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Research Progress of Hexagonal Close-Packed High-Entropy Alloys
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(Research Center for High-entropy Alloys, School of Materials Science and Engineering,
Taiyuan University of Technology, Taiyuan 030024, China)

Abstract: High-entropy alloys (HEAs) possess excellent properties, and have attracted increasing researchers’ interest. It
is now generally accepted that the definition of high-entropy alloy is composed at least five principal elements with equimolar ratio
or approximately equimolar ratio. Meanwhile, the composition of each element varies from 5% to 35%. The configuration

entropy, mixing enthalpy, atomic radius difference, valence electron concentration and other physical parameters are calculated,
combining with CALPHAD phase diagram simulation and first-principles density functional theory (DFT) and AIMD

simulation, to predict the phase structure of high-entropy alloys. At present, there are three types of high-entropy alloys, FCC,
BCC and HCP high-entropy alloys. HCP high-entropy alloys are scarce and mainly consist of rare earth elements and

precious metal elements HCP high entropy alloy. In recent years, it has been found that FCC high-entropy alloys can also be
transformed into HCP high-entropy alloys through special treatment methods ( such as high pressure). In this paper, the
structure, phase formation and properties of HCP high-entropy alloys are reviewed.

Key words : high-entropy alloys; hexagonal close-packed structure; physical parameters; rare earth elements; precious

metal elements; mechanical property; magnetic ability
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Fig. 1 Plots of the alloy in the §-AH,;, diagram: disordered

and ordered high-entropy alloys are located in the zones

S and S’, respectively; the zone Bl contains conventional

bulk metallic glasses (BMGs) and zone B2 contains

Mg- and Cu-based BMGs; In the zone C, intermediate

phases form for the high-entropy alloys!?!
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Fig. 2 Plots of the alloy in the §-VEC diagram: High-entropy

alloys consisted of only solid solutions are located in the

zone S; High-entropy alloys containing ordered phases are
located in the zone C; The zone B contains bulk metallic
glasses (BMGs) ; “Re” and “RE” refer to the refractory

HEAs and the rare earth HEAs , respectively(?’!
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HCP Z5# i &4, 24 » BE/NT45 T 20% I, e
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Re, 5 Rhy 5 Ru, o A AHIRR Z MEBEY, Tl
TR, WSS BRI 2. TR, Try i Os0-
Reg o Rhy 0 Rug, o B0 3 BRI 1K 1200 °C | S5 RAR
T ETImik 45 GPa B BRIRFF A M MRS E M, AN
FAZS o GBI ERMR BT R IR, Tr, 15 Osg 5, Reg 5, Rhy 5
Ruy o & B XTRRPE AT WY B4 AL i i AR TG 1 e

£ HBRTEMENSHSSHARTEURBLER

Table 1 Elemental and phase compositions for synthesized PGM

- based HEAs!»!

. Phase .
Elemental composition® .. hep/fec ratio
composition
Irg, 19(1) Os, 22(1) Ren.zm) Rhy, 20(1) Ruy, 19(1) hep hepy, 6 fecg 30

Irg 181y Oso. 1801 Plo, 16(5) Reo 171y Rhy 16(1) Rig 151y hep + fee hepy, sofeco. 5o
Iry, 19(1) Os,, 16(1) Py, 22(1) Rhy. 17(1) Ru,, 26(1) hep + fec hepg_ g fecy sg
Ir, 23(3) Os, 10(1) Py, 25(1) Rhy, 22(1) Ru,, 19(3) hep + fee hepy, 59 fecg 7y

Iy, 26(1) Os, 05(1) Py, 31(1) Rh,, 23(1) Ruy, 15(1) fee hepy, ofeco. g

# According to SEM/EDX ;" According to PXRD.

Yusenko S A H A5 TF HCP, FCC, _ iyl & 45
MEE, T SOh SR B A R BT R, JEAR
A EE, SCEREEIE R BAT W& M AT AE LU i S 56 Tk
Frgik. SCHIF AR JEIR Trg 1 Osg  Rey 5 Ry Rug o & 42 Y
XRD &3, wilim B 09 XRD B OoR 2B, A6E
WA 5 ISR AIPERE . Trg 10 05y Reg 5 Rhy o Rug 1o 54
M2, T ARkl & F b s £ e g AR e
. HCP gl & S i AR R AR B
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LB S S HAADE B2 (d), HERFTRINRE (o) dris Ak
BRI () Hh o g LI

