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=% & 4 (high entropy alloy, HEA) f - &
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AlL,CuCrFeNi, Sl & &% SHE b L,
S PRLAE VR & 3 B AL,CuCrFeNi, & 4 &K
B B2,(F1 )% BCC #H) M1 8. (JoJ¥ BCC #H) (1P HH

REY, MEa B2, #H53ff N B2 MR Cu kE

BRAR Cu WOk A9 I8 FeCr 1 Bry, Be AHIHE—
Wi R Cu/B2, W% /525 & 91K KL, 1T Cu
TCRMF Y T B2, W BUEAZ A, [FFETE FCC
Al 3;CuFeCrNi, B A 4 B 4L ) Cu JT
R L1,(v) M BOE e, TEE Cu #H A
BIFH L1y(y) Mribf, alIE H Cu R XA ¥
(1) B2 FATEHER]; 7657 Mn JTCEEA CrFeNi
Mny 5Cug 5 F A 42, Shim 28 19 &80 T HHA =
Moz 44, BCC 1) FeCr AH, FCC W& FeCrNi
ERIRA LB /NG FCC A9 & CuMnNi £1IRAH, =
FhEsFa BT AR A% & A R R L G J12# e,
S EL TR SR RILE S % (1.02 GPa/28%), L&
ZRWIA AR ATC P AR 25 5 T LU IS4 4 BA
SZEE 1bERE. Al TR R TR RER, AL
SHEUN S HHEFR G FCC 4546 [ A8 BHEFR ) BCC
ERI LA | RIS ALFD Ni Je 2 0] LUE B JF
M, $EE A4 MR Mo LR 1l LI E BCC 45
¥, A Cu A b 8] DX DmATT, 2 B 4 304k (19,
L, fE S A R R B2 AT R, FCC
A I ZE Cu, Mn, Ni, Co KA}z BCC #IE I
K AL Cr, W, V, Ti, HR Co JLEE A E 5T, A
XSH UG M REE AR FeCuMnNiCrl &4 &
G, A I A R R BT T8 P JE R A7 ) HL
PEHY L B FeCuMnNiAl SRS 4.

3 o S R A s VR R S A IO 2H 21 T AR R A
L4 — PP IR A Rk, IR P A At
0 4 PR IO 225 40 1 il A8 1A 7 A4 T D 2
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AT PT LU FASHOLEE [ AR A A A 1 | R
) 28 LA T AR TSR AR, AE A 38 2 e AR 1)
TOULZE AR AR A 2 B — B R i 3485 12 727
H W =08 A 4 A AR R ] RIS A2 3 A 7
TCIFHEAR | AR LA B AR AR 5428 LA R Ak s 32 8]
FERT I ARTEAN 2592 Zeng 45 28 F ARG 1 4550
2B (phase field dislocation dynamics, PFDD)
WFE FCC B a41E 0 °C Mushzsh, #SHE
ST X B 4 e IR JEE A 2] Kadirvel 55 29
ARG B th a2 st T it kS i A 4
AlMoy sNbTay s TiZr 3 W £ 21 A1 725 #% 42 (phase

transformation pathway, PTP), &5 & A RS0
SRS T A7 )7 ST TP AR R 7 SRR BT A
JEARM R R Z5 5, AU A 7 JC 7 A2
JER. Zuo %5 B0 ¥ CALPHAD U8 R i3 1 2 A0
Bl 1545 B AUA Lo A DG Y 7 A B 1 ER B B A
PTFR T — P B AR R 32005 1 AR
17 (Al)CrFeNi Hi &4 FCC 3| BCC RS
2, MET M HEA/MEA Ol gs 4 4k
HSFIE B, Li 55 BU A Coutinho %5 B2 | 2% & 5206
E T BCC/B2 M) = Fh L% 4544, R4 A [F =
BRI SRS TR T BE XA AR 30 ) 5
AL, AT DAAS B A T80 4 o W2 A% R ) 3
B, WA 2z Re a1 S R AR S i A, A B T
AT A AR AL ) LA

