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Fe JUHRMEE, o LIE SR A S A, 5—J7H,
T LI 2 REDY, SRR S at% (JRTHED
E) 8 Al Si Fl C Jo g AT LR Z 52 & & R AR 1 [ 15 0
1, [EI 5IN—E RIBRA D RORL AL . BF LRI, AHEL
FTE4£WMIER FeMnCINi & & i & & 102,
(FesoMnaoCrioNii0)es(AISIC)s HH A &R I H T H AL H
MISRIBVEDR RN, FEMIERE B, AL RARE T %A
S AEF RTINS INET 075 M7 500 S0 A%
TEHLE

2 MHmbl&SSEWREE

2.1 MRIIEESHIE

AXEHRMEEMBZ2LZ2 XHDNA
(FesoMn2CrioNij0)es(AISIC)s (N AR N TH /) i
G4, HIRELHN 3000 g FTA &SN TR LA
KA 99.9 wt.% (FEH ) IR

B e R B SR RS R, HBAR R 6%
T2 B0 RERIN B, e —2
AR IERL, FRIBONES . RE. B BRIERL R KR
RUEEFENR G5 G NI, i 5885 2 5k
. BPRATMBL, INTRIRIT E =%
PEEAMT, AR A S A 107 Pa, BEEIE
NAFEH 99.99% 1) m Al G S T IR A FAE . =20
SEIIER B, JF R KA R B IS T IR E R 100
kW J5, BEJE4RSLE IR IR 2kl s, B
ISR 2D ERE 30K, BE RSB B iR 4
A 10 mm FI&ERb. Tk, K 10 mm EREEE 5
AHELL TR AREE: (1D EZER TAEL 50%% 5 mm, A5
£ 900 °C MR-k 0.5 h, FF#HATKE; (2) £ FAFL
90%% 1 mm, #RJ57E 900 °C FIB K 0.5 h, FHEAT /KA,
B AT B A SIS A T IR 46 44 k) o
22 S

FRAEBHS R LRAHESN 5 mm, JEN S
mm FEAETERE . SRR A h A SL 50 AR 9 30
mm, FEA 10 mm FMEEN 1T mm FIFERFES, X
SRR A 2B 09 10 mm (KD, 4 mm (58D
A1 mm CJEED . #E#FHS %05 E A
INSTRON-68FM-100 /3 G&iEaHL, FRHA 0.001 st 1)k
AN R, FRNEEFLRMEHERN 3 mm,
FEN 3 mm BT RS . SEOR T A o B U
WEARENM (SHPB) A MRRS, KA 3997 s (13)
ARG EZ . FrA J1 RIS 3T T 2 K 5
5, CAWAERSZISZE R Ak

23 MEETRIE

FES RO ZE R TR X SR ATS (XRDD
BT EBMEE (SEM) MBS BT RME (TEM) %R
FEBIA « XRD W HT 75 ZA R SR T 0 S P 52 J5 ok Ak
P, KA Cu-Ko HFZRIFENFE ST X GHEATH, HAaH
HEJy 5°/min, A FETEEDY 20°-100°. SEM AT
T B FE ST AT B IS UG, SRS 1 F K
h 25 s. # Rk, K IN-SITU-SEM-340F 14iH T &
R RAT O R R 4 A, HTAEHEA 20 kV.
TEM IR AT 75 ZoRRE RS 100 pum, HERER 3
mm 1 8 TR AT OB ARG, BEJS R FEI
Tecnai F20 i% 5 BT BB 0 & &35 T i J5 AO T £5 4
HATREARAE, HTAEHRERN 200 kV.

