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Fig. 1. Acoustic field and flow field characteristics in liquid (FeCoNiCrMn)g,Mog alloy: (a) 3D model used in the simulation process;
sound field distribution of (b) Asp = 14 pm, (¢) A3p = 18 pm, and (d) Azp = 22 pm; (e) sound field intensity at the Pj-P, connec-

tion line; (f) average intensities of stable and transient cavitation; flow field distribution of (g) Asp = 14 pm, (h) Asp = 18 pm, and

(i) Asp = 22 pm; (j) average and maximum flow velocities.
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Table 1.  Physical parameters used for acoustic field cal-

culations of (FeCoNiCrMn)g,Mog alloy.
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Fig. 2. Phase constitution and thermal analysis of (FeCoNiCrMn)g,Mog alloy under static and ultrasonic solidification conditions:

(a) XRD patterns; (b) DSC curves.
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Fig. 3. Solidification microstructure of (FeCoNiCrMn)g,Mog alloy within ultrasonic fields: (a) Static; (b) Asp = 14 pm; (c) Agp = 22 pm.
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Fig. 4. Scale length characteristics and phase volume fractions of solidification microstructure versus ultrasound amplitude:

(a) Average size and nucleation rate of primary 7 phase; (b) volume fractions of primary ¥ phase and (7 + ) eutectic.
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Fig. 5. Cr and Mo element contents in various phases of (FeCoNiCrMn)g,Mog alloy versus ultrasound amplitude: (a) Primary v

phase; (b) (7 + o) eutectic.
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Fig. 6. Crystallographic analysis of eutectic 7/o interface under 22 pm ultrasound amplitude: (a) HAADF image; (b) HRTEM image;

(c) FFT of HRTEM image; (d) simulated SAED pattern.
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(010)

1 nm~1!

B 7 R 22 pm AT BT A AR 1 HH 254 R AE
SAED; (d) HRTEM &4

(001)

(a) HAADF &% (b) [110] S 5l T i SAED; (c) [100] & il T i)

Fig. 7. Structural characterization of mestable 4 phase formed under 22 pm ultrasound amplitude: (a) HAADF image; (b) SAED
pattern under [110] zone axis; (¢) SAED pattern under [100] zone axis; (d) HRTEM image.

AG*

. 1670’12
omAH,
7= v ®)

2o, o WIBEZRE T, EEECE 10" mPs QN
JRFHHBOGRE, exp(-Q/ kg T) {EH M 10263 0 &
SRS AR ZR B (Rl A o DA iR AT A,
A Spaepen FAIBERITIE BY: o NESHIA T, 7E
FCC 250 fh A b (0 0.86834; V, My EEJR IR
N R BT ARAMAEZ 1 &5 HASH06E 1 3Gk [35,36]
CALPHAD #3845, W3 2. R4 115045

XFFREAR AR R 3 m A, HS K S R AR
mEA 4.2 x 10° Pa, fn4hsE#1KHE] S2 (online) fif
. T (6) —(9) X, A RBES S LG R
JERp y MR B R E ik 3.6 x 10% m s L i
T R RE T B ST 4 A B AR R, R g A

B THT BFHE AR R T ) TR B A b B, fe it &
A RS ES Ab. BRAS A (RN 7 BE T I A ST AL T
K A%, FEAE S TR B FEVE T TR B Ak 45
Ak, I8 4 A A2 SR B 3 B0 R R DB RN 1 s
k. 24k 5 7 RN P RIVE A SR T T =468
i3 (FeCoNiCrMn)g,Mog 4 43 I 1A 4 125 11k
R WEIRHAE, B bl g ucER RS
WOk [ (AR, —E AR BRI A v AR ST
ﬁ/}& [3738].

F 2 BERITAM NS
Table 2.  Physical parameters used for nucleation rate

calculations.

S8 My S35 3CHk
Ba R AV/(cm®-mol 1) 0.26 [35]
GaEAss AH/( J-mol ) 12982  CALPHAD
TR A ET [0) 0.0001 [36]
v MEEREFR V,, /(em® mol ™) 7.80 [35]
v MIBERIAAE AH,/(Jmol™) 13207 CALPHAD
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75 g bR ZU ) P AN BE A8 IR E RORH
JoT S R 4 B0l MNTTREAIR T Cr A1 Mo Ji 7
[ /Y AT AL Y A, IO IAE v AHH Cr Rl Mo &
RN FEEJRAE. R CALPHAD HikiTH8E T
WA v AHE AT A e BB P AR AR Ak, g5
Kl 8(a) Fn. A IRBHA 7S PRIR A EE =, #1444
35 1130 A B REIZR TR, 255004 v A B4y
i, W 24 BB T Cr Al Mo J&F 5 i i)
B v AHHES.