A TAEFE T IR Z R 1 T AE B350 5] AAH
W kAR AL, CuMnNiFe S5 45 Cu MK
AR, R Cu M RE, KRS, 256
TR Z A R A RS B ES SR ) & 3. 7E1He
B4y, ARE IO NMA R B A IUSE R, 8T Al T
REXKE Cu HIE R, Giit = MAR AR
B IE) B B Cu A PR R S50 B30 2 B R T34 ok
F12, B AR AKX E Cu tHM ) MR FE R
A ) A AL i 2, AT DR AR T 2 5 iS5

2 BE KL RAGER

21 BERS

Al,CuMnNiFe & & &8 TaEBE TR D
Y Al-TM (transition elements, TM) FlfASARE,
AR R EEH AL TR TM(Mn, Fe, Cu,
Ni, Co %) 408, 76 AL-TM E R4 4k & %7
WEE—— R+ 4 i B A 40 B9,
A Al My, BIRRARETTH T I3 1 &SR P,
Hrp MHIt& Cu, Fe, Mn, Ni By H.FIN 1.5:1.5:
1:1, BaICRE MO B S RnE 1 s

F1 AELOCRMGSWETES & (B4 %)
Table 1.  Atomic percent of alloying element com-

position (unit: %).

Alloy system Al Cu Mn Ni Fe

Aly ,Cuy sMn;NiFe; 5 74 278 185 185 27.8
Aly5Cuy sMnyNijFe, 5 9.2 272 182 182 27.2
AlyCu; sMnNijFe; 5 10.8 26.8 17.8 17.8 26.8
Aly;Cu; sMnNi\Fe; 5 12.28 26.36 17.5 17.5 26.36
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2.2 fHIHEE

#371% (phased field method, PFM) Jj& —
T 3 B I 1) 3 S BOR AR A 43 B R AL
125 2OA0AY R AR SRR — R B H SR K Z), Hor
AEfR2ERE . FUEmRE . kR . SR TERE RN LR (2.
22 i) Cahn-Hilliard (C-H) JF £k M 4™ Bt A 2 A
TIOCH & R G R RIE S A R, RIS
TR B Yy, BRI (1) B H ¢ (v t) FRoR
SFEGP AR, i =1, 2, 3, 4, 547 5I4RER Fe,
Cu, Mn, Ni, Al =, HH Fe lUif)E e =1 — co—
c3 —cq —c5. T RSP E, ¢ FoRHE—
B2 ], V2R BRI E S & () FOR
TR TR P I

oc; (’l",t) . oF
5 _V'Mzg'v'm‘i‘fca(rat)? (1)
Mij = Zk(ézk - Ci)((sj'k - Cj)CkMk, (1&)
_O%¢
T I
F =F,+ Fy. (1(3)

M;; Ron G2 ITUR ML FIER R 150 i
(la) X, Hpi=5=23,4,5k=1, 2,3,
4,5, MBi=kj=kow="0,=1, &% N 6; =
S = 0. TEE K IR TR ARRT Y HR S 5 1d
M, = D{/RT, R WHEAESIAHE, T HI58
B DY (T) (6= a,y) i1 (1b) XFIH, FoREe4s
TE & fE ol M P Y BLR B, Hidh DY (¢ =
a,v) B4 ICE KIE a(BCC) Flv (FCC) HH 1Y
WRAT; Q) (¢ =a,v) BB 4 LK ifEa(BCC)
Fly (FCC) FH BT B, 454120953 7
PEOEOR BN 22 2 T,

#2

Table 2.

ing elements.