3 HRESH

3.1 WSS

1 A(FesoMnaoCrioNii0)es(AlSiC)s H1 4 4] XRD
TG, HEFRATLLE N, a8 T FR R
DAL (y-FCC) [EEARGE ), KR FCC A 5
9 0.3607 nm, M =T (FessNiasCraoMnio)os.sCi.s il & 42
€1 0.3572 nm®), FsZ b, @I ALK QM 6
22 PERO-28), ] DR U A IE %A 42 1) XRD fi 8 434
FARRL o B A 2 R0,

_ TmASmix
- |AHmix| (1)
n ri 2
5= [si,c(1-2) @)
K, Q FRIREWARE JA TGP ASp R iR
155 AHppo iR E10: T R SR FIE A 6 AR

FRAE; 2B i MM ETFaTEE (at%); nk
FiINTCRMWETF LR TRITESETRINFHE T
2. PEIEAT L5 H (FesoMnaoCrioNio)os(AISIC)s 5 &
&1 Q F1 6 23N 2.78 Fil 6.59%, X e & AAEGi N
TEE A AARTE AR, B2 ©>1.1 Rl 6<6.6%), &4 H%
S e A e IR R . TR, 5 at.%[ Al Si Al C
TR MIIIATT LA R 2 2 1 s A8, T 2 FH- 41
I [ ¥ 58 A6 RN 120 ik — 2Bl T AN IR
(VEC) X—AIZHBY, nffRHi%E&41 VEC A
N 7.96, XAEFEEILT Guo AL VEC I, EP
2 VEC28.0 If, &H&Min T FCC ML 14
VEC<6.87 Itf, & &:fiilln) T/ p BCC HHE B,
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Fig. 1 X-ray diffraction pattern of

(FesoMn20Cri10Nii0)9s(AlSiC)s medium-entropy alloy

2 H(FesoMn2oCrioNiio)os(AISIC)s H1J% & 4 ) SEM
MMEEE . WEFFTEH, AET XRD HH—K)
AT VTR LE AL, B 4o PN T 23 AT AT K 0 ) B A2 AR R 13 6 1)
HrihAd, HATHAH 202 REMRREH. 46K 3
) TEM Z3 Ml A1, X EEHT H AR 8 T 10 52 77 45 84 1)
MasCo BUBRAA, HERRS5H 5 FCC BARIRRE—FhSL Ty
-3 771 (cube-cube) HUFIK F. AR, XFPRFERIEX
) 9K 2R LA A 4 B AT S AR AR AR 43 BRI R T U
FHMURL RSP AR AT B8 & XRD Bk A vk 2 X 4> FCC 2
A5 MpsCo I —NEE R . [FIE SR, MasCe
(7= A BRI RUE T 6 4 A ok [T R R AR PR 2R 3 it e 7
(L - FCC + M,5Cg) )5 JEJS7E 900 °C NiB4K 0.5 h,
Mo3Co BT NI VB AN FCC AR PTiEst i, TR
B 2 B B4 /N TR BRI B A R . 3k — 2B S AT DLK
B, MazCoe HT HI A F I AS KU ERAR Clan J2 €05 B B )
AZE A RER FR (B agikmr) fBkiEs, H
FRERCR ISR PR RS 36 B AT LR 5 4K 2k BITOK K. 5
KB, XX R FEEX (A HE
MR 2 RS R A5, 7 DUMR(E & SE M I i
S R Re SYINVAG U T 1) VRS /15 e T G sk WA O R T T

I UAT 00 75 L EE B DRI B s P e H SRR AR Y
JIAT A A B X R RS AT A5 L ER $57 i
(RIEELEARTY o 3P ER 2 DX IR X iy ok 1) s [ 3 A SR s o
TN TR B R AR s e Ak .

(FesoMn20Cr10Ni10)os(AlSiC)s

Microstructure of

Fig. 2
medium-entropy alloy using scanning electron microscope
(SEM)

&1 3 4 (FegoMnaoCrioNi10)os(AISIC)s H i £ 4 TEM A5

T & S AR L M A A B2 ) 32 X BT 5 0 i

(SAED). HiF] 3(a) Al LA ML i, A e28H—

TSR R E GBS, RIILREL 50%F1 900 °C-0.5 h

PUEHE G OATM T HERIER K. FN, okt

M rpar DU B S T AOK 2L 28 90K R BROR AR F

SRECHTH, HORSHERIZ979 100-500 nme. 18] 3(b) %

BENEEHTH T B RRRGUORRRL,  HP 2 %8R

2979 25 nm. TR, B 3(c)FIE 3(d)5 A E Rk

AN A HEAT ARSI X R AT S 0 b . W DA

AN BT O SLTT (FCO) [FEREH, AT

HHARIUA MasCo BUBRALYIBURL . BE4h, B 3(d)idmT

LA Y, FCC 4k 5 MaosCo I 45 A HISL I R-3277 1

Bme e {111 pecl {111 3 mscs, <110> pecl<110> vascoo

AR, XA RAFI RS ST SC R AT LU & R AR

v R R BB )4
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Fig. 3 Microstructure of (FesoMn20Cri0Nii0)es(AlSiC)s medium-entropy alloy using transmission electron microscope (TEM): (a) spherical M23Cé;

