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Fig. 1. System evolution vs MC steps at 800, 1000, 1200 and 1500 K. (a), (¢), (¢) and (g) System energy; (b), (d), (f), and (h) SRO

parameters for atomic pairs.
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Fig. 2. The lattice structure of FeCuCrMnMo alloy, in

which Cu-rich short range order (SRO) is framed by a dot-

ted box. Blue spheres represent Cu atoms. > ':F‘,
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Fig. 3. STEM-EDS maps of the FeCuCrMnMo alloys at 773 K for 1 hl7.

0.04 eV /atom, Xf L T B GER (90 MEF), W ERE
PR 3.6 eV, Tl AT N &k, LI RE P45
MR EAF S IRBEA A, #:5Z, SRO i
[F] i), AH I T SRO &5 #4 1
FCC AR FII RGP (paramagnetism, NM) IRZ,
HA BCC 4544 B 8 #E 1 (ferromagnetism, FM)
REENRE . TEAR TAESFLLM 58, ¥R A 800 K
T SRO &5t (BCC), F-% ¥ HiEfEH.

N T RAEE G A S5 A S 50 1] f) i
MARZS, 4356 SRO 45 H4 FIEL AR BEAL 45 14 R4 7142
[1) 3 AT PRI AT, AR 1) 23 AT pRERC AT LGE TS [] J5E 5
XPPEAN IR S ) 43 AR, Hat A A=y

—8.02
. ' B
43 —8.04}
—v-4
* 5
—6 —8.06}
* >
o 4S8 A& . B A °© _go8l
e T e e e e ke ) .
—8.10 = n "
—8.12}
o © 5 £ 0 97 & © 7 = £ £ = —8.14 : 5
AR ERLENEE RN U ags seuen ’
O =] structures
o) O d=s 2= 2 HE DO O =S

Atomic pairs

4 FeCuCrMnMo &4 1 6 1~ SQS Z5#4  (a) AIF S 4L, (b) 454
Fig. 4. Six SQS structures of FeCuCrMnMo alloy: (a) Order parameters of each atomic pairs; (b) total energy per atom.
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# 1 FeCuCrMnMo 5421 SRO 4544 . SQS 454 BoAHICHl 42 J8 1T B A JF TR L T B BAAN TR PR R it o Hf.

Forr M, NM A1 AFM 2 SRR B | IURE A A S i

Table 1.  Cohesive energy per atom, structural volume per atom, and lattice parameters for SRO and SQS structures, and

Fe, Cu, Cr, Mn, Mo, and W metals. FM, AFM, and NM denote ferromagnetism, antiferromagnetism, and nonmagnetic, re-

spectively.
ot b e
A HEL
&J& tg A% NEAE eV TR /A3 — o
a (BISfH) ay (FEEH)
FM BCC -8.13 12.15 2.896
HEA-SRO NM BCC 8.12 12.05 2.889 )
2.878[71
FM FCC -8.08 12.31 3.666
HEA-SQS FM BCC -8.09 12.53 2.926
Fe FM BCC -8.32 11.78 2.832 2.834[22
Cu NM FCC -3.72 11.81 3.636 3.615023)
Cr AFM BCC -9.51 11.97 2.835 2.882023)
Mn FM BCC -8.29 14.38 3.080 3.080123)
Mo NM BCC -10.95 15.58 3.148 3.1471)
v 4 =SS Z YA S — St
(4) S A A3 0 A A X 3 5 S ] S R AR A —

Pa = N, ~Nx co’
nag HULBIRF Ry, 7EREES Ry r JEERE Sy dr [ER
FENHEBN o BT HE; po i o FTERR TR
R EE; co FaJEFLERR T ET L.