AR TCR BISA  FRI B g Y

Frequency factor and activation energy of alloy-

Alloy elements Cu Mn Ni Al

a(BCC)  4.70 14.90 14.00 53.50
DY? /(1075 m*.s~1)
y(FCC)  4.30 1.78 1.08 2.20
0 . a(BCC) 244 2.63 2.64 2.71
2% /(10% J-mol ™~
e/ mol ") v(FCC)  2.80 2.64 2.73 2.67

D?"P—frequency factor; Q?"P -diffusion activation energy

5 C-H 7 #AE, Allen-Cahn(A-C) 752 R
JEsriaY), AT 2t (r, 6) AR A2

e, A-C JifEr (2) 2B B

on (r,t) OF

Fra —LUW + &, (r,t). (2)

n(r,t) Tk R T BCC 45k a #HHI FCC 4%
Ky AHZS [ o0 A, BUEREEIN 0 < n < 1, n =
0 B RoR affl, n = LEFFRIRAHH; &, (v, 1) LS
PP S B (AR I Ly S RAE ok HH 22 [ 1)
FHAR B F124 B, AR

BE AR (1) PR, M=% A haE s
PEREZL AR, fb2F A FRBE Fa i (3) XA 29:

Far L{[l—h(n)]G%(Ci(?‘,t),T)

+Wg? () + h(n) G (ci (r,t),T)

5

+Y %Hc (Vi) + %“n (Vn)?) }dv, (3)

i=1

G {ei(r.t) T} =Y G+ G2 + RT Y  cilne;,

(3a)

GEP =Y N LEjciei + > Y LY, e,
iog>i i > k>j (3b)
h(n)=n*(3—2n), (3¢)
g =n(1-n), (3d)

A, Geles (rt), THR GEfei (r,1), T3 AR
T oMy HHK Gibbs HHIRE, i (3a) 7R, i E
SRR A 1 HHAE GY Pc: , B4 1 AR GB L) AR
IREW H g RT Z cilne;; AT H 1 HE GPv 1849
i (3b) SNE LY, FILE A3 5IAH o(p = a, ) 1Y
ZInM=JoHEAE IS, BARME RS, R
s HUAR A B, H8.314 7/ (mol - K); eo (c;) & H
W A SIS R TC R I AAER 2, i (3c) 2
PR, h(n), g (n) 2P MEERRECY, 730500H (3c) X
il (3d) &R, Wy (n) R BCC Hi#1 FCC A
2RSS S he(Ve ) gy (V) 405
ST AR P SRR A e R Bke, wy H
G RFSECOHRIRE A hRER KL, SO H L
PR AEREH (4) UL H 351,

1
Fa=j [ ot e ey
\4

3 [emmamam.
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1 m
Cijia (r) = 5 (Cijkl (r) + Chin (T)) + ACiju (1) Ac,
(4a)

el _ _a . 0
€;; = €i; + 05 — €5,

(4b)

5

ey (r,t) = 6y 25? (ci(rit) =) (4c)

=2

o) = (Clip + ACywAC) (€} +deij — ;) . (4d)
e (4) S, Fo sdEfERRE, » s B &
oty of) (r) NSAPER ST €8 (v) PERAS; Cijr (1)
R ki 7R TR RN I S VR I, s
B (da) 27N, o, CRy (r) S SRR AH 1 3
PERL G 5K, Oy (r) J9 BT HY AR AY s A o gk
ACqj (7) FHT HAR 5 AR 22 [ B AR 1 5K 1 1Y
ZE. Ac=c—co, co NHIIRIRIE, ¢ Fp—mF 201
WHE. 5 () + () ) R AR S5 67 HiI R
VSRR ] O, . AR Khachaturyan
PG, TEAMMEATIRZS T, 250 AR f A AR 3
N, BEHSHE R AR R (4b) 2R, Horh, 2 2 A
WA deiy s NFRAEIISIN AR, €9 o H T Lo A
YIS s R ANERAE POL il (4e) R, ) e
ity Fe 1Y i % RO @ 095 20, FRO0 fAs 5

RORME, DL R R o) — 1 (S0 )95, i
TR MM IE: LA . ST )
R (1d) sUTEL.