(b) lamellar M23Cs; (c) selected area electron diffraction (SAED) analysis of the FCC matrix; (d) SAED analysis of the FCC and M23Cs

phases

4 330X MasCo ZURRALYBURLZEAT T AH LI I1L
HILERREE M (TEM-EDS THI). B 4(a) WX N5
AT - E S BT B8 (HAADF-STEM) JE
A, EiEm e WA 2 R MasCe T HIAH .
4(b)-4(h) Xt Few Mn. Cr. Ni. Al. Si. C JGE%

B 4 M23Co BRALIFIAL 22 TC R REWS 20

Al BT EIEMOE B, MasCe RUBRILYIRRL B
4 Cr M C TG&, TR T Fe. Niv AL A Si TG H:
Mn JG 3 NIFE FCC B A MasCe Z [8] 43 AT FHAH T35 50 6
X527 BTRIE K FeMnCrNi 95 & & Bt =4
F A 58 A AL 251,




<2 Wity El@pRLS TR

E i

Fig. 4 Chemical element analysis of M23Cs carbides using TEM attached energy dispersive spectrometer (TEM-EDS): (a) the morphology of M23Cs

using high-angle annular dark-field scanning transmission electron microscope (HAADF-STEM); (b) Fe; (c) Mn; (d) Cr; (e) Ni; (f) Al; (g) Si;

(h)C
3.2 EERS HE MR

& 5 SAJ(FesoMnagCrioNiio)os(AISIC)s H £ 4 1) = il
RS A0 N /- R AR M2k, MR RNAR #2454 0.001
st HEHATLLEY, ZESRIH THRF =B
AN TAE G RE S, HR48 8 i B2 2928 360+10 MPa, T
JE4E M A H AT LA R 70%. fEIRMEAS LR BL, AT DLBY
S B AN [F] AR TEAR 2, 72 TR AR LA 50% 2 |,
RIONER RS WBIERILAT N, B 50%2 )5, &
S — P PRE R AR A TERHE s B BN AR IR 70%
i, A RER R G R A —E TR i EpTR),
R &N OERAETRAMPESY R B4,
(FesoMnooCrioNii0)os(AlSiC)s £ = I HEFRS N A A FM
JE R PEAIRT B, X 5 HL ] PR TR O 327 [V AR A4 AN
/N MasCo RIURL 4K A 25 AN 1T 43

4000
3500F 0.001s"
3000
£ 2500
> 2000
= 1500+
wn
1000 +
500, Yielding point
0 I I 1
0 20 40 60 80
Strain (%)
5 (FesoMn20Cr1oNi10)os(AISIC)s H £ 4 v I 265 T 45 B H-
AR i 2
Fig.5 Quasi-static compression stress-strain curve of the