&l 5 MEEREALETE BCC 454 (Toms2s) . 1
PRI B 5 5 42 B9 SRO 254 1 SQS 45 44 Fr 42 1]
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BRI, VA TEIG T, Ud P 2548 A7 1 100 1 s
A5 SRO G5 F4 U (14057 B A AR X 2285 512 45 40 1)
R H BN G, WL 1.
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10} — SQs
8
=
S 6|
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2+ / 4
. . . A
2.2 3.3 4.4 5.5
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K5 w4 AR BBC 451, 250 1LJ5 1 SRO 4514
HI SQS G544 B4R [ 434 R B0 FL 45 24

Fig. 5. Average radial distribution functions for BCC struc-
ture (unrelaxed), SRO structure (relaxed) and SQS struc-
ture (relaxed) of FeCuCrMnMo alloy.
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B RE S Ay Bl AE 2.25—2.7 AIX ).

T 50 AR BB BT Ui B 25 Rt AL s, TR
- 5XoF I 1 R BT AR, A HE T EAR JC RS A, DR
- [7) 8 Wl 0T BB e . SQS 45 Y JEL T Xk 1]
() B B 3 A TR R, U5 B G A R AR A TR, T
SRO %5 #4) ity W A2 AH X /0N . X5 22 Wi A 4518
—3, SRO 4544 JEiF7£ 25 Al HES TE 2 4.

3.3 SRO MEWIBHHT

e W P T AR Y B A (R DT Y
Py BRPE I DIAOG, X AE SQS J5 ¥k F o2 i 2 m
f8. T THPREIE o J 5 RO TR A A (] A
HAFSE AR PR Cu-Cu ARSI B
EZBEYSN
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(a), (b) SQS £5#4; (c), (d) SRO 2544 HE £k A BH JC W 22 S A v 2 — 3 48

Fig. 6. Partial pair distribution functions of FeCuCrMnMo alloy: (a), (b) SQS structure; (c), (d) SRO structure. Dotted lines show

the distances of first nearest neighbor (1NN) and second nearest neighbor in unrelaxed lattice.

1) RS

R X 4 A [R) Dt iz 1 236 4 T 45 4 1Y)
oAk, 1520 AH R 5 1 A AR RS e Fe(11.78)
< Cu(11.81) < Cr(11.97) < Mn(14.38) < Mo(15.58),
AN A A3 Jatom. HR i A 2 HE AR S AR R R
FHEAT ) TR R BGE, HERREE R, REFT A
FIHZS ], PR R AR i 25y, v A, RA)
BRI I S fu ] - RS A/ N i BB L, DA
U/ Jir - W 5 Al ke 1 J B B 7. 3X AT fE A Mo-
Mo 1 Mn-Mn %5 J5 7 X DR — I AR T
AR, T Cr-Mo A1 Fe-Mo %55 2 5 1156 — 3t
LB L.

2) R A XS

X T a&EItER, & a)E xR Gk
AH = AU + pAV . % & FNE G AT LA K,
WAV AT LLZN, TR&A AH ~ AU, BIREHE )
AL ERIAE N RE RS AL b, T RERY AR A2
T 25 A A BE I AR AL 530 AR S Miedema £ 7
e A, A A A ARON 52 M N RE AR AR R 2R A A
— M EHTEETARITR B FFERARRE, &

SAIE, B 23 B A N FAVRBE o 1Y) 43 ) e
BB IR, HEAFRME, 2l R T
HAaRNAE; T — Al AR i 7
WA, Aaib)s, e HFERE R DI R Fg
T BERART SR, O BN T & SR R NRE.

AN F A TR GRS A DL E A R R 28GR
MYEE A, AR T DA SR [24] hc 8] (3% 2). IRG
Fa/NT 0, BT RIE A SR G, RT3 45
GREAL TR R NAE, IRAKE KT 0 MZR7R 5[] 5
MRS, T AR R R TR TS RRIR G

# 2 FeCuCrMnMo & &R EF5F A TR A

% 24 (A3 KJ /mol)

Table 2.  Enthalpy of mixing of binary systems

containing the elements in FeCuCrMnMo alloy(Unit:
KJ/mol).