STEMHAADF image of metallic polycrystalline particles in single-

Fig 3

phase hep-Iry, 19Os, 2 Reg 5 Rh o0 Rug o HEA (a), Magnified detail

of Fig. 3a (b), TEM image of a similar region (c), High resolution

HAADF image of grain boundaries (d), pores at grain boundaries

( Fig. 3¢ ) and in grains ( Fig 3d ) are indicated by arrows

[29]
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Fig. 4 XRD patterns of YGdTbDyLu and GdThDyTmLu alloy ingots with approximate dimension of @ 12 mm and 5 mm height taken

from the bottom and top sides (a) and those enlarged near the bases (b), indicating the presence of small amounts of unknown

phase with arrows

[31]
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Fig.5 XRD pattern of the as cast GdHoLaTbY alloy!?"]
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Fig. 6  The relationships between hardness of three kinds of HEAs,
CoCrFeNi, MoNbTaVW , and GdHoLaTbY, and their

constituent elements!?”)
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Pl 7 ScYLaTiZrHf £ 41 SEM e LR i EDX 434175 21 19 78 3 43 e Y
Fig. 7 SEM image and elemental-maps by EDX of the ScYLaTiZrHf alloy ingol[34]
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Fig. 8 XRD patterns of the Al;sHf,5Sc,TiysZrys at%

HEA in the as cast state and after annealing!®®’
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Temperature dependences of zero-field-cooling (ZFC) magnetizations

300

&9

Fig. 9
of the Gdyy Dy, EryyHoyyThyy HEA under various magnetic fields
in the temperature range between 50 and 300 K. The inset shows
the enlarged peak of the M-T' curve of Gd,, Dy, Er,yyHoyy Thy,
HEA measured under a magnetic field of 0. 3T from 170 to 200 K,

along with the corresponding Gaussian fit*’]
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3.3 HfthEHCP EHE&E

mTMmEtoERRS Ak, At oRaAgLESEN
WAL, AT Tl A AL R R s A A, T
SBICR M AL S, Hit FAP S & & MR 2
BT BENRG, HILR ARSI &—2%
HCP &6 4 A se il DA b fife s

2014 4F: Youssef %5 % 3 Al Liyy Mg, Scy, Tisy 25 25
41 500 C &4 F 1B k5 1l i FCC 25 ¥y %5748 Jy HCP 4%
9, B Ay Lisy Mg, Se,, Ty, i & 42 A A M o0 R HIF
KWFIE A4 TE R HCP 4544 5 A2 5540

2016 AEAb FURHE R AE K Wu 4557 F 56 [ i 20 AR 2
) Tracy 2" [a] i} % B CoCrFeMnNi i 4 4 16 1 1K Al
i FCC Z5H%555 ok HCP 454, HLIs/INE J a6 445 RE
5 HCP Z5#, Wu A HAHAEAT] i3 /2 i T CoCrFeMnNi 5
T4 42 FCC 254 Fn HCP 458919 A h BEAE BB EA
BARMfe 2, MFm AN EE, Wu Fil Tracy #§
N T CoCrFeMnNi £ 4 7E = & T HCP Z5 5 T
FCC 45ty BA AR MEVR E 4. Wu R AR S 1L
m 7 (A&l 10 iR ) #il 4 CoCrFeMnNi 54, 5% & B
B47E19.5 GPa R4k FCC #H, 7E 41 GPa It JLF-4
LA HCP A, Qi 10c i, Tracy %% HHLHIUE

175 2 45 CoCrFeMnNi & 4r, WX LM A 4 1E 14 GPa
T4E8h FCC M, 7£ 54.1 GPa T JL-F-&& %41k HCP
#H . CoCrFeMnNi 543 i A= R 75 1) 5 M 53 1) 22 S ]
ABJE I TP & A 420 7 SOR A . Wu 78 IEBIF 52
FIFERE - —2F98 T CoCrFeMnNi B4 4 76 JEBR AN AE
PSR, AR J) Y T e 5 R AR 8 AR b, FR &
WRET, G4 HCP M8 FCC AH, HREE JH
FESRAGHEIN, A 4 0G0 i B L B 2 3 in . 2017 4R
Zhang S e CoCrFeNi & 4 2 SIS, A Zhang
RI CoCrFeNiPh milii & 4 AE 5 H J135 51 74 GPa B3R
%A i FCC ] HCP [y %5748, 2017 4F Jongun 251" % 3
Coyy Cryg Feyy Mgy Niy, G G 7EARIR S50 T -7 2 He L 4% ) &
A=y FCC 2544 1) HCP 25k (648, AR ARXH4 48 j5 HCP
SRR E PR TRIESR .

