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The stability of high-entropy alloys (HEAs) is a key issue before their selection for industrial

applications. In this study, in-situ high-pressure and high-temperature synchrotron radiation X-ray
diffraction experiments have been performed on three typical HEAs NiyCozoFexMnyoCryy,
Hf,5Nb,sZr)sTips and RexsRuysCozsFeas (at.%), having face-centered cubi€ (fec), body-centered cubic
(bee) and hexagonal close-packed (hep) crystal structures, respectively,up to'the pressure ~80 GPa and
temperature ~1262 K. Under the extreme conditions of the pressure and témperature, all three studied

HEASs remain stable up to the maximum pressure and temperatures aehieved. For these three types of

studied HEAs, pressure-dependence of the volume can be w (Qu;@ with the third order Birch-

Murnaghan equation of state. The bulk modulus and its pfessure
and 4 for bCC-HfzsNb25Zr25Ti25, 193.9 GPa and 5.9 fOCfaC- C
|

3.8 for hcp-ReysRuysCoysFeys HEAS, respectively. The éi})ansion coefficient for the three studied
HEAs is found to be in the order as follows: fog-Nijg 2(‘)P7320Mn20Cr20>bcC—Hf25Nb252r25Ti25 ~ hcp-

wative are found to be 88.3 GPa
oFegoan()CI'z(), and 304.6 GPa and
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High entropy alloys (HEAs) are relatively new class of metallic materials developed in the last
decade. Nowadays, the HEAs have attracted a great attention of materials science community due to
their chemical compositions, microstructure, and fascinating properties [1-18]. HEAs are generally
termed as solid solution alloys that contain more than four principal eleménts in equal or nearly equal
atomic percentage [1]. These alloys are, therefore, compositionally very “different from the other
conventional alloys, which were termed as multicomponent alloys by €antor et al. [2], while Yeh et al.
[18] named them as high entropy alloys. Despite of the critics raised by Pickering et al. [19], the birth

HEAs has opened a new strategy of materials design.

It is of no doubt that HEAs have demonstrated\unusual properties and are promising as
potential structural and functional materials. Neverth¢less,-the tnderstanding of the fundamentals of
HEAs is still a challenging issue for materials scientists. Ope<f the problems is due to the lack of the
thermodynamic and kinetic data for the multi-compenent $ystems which locate at the center part of the
related phase diagrams. Till now, complete phase diagrams are available only for the binary and ternary
alloys, but scarce for the HEAs. Apart frém the phase diagrams, another keynote in studying HEAs is
to characterize their structure under the extreme “conditions of pressure and temperature considering
that such knowledge is of particular importance for their engineering applications. In regards to this,
present work is focused on structurak stability of three typical HEAs with fcc, bee and hep crystal

structures under extreme conditions.

Under extreme pres§ure and temperature, the behaviors of intermetallic compounds, glasses, pure
metals and mixture of ¢wo orthree metallic elements have been heavily studied. For example, metal-to-
semiconductor [20] metal-te-insulator [21], liquid-to-liquid [22] amorphous-to-amorphous [23] and
amorphous-toCrystalline [24] transitions have been observed in the pure metals, and amorphous and
crystalline alloyg of two and/or three metallic elements. However, the HEAs which contain at least four
metallic 'elements Tn equal atomic proportions have been scarcely considered under the extreme
conditions of“temperature and pressure from the structural point of views. This is partly due to their
complex compositional distribution in the ambient structure that hinders the scientist to make a reliable
conclusten under extreme conditions. So far, Li et al. have made an only attempt to study (fcct+bcc)-
AlCo€rCuFeNi HEA under the extreme condition of pressure. But this study was only limited to

equation of state up to the pressure ~24 GPa [25]. Till to date, a systematic and comparative study on
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PUinSrFeil%.gl sing in-situ synchrotron XRD, we explore high-temperature and high-pressure behaviors of fcc-
NizpCozoFe20MnyoCryo, bec-HfrsNbasZrosTizs and hep-RezsRuysCozsFers HEAs. Our results reveal that
three typical HEAs exhibit tremendous stability of HEAs up to the highest pressure and temperature