REK Cr Mn Mo Fe

Cu 12 4 19 13

Cr 2 0 -1

Mn 5 0

Mo -2
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MECT IR S 5 2 O TEAE, e E R R IA Cu-

Mo JiiFXF, X5 Cu-Mo Jii T X% 75 25 44 55 —

LR BT AR NS (B 6(d)). [FIRT,

Fe-Mo, Fe-Cr fll Cr-Mo ZHE A SR G, x5
HITFR 25 5 A — 3L

3) JRF AR EAE

T A & R R T HER R T, BT DA
() B BC A PR AN]SR AT BE 4T 1 (B AH B4
H, 7 s TR 2 L Mo JET A, J Bl s 40
JEF L5 F3 4 4 8J5F (Cu, Cr, Fe, Mn) A
RGN, THAE R F 00 8% B (PDOS), 4558
K7 B7R. WL 7 mTLLAE ), o % 4 8 19 DOS
FERH 3d BFRITTHR, Cu JET 8 HLF4Ai AH T
sk, TEERE 426V, X5 CuliTdH
THIEE I N RS 5. AR TR 7E[H]
—HUIE, YT A s e S IR R
EE, M Cu JEFHE4F R 3d PLii s 420, 4s Hl
T RS, BTSN Z B R AN TG . R,
FE Mo J5LFH1 Mn JFF-)-2.2 eV Bt WAL 2]

(LRI, BERH Mn-Mo 2375 AH XS 458 () AH HAE .

by itk — 2 i AL PR AR R R A A BLAE L
FeCuCrMnMo £ 4 H 04 56 AT a4 1 B
% A JA (crystal orbital Hamilton population,
COHP) Z3#fr. COHP {E i 45 AN [] B 7L [a] AH
AR AR LA I 1) 285 %% A 31 1291, m] D) Ab A A
JE - [ i R AR S (A TR ) SRS ([E R
TER) BAHEAE . ¥ COHP fh<kxf fig it fly, ff
LIS 2 B ALY (integrated COHP)ICOHP () {f
(3 3).

X HL AT A—A~ Mo JEF R, 115 R
BTSRRI A A1 4 FEF 5iZE R RERIRES (A 8).
JEFXF CrMo 764 0.5 eV DL R A A, 0.5 eV
DI R RS, IETE 1.2 eV MK B — AN Z1 1)
W . Fe-Mo 1 Mn-Mo J& - % 43 51 75 1. 2%11
-0.5 eV LA R M aEE RS, H SRS I 5 55 . X

TR R TE PR REGL LA T YA WA s s g (ED%F
T Cu-Mo JEF XU, WEESFE-2.5 eV AR AR
T RCEERS, AR R T HOA U A . A, Cr-
Mo, Fe-Mo HI Mn-Mo Ji % H A3 FH AL Y 1l Bk i
B, IF HAERR T Cu-Mo [8] B8R . H B I X
[1) 1) ol el o e (L 45 R 2B DL 36 3.

XTZATEERR, BT ERFRSEAR, 4
ST B ], BSOS S5 A B
FEA AR, B[R] — JE X, BT T AR A B AN [
Ji 5 8] AH AR ] SR L 23O 6] BT DL, R S0
ICOHP RF-EHEAEAT 3T

1+ — Mo-s
— Mo-p
— Mo-d
0
—Fe-s
1+ — Fe-p
—— Fe-d
T
E —an
® 1} —DMn-d
O
)
[a ¥
0
2t
—Cr-s
— Cr-p
1} —Cr-d
0
3F — Cu-s
— Cu-p
2t — Cu-d
1k
0
-10 -8 — - -2

E— EF/CV

[ 7 FeCuCrMnMo & 4 IR F B B F (A BEm 1) 40 ik
BEE, A ARITKAES
Fig. 7. Partial density of states of FeCuCrMnMo alloy

(spin-up). Dotted line shows the Fermi level.

