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ABSTRACT &
Pressure-induced polymorphism has recently been demonstrated in several high entropy alloys. This offers a new window into the much- g
debated issue of phase selection and stability in these systems. Here, we examine the effect of cryogenic temperatures on the pressure- 3
induced transition from face centered cubic to hexagonal close-packed structures of the prototype CoCrFeMnNi (Cantor) alloy. We observe
a reduction in the critical pressure for the onset of the polymorphic transition as the temperature decreases, confirming the progressive sta-
bilization of the hexagonal phase with decreasing temperature previously predicted by ab initio calculations accounting for magnetic interac-
tions. We argue that in situ high-pressure experiments at cryogenic temperatures, which suppress time-dependent transformation triggered
at higher temperatures, present a unique opportunity to significantly improve our understanding of these complex alloys.
© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0220107
. INTRODUCTION close-packed (hcp) HEAs do exist'”™"” but are much less common
Following the initial reports,” so-called high entropy alloys than fcc or bcc,. e.lnd are ofter} based on rare—ea@ elem.ents. While the
(HEAs), alternatively referred to as multi-principal element alloys Surprising S,tablhtY.Of the hlgh—sym.n}e.try solid solutlon.p hases was
(MPEAs) or compositionally complex alloys (CCAs), have received 1n1F1ally mainly attributed to‘the stabilizing effects of the h{gh c.onﬁgu-
extensive attention due to attractive combinations of properties.”™"" rational entropy, many studies have shown that the situation is much
This class of metallic materials is based on an alternative alloying more complicated, and there are numerous questions remaining in
approach with several (typically in the order of five) elements in order to understand the principles of phase selection and thermody-
approximately equal concentrations, thus defying the traditional namic/mechanical stability in these systems. Such an understanding
“single-element-based alloy” concept. They typically exhibit single- or is critical for design of alloys relying on deformation-induced phase
multi-phase microstructures comprised of face centered cubic (fcc) or transformation for strength-ductility trade-off,” as well as tailoring of
body centered cubic (bec) solid solutions, with rather limited presence the phase compositions for functional properties.'®
of intermetallic phases expected in such systems from an energetic In this study, we investigate the relative stability of the fcc and
perspective considering the compositional complexity. Hexagonal hcp phases in the archetypal CoCrFeMnNi (Cantor) alloy” using
J. Appl. Phys. 136, 115101 (2024); doi: 10.1063/5.0220107 136, 115101-1
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high-pressure synchrotron x-ray diffraction (HPXRD) experiments
performed at cryogenic temperatures. In spite of the fact that it is one
of the first discovered and most widely studied HEAs, the phase selec-
tion is not yet fully understood. The current understanding, derived
mainly from ab initio calculations,'” ™ indicates that fcc is stabilized
relative to hcp by magnetic moment contributions, where both mag-
netic entropy'” and frustration'” have been proposed as the responsi-
ble mechanisms. Calculations predict that hcp should be stabilized
relative to fcc with decreasing temperature, and even become the
stable phase at sufficiently low temperatures.'” At high temperatures,
on the other hand, fcc becomes increasingly stable, and the alloy thus
solidifies in this polymorph when cooled from the molten state.

However, experimentally probing the relative stability as a func-
tion of temperature is difficult. At intermediate temperatures precipita-
tion of secondary phases” ™ will change the chemistry and free
energy landscape, while the increasing energy penalty associated with
hep phase formation is too large to allow the transformation to be
provoked. At low temperatures, the kinetics of any spontaneous phase
transformation will be too slow to measure under realistic time scales,
even for situation where thermodynamics dictates that it must occur
at equilibrium. The latter could be the reason why no temperature-
driven fcc-to-hcp transition has been observed at cryogenic tempera-
tures,” even if the predicted stability of hcp would be correct.

Recently, CoCrFeMnNi has been shown to undergo a sluggish
polymorphic transition from fcc to hcp during hydrostatic com-
pression (where only limited dislocation activity is expected) at
room temperature.%'29 Interestingly, a comparison with ternary
and quarternary derivatives shows that while CoCrFeNi behaved
similar to the quinary Cantor alloy, ternary CoCrNi exhibited only
limited formation of the hcp phase.