WF9E R BRAEARIR =5 A R = i G 4 vl B FCC AR
AR ANTL 3 HCP AH, (RAN PR T84 FCC 4544 1 =i 5
G, PRI s R (o i) o v i B 4 a0 47 H 45 ) 1
5, LUIE B HCP 2548 i e i 6 AT i i — D AR R it
o 2 BGE T IAE XS BAH HCP 5548 = i 7 4 i i
5%, ATHEPWEGEITER, BPHRET LN HCP 4514 1)
G4, A HCP S 4 i R GGG BB BT o

x2 BEHCPEMEHEEIIE
Table 2 A list of the hexagonal close-packed high-entropy alloy

Elemental composition Phase composition Publication date Ref.
Tig, ; CoCrFeNi fee + weak hep 2010 [23]
CoOsReRu hep ( prediction) 2013 [25]
MoRuRhPd hep 2013 [26]
Iy, 19 Osg 2 Reg o1 Rhy 50 Rug 19 hep 2017 [29]
YGATbDyLu GdThDyTmLu hep + unknown phase 2014 [31]
HoDyYGdTh hep 2014 [32-33,36]
GdHoLaThY hep 2016 [27]
ScYLaTiZrHf hep 2016 [34]
Als Hiys Se g Tigs Zrss hep 2016 [35]
GdDyErHoTh hep 2017 [37]
Alyo Lin Mgy Sea Tizg hep (annealing) 2014 [38]
CoCrFeMnNi hep ( high-pressure) 2016 [39-40]
Coyy Crag Feyy Mny Niy, hep( high-pressure torsion) 2017 [42]
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Fig. 10 Experimental set-up and the in situ high-pressure XRD patterns of the CoCrFeMnNi HEA in a DAC during compression and decompression

at room temperature: (a) and (b) A schematic illustration of the DAC used to generate high-pressure on tiny samples for the in situ

high-pressure experiment; (c¢) XRD patterns as a function of pressure obtained during compression and decompression, the initial phase is

indexed to a fcc lattice, whereas the new phase synthesized above 22 GPa is well indexed to a hep lattice
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miE—A AN, SHG 8t sl T e LR
W, B ANCREIAERY], AEEDINERT,
FENTS SIS SRR AR, S A e
RAERRRE TN E . IR & S5 B 280, S
GECETIVERNS A, FEN NG T T MIE R
JRH BB EARR, B BON R YA & - 15 k)/
mol <AH,, <5 kJ/mol, 0 <8 <5% I o] I il B 1R & 4,
TELIERE 24 VEC =2.8 0.2 Iif, &4k HCP 45/,
[ T 245 4 CALPHAD AR AU S — bk S B 5 0 b 2R
W (DFT) LUK AIMD A58 4005 i 8 45 4 4 485 440 A8 1S o At )
Wro BEBERAYIE—TRA, il 4 T WA HCP 2544 1 55
Witr4 LK HCP A R4 i s i s Eis k™, 3R
R I 3 R R 1 Ak B = (N ) TR A A B AR OB

&

[39]

HCP 5Hy w4 ™2 0 SULlRIn, %f HCP 45k i £
ERTEREREAT T BB IR, WH7E kB HCP 254 i &
S FATROR M LA T AL LT i R AR
RV i T 55 S A X HCP 254y T 4 4 BT B LA
LAERERIBFTTRANA EETETT 0, I & e e — R
SZRARB, FENNEAT, B T B ERIAT, HE
M B ICRARAUT O R AR A WHR R o

XTI A B — PR R W I, AT AL TT
TR : (D BUAEHGE ) HCP 4544 m i 5 G m R b,
Al A HCP 25K i & 4, B0 582 HCP
SR R A B BB R . @) P IE L IR A Ak BT SO0
A BTN, SR e T A A A MR A T
FEREEFIRRE (19 HCP Rl & &, JF0 & & R R AR AL 1Y
WTEREHATIRER . @ BT OMERIREHI R, wl
— BRGNS BRI A B ELRE TR BE R4 19 HCP S50 m i &
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