R 14 pm HARIE T AL A 2UA & 2 45
Va5, WA v M AR K5 T i A 9 41 A 4 i
Fe,4C017Ni;7CrooMn oMoy, 1% 8414 1l 3 i
J 53 a5 G R A AR 5 B ek 1) A8 Ak DG R
Kl 8(b) Frzn. il BEREAR R 1497 K B, WAH &£
THEER R L=y + o, v o A ELART B
B2 73.6% F 26.4%, X5 PriE E 2L

—105.5 1@
~106.0

7

°

g —106.5F

,%

)

~

S —107.0F
—107.5}

A/pm

Bl 8  (FeCoNiCrMn)g,Mog & 4 5 [ i 2 Ff A A g 23154
Mn, oMoy, FH A3 H5 b T B 1) 25 Ak

0 5 10 15 20 25

(AR 7 BEAHEE, Qi 3(b) . 7EM8 A SE 1
Hh, PR RSO IR 1A A oy A I /R A i T
TR B, P RO 2 0 2K 213 Aok i
gy, NGIR T (v + o) i ZUER. 78 22 pm
PO BB S, SR EL R AV INiE T Cr Ji
TERIAE v AR /305 1 BT 4 1), A A
(1) Cr &gt —HK. MAE (v + o) IR
1, WO E B K Or i, R4S T E Cr
WA u HRERZ SA K.

3.4  JS1=FEiEgE

E 9(a) it 75 S AN A BE [ 25 4 T (FeCoNiCr
Mn)g,Mog & 4 R 4R N T AR i 2. S sE T
A4 1Y IR SR Bl 442.6 MPa, 78K 55T 45%.
Bl R P IR IR A B 5, A A IR B R T R &
876.2 MPa, M LLEHAS T HEm 1 2 4%, WA

1300 1400 1500 1600
T/K

(a) WA=y AR A 3 A iy BE B A 75 IR R 922 465 (b) FeygCoy7Nip7Cry

Fig. 8. Thermodynamic calculations during solidification process of (FeCoNiCrMn)g,Mog alloy: (a) Gibbs free energy of primary

phase versus ultrasonic amplitude; (b) phase volume fractions of Fe;Co4(Ni;;CryoMn gMo;; versus temperature.

2000 |
N
1500 | ===
/”‘ : ‘l
= 4
s - .
% % i | Asp =14 pm
7 1000 X ”,r‘ %%;S Azp =18 pm
'/ z. Asp =22 pm
1.-
500 /'
0 : y y
0 10 20 30 40

e/%

B 9  (FeCoNiCrMn)g,Mog A 4 1Y 124 1 6 K i iR 8t B wi ik
e 38 B 1 BT R

(a) FEH R J3 A2 th£8; (b) 2k

(b)

500

400

300

os/MPa

200

100

14 16 18 20 22
A/pm

A ZE 2 A DA A A T

Fig. 9. Mechanical properties and calculation of yield strength contribution value of (FeCoNiCrMn)gMog alloy: (a) Stress-strain

curves; (b) the contribution of eutectic structure, solid solution and grain strengthening to yield strength.
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AN ATIAF 33.2%. 1k 3R W] =4 75 e A 4 0
M B2 55 SRS 3 T 3l ) A

MR A 4 Bt E L LURAE AT, X6 4 IR
TUAREIAT TR &40 IR FEFE T AT e R U5
THEEBR (o) IR (04,), 0 M (0g4e) P
(v + o) AL (0,) FITTHK. 0 (10) FrR:

Oy = 00 + Oss + Ogb + Tsig + Teu, (10)

R, oy W ARHSBERRI 1. AR AT (11) &
AT 2

oss = 3GoZ f, (Zifs?mi)z/g, (11)

X, Gy AWIE Y A B IR &, Z & R AL
A Y FRFR R, o WA HOT R | TR,
& NI RT R BC AR B 2R I 4H & 1Y R IE S 50
B B0 b AL 5 TR R IR R SO0 T R 5
DUER YW /2 Hall-Petch 5¢ & 41 E 1743 il 3 4o
(12) =0 (13) 5

k

Ogb = fvj}lga (12)
k

Oeu = feuj}lxa (13)

Ao, kA Ry 300 R y ARA R A (v + o) SR 3k
141 Hall-Petch 24X, d WA v AH R34
Rob, A3tz R les, f, A3k m e it
T A S SN 3 T8, AR T2 SR
% 4.

3 R TR T R 28
Table 3. Parameters used for calculating the contribu-

tion value of yield strength.

s Bl S5 30k
BIYIELRE Gy /GPa 81.3 [42,45]
e VA 0.0074 [42]
¥ # i Hall-Petch 2 41
k,/(MPa-um'/2) 497 [43,44,46]

: FiHall-Petch R %

i/ (MPasum!?) 750 [43,44,47-49]
b2 RN /um 0.9 ALt
v AT EA /% 91.2, 774, 68.4, 35.4 ARG
MR/ % 0,226, 316,588 A&
WIEAPER RS d/pm 7622, 656, 537, 45 A&

SRR L I LA A A TG 4 e R
JE TR 1 TS 25 SR an1E] 9(b) BN . B R R R
AR S, (v + o) RGN0 i AR 5 13 B0 S ik e
202.6 MPa .3 T & 2 527.1 MPa. BT (7 + o)