In CoCrFeMnNj, the transition starts at pressures in the range
of 8-20 GPa (strongly affected by stress hydrostaticity and micro-
structural state’®) and hcp volume fractions close to 100% are
reached at pressures around 40-50GPa. The fraction of
deformation-induced twin boundaries in CoCrFeMnNi deformed
under non-hydrostatic (typically uniaxial) conditions, on the other
hand, remains low even at very large strains at cryogenic tempera-
tures.”” This indicates that the almost complete transformation of
fce to hep during hydrostatic compression is not plasticity-induced,
but rather an effect of changes in the relative thermodynamic
stability of the phases, or removal of kinetic barriers. This allows
controlled application of hydrostatic pressure to be used as a tool
for probing the phase stability. In particular, by performing high-
pressure experiments at varying cryogenic temperatures, we can
study the temperature effects on the pressure-induced transition
without the limitations of slow thermal activation kinetics at low
temperatures or phase-separation effects at higher temperatures.

Here, we report the results of HPXRD experiments performed
at temperatures down to 30 K. We demonstrate that this approach
can be used to study the relative stability of fcc and hep phases in
CoCrFeMnNi through the temperature-dependence of the
pressure-induced polymorphic transition. We show that a decreasing
temperature promotes the transition from fcc to hep, which suggests
a relative stabilization of hcp with decreasing temperature in agree-
ment with previous predictions from ab initio calculations.'” We also
point out future directions for high-pressure experiments in order to
further investigate the underlying physical mechanism.

ARTICLE

pubs.aip.org/aip/jap

12 T T T
L 9\ o Experimental
10 - Calculated
. [ o= 5 Difference
£ 8 b o 1 fec 1
s N -
&y 5 um -
2
@ o i
c
-g 0 2 AA a
- 1 1 1 [ 1 1 1
2 F -
6 8 10 12 14 16

FIG. 1. Diffractogram from the CoCrFeMnNi powder obtained under ambient
condition (room temperature, ambient pressure), including results of the Pawley
fitting. The presence of minor impurity peaks is marked with black diamonds.
The inset shows EBSD maps of several particles, confirming the polycrystalline
microstructure.

Il. EXPERIMENTS

Equiatomic CoCrFeMnNi was obtained in the form of a
powder with an average particle size of 10.3 + 6.1 um, produced
using vacuum induction melting gas-atomization with argon gas.’'
The size of individual grains in the particles were in the range of
1-5um, as indicated by the electron backscatter diffraction (EBSD)
maps of four individual particles in Fig. 1 (inset). The EBSD maps
were collected using a LEO Gemini 1550 SEM (Carl Zeiss,
Germany) operated at 30keV, equipped with a Nordlys EBSD
detector (Oxford Instruments, UK) and analyzed using MTEX
software.””

Ambient pressure powder diffraction was performed at the
P02.1 Powder Diffraction and Total Scattering Beamline at PETRA
ITI, DESY, Germany,”” using a photon energy of 59.90 keV [wave-
length 4 = 0.2073 A and a downstream VAREX XRD 4343CT area
detector at a distance of approximately 2m (the exact detector
position was calibrated with data obtained from a NIST 660C LaBg
standard)]. The CoCrFeMnNi powder was contained in 1 mm bor-
osilicate capillaries. The recorded detector images were reduced to
1D diffractograms using PyFAI v.0.21.3.°>" Figure 1 shows the
resulting 1D diffractogram and the corresponding Pawley fitting for
extraction of the lattice parameter. The powder showed a single-
phase fcc structure, although with very minor presence of unidenti-
fied impurity phases and a lattice parameter of a = 3.592 54(3) A.