15 (4c) SHFAS] (1) S SISEE G935
Sy

1
Fel :i/v (O,?]kl + ACijklAC)
(e3; + bes; — 5%) esh (r)dv. (5)

FEA R PR AT A 2R AKE Cu A,
SRS P AR S Al &R, L, 1B Mn, Ni,
AL 5B 1 P B — 3k, e e B SOk,
MR En % 3 fr Al

¥ (3) R (5) KA A (1) A (2) L,
FIF B B e A TR A, B TR 7
FRE ST T = YR A A BEPS R T 0 AN A
L ABAUMAEEL Ne = Ny = Nz = 64, t* JJoi
TR DA MR SEAESR 3 .

3 BUEREAN
TERIIRAEE S IMA— >4 [ —0.001, 0.001

Y BE ALK 75 ok 15 AH AR, AR 3 IR S 4K
AT = 4E AR, Al ,CuMnNiFe {4k 2 (442
g mE 1 s, B 1(al)—(ab) fRER T Cu B9HT
A R, AN [F] €8 bR R s AN [ VR BE 43 AT
B 1(b1)— (b5). & 1(c1)— (c5). K 1(d1)— (d5)
FE 1(el)—(eb) 2 AR THEMT L 2 T Fe,
Mn, Ni, Al STTRBENT A AR, (1)—(5) 43
2R 7R Jg e G IR TR] ¢k 1000, 5000, 10000,
15000 A1 20000; H & 1(al)—(el) 7] LLE R, 7E ¢
= 1000, B THIARMEEASRRT, & Cufikic &
REWME 1(al) LREABRKRIX IR, [}, Fe, Mn, Ni,
AL 7E Cu & Bl L AH 2K SR AE W& 1(b1)—(el) &%
o, 5 500 IR o 60 X3 1A 2 2 Bt R R st ) A5 £k
FIRE T, AN 2(b) Hh 21 € i B0 4340 4 e s AH 1Y)

# 3 HGHRIISHL
Table 3.  Phase field parameters.

Parameter

type Parameter Value Unit
Ke 5.0 x 1071%  J.m2.mol~?!
Kn 1.0 x 10715 ym2.mol~?!
Cahn-Hilliard Y 2.14 x 1011 Pa
model! Vin 7.09% 10~6  m3.mol—!
w 5.0 x 103 J-mol !
T 823 K
(o) 228 GPa
Cr, 132 GPa
Elasticity CLy 116.5 GPa
constant/®¢ 01131 169 GPa
cr, 122 GPa
Chy 75.3 GPa
2, 3.29 x 1072
Lattice misfit o 5.22 x 1074
coefficient !5 0, 475 x 10—4
e?, 1.64 x 1074
dzr 1 nm
Simulation dy 1 nm
parameters dz 1 am
At 0.01

Ke, kn-gradient energy coefficient; Y -average stiffness;
Vin -molar volume; W -structural transformation barriers;
CT, Oy, CY -elastic constant of the matrix phase;

C?l, 05’2: 024 -elastic constant of the precipitated phase;
E(i) (i = Cu, Mn, Ni, Al)- lattice misfit coefficients of Cu,
Mn, Ni, Al; dz,dy,dz unit length of simulated meshes;
At-unit time step
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e JEE AL R AR 2 (A5 5 i EAT e KR A 1 Cu Mt PLiE i f h, ZRGEMY S A AEE F FEmY
e ML REE A AW, EE (& 2(a) REhZL).

(al/)/ - (a2/)/ - (a3)/

t* = 5000 t* = 10000 t* = 15000 t* = 20000

B 1 RO E 9 823 K B Al ;Cuy sMnNi Fe, 5 @i &4 =4 SALE  (a)—(e) 43 BIFRICE Cu, Ni, Al, Mn, Fe TLE L)
FFB RIS (1)—(5) FmA R E AL E

Fig. 1. Evolution of three-dimensional morphology of Alj,;Cu; sMn;Ni;Fe; 5 high entropy alloys at aging temperature of 823 K:
(a)—(e) The morphology of elements Cu, Ni, Al, Mn, Fe and order parameters, respectively; (1)—(5) indicates different evolution

times.