achieved.
[I. EXPERIMENTAL METHODS

Synchrotron radiation XRD measurements were performediin a“Mao-Bell type diamond anvil
cell (DAC) with a culet 300 um in diameter. The sample chambeg waswa hole of ~120 pm diameter
drilled in a pre-indented Re gasket. The specimen was loaded.intosthe sample chamber along with ruby
as a standard for pressure calibration. Ne was used as a pressure~transmitting medium for the in-situ
high pressure XRD measurements. In-situ under high pressure angle-dispersive XRD measurements
were performed at the Extreme Conditions Beamhue (ECB) P02.2, PETRAIII, DESY, Hamburg,
Germany (Liermann et al. 2015). The wavelength*ef the Synchrotron radiation was adjusted to 0.2952
A. Two-dimensional diffraction patterns wefe.colléeted using a Perkin Elmer XRD 1621 Scl-bonded
amorphous silicon 2D detector (2048x2048 pixels, 200200 pm pixel size) mounted orthogonal to the
direction of the incident X-ray beam. {CeO;'stdndard (NIST 674b) was used to calibrate the sample-to-
detector distance and tilt of the detector'selative to the beam path. The samples were exposed to an X-

ray beam with a diameter of 8(H)*3 (W) umz for 1 minute.

For high temperaturé«gxperiments, small slices of the HEAs were sealed in thin-walled quartz
capillary with the diamfetersof .5 mm after evacuation to a vacuum of 10° Pa. In-situ high-
temperature angle-di§persive XRD measurements were performed at beamline P07, PETRAIII, DESY,
Hamburg, Germahy.«“Heating was performed using intense lamps which were held surrounding the
sample contaifier. Silicon lattice parameters were used to calibrate the temperature. The heating rate
was adjusted 0,220 K/min. The wavelength of synchrotron radiation was adjusted to 0.1256 A. The
sample was exposed to X-ray beam of diameter 500(H)x500(V) umz for 1 second. The two-

dimensional XRD patterns were integrated into Q-space using software package Fit2D [26].
N <RESULTS AND DISCUSSION

Figure la shows the XRD patterns for fcc-NiygCoxoFe0MnygCryg HEA during compression
from 0.2 GPa to 48.9 GPa. It can be seen that during compression up to 48.9 GPa the crystalline fcc-
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Pumi%ﬁﬁ% n observed. It is important to note that the XRD peaks around 13.4 deg, 15.7 deg and 16.4 deg
at 0.2 GPa, get broader and their intensity is reduced at higher pressures (e.g., at pressure 48.9 GPa).
This behavior can be attributed to two factors; one is the occupancy of elements with different atomic
sizes on one lattice and the other is the non-hydrostatic pressure at 48.9 GPa. Furthermore, we
performed Rietveld refinement on each XRD pattern obtained dusing compression of fcc-
NizCoyoFeoMnyoCryp HEA. Tiny second phase (i.e. bcc-phase)d was detéeted during Rietveld
refinement, but overall the sample remained in its original fcc-phase, It 1s.gvident from the Fig. 1b that
lattice parameter ‘a’ of fcc-NiyCozoFe0MnyoCryo decreases gradually during compression up to 48.9
GPa. It is evident from the Fig. 1c that cell-volume of fccNipoCagoFer0Mn;oCryo decreases gradually
during compression up to 48.9 GPa. The pressure-dependence of, volume can be described by third

order Brich-Murnaghan (B-M) equation of state, which is written below:

5 2

r=2n|(8)- () e |- o

where, P is pressure, Vo is the volume at zero“pressture and Vp is the volume at pressure P. By and B,
are the bulk modulus of the sample ‘af*zero\pressure and its pressure derivative, respectively. The
numerical values of the fitting parameters for all three types studied HEAs are given in the Table 1.
The red colored line in Fig. 1g¢s the fittéd curve obtained from fitting B-M EOS. The bulk modulus of
fce-NipgCozgFer0MnyoCragHEA is found to be By, = 193.9 GPa and its pressure derivative is found to
be B,’ = 5.8. From Fig&l, itfis confirmed that fcc-NiygCozoFer0MnyCrag HEA remains stable up to the
highest pressure acliieved (1.8, ~48.9 GPa) and there is no evidence of amorphization and/or phase

transition.