The HPXRD experiments were performed at the P02.2
Extreme Conditions Beamline at PETRA III, DESY, Germany.‘%
Powder particles were compressed in membrane-loaded diamond
anvil cells (DACs) in an axial geometry with Ne as the pressure
transmitting medium (PTM). We used a culet size of 300um,
together with Re gaskets which were pre-compressed to 40um
thickness. Laser drilling was used to make a 100 um hole in the
gasket, in which the sample was loaded together with gold and
ruby particles as pressure markers. Ruby fluorescence was used to
approximately control the pressure during ramps, while the equa-
tion of state (EoS) of gold3 " was used to determine the actual

60:20:11 520z AInr 22

J. Appl. Phys. 136, 115101 (2024); doi: 10.1063/5.0220107
© Author(s) 2024

136, 115101-2



Journal of

Applied Physics

pressures from the (111) peak position. The beam size was
3 x 8um? and the photon energy was 42.69keV (1 = 0.2904 A).
Diffraction patterns corresponding to gold and sample were col-
lected at pressures up to around 55 GPa using a Perkin Elmer XRD
1621 area detector placed 0.372 m behind the sample position (cali-
brated with a CeO, standard). For cryogenic measurements, three
different DAC assemblies were cooled to the target temperature
(180, 100, or 30 K) in a He flow-cryostat before application of pres-
sure. Each detector image was azimuthally integrated using Dioptas
v.0.5.7°" (using masks to remove strong reflections from the
diamond anvils when present) to produce 1D diffractograms for

further analysis.

lll. RESULTS
A. Data quality and analysis

No signs of the hcp phase could be observed in the as-loaded
states, confirming the absence of a purely temperature-induced

transition. Gradual disappearance of fcc peaks and appearance of
hep peaks occurred at all temperatures, indicating occurrence of
the expected polymorphic transition. Due to the small beam size
relative to the powder particles, the diffraction patterns do not cor-
respond to ideal powder average, see Figs. 2(a) and 2(b) for exam-
ples of detector images recorded at 2.2 GPa (initial pressure) and
51.3 GPa (final pressure) at room temperature. Futhermore, Ne
crystallizes at ~4.8 GPa at room temperatures and significantly

ARTICLE pubs.aip.org/aip/jap

earlier at lower temperatures,” resulting in the appearance of
strong Bragg peaks in the diffractograms. Masking the Ne peaks
was generally avoided, as the Ne peaks traverse a wide 26 range,
overlapping with both fcc and hep peaks [see Fig. 2(c)]. Accidental
masking of fcc and hcp peaks when attempting to mask Ne peaks
could therefore significantly affect the evaluation of phase fractions.

Evaluation of the diffractograms can be done either by fitting
of selected individual diffraction peaks for each phase, or by whole-
pattern refinement (Rietveld method) or fitting (Pawley/LeBail
methods). We explored all three approaches (single-peak fitting,
Rietveld refinement, and Pawley fitting) using GSAS-IL,"’ with an
instrument parameter file obtained from the CeO, data. A thorough
description of the different methods and a comparison of the result-
ing cell volumes (V) and hcp phase fractions (ficp) are provided in
the supplementary material. In conclusion, Rietveld refinements
were found to be significantly more stable than Pawley fitting and
consequently have been used to determine cell volumes. We have
critically examined the utility of refinements for our heavily textured
data sets, and demonstrated its suitability as described in the

supplementary material. Example of refinements results for the
initial and final pressures at room temperature are shown in Figs. 2(d)
and 2(e). Single-peak fitting was used to extract the hcp phase frac-
tions, as Rietveld refinement was unable to accurately capture the
early stages of the transformation. Error bars for phase fractions were
obtained from measurements of several sample positions at constant

pressure during the room temperature test.
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FIG. 2. Compression of CoCrMnFeNi powder at room temperature. (a) and (b) show detector images recorded at room temperature in the initial state (2.2 GPa) and at the
maximum pressure (51.3 GPa), respectively. Note the strong reflections from the diamond present in the initial state, which were always masked during reduction when
present. (c) Series of 1D diffractograms, off-set vertically for clarity. The black line (13.0 GPa) corresponds to the pressure where both (100) and (101) peaks of the hcp
phase were clearly visible. (d) and (e) Results of Rietveld refinements of the 1D diffractograms obtained at 2.2 and 51.3 GPa.
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B. Room temperature behavior