2 R T LA SZ R R AR A it e e, HARFR 7
BN B 4 T s P SR TH %) fe 2L AL RS
Yyvh, BARPIAE v AH SR S Al Ak, {HHAR R 4k
KT R, (14540 iR AT & 4 Je Al B2 1Y Dk
AN, A S . [T SR AR AR, 32 SR T S e
A3 ARIAE S RO R B A 3 DA /R S 1. T
Mo JC R B A B KM T2 E AR F m 1 BT DIR
EAEWIA: ¥ A HE R T 5 R R B A g
PIBCE R, 0 LA A v AR R BOB i /b, 31X
PR PR 22 e ] 3 350 [T s Ak 0T 5 46 e A B )
DUBRME A TR, 76 22 pm JRIE SRS 51, &4
HE A o B PO W T BT EAR w AH, ZAH A IOy 4
t, BARDWEBE R, Ni—EBRE LR T4
SRR AT g

# 4 (FeCoNiCrMn)g,Mog #5453 Jit I3 HE £ 45 1

TUKMH (B0 MPa)

Table 4.  Strengthening contributions of (FeCoNi
CrMn)g,Mog alloy (in MPa).

WA Asp = 14 pm Asp = 18 pm Agp = 22 pm

FAK EESEE 210.0 210.0 210.0 210.0
[#¥%5Rik 109.3 95.0 89.2 47.0
ifmaEft 5.7 19.4 21.5 27.0
ofHiRft  70.4 — — —
btk — 202.6 283.3. 527.1
BT

[ 415.4 547.0 624.0 831.1
SR Al

w1426 605.6 677.4 876.2

4 % #

R T =4 % (FeCoNiCrMn)g,Mog 15
& 4 A SRR A 2 PR RE S THILAR], 75t
LIT 451,

1) BT, BEEAH AR A0 AE v AR
A B TR] ZROR Y o AHEZH ARG A P AR I ) 4
1o, WAy RHIZ A A D A i SRR A T
(v + o) R R ARIL AR LY, H AL S PR S 2
[110]//[110], F1 (111)~// (110) , BEFEAR K FR. 24
PRI IAE] 22 pwm iF, BEFEIHLUPHIE R T U745
PR IEAEAH p1-Crgy Mny g zMoy g sFeg 4Coy 4Nig .

2) Wt P IR R 4R v, B S S AR R e T
THIAE v FHBIEAZ R, S L ok 4 Ak i 32 2L
[GIERF, 7R RN A 1 YA Fh s B st i, B
I T WIAE v A A A e b /i ST AR Cre Fl Mo
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JETF s, s | & RAH RS2l (v + o)
L RALUE . TE B SRR SRS, 7 i s
()36 R BGR A Cr PRt — 2 w4, 4T
Hou A SEK.

3) MM, A & B IR KR40 i IR o 1k
| 876.2 MPa, HWFHSSFME TG T 2 £, [FA
PR¥F 33.2% WA . AT (v + o) mAi4
FATE B S AR R A B3 2 =2 s AL

SRR | v SCH | 2Rk | HE i SR O A R e
SER A B R AR AL AT .
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Three-dimensional ultrasounds modulated solidification

microstructure and mechanical property of
(FeCoNiCrMn)g,Mog high-entropy alloy®

WU Hao WANG Xu  WANG Jianyuan ZHAI Weif WEI Bingbo

(School of Physical Science and Technology, Northwestern Polytechnical University, Xi’an 710072, China)

( Received 20 May 2025; revised manuscript received 24 June 2025 )

Abstract

Three-dimensional ultrasonic waves with amplitudes of 14, 18, and 22 um, respectively, are used during the
solidification of (FeCoNiCrMn)g,Mog high-entropy alloy, and its microstructural evolution and mechanical
property are investigated in this work. Under static condition, the solidification microstructure is composed of
primary ¥ phase dendrites with FCC structure and stripe-shaped o phase with tetragonal structure. As the
ultrasonic amplitude increases, the mean transient cavitation intensity rises to trigger off a significant
nucleation rate increase of the primary 7 phase to 5.6 x 102 m3.s!, leading to the remarkable grain size
reduction by two orders of magnitude. The maximum and the average acoustic streaming velocity increase
simultaneously, which accelerates atomic diffusion at the liquid/solid interface, reducing Cr content in the
primary 7 phase from 18.6% to 13.1% and Mo content from 6.8% to 3.4% (atomic percent). This atomic
redistribution subsequently causes the liquid composition to approach the eutectic point and facilitate the
formation of (v + o) eutectic, which accounts for more than 50% volume fraction. The two eutectic phases
exhibit a semi-coherent interface relationship characterized by [110]v//[110], and (111)~// (110) ,. Furthermore,
due to the gradual enrichment of Cr atoms in the remaining liquid phase, a small quantity of metastable u
phases with Cr content up to 62.3% form in the final microstructure. The maximum compressive yield strength
of the ultrasonically solidified microstructure reaches 876.2 MPa, almost twice that of static solidification
microstructure, and the compressive strain reaches 33.2%. The formation of (¥ + o) eutectic is the main factor

that increases the yield strength of alloy by 527.1 MPa.

Keywords: high-entropy alloy, ultrasonic solidification, eutectic microstructure, mechanical property
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