Figure 2a shQwshe XRD patterns for the hcp-Re,sRuysCossFers HEA during compression from 0.9
GPa to 80.4 GPa. Buring compression up to ~80.4 GPa, the hcp-Re;sRuysCo,sFe,s HEA remains stable
and peithér_amorphization nor the phase transition has been observed. It is evident that during
compressioyup to 80.4 GPa the lattice parameters ‘a’ (lower panel, Fig. 2b) and ‘¢’ (upper panel, Fig.
2k)“ef hcp-ReysRuysCoysFeys decrease gradually without any observable jump. Figure 2¢ shows the
pressure-induced variations in the cell volume of the hcp-RessRuysCorsFe,s HEA. Again, no sudden
jump is observed in pressure-induced volume changes during the compression up to 80.4 GPa. From

inset of the Fig. 2c, it is found that the ratio of ‘a/c’ for hcp-RezsRuysCossFers HEA slightly decreases
5
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Alllpjon compression. The experimental data points in Fig. 2c were well fitted by the B-M EOS (i.e., eq.

P“b”%'?i!l‘sg- ndicated by red colored line. The bulk modulus of ReysRu,sCoysFers HEA and its pressure
derivative are found to be B, = 304.6 GPa and B," = 3.8, respectively. It is confirmed from Fig. 2 that
hep-RezsRuysCoysFers HEA remains stable up to the highest pressure achieved (i.e., ~80.4 GPa) and
there is no signature of the amorphization and/or phase transition. Similar to fcc-NizgCozoFe20MnygCrag
and hcp-ReysRuysCossFeys HEAs, we also performed in-situ high-pressus€ XRD measurements on bee-
Hf,5Nb,sZr5Tips HEA up to 50.8 GPa (not shown here due to page limityy Again, during compression
up to 50.8 GPa, bce-Hf,5NbysZrosTips HEA remained stable and feithet«amorphization nor the phase
transition was observed. In the Table 1, the bulk modulug’and its“pressure derivative for bcc-
Hf>5Nb,5ZrysTips HEA are listed as B, = 88.3 GPa andB, «=.4, respectively. Due to relatively small
value of bulk modulus, relatively large compressibility is ¢xpected under pressure for bcc-
Hf,5NbysZrsTis HEA as compared to those for fec-NingCozgFe0Mn;oCrao and hep-RepsRuysCoasFesrs
HEAs, as listed in the Table 1. A careful analysis“en the r€lative change in unit cell volume with
pressure has been made for three studied HEAs, and, it is found that the relative compressibility of the
three HEAs are in the order as follows:bcC<Hf,5sNbysZr)sTizs>fecc-NizgCozoFe0MnygCrao>hep-

RezsRU25C025F625.

Figures 3a-c show the XRD patteins for bce-HfsNbosZrpsTias, foe-NipgCozoFe0MngCrao and
hep-ReysRuysCossFers HEAs duringlieating up to 1102.3 K, 1060.5 K and 1262.5 K, respectively. It is
clear that upon heating all three studied HEAs remain stable up to the maximum temperature achieved,
and neither amorphization “nor the phase transition has been observed. Figures 3d-f show the
temperature-induced vdgiations 1n. lattice parameter ‘a’ (i.e., linear thermal expansion) of bcc-
Hfy5sNbasZrsTips, feC-NirgCosgFe0Mn,oCryy and hep-RersRusCoasFesrs (lower panel) HEAs during
heating up 11023 K;51060.5.K and 1262.5 K, respectively. The solid lines in red are the linear fits to
the experimental data points. Figure 3f (upper panel) shows that the temperature-induced variations in
the lattice parameter /¢’ of the hcp-ReysRuysCoasFeas HEA. The red line is the fit to the experimental
data poings. Surprisingly, it is found that the temperature-induced variations in lattice parameter ‘c’

(Y3}l

doesfnot follow-a linear relation, and rather can be fitted by an equation y=by+b x+b,x>. Where, “y” is
the valug ofithe lattice parameter “c” at temperature “x”, b,, b; and b, are fitting parameters. Figures
3(g:1)shew the temperature-induced variations in the cell-volume (i.e., volumetric thermal expansion)
of becsHf25NbasZr)sTizs, fee-NipCozoFe0MnagCrag and hep-RezsRuysCozsFers HEAs during heating up

1102.3 K, 1060.5 K and 1262.5 K HEAs, respectively. The red lines are the fits to the experimental

6
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P“b”%mi"g non-linear relation for hcp-ReysRuysCossFers HEA. Figure 3i (inset) shows the temperature-
induced variations in ‘a/c’ of the hcp-Re;sRuysCoysFers HEA. Tt is clear that a/c slightly decreases upon
heating up to the maximum temperature achieved (i.e., 1262.5 K). From Figs. 3a-i it is confirmed that
all three studied HEAs remain stable up to the highest values of the temperature achieved, and there is

no signature of the amorphization and/or phase transition.