Before a more detailed analysis of the data from the experiments
at cryogenic temperatures, we first confirm the agreement between
our room temperature data and previous studies. Figure 2(c) shows
the gradual transition from fcc to hep with increasing pressure. The
diffractogram shown in black indicates the pressure where the pres-
ence of both (100) and (101) peaks of the hcp phase could be
clearly observed. This is shown in more detail in Fig. 3(a), which
focuses on the region around the fcc (111) peak where the hcp
peaks are observed, for the diffractograms recorded at pressures
around the transition. As mentioned, the critical pressure for the
onset of the phase transition was not well captured by the Rietveld
refinements. Instead, thorough manual inspection of the 1D dif-
fractograms was used to identify the presence of hcp [defined as
unambiguous observation of both the (100) and (101) peaks of the
hep phase]. The critical pressure for onset of the transformation
(p") is reported as the average of the pressure where the presence of
hcp phase was identified, and the next lower pressure (error bars
correspond to half the difference between the two pressures).
According to this definition, the resulting value of p* at room tem-
perature is 12.5 + 0.5 GPa, within the typical (broad) range of pre-
viously reported onset pressures.””™*” The onset pressure is slightly
below the tentative quasi-hydrostatic limit for Ne (around
15 GPa’“’“) which should delay the transition,”” whereas the rela-
tively large grain size of the gas-atomized powder should decrease
the critical pressure.Z(’ The observed value, which is in the middle of
the range of previously reported pressures for onset of the transfor-
mation, is therefore reasonable. Similar to previous reports, the tran-
sition is sluggish, occurring over the pressure range of 15-50 GPa,
see Fig. 3(b). Also, the saturation fraction is consistent with earlier
studies, around 0.9, and is reached at similar pressures.

The retention of the hcp phase has been a point of discus-
sion in previous studies. Zhang et al.”’ reported almost no
change in the hcp fraction after decompression, whereas Tracy
et al.”® found that 60% of the hcp phase formed during compres-
sion was retained after decompression, independent of the pres-
sure from which the material was decompressed. We measured
the hcp fraction after fully releasing the pressure in the mem-
brane (which yielded a partial decompression to 33 GPa), and at
a number of lower pressures obtained by manually releasing the
tightening screws in a stepwise manner. We observe a constant

ARTICLE pubs.aip.org/aip/jap

hcp fraction down to around 5 GPa, after which a partial rever-
sion occurs. At 0 GPa, we measure an hcp fraction of approxi-
mately 0.7 (78% of the saturation fraction). It is likely that the
reversion of the transformation during decompression behavior
is strongly sample-dependent and may potentially be related to
grain size, particle size and compression/decompression rate and
hydrostaticity in a manner similar to the transition during com-
pression. Nevertheless, the partial reversion of the high-pressure
phase upon decompression suggests that the hcp phase is not
thermodynamically stable at room temperature, contrary to pre-
dictions from ab initio calculations.'” The fact that the hcp frac-
tion appears to be constant down to pressures around 5 GPa,
below which the reversion occurs, clearly points to the need for
further dedicated studies to understand the stabilizing effect of
pressure on the hcp phase and its reversion, including the associ-
ated kinetics and temperature dependence.

Figures 4(a) and 4(b) show the pressure-dependent cell
volumes for fcc and hcp, respectively, which agree very well with
the results of Tracy et al’® and Zhang et al”’ The pressure-
dependence of the cell volume was fitted with a third order Birch—
Murnaghan equation of state (EoS)," >

}, (1)

- ooie-o[62)

where V; is the reference volume (at ambient pressure), By is the
bulk modulus, and By is the pressure derivative of By. The EosFit-7
software’>"® was used to perform the fitting, and the results are
shown in Table I. For the fcc phase Vi, was constrained to the value
obtained from the separate room temperature diffraction experi-
ments (see Sec. I1), which is assumed to be the most accurate value.
The value of By for the fcc phase is smaller than those reported by
Tracy et al’® and Zhang et al.,”” but our value [142(2) GPa] is in
very good agreement with experimental reports from dedicated
tests of the elastic properties of CoCrFeMnNi at room temperature
(144 GPa,” 140 GPa,"” 137 GPa,"® and 143 GPa™). Our value of B
for the fcc phase is slightly higher than previous reports but still in
reasonable agreement.