8

~0.9 _(a.)_. X —=— Total energy (b) —v— Interface energy + — 20000
‘*0—*:=:=\-l —e— Chemical energy TF —a— Elastic energy /AA
| e A :
—10F 4 9000 ™ 6 t°=15000 " |
t* = 5000 A |
o —1.1F < |
g g 5p : -
= 2 t*=10000 &~ | !
@ —l2r " =10000 ' | oA A | |
o) LN 3] A | |
= o, =} A7 | 1
H —1.3} Nel i "Ny g 3r P ! | !
ey cesmeo L
_14l £ =15000 e, ¥ 2Tt" = 2000 A - ! i
o | e [ V‘VWN'* |
\I‘ 1t A { {Iv/ v e A

—1.5} t* = 20000 v

0 5000 10000 15000 20000 0 5000 10000 15000 20000
t* t*

Bl 2 AR 823 K I Al Cuy sMnyNiyFey 5 mi & S 7ERS RGBT (a) BB i1 AES /L% B BTAE (b) S0 RE5 5L REBE I ]
B Pt 26

Fig. 2. Curves of (a) total free energy and chemical free energy (b) elastic energy and interfacial energy with time during aging of

Al 7Cuy sMn;Ni;Fe, 5 high entropy alloy at aging temperature of 823 K.
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BT AR AR 5 AR AR T R 32 J R RE A ) 24931,
AR SRR 23 77 A Sk 1S Sy R AR b, 01 7 A i
PERIASRE B 4N 2(b) WAL Brs, 7E B ik
R SPEREY A IE, I FLI G AR s AR
B, PR AE SR Sk B AN S A —
PESHREFR A AR IR S RE, & Cu A ok 1,
FEFPER I ZET, & Cu M & e E F1T
TR 7 S, TERERIREE SR, #E ¢ = 5000
B, SrmiBER AR ROR, RAPREGRN 2, K
Kb, - FRPERE R RZMm, & Cu FUkLS fh ) AH
T E AR KK, TR S A PRIk g5,
Kl 1(a2) iR, 6% R Cu iR 5.

A SR GRS, TR Z M EEH S
FHLASOCZE P 8L, B = AR i Bl s (124757 A
B Cu MR IGT R, NiAl TTEER Cu KEBE N
BRIR, MITER Cu XERSERFEA, Qi 1(b2) FIE 1(c2),
Mn, Fe JCHR WPE 5] A E NiAl SMlIE sl ik
R AE 7 = 10000 B} (& 2(b)), AHTREATERGK, IF

G TR RIR D, KGRI
S5, & Cu AFIRRLLL, 76 ¢ = 10000 ] ¢* = 20000
WA A RE— T R, s AR R AR, FE kLA
R PR, —FUEERIRE Cu Bk gkst K
K, J3—Fh I NEURL A I KA 1(ab) B[R
B s, fEX At E Cu X B B2,-NiAl 72l
FeMn 584k£275 K, %% Cu X B2-NiAl BRI &
EWKR, 7E5 Cu X2 KA Mn“A I Cu Pk ry
LN 1(d5) #5 5 0 Mn &4EX.

J T 2 L2 SR i 3(a) FTR,
DL t™ = 20000 HY = 4ERE4DLE5 5 HLAl, J 1 AU
BRIR, IR B2 AH, DUERIRGERIRIGE Cu 4. &1 3(b)
EHARRIRNE Cu M =4 c X0 F, [ 3(e) 2
WO RN 2 B L 2, AT LA A BRAR
& Cu MR B4R 298 15 nm, 7E & Cu X1, Cu
TR 100%, 7 & Cu JAFEIRE 2 10 nm 1 NiAl
76, NiAl SN 40%, TR SN 1:1, N
B2 5%, Mfii Fe-Mn W53 fi 76 e A2, T2 A FeMn #F
HAMI, HiE Ry B2-NiAl 52, #%.0 4 Cu FIBERIR
K Cu Z7eaity. FAVBAUAEE R 5 SClikiiRiE 1
HAEMMPIZAL, BT CuJiTF5 Al Fe, Ni 51
(IS5 ERER/N, HILER HIE R Cu JE A5 )
FLABE A8, X FET XL FOC & Cu
KA H A BOTE B 10 AL 25 Y Borkar 45 19 1
Gwalani 55 14 FBIFFEARML. &1 3(d) FHIET 3(g) o