(FesoMn20Cr10Ni10)9s(AlSiC)s medium-entropy alloys

Kl 6 N(FesoMnaoCrioNiio)es(AISIC)s & &4 = I
HEFR SR 465 1) TEM S HLUER . I 6(a) T LLE
, Z2REUWAEE (48R EREE 70%), FCC 3
RPN ERFE A T R LRI AR RS . A A T L . A
B MasCo BRAGPDIURL 505 A T B R RIAS HARF, 3
M AE FCC/Ma3Co A FHTHI AL = A2 T 1R %5 BE ML AR HERR, 1X
B R 1Y MasCe 7 LAE IS Orowan S ML R H
TSR EE iz 5, AN 25 3 TH AR SR EE o [F]I, 1] 6(b)
B0 MasCo BRIRBURI AT T TEM-EDS 264, W LA
EiH, Cr Al C uEWEMET MxuCs ™, T Fes Ni.
Al. Si RMEEEET FCC HiAH, Mn i RJLTH
S EBAN G &N, X—mm s mHESE 4 1
TEM-EDS [Hi#H2 M 8. BT MxuCsH i M 25
LR &4t E (W1 Cr. Feo Mn. NiZ5), BX H
MasCo AT LB TE R R . 3 0riAh, @RS
SRS AS A e B AE B S FR R A T AR BE IR
B BRI AE T MasCe mRRALA BT B B2 5K,
6(c)-6(d)Xf & 4x HE A He 46 J5 1) FCC 244 A MasC ik
WHIERLEAT T IE X B FRTH 0. FTLAVEH, AT
KERESE (B 3(c)), BREEEM FCC BERAET
IR -3 o G A R W ENE V2L G | S DO
B2 MasCo BRRBURLAN SR CREE T A RS RHE (&
3(d)), IXFFIREIIE T MasCe BRIRBT AR XS & £ 3 AL 1
H %4 Orowan Zeit Hliil .
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Fig. 6 TEM Microstructure of (FesoMn20CrioNiio)es(AlSiC)s medium-entropy alloy after quasi-static loading: (a) the interaction between M23Cs and

dislocations; (b) chemical element analysis of FCC and M23Cs using TEM-EDS line scanning; (c) SAED analysis of FCC; (d) SAED

analysis of M23Cs
— AR, B R SR A B 3 A SR A

(Ao~ TRtk (Aog) FIHTHIRLL (Ac,) . TR,
(FesoMnooCrioNii0)os(AISIC)s Hi & 4 1 JE iR E (o)
Al AR IR A

gy = 0y + Adgs + Aayy, + Agy, 3)
K, o NG BEHERL ] (~125 MPal3D); Aoy A IE N
Wk, EESRIET AL Si Ml C LRI TTRR, ATk —
IR A

Aggs = Xp;i Xi (4)
L, p s 1 AN TCRMEERCRE, SR Al Si
M CILHE NN 6.7 MPa/wt.%, 16.2 MPa/wt.%F1 91.3
MPa/wt.%B4; X H8 1 NG R EE 738 & (wt.%).
i Ao £ N 53.47 MPa, XEW] Al Si fl C
TCEMTE R4 TIRGF A SRS . RFET &
B E R-AEF (Hall-Petch) ¢ 5, & FLom Ak 1 SRk E
AIRIRN:

Aoy, = K,d™*/? )
i, K,y Hall-Petch %, £°4 576 MPa-um'?; dfy

EE R RIERLR T (~41.93 um). FEIEATPAITHEASF)
Adgy 2174 88.95 MPa, XKW & T otk a] LA AR T+
BHEERGREE . MhAh, BISCH OAIRR] T MasCe b7 HAH

RGBS OBLRHE FI7F & Orowan SEt Lk, BELATth 38
Ao T BAE— 35 37 20,
(0 538 - $2£% )1n (2%) ©)

X, GABIUIBIE (~76 GPa): b AMIKKR (~0.255
nm); AN AR E (~11%); D AR R
SRR (~203.76 nmD. BIEE] LA EAc, 210
85.82 MPa, X R WM Hh sk 2 2 1 A1 & AL oA AB LI BT
MREZ . ZE L, WIS H (FesoMnaoCrioNiig)os(AISIC)s H i
G A EE R AR R 2N 353.24 MPa, X —HU{H B
T I I S0 A3 B JE IR 360£10 MPa, HLUER] T
THE S5 R A B .

AT R B I (FesoMnaoCrioNi0)es(A1SIC)s &
MR EE ¥k, B 7 #2007
(FesoMn2oCrioNii0)os(AISIC)s HH A 4 1) & iR A A fr
F12EM RN . B 7(a) N(FesoMnaoCrioNii)os(AISiC)s AR &
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422 900 °CIB K 0.5 h J5 1 2 iR HE FE A Rl B -4 i
2, HInENAEEN 0.001 s'. ATLUEH, ZEaeE
DU TS B sm B L G, HoR AR e AR FE 20 365+15
MPa, FeKPiHisaELI AN 715425 MPa, [A & BG4 A
0% 5 SR . B T(b) AR R A LS A &
J1EmpL, AWEFRULE, @R HTERE, 540
FEAAR RS T RERA, HE KPR ELAA
1021427 MPa, RN IR IR T 9.8% /e 41 HIWT J5 IE A %