As no separate ambient-pressure measurement of the hcp
volume was performed, Eq. (1) was fitted without constraints. As

3By
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for the fcc phase, our value of By for the hcp phase is somewhat
lower than previous reports, whereas B, is slightly higher. However,
relatively small changes in the value of Vj will affect the resulting
values of By and By quite drastically, and as the values of V, were
not reported by Tracy et al.”® and Zhang et al,” it is difficult to
pinpoint the reasons for the differences between the studies.

Comparing the pressure-dependent cell volumes of the two
phases [Figs. 4(c) and 4(d)], we confirm the small volume collapse
associated with the fcc-to-hcp transition reported by Tracy et al.,”®
and in good agreement with the theoretically predicted value of
0.9% at 0K."” We also note that the ¢/a ratio of the hcp phase,
1.625(6), is slightly lower than the ideal value of 1.633, in good
agreement with Tracy et al.,”* indicating a preferential contraction
of the unit cell along the ¢ direction. No significant trend in terms
of pressure-dependence could be observed for the c/a ratio.

C. Effect of cryogenic temperatures

After confirming that we can reproduce the previously
reported results within reasonable margins, we proceed to investi-
gate the effect of cryogenic temperatures on the pressure-induced
phase transition. Figure 5(a) compares the gradual transition from
fee to hep with increasing pressure at all temperatures. The onset of
the transition occurs at lower pressures at cryogenic temperatures
compared to room temperature, while the saturation fractions are
similar. We note a slight change in the behavior of the sample
tested at 100 K, occurring around 25 GPa. This is a result of light
shift of the sample with respect to the beam at this pressure,
causing a new set of grains fulfilling Bragg conditions. Anisotropic

1.61 dashed red line indicates the ideal c/a
60 from a hard-sphere model (1.633).

elastic interactions in the polycrystalline powder particles will cause
differences in hydrostaticity between different crystals, and hence
the new set of diffracting crystals would have undergone a slightly
different pathway. Nevertheless, the final phase fractions at the
highest pressures are very similar to the tests at higher and lower
temperatures. The measured pressures at the transformation onset,
p*, are 6.8(11) GPa at 30K, 7.6(4) GPa at 100 K, and 9.1(4) GPa at
180K, compared to 12.5(5) GPa at 300K as reported above.
Figure 5(b) shows the temperature-dependence of p’, where the
decrease is well described by a second order polynomial expression.
However, we point out that the error bar (representing the differ-
ence between the lowest pressure where unambiguous hcp peaks
could be observed, and the next lower pressure) is large for the
sample tested at 30 K due to the relatively large step between the
two subsequent pressure levels (5.7 and 7.8 GPa). The difference
between the onset pressure at 100 K [7.6(4)] and 30 K [6.8(11)] can
therefore not be considered statistically significant.

Unfortunately, the phase stability upon reversion could not be
investigated at cryogenic temperatures, as the DACs would have to
be heated to room temperature and removed from the cryostat to
enable manual compression beyond the residual pressure after full
release of the membrane pressure. Rietveld refinement of the data
collected after full release of the membrane pressure (corresponding
to a pressure of around 30 GPa) resulted in hcp fraction similar to
those at maximum pressure, which is expected given that the hcp
phase was stable down to 5GPa at room temperature.
Consequently, we are not able to draw conclusions regarding the
effect of temperature on the relative stability of the phases during
decompression.
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TABLE |. Comparison of zero-pressure reference volume (Vq), the bulk modulus (By), and its pressure derivative (B;) from a third order Birch-Murnaghan EoS fit with literature
values.

fce hep
Vo By B} Vo B, B}
(A7) (GPa) (-) (A% (GPa) (-)
Zhang et al.”’ 154(3) 4.9(7) 150(5) 6.2(5)
Tracy et al.” 150(3) 5.1(4) 141(8) 5.6(2)
This study 11.63 142(2) 5.5(2) 11.46(3) 137(8) 6.9(5)

