
image of the HPT sample and (c) the relatively spotty XRD image of the GA
sample. The X-ray wavelength is 0.4959 A. The peaks of the HPT sample are
obviously broader than those of the GA sample due to the much smaller grain
size. But there is no obvious peak position shift between the two samples.
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of its tiny grains. Meanwhile, the small grain size of the HPT
sample also results in a noticeable broadening of the diffrac-
tion peaks [Fig. 3(c)]. The almost identical XRD peak posi-
tions (e.g., di11_oa=2.076 and di;_ppr=2.075) reflects
the negligible residual strain caused by the HPT treatment.

Figure 4 shows the XRD patterns of the GA and HPT
samples as a function of pressure from 0.3 GPa all the way to
the highest pressure of 31.4 GPa. Both transitions are slug-
gish, but their onset pressures are different. For the GA sam-
ple, the transition starts at 6.9 GPa, while the HPT specimen
has a much higher onset pressure at ~12.3 GPa (much larger
than the pressure gradient level of ~0.7 GPa). Since the spots
of the two samples where the x-ray beam shot are equivalent
in the pressure environment, the difference of the onset pres-
sures should be attributed to the difference between the two
samples themselves.

As previously discussed, the difference in the residual
strain of the GA and HPT samples is negligible. It is usually
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FIG. 4. XRD patterns of the CoCrFeMnNi HEA GA (a) and HPT (b) sample
loaded together in one DAC with silicone oil as the pressure medium com-
pressed from 0.3 up to 31.4 GPa. The GA sample has an onset pressure for
the fcc to hcp transition of ~6.9 GPa, while the HPT sample has a much
higher onset pressure of ~12.3 GPa. The initial structures are both fcc. Both
samples gradually transform from an fcc into an hcp phase under high pres-
sure. The onset pressures are determined where the hcp (100) and (101)
peaks start to emerge, which are indicated by the blue triangles.
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expected that the HPT sample may have a high density of dis-
locations after large shear deformation during its synthesis,
which could affect the critical pressure for the fcc to hcp
phase transition in the CoCrFeMnNi HEA. However, the pre-
vious study by Tang et al. on the mechanical properties of the
HPT synthesized fcc HEAs found that the grain refinement
(~30nm) plays a most crucial role for the hardness incre-
ment, while the contribution of the dislocation density to the
hardness is almost negligible for the nanocrystalline alloy.
This is evidenced by the fact that a reduction of ~42% in the
dislocation density after annealing gave no significant change
in the hardness.?’ Moreover, in the case of the non-
hydrostatic compression of CoCrFeMnNi HEA with amor-
phous boron as the pressure medium discussed before, the
severe shear deformation and the resultant high density of dis-
location did not enhance but significantly decrease the transi-
tion pressure down to ~6GPa. Therefore, the significantly
increased onset pressure of the HPT sample should be mainly
attributed to the grain size effect, i.e., the smaller the grain
size, the higher the onset transition pressure. A similar grain
size effect on high pressure-induced phase transitions in semi-
conductor nanocrystals, such as Si, CdSe, CdS,?% and Zn0,”’
has been extensively observed. The underlying mechanism is
believed to be associated with the significant increment of the
grain interface energy of the high-pressure phase nuclei once
the grain size of the starting material decreases down to the
nanoscale. However, in the multicomponent HEAs, the cir-
cumstance may be much more complicated than that in tradi-
tional materials with simple compositions,”® the details of the
mechanism of the grain size effect on the transition pressure
calls for exploration in the future study.

In summary, by using different pressure mediums in the
in situ high-pressure XRD experiments on the GA samples,
the fcc-to-hep transition in the CoCrFeMnNi HEA was found
to be extremely sensitive to the hydrostaticity. Specifically,
the deviatoric stress induced by non-hydrostaticity of the
pressure medium can obviously prompt the transition. As a
result, the onset pressure does drop from ~22 to ~2-6 GPa
when the pressure medium is changed from helium to amor-
phous boron. Moreover, in another experiment with two dif-
ferent samples loaded in one DAC, it was demonstrated that
the grain size also plays a vital role, i.e., the smaller the grain
size, the higher the onset transition pressure. Therefore, it is
suggested that the inconsistency of the reported onset pres-
sure of the fcc-to-hep transition in the CoCrFeMnNi HEA by
different groups may be caused by the different hydrostatic-
ity induced by different pressure mediums and/or the bridg-
ing between the sample and anvils under high pressure, also
the difference in grain sizes of the initial samples. Our result
clarifies the debate regarding the onset pressure of the fcc-to-
hep transition in the CoCrFeMnNi HEA, which will deepen
our understanding of the stability of the HEAs. Moreover,
the external and interior effects on the transition revealed in
this work could facilitate the synthesis of the new hcp or
hep/fee dual phase CoCrFeMnNi HEA composite for funda-
mental study or practical applications.
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