Bl 7(c)xd R IR KA G 4 R W B3 . B ig
AL KR EM /N s e, R ESER TR
A T BN E BT, A )5 A58 1
o B 7(d)iE—2 580t T (FesoMnaoCrioNie)os(A1SIiC)s H1
&M E A HIER Fe-Mn-Cr-(Co)-Ni-C REfE 4 LA
% Fe-Mn-C-(Nb) F e #4015 ZE AR B f5 A8 i 22 m] DA
EH, (FeeoMnaoCrioNiio)es(AISIC)s A& H & T H N
AR R S BV .

800
(a) L aansdddAMMMMMMAMMMMMAAAAL,
700 | —
= v o o N
&£ 600 F -~ ‘
= ya |
e 500F & ) ‘
8 400 h/f 1200 .(b) - }
Fad rai gt e T | A
iz [Yielding point 2 s} / =
. 2 £ b
:i': 300 ¢ :: 600t / 532 (d) i
2 —g 400 ,‘f S8 e
g 200 = 200f %74 o
1 00 % % I':\silc sl?'uin ('Vi‘) 0 220
g
0 ) 1 1 1 L 3-316
0 10 20 30 40 %))
s 20 25 30 35 40

Tensile strain (%)

Frature to elongation (%)

7 (FecoMn2oCr10Ni10)os(AISIC)s HH I A 4 A HE R AS B A 7 24100 |BL

Fig. 7 Quasi-static tensile mechanical response of the (FecoMn20CrioNii0)es(AlSiC)s medium-entropy alloys: (a) tensile stress-strain curve of the

as-annealed alloy; (b) tensile stress-strain curve of the as-rolled alloy; (c) frature morphology of the the as-annealed alloy; (d) product of strength

and elongation versus fracture to elongation of the present alloy and other reported alloys

3.3 BSHIEMERE

8 JN(FesoMnaCrioNiio)es(A1SIC)s H 5 A 4 1 & i
BNAS RSN /- RAR #h 2, Hngk AR I Z 2490 3997 71,
HEF AT DUE BT Rl LA IE AR SR UM, %6 &
Fzh A JE AR 5E EE Z9°8 910435 MPa, 4 LLiEERASINE 2918
T T 153%, HZR& J) % 1 e L8 T otk A 4o )
Fe-20Mn-3AI-3Si 7w i % K f# MW BT M
Cr26Mn2oFe20Co20Ni 14 i & 4B [FIRTATISARIH T ]
JHIIN TAEAT N, HAERAG N AZ 21 40%K, &4
AR BRI Canddi B TR o B rh il 4 K v i B )
NIRRT E R, X R S S AR
AW TAMGLh H AR . 48 Bal A,
(FesoMn2oCrioNii0)os(AlISIC)s A& EILH TR =
AN S Re, B T a1, 5
TN, IR R AR 28 R 2B 14 ) 3 L T A
BN RRBOENLS, Rk B,

AG:kﬂn% (7)
Hov, AGHBEIERS: kK NBU/RZBEHE, T HEE: ¢4

IE AR g ASHRARHE (0.001s1). XEK)
PO TR RS BT 8 SR RE = AR
tege g CRUFRIRGN ST RO EIE 3 RAC . J)
PSRRI RLE A T R A B RIAT N .
AR () FTUEH, EERFET, oG EZERRT
SEBRANER N AR W R KN . TAREMA, X S FT 80 BE ok
/N, A A BH FAIRRE e ot 1 R R B 22 BRI
AMINRE F7 T AN G I E — 2 FE A B A AR R A2 JE Al
B 52 W R I A 1) et P 5 P K 38 o, X B4 EIE T
o G R B B B I I AR R S |
PBE IS A T Ll B8N R T RIRS), TN
TR T BINLEE RS o 4 R D Je JIR T T3 K 7 4
LRI ARSI, A4 2R mT DAIE b RIS Sk i B2 A M ik
T 7B A T 2R 9 i AR TN T s 28 1) i 20
W, BEBS A7 B 28 TR B AT R L4 KA i 24/ I Aif 1)
Ak, BIREOENLEIAFEE 2, MRS 7 REE ML T 46
RIFAER o A0 AR Z LR 3997 571, XF BRI
BHE RIS H 2058 100 s, 2R TAres 2 iiRsh A B (~10°
), JBTHBIEHLEH
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Fig. 9 Dislocation substructure images of (FesoMn20CrioNii0)9s(AlSiC)s medium-entropy alloy after dynamic loading: (a) dislocation cells; (b)