To examine the kinetics of the transition at different tempera-
tures, we fitted the data at each temperature using the logistic equa-
tion

foo
1+ exp[—n(p—po)]’

Juep(p) = (2)

where fw, 1, and py are fitting parameters. The resulting midpoint
slope, given by m = 1njf. /4, is shown as a function of temperature
in Fig. 5(b). The midpoint slope appears to decrease slightly with
decreasing temperature, although the effect is relatively weak, and
even for @ = 0.1 the confidence interval for a linear fit is relatively
large. Fitting a second order polynomial only slightly improves the
fit, but significantly increases the confidence interval. While
the observed trend suggests a temperature-dependent kinetics of
the transformation, the uncertainty is too large to support any firm
conclusions without further dedicated experiments. Here, we also
note that the slightly different behavior of the 100 K sample in the
range of 30-45 GPa (after the previously described sample shift)
leads to an underestimation of f, in spite of the actual phase frac-
tion at saturation for the 100 K sample being similar to the other
temperatures.

The pressure-dependent cell volumes for both the fcc and hcp
phases are shown in Fig. 6 for all temperatures. The effect of temper-
ature is very small for both phases, as can be seen from Figs. 7(a)
and 7(b). This is expected, as the temperature only has a minor
effect on V; (based on the temperature-dependent lattice parameter
measurements by Schneeweiss et al.”> the volume decrease upon

cooling to 30 K is only 0.9%) and By (being only a few GPa higher at
30 K compared to room temperature™”). Consequently, any effect of
temperature on the EoS is too small to be reliably determined
beyond the uncertainty in the refinements.

As seen in Fig. 6, the cell volume of the hcp phase is smaller
than fcc at all temperatures, and the volumetric difference between
the fcc and hep phases does not show any systematic dependence
on temperature or pressure, see Fig. 7(c). The value of the volume
collapse based on data from all temperatures is 0.74(47)%.
Similarly, the unit cell distortion of the hcp phase (preferential ¢
axis contraction) appears to be unaffected by temperature, see
Fig. 7(d). While Tracy et al.”® reported a continuous decrease in the
c/a ratio with increasing pressure, the scatter is too large in our
data to draw firm conclusions. Considering the data from all tem-
peratures, we find an average c/a ratio of 1.619(12).

In summary, while there is a pronounced effect of decreasing
temperature on the onset pressure for the polymorphic transition,
the effects on the relative size of the fcc and hcp unit cells, the dis-
tortion of hep cell, and the pressure-dependence of the cells (EoS)
appear to be negligible.

IV. DISCUSSION

The decreasing critical pressure with decreasing temperature is
in general agreement with the predicted increasing stability of the
hcp phase with decreasing temperature.’” As mentioned, both mag-
netic entropy'’ and magnetic frustration'’ have been proposed as
the origin of fcc stability. Magnetic frustration arises as the combi-
nation of antiferromagnetic Cr and Mn with ferromagnetic Co, Fe,

1 20 0.1 FIG. 5. (a) Evolution of the hcp phase

S b = fraction with pressure at all tested tem-

0.8 0] 0.08 peratures. The solid lines are fits of

c = 15 ~= Eq. (2) to each data set. The black
2 0.6 5 0.06 8 marker with error bars shows the typical
8 a 10 % uncertainty. (b) Temperatgre-dependenoe
= 0.4 o 0.04 E of the critical pressure p and the mid-
§' ) = . point slope m from the fits of Eq. (2).
5 - - The solid lines are polynomial fits to the

a2 *g & Critical pressure 10.02 g data (second and third order, respec-

g (&) " & Midpoint siope . tively, for the critical pressure and mid-

0 20 40 60 0 100 200 300 point slope), and shaded regions show

Pressure (GPa)

Temperature (K)

the corresponding 95% (o = 0.05, crii-
cal pressure) or 95% (a = 0.10, mid-
point slope) confidence intervals.