# 3 FeCuCrMnMo &4 R RJE 74K ICOHP F-#{f

Table 3.  Mean values of ICOHPs for each atomic pair in FeCuCrMnMo alloy.
JEFXF Cu-Fe Cu-Mn Cu-Mo Cu-Cr Cu-Cu
ICOHP -0.54 -0.59 -0.88 -0.66 -0.39
JEr %t Fe-Cr Fe-Mo Mn-Mo Cr-Mo Cr-Mn
ICOHP 1.45 1.68 1.72 1.78 1.61
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— Fe-Mo
0.5} — Cu-Mo

K

— Cr-Mo
— Mn-Mo

A

—10 -8 -6 —4 -2 0 2 4 6 8 10
E—Egr/eV

COHP
I

Kl 8 FeCuCrMnMo & 4 Fe-Mo, Cu-Mo, Cr-Mo £l Mn-
Mo J5i5-%F 6] i COHP 43 #Hr

Fig. 8. COHP for FeCuCrMnMo alloy describing Fe-Mo,
Cu-Mo, Cr-Mo and Mn-Mo interactions.

MFE 3FTLIFE Y, A Cu S5 6F ] 4 B s i
Y/NFHBRFX, 1 Fe-Mo Fl Mn-Mo %58 &
A, X REW AR Fe-Mo Il Mn-Mo JR-F X 7E 454
AR BE B P i R Ak 6(d) i, 25k 4
AL )5, Fe-Mo Hl Mn-Mo J&-F-[a] 5 B2 )76 55 — T 4R
PE B A2, M Cu-Mn A1 Cu-Fe 55 JL X} 1] #5251
Plepie.

3.4 SRO W&HMERK

1) X ELF- 23 A 5 )

43 % FeCuCrMnMo & 4: 1 SRO 45 ¥4 il
SQS L5 A4 Y B F A %5 B AT (&1 9). SRO If:
VAR LTS B I A K, 5K 25 5+
TEF K AEMEIT, 1 Al Be &t d T AL A 5. )
i, MBI T SRO FI SQS ZEHHREE (141 10).
BT Cu BN FHEA A 3d BLiE 42, 4s B
PR, HA RO AN R, BT L Cu T
Pl F fr 4 5 5. Cu JR 7 S 2 0 M B f8 75
Cu JRF 34, F it — B FEAL Cu B 48 X311 i o
W, IR AT R B X, anf&l 10(a) R, AT
AEXTE Cu DX sk [a] BB (T A . 25 157 S BF3 F TE
L7 BN, XAEA/INL 2 5 BRI ST o2 T
W K. 5l 4 E Y ey 5 B AR L (81 10(c)), A
JE SRO Z5FIR & SQS 25, Fi faf 25 B 434 1) J&]
T A AR B R IR, R 45 R4 P OR [R] 18] B
B, DU AR T BRI\ TR AR ) B, A 2 1 R/
AR AT A ) X 43, 3 Db E SR R A 4 2R I
B, A0 H/He 55 2% 00 IR T IV 20, AL 5650
(R R s AL

gEAl

DOS

9  FeCuCrMnMo & 4: SRO Z5HH1 SQS Lt i F A BE
Fig. 9. Density of state of FeCuCrMnMo alloy in SRO lat-
tice and SQS lattice.

IO‘O46

0.026

Bl 10 FeCuCrMnMo & 4 Fl4l 4 J W i {100} J7 [i] Ha, fii
FEE  (a) SRO&5H; (b)SQS 454, Hrh i €0 X 355 b ik
1) “BUEARE T8 Cu i T () 2ig R W
Fig. 10. Electron density of {100} atomic plane: (a) SRO
structure; (b) SQS structure; (¢) W lattice.

2) WL P52 R

AR FR F RGP, R RE £ 2k
H ARIUH F-7E 2 0 ok, JLER A iER _EAm
B N ASRE SRRz 22, X T 3d i A
J&, JEFREFE EEOR [ 3d LT [ REREHE ) BT RR .
RS I N e e =" 7 N [ = o £ ) e
ERGILOL s o il Gl e el < e i M A A R R 1
ARAS, WO IR TR AR Ak TR REJE ) AR TR X
TR B RO A AR AR F BUR. ZEETXT FeM(M =
Fe, Co, Ni, Al, Si) —.JC& 4 1 R4 1k i1 5 o 18],
BCC %54 Fe W FIIREAE R 2.18 pg, (A Fe 4k
FARIG &, IR R AR SO g
KAEWAS. @ Co M Ni TR SRTE4 T Fe iy
SEARERE, M ALFD Si AR Fe 1P 404 . 78
FeSi &4, Fe JiF A FHREH £ 2408 T 0.