Furthermore, we calculated the volume thermal-expansion egefficient (o) for three studied
HEAs (Table 1), which is found to be in the order as follows:fcc-NizCozoFe0MnyoCrap>bcc-
Hf,5sNb)sZrsTips = hep-RepsRunsCoasFers. The slight non-lin€ar velume expansion for the hep-HEA
was fitted by a polynomial function of y=bg+b;x+b,x?, in Which onlyxthe parameter of b; was used for
general comparison of the three HEAs because the contributien from the term b,x” is relatively small.
Therefore, upon heating the HEA with the largest initial cell volume (i.e. fcc-NiygCozoFe0MnyCry)
expands at a higher rate than the other two HEAs. This scenario is also consistent with order of the
melting points of three studied HEAs, which is inithe erdér as follows: fcc-NiygCozgFez0MnyoCrap>bec-
Hf,5Nb,sZr)sTizs~hep-RessRuysCoasFers. Generally,“pure metals with lower melting points expand at
higher rate, and in the same way, the HEA with [ower melting point (i.e, fcc-NiygCoxoFe0MnygCrag)
has higher thermal-expansion coefficient _than the other two HEAs. It means that under extreme
conditions of temperature fcc-Nirg€oipFe0MnyoCryy HEA is the most affected than bee-
Hf,5Nb,sZr)5Tips and hep-ReysRuosCorsFegs HEAs. On the other hand, the bulk moduli of three studied
HEAs (Table 1) are found to\be in the order as follows: hcp-ReysRuysCopsFers > fee-
NizgCoz0Fe20MnyCra > becHsNbysZrsTizs. These results suggest a relation with the stiffness of
each potential curve/in the leftéside below the equilibrium point of the three studied HEAs, i.e., the
degree of stiffnéss “of eaeh potential curve is expected to be in the order as follows: hcp-
ReysRu,5Cop5F€,5 >4ec-NiygCosgFeroMnyoCrap > bee-HfsNbysZrpsTips. Furthermore, it is important to
mention that the average values lattice constants of pure metals with bcc phases (i.e., bcc-Nb) in bee-
Hf,5sNb,sZrsTiosand the average values of lattice constants of pure metals with fcc phases (i.e., fcc-Ni)
in fot-Niy0CosgFe,0MnyoCra at ambient conditions are 3.30 A and 3.52 A, respectively (Table 1).
These“walue§ are very similar to lattice constant for bcc-HfysNbysZrysTips (ie, 3.4 A) and fec-
NiygCosoker0MnyCry (i€, 3.6 A) HEAs. For hcp-RepsRu,sCossFers HEA, the lattice constants are
a=2.65 A and c=4.25 A, which are similar to the average lattice constants (i.e., a,= 2.658 A and

cav=4.269 A) calculated by taking an average over the lattice constants of pure constituent metals i.e.,

7
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P“b“%'%[‘ 8 0 and 180 GPa, respectively. By taking an average over the bulk moduli of these pure metals,
their average bulk modulus turns out to be 257 GPa, which is larger than the bulk modulus of fcc-Ni
(180 GPa) and bce-Nb (170 GPa).

IV. CONCLUSIONS /

In summary, we have performed in-situ high-pressur zﬁle\lngh—temperamres XRD
measurements on bce-HfpsNbysZrosTins, fee-NizgCozoFenMnagCrageand“hcp-RersRuysCoasFers HEAS.
Under both high-pressure and high-temperature conditions, A‘;re\m"g stable and no signature of
amorphization and/or phase transition is observed. However,_ t elative structural stability of three
studied HEAs is found to follow different trends under high- ressge and high-temperature conditions.
Under high-pressure condition, monotonic decrease @attice rameters and cell-volume has been