F SRR AN K = Cu FHTE S R AR 0 Hh 48
HIE BHLER -5 BRI (AL
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Fig. 3. Morphology of Aly;Cu; ;Mn;Ni,Fe, 5 high-entropy alloy at ¢t* =

20000: (a) Three-dimensional spatial distribution of Ni,

spherical B2 phase and annular B2 shell; (b) spherical Cu-rich phase and surrounding elemental distribution; (c) spherical B2 phase

and surrounding elemental distribution; (d) short rod-like Cu-rich phase and elemental distribution; (e) spherical Cu-rich phase

composition curve; (f) spherical B2 phase composition curve; (g) short rod-shaped Cu-rich phase composition curve.
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Fig. 4. The evolution of Al;¢Cu; sMn;Ni,Fe, 5 high-entropy alloy B2-NiAl at an aging temperature of 823 K: (a)—(f) The three-di-
mensional evolution of different elements of B2-NiAl phase without changing with time; (g)—(1) the composition curves obtained at

the corresponding time.
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Fig. 5. Variation of (a) number density, (b) volume frac-
tion and (c) average particle radius with time for Al,CuM-

nNiFe high-entropy alloys with different Al contents.

P& 5(b) SRR 50 5 IRt ] A il 2, AR
Aly, EFEOT LA, 76 t7=6000 J5IRF 4L
RERIFIRARSE, VAR AL R, T7E ¢ = 12000
BHARFUMEOE TP 2%, RIE Cu MBRIRERE,
R AR AL, o 8 5 500 2% e i —
. Gt LB RIS AL TR R, (R
SYEURE T RS dE— S UiE AL Tk E
Cu MR K KA SIS .

FEE 5(c) Hh, ARBLE, iZnT o3k =R E By

B S BOy RUHAR S 2 BB, b MR R B
() PRFEAAE ((r)=0), B4 ICRER G TR
I3, IRBT AR BERAIG, AR RAE kL. oK, 7657
T B () il B, X — B E Cu MK
KB, FEX—BrBeh, X—id B 5K 5(a)ry ik
AXTRE, Alyy, Alys, Alyg = AR R BT $05
WIAE t* = 6000, 7000, 8000 A FE AMLILITFE. XL
PR R T UKL Al ; RRTE t7 = 1000 Bk
ZIF A Cu ki 4, WTREIRIRLZ AL AT Ni 4EJE
i B2 A 26 5 8 FeMn o6 & B4, M § 5
Cuth i I\ Fe b i iy, Bl Al JC R 38 £ £ ik
Cu BHIEA IR SR (I 4(2)). A — e )5 &
Al RFRLE t = 5000 J5 HHELE Cu -3 0k 2
WINPT, RIAETEAZ A A Rt v o BRSO 75 fi
TH R O, XTI 4(g) FIE 4(i) 7T A5 4518,
TE B2-NiAVH IF 12 B, & R B i 3Ly
Cu PURLIH AL, I Cu X,

5 =B BOR R R — B B, BRSO B,
BRIFURL Bl R B 5 S LB & 0T, 0 NBURLTH
% Alyy, Algs, Al —MERIHABTBAEZEAK,
B Aly, W1 A A ) A2 T AT 2 8 2 1Y
B2-NiAl A1 A &% B2-NiAl 3 A3 T 40Kk & Cu Y
Ak, H AL &bk, BRATEHBRCOK.