#£ FeCuCrMnMo & 41, SRO 9 i 21 g A8
T HLAE B AL A R IR RO R TR R K
WY, AT T ERAR BEBLAS ) (P IREH N 0.55 up),
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SRO F&AIL T Z5H IR (CFIIRERE R 0.13 up).
K11 HEETEAN R FIRE SR, T
SQS 4514, Cu JFrIREHE LA K, 44 Fe i+
DL K Mn J5F RRER T B3 SO IR 80 )N,
BEREAR T A TR AP YA . 3 AT B X S 4
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ok g K *
Y W, AT & *
i A *i{* ”‘*ﬁr
> hAX
=t A TS U
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T 3

Fig. 11. Magnetic moments of individual atoms in SRO
structure and SQS structure of FeCuCrMnMo alloy.
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Table 4.

elastic moduli is GPa.

FeCuCrMnMo 44 SRO 45451 SQS 4541 7125V, b s i s 6 GPa
Calculated mechanical properties for SRO structure and SQS structure of FeCuCrMnMo alloy. The unit for the

g Cn Ciy Cu B Bros G E v G/B Ay
SRO 263.4 187.5 100.5 212.8 188.7 88.2 232.5 0.318 2.415 2.65
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Abstract

The prediction of stable state of high-entropy alloys (HEAs) is crucial to obtain fundamental insight to the
excellent properties of HEAs. Taking a FeCuCrMnMo alloy as a case study, we combined Monte Carlo (MC)
method with the density functional thoery (DFT) calculations (MC/DFT) to predict the equilibrium structure
of high-entropy alloys in a finite unit cell. Instead of approaching the ideal random state obtained from special
quasi-random approximation (SQS) method, physical factors such as atomic size, mixing enthalpy of atomic
pairs, and interatomic interactions in the alloy are fully considered and implemented in our simulation by
MC/DFT calculations. MC codes ensure the energy convergence of the system to the equilibrium state through
the atom exchange process. The equilibrium structures exhibit Cu-rich short-range orders (SRO), which is
consistent with the observation in experiments. Comparing with ideal random state structure, SRO structure is
more stable in energy, and more closely packed in atomic arrangement. Moreover, the analyses of order
parameters and radial distribution functions (RDFs) are performed to character the structure of high-entropy
alloy. The order parameter of Cu-Cu atomic pair reaches to —0.53 in the SRO equilibrium structure, which
indicates that Cu-rich regions appear in the alloy. The RDFs show that the atomic distance distribution of the
SRO structure is between 2.25 A to 2.7 A, which is smaller than the range of 2.16 A to 2.84 A in the SQS
structure, indicating that the lattice distortions is relatively small in the SRO structure after structural
optimization. The appearing of SRO phenomena is attributed to the inherent characteristics of atoms, including
(i) atomic size, (ii) interatomic mixing enthalpy and (iii) the interaction of atoms. Atomic sizes in the
FeCuCrMnMo alloy are in the order of Fe (11.78) < Cu (11.81) < Cr (11.97) < Mn (14.38) < Mo (15.58), in
unit of A3/atom. The relatively large sizes of Mn and Mo atoms should disadvantage the pairing of Mo-Mo and
Mn-Mn. The mixing enthalpy of Cu with other atoms are all positive values, indicating that Cu is not favor of
pairing other elements and precipitate itself. The analyses of density of state (DOS) and Crystal Orbital
Hamilton Population (COHP) also support the results. The reason is exactly attributed to the inactive valence
electrons of Cu. Furthermore, the effect of SRO on the magnetic and mechanical properties are investigated.
The existence of SRO decreases the mean value of magnetic moment, and results in an increase of elastic moduli

(B, G and E) and a decrease in the ductility and anisotropy properties.
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