60:20:11 520z AInr 22

J. Appl. Phys. 136, 115101 (2024); doi: 10.1063/5.0220107
© Author(s) 2024

136, 115101-6



Journal of
Applied Physics

12 a
B ® fcc
°\<./ .. § th
511 '\
()]
@ ‘%
o
[0
g 10 2e, Qeee
S | 300k
9
0 20 40 60
Pressure (GPa)
12
s> |C
=<
£..1%
o 11
S %
@
o \Q
(0] 4
£ 10 QQ
3 s
S | 100K e
9
0 20 40 60
Pressure (GPa)
e 12 a
% g 300 K
S ¥
o 11
= $
o)
o
()
£ 10
=
o
>
9
0 20 40 60
Pressure (GPa)
=
Q
% VJ v ‘
§ % !:.V ..
= v
o ‘u
T .
IS
=]
©
0 20 40 60

Pressure (GPa)

TS
N

s |b
=
5 11
©
2
D 10 o é
§ ®
S |180k
9
0 20 40 60
Pressure (GPa)
12
& |d
<
5 1
©
@
o
“E’ 10 5. &
3 “S2e
S |30k e
9
0 20 40 60
Pressure (GPa)
12
gf(‘ b & 300K
E i 180K
¥ 100K
o 11
= ¢ 30K
@
o
[}
£ 10
3
(o]
> v
9
0 20 40 60
Pressure (GPa)
1.68 o 300K
= 180K
,:-66 v 100K
- o
o164 o oK
8 N
©1.62 gl ";
S ey ¢
1.6 . .
1.58 * * * *
0 10 20 30 40 50

Pressure (GPa)

ARTICLE

pubs.aip.org/aip/jap

FIG. 6. Cell volumes for the fcc and
hcp phases during compression at dif-
ferent temperatures. (a) 300K; (b)
180K; (c) 100K; and (d) 30K.

FIG. 7. Pressure-dependent  cell
volume for (a) fcc and (b) hep at all
tested temperatures (data from com-
pression only). (c) and (d) show the
volumetric difference between the two
phases and the c/a ratio of the hcp
phase, respectively, as a function of
pressure. The histograms on the left
axes in (c) and (d) is based on the
data from all temperatures. The dashed
horizontal line in (d) indicates the ideal
c/a ratio for hcp calculated from a
hard sphere model (1.633).
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and Ni does not allow preferred magnetic moment alignments to
be completely satisfied.'"” Common for the two mechanisms is that
they rely on the presence of non-zero atomic magnetic moments.
Ni is generally accepted to be non-magnetic in CoCrFeMnNi, and
the magnetic moments of Co and Cr are significantly smaller than
for Mn and Fe.'””"” The non-zero moments are predicted to
decrease when the volume is decreased, and at some point
vanish.'”'® Pressure-induced suppression of magnetic moments
have been experimentally measured in e.g., pure Co, Fe, and Ni”’
and Ni;_,Mn,.”!

Ma et al."” predicted the only (significant) magnetic moment
in CoCrFeMnNi to belong to Fe, and the complete suppression of
this at a volumetric strain of —5%. Returning to the measured
atomic volumes in Fig. 4(a), this corresponds to a volume around
11.1 A3, and consequently a pressure of around 9 GPa. The soft-
core calculations by Tian et al,'® on the other hand, suggest that
both Fe and Mn have non-zero magnetic moments at ambient
pressure, and that these are suppressed at volumetric strains of
—3% (Mn) and —9% (Fe). These volumetric strains correspond to
atomic volumes of 11.3 A> (Mn) and 10.6 A> (Fe), or pressures of
5GPa (Mn) and 18 GPa (Fe) according to Fig. 4(a). While the
uncertainties in the values are large, they nevertheless coincide with
the experimentally determined pressure range for the polymorphic
transition onset, thereby supporting the proposed magnetic
moment-induced stabilization of fcc and the gradual destabilization
by pressure-induced magnetic moment suppression.