observed for the HEAs, and pressure-dependence o olum&)an be well reproduced by third order B-
M EOS. Upon compression, the rate of decrea e}\;%l-;/ lume for three studied HEAs is found to be
in the order: bcc-Hfzsszszrz5Ti25>fcc-NE0\CQ;\OM n20Cra0>hep-RersRuysCossFers. Under  high-
temperature condition, monotonic increase.in lattice parameter and cell volume has been observed for
three studied HEAs, and rate &lﬁpansion is found to be in the order: fcc-
Ni20Co20Fe20MnyoCrap>bec-HfrsN 5;&&}1 p-RersRuysCossFeps. In short, the HEAs remain stable

under both extreme pressure and that-ure conditions and this structural stability points out the
potential application of HE uﬁdxextreme conditions.
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I'able 1: The numerical values of the unit cell volume (V), bulk modulus (By), pressure derivative of
the bulk modulus (B'y), ambient conditions lattice parameters (ap & co), and thermal expansion
coefficient (o) for the three studied HEAs are listed. The numerical values of a,, and c,, are taken from
bce-Nb, fee-Ni and the average value of hep-Re, hep-Ru and hep-Co.

£

Hf25Nb252r25Ti25 Nizoc020FezoMIl()éD\ReﬁRUﬁCOstezs

Parameter

Vo (A%) 40.0 464 N 26.0

—~—

Bo(GPa) 88.3 (£13.5) 193097 304.5 (+2.3)

B’ 4.0 (£1.0) 5.9 0.6b 3.8 (£0.1)
ao(A) at RT 3.4 Q 3. 2.65

| I
co(A) at RT - \ - 425
an(A) at RT 3.30 \‘E\ 3.52 2.66
cav(A) at RT -- -- 4.27

\

a(x10°K?) 3.6 2.1
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AII Igure captions

Publighing . : :
rid. High-pressure behavior of fcc-NiygCoyoFe0MnyoCryg HEA via synchrotron XRD. a) XRD
patterns during compression up to ~48.9 GPa. b) Pressure-induced variation in the lattice parameter ‘a’.
c) Equation of state of the fcc-NiygCozoFenMnyoCrag HEA. The stars represent the experimental data
points, whereas, the red line is the fit for 3" order B-M EOS.

Fig. 2. High-pressure behavior of hcp-RessRuysCoysFers HEA via syn hro%s\XRD a) XRD patterns

during compression up to ~80.4 GPa. b) Lower panel demonst )he variation in the lattice

parameter ‘a’ and the upper panel shows the variation in the lattice parameter ‘c’, which were estimated
5~Eiuation of state of the hcp-

ReysRuysCopsFers HEA. The stars represent the experlmele:tiS ts, whereas, the red line is the fit
ria

by the Rietveld refinement of each XRD pattern record

for 3™ order B-M EOS. The inset shows pressure-indu ons in the ‘a/c’.

Fig. 3. High-temperature behaviors of HEAs v &c&gtron XRD. a) XRD patterns of bcc-

Hf,5Nb,sZr,sTips HEA during heating up to ~1402:3 K. b) XRD patterns of fcc-NiygCozoFe0MnygCra
HEA during heating up to ~1060.5 K. c) X s of hcp-ReysRu,sCossFers HEA during heating
up to ~1262.5 K. d) Linear thermal-expa lattlce parameter ‘a’ of bee-Hf,sNbasZr,sTios HEA.
The red line is linear fit to the exp n 1 d‘ta points. e) Linear thermal-expansion of the lattice
parameter ‘a’ of fcc-N120C020Fezo nzo A. The red line is a linear fit to the experimental data
points. ) Thermal-expansion in the arameters ‘a’ (lower panel) and ‘c’ (upper panel) of hcp-

ReysRuysCossFers HEA. Thefre es are fits to the experimental data points by a linear equation and

y=by+b x+b,x* for the 1 m‘h

the unit cell of bcc-Pg&
p

Volumetric thermal-ex

ice ters ‘a’ and ‘c’, respectively. g) Volumetric thermal-expansion in
ér%}?i% HEA. The red line is a linear fit to the experimental data points. h)
sion in the unit cell of fcc-NiygCoroFeoMnyoCrag HEA. The red line is linear
fit to the experi Ql data points. 1) Volumetric thermal-expansion in hcp-Re;sRuysCoasFers HEA.
The red lineds fift to experimental data points and follows the equation y=by+b;x+b,x". The inset

shows temiperatu 11{1uced variations in the ‘a/c’ of the hcp-ReysRuysCossFeys HEA.
- :
w ~
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