dislocation tangles
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Fig. 10 The interaction between spherical M23Cs and dislocations: (a) Orowan bypassing; (b) SAED analysis of FCC; (c) SAED analysis of M23Cé;

(d) high-resolution TEM (HRTEM) of FCC/ M23Cs interface; (e) fast fourier transform (FFT) of the red rectangular area in (d); (f) inverse

fast Fourier transform (IFFT) of the yellow square area in (d)
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Fig. 11 The interaction between lath M23Cs and dislocations and chemical element analysis: (a) Orowan bypassing plus dislocation shearing; (b)

TEM-EDS analysis of Fe; (c) Mn; (d) Cr; (e) Ni; (f) AL (g) Si; (h) C
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Fig. 12 Deformation substructures of (FesoMn20Cri0Nii0)9s(AlSiC)s medium-entropy alloy after dynamic loading: (a) deformation twins (DT); (b)
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HRTEM of the green area in (a), the inset showing the presence of stacking faults (SF)
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Study on the Static and Dynamic Mechanical Properties of (FesoMn20Cr10Nii0)es(AISiC)s
Medium-Entropy Alloy at Room Temperature
Guo Yanyi?, Kou Shuanghu', Ma Shengguo'?, Guo Meiging'?, Wang Xiaohua®
(1. Shanxi Xinruida Metallurgical Machinery Manufacturing Co., Ltd., Lvliang 030500, China)
(2. College of Aeronautics and Astronautics, Taiyuan University of Technology, Taiyuan 030024, China)

Abstract: High-entropy alloys (HEAs) have become one of the hot topics in the field of materials science due to their unique alloy design concepts
and excellent comprehensive mechanical properties. However, traditional HEAs often contain valuable Co elements and tend to be designed in
equal atomic ratios, which greatly increases the alloy costs and limits their industrial applications. Based on this, a cobalt-free (FesoMn20CrioNii0)os
(AISiC)s medium-entropy alloy (MEA) is established. By moderately decreasing Cr and Ni while obviously increasing Fe elements, the alloy cost
can be effectively reduced. Relying on the classical thermodynamic criteria and minor additions of Al, Si, and C elements, the solid-solution
strengthening can be significantly improved as well as a certain carbide particle strengthening. The results reveal that the current alloy exhibits a
simple face-centered-cubic (FCC) crystal structure, with a phase composition consisting of disordered FCC solid solution and ordered M23Cs
carbides. Based on the cube-cube orientation relationship and almost coherent interface characteristics of FCC/M23Cs, the (FesoMn20CrioNiio)os
(AISiC)s MEA exhibits excellent room-temperature plasticity and work-hardening ability under quasi-static conditions, with a compressive yield
strength of about 360+10 MPa and a compressive strain of up to 70%. Moreover, the alloy undergoes a tensile yielding strength of 365+15 MPa, an
ultimate tesnsile strength of 715+25 MPa, as well as about 40% fracture to elongation. Upon dynamic loading, the alloy exhibits a positive

strain-rate sensitivity, with a dynamic yield strength of approximately 910+35 MPa, which is about 153% higher than that of quasi-static loading.
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Meanwhile, it still exhibits visible work hardening and even at the strain of about 40%, the alloy still does not undergo significant damage. TEM
analysis shows that visible dislocation walls and cells inside the FCC matrix, as well as the interaction between M23Cs and dislocations, lead to an
excellent strength-plasticity combination under quasi-static loading. The formation of deformation twins, 9R phase, stacking faults, and
Lomer-Cottrell locks provides the alloy with multiple strengthening and toughening mechanisms, thus yielding the potential damage tolerance
capacity upon high-speed loading.

Key words: medium-entropy alloy; mechanical properties; dynamic loading; deformation mechanism
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