We note that this could be further explored using x-ray emis-
sion spectroscopy (XES) or x-ray magnetic circular dichroism
(XMCD), which are able to resolve the magnetic moments of indi-
vidual atomic species. In the case of Fe, also synchrotron
Mossbauer spectroscopy presents an alternative method. As these
techniques are compatible with high-pressure experiments using
DAGCs, the element-specific pressure-induced magnetic moment
suppression should be experimentally accessible. Ideally, experi-
ments where such measurements are combined with simultaneous
collection of diffraction data could be used to directly correlate
magnetic moment evolution with the onset of the structural trans-
formation. Such studies would certainly shed further light on the
correlation between magnetic moments and the phase stability,
and, in particular, should be able to differentiate between the roles
of Fe and Mn. In particular, as the magnetic frustration model for
the fcc stabilization depends on the contribution by Mn, detailed
knowledge of the pressure-dependent magnetic moment of Mn is
of specific interest.

In this context, we must also note that there is ample experi-
mental evidence of magnetic transitions in CoCrFeMnNi at cryo-
genic temperatures. The alloy is paramagnetic at room temperature,
but several studies have measured two transitions during cooling,
the first occurring at 93 K** or 85 K°>”” and the second at 38 K™
or 43K.’>”" There is, at present, no general agreement as to the
nature of the transitions. While Schneeweiss et al.”” and Elmslie
et al.” suggest that the first transition (at 85-93K) is a result of
spin-freezing to form a spin-glass state, Kamarad et al.”* proposed
ferrimagnetic ordering. The second transition (at 38-43 K) has
been attributed to spin-freezing” as well as ferromagnetic”” and
ferrimagentic™ ordering. One study found only a single transition,
at 20 K, which was attributed to spin-freezing.54

ARTICLE pubs.aip.org/aip/jap

While the details are unclear, the presence of magnetic transi-
tion(s) could certainly be expected to affect the pressure-induced
phase transition. The three highest temperatures in this study
(100, 180, and 300K) are all above the first magnetic transition
(85-93 K), and the alloy can be assumed to be paramagnetic. This
is the state predicted by ab initio calculations, and the effects and
correlations predicted by the previously cited studies should there-
fore be valid. Detailed studies of the temperature dependence in
the range of 30-100 K, where magnetic transitions occur, could
provide further insights into the correlations between the magnetic
state and the phase stability.

As a final note, we return to the previously mentioned depen-
dence on both microstructure and hydrostaticity on the onset of
the polymorphic transition.”® While the microstructure can be con-
sidered to be constant in the present case, as random particles from
the same batch was used for all runs, the deviations from hydro-
static conditions can be expected to change with temperature. The
crystallization of Ne will occur at lower pressures as the tempera-
ture is decreased,” which will lower the quasi-hydrostatic limit.
However, as the onset of the transition occurs below the quasi-
hydrostatic limit, as determined from the room temperature run
for which the limit is known,*"** we expect the effect to be rela-
tively small, and primarily affect the observed Kkinetics rather than
the onset pressure. A comparative study of the temperature-
dependence of the onset pressure in different PTMs would shed
further light on the contribution from reduced hydrostaticity.

V. CONCLUSION

In summary, we have shown that cryogenic high-pressure dif-
fraction offers the possibility to investigate phase stability and selec-
tion in HEA systems by combining variable pressure and
temperature but avoiding the complications associated with struc-
tural decomposition at higher temperatures. Specifically, we have
shown that the onset pressure for the polymorphic fcc-to-hcp tran-
sition in CoCrFeMnNi decreases with decreasing temperature,
while the effects on the unit cells and their pressure-dependence
are small.

We propose that a thorough investigation of the temperature
range where magnetic transitions occur is of outmost importance
for a deeper understanding. Furthermore, we suggest that diffrac-
tion experiments should be combined with in situ high-pressure
spectroscopy measurements, such as XES and XMCD, which can
resolve element-specific magnetic moments and thereby provide
insights into the underlying mechanisms.

SUPPLEMENTARY MATERIAL

See the supplementary material for a description and compari-
son of different methods for determining cell volumes and phase
fractions (single-peak fitting, Rietveld refinement, whole-pattern
Palwey fitting), and a motivation for the approaches chosen.
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