Kl 6 26k RIBEWHIEZL S A
INBIECE R 1) = 4R, XL 6(al) . K] 6(b1).
&l 6(c1) M 6(d1) AT 45, 754 4 fi 58 B A% B,
Al RRAAEMNGOKE Cu tH, RIALERIIRET T
Caf® CullUh B B, S5 76 2] 1k W H %
(Fhakfe) Zur, E&f /MIRIEE, BB Cu
X, BeEe SRR B B e A XT LA A
A 2 3 35 0 E 25 FE B IR (] 6(a2), 1 6(b3),
K 6(cd), Kl 6(d5)) ATLAE ) AL TCREMAKE Cu
AHEY S M £ AR, —FEBHRS Cu KR,
KN Cu Mk BETFE, I3 —F2 el Cu UKL
&, MR TR (K 6(d5)).

4.2 MK E CutBEREETE

HRAE S —AHBH AT A8 S 230 A 2K, X s
PUE Cu AT T 12 R RE AT ST A S
RRERREIEE (r < 2 nm), (PSR DI 2 —
AL, HBRARRON T LA A HeAg s Ak |t Ak
AR &0k Ak = AP 02 4% Cud 12 KT
2 nm W}, & Cu AH5 0755 158 BAE I A8 Ry 3%

076102-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B =% R Acta Phys. Sin.

Vol. 72, No. 7 (2023) 076102

(@2) _ (@3)__

t" = 6000

t* = 2000

B 6 A 4R 2 A7E B I ] A8 4k 1 = ZE AR 41 ]
isf TE] LA R DE A R 2R 58] 2k e {50 o %85 8 1 ) i)

(a5) _

=

t" = 8000 t* = 15000

(a)—(d) R Al y, Alys, Algg, Aly7 A A (1)—(5) I BFR IR IE

Fig. 6. Three-dimensional simulations of different alloy systems over time, (a)-(d) for Aly,, Alys, Alys, and Aly;, respectively;

(1)—(5) for the start of nucleation and the time to peak number density for the four systems, respectively.
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Fig. 7. (a) Co-grid strengthening, (b) chemical strengthening, (¢) modulus strengthening, (d) Orowan strengthening and (e) vari-

ation of yield strength of nano-Cu-rich phase with aging time during aging.
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K5 ARG R RHEALE

Table 5. Basic data on strengthening of different alloy systems.

Alloy system t” Ny /(x1023m=3) 1% r/nm Strengthening/MPa
Alj 4Cu; sMnNi Fe, 5 4500 3.9291 0.0116 1.9148 1166
AlgsCuy sMnyNi,Fe, 5 4500 4.0817 0.0123 1.9286 1188
Al 6Cuy sMn;NijFe, 5 5000 3.3951 0.0103 1.9343 1038
Aly7Cu; sMn,Ni Fe, 5 7500 4.04 0.031 2.63 75

When <2 nm, it is a dislocation slicing mechanism, and when r > 2 nm, it is a dislocation bypassing mechanism.
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GYY = —3439.3 4 131.884T — 24.5177TInT — 0.00672, G =0,

GYY = —11276.24 + 233.048446T — 38.5844296TInT + 18.531982 x 107372 — 5.764227 x 107573 4 7409271,

2. HEERSE
X o M

L‘,"’z = 41033 — 6.0227T, L‘,",3 = —2759 4 1.237T, L?A = —956.63 — 1.287267 + (1789.03 — 1.92912T")(c1 — ca),
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s = —122960 + 31.989T — 2945.2(cl — c5),

L‘zj"3 = 11190 — 6T — 9865(c2 — ¢3), L?A = 8366 + 2.87,

L§'s = —104600 + 27.57 — (9800 + 20T) (c2 — c5), L§4 = —51638.31 + 3.64T + 6276 (c3 — ca) ,

L§'s = —120077 + 52.851T — (—40652 + 29.276T) (c3 — cs5) ,

L§s = — 264500 — 1197 + 23TInT — (—107000 + 5597 — 67TInT) (cs — c5)

+ (414000 — 800T + 95TInT) (cq4 — c5)% + (—118000 + 970T + 99TInT)(cs — c5)3,

L, 5 = 30000.0, L, =0, L, =—15000c1 + 350002 — 160000cs, L{';, =0,

L{y 5 = 4184, L{y 5 = (—27000 + 1.1T) c1 + (—204500 + 107T) ¢4 + (—110700 + 34T)cs,

L§3,=0, L§35=36000, L, = (—133000+ 40T)cz + (—28000 + 40T) c3 + (—200000 — 1007 )cs,

L§, 5 = (45897.48 — 81.07T) c3 + (110124.13 — 163.65) c4 + (187015.11 — 106.26T )cs.

X AH:

L7, = 53360 — 12.626T + (11512 — 7.095T)(c2 — 1), L] ;= (—7762+ 3.865T) — 259(c1 — c3),

L7y = —12054.355 + 3.274137T + (11082.1315 — 4.45077T) (c1 — c4) — 725.8051(c1 — 1),

L] s = —76066.1 + 18.6758T — (21167.4 + 1.3398T))(c1 — c5),

L]y = 11820 — 2.37 4 (—10600 + 3T) (c2 — c3) + (—4850 4 3.5T)(c2 — c3)°,

L], = 8366 + 2.802T + (—4359.6 + 1.8127)(cz — ca), L3 5 = —64400 + 10T — 34000(c2 — c5),

L;4 = —58158 4 10.878T + 6276(c3 — c4), L;S = —69300 + 257 — 8800(c3 — ¢5),

L] 5 = —162408 + 16.213T — (73418 — 36.914T) (c4 — c5) + (33471 — 9.837T) (ca — ¢5)? — (—30758 + 10.253T)(cs — c5)°,

L}, ;= —68000+ 50T, LY,,=—73272+ 30.97,

L7, 5 = (~240000 + 100T) c1 + (—180000 + 100T) c2 + (—180000 + 1007 )cs,

Ly =L)35=L,5=0, Lj;,=(~115000+ 10T)cz2 — 33000c3 — 33000c4,

L35 =17000, L3, ;= (~100000 — 50T cz + (—50000 — 20T) c4 + (—240000 — 50T)cs, L3, 5 = 0.
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Abstract

High-entropy alloys with BCC and FCC coexisting structures usually have excellent comprehensive
mechanical properties, and Al element can promote the transformation of Cu-containing high-entropy alloys
from FCC structure to BCC structure to obtain the BCC and FCC coexisting structures. In order to illustrate
the process of phase separation of high entropy alloys, a low-cost Al-TM transition group element high-entropy
alloy is selected in this work. Based on the Chan-Hilliard equation and Allen-Cahn equation, a three-
dimensional phase field model of Al,CuMnNiFe high-entropy alloy is established, and the microscopic evolution
of the nano-Cu-rich phase of Al,CuMnNiFe high-entropy alloy (z = 0.4, 0.5, 0.6, 0.7) at 823 K isothermal aging
is simulated. The results show that the Al,CuMnNiFe high-entropy alloy generates two complex core-shell
structures upon aging: Cu-rich core/B2; shell and B2, core/FeMn shell, and it is found through discussion and
analysis that the formed B2, plays an inhibitory role in the formation of the nano-Cu-rich phase, and that this
inhibitory role becomes larger with the increase of Al element. Combining the empirical formula, the curve of
yield strength of the Cu-rich phase varying with the aging time is obtained for the Al,CuMnNiFe high-entropy
alloy, and the overall yield strength of the high-entropy alloy has a rising-and-then-falling trend with the change
of time, and the aging time of the peak yield strength and the alloy system are obtained from the change of the
curve, so that the best alloy system and aging time of the high-entropy alloy can provide a reference for aging

process.
Keywords: phase field method, high entropy alloy, Cu-rich phase, elastic energy
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