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FexCrMnAICu (x=0, 0.5, 1,1.5,2) &Ri&4, FEk
PRALFEEEIE 99.9%0 Fe. Cr. Mn. Al. Cu & J&8 Biki,
FEIEALZ 1 mm, B E 1R 8 70 & iR Bod
APRREE o A5 T U 1) B I 2 Xof 0K 2 T 2R AT 4T B DA 2 Bk
R A T = AR A PN BORLIRON 2 ) e 7
WG TEAGHATIEVE . BIRER S i 2 B2 IR R
NGRS, P T mAEEE TR EE. AT
AR 150, T RN 4~5 K.

KA A Cu #E Ko 5 19 X G5 247 51 (XRD,
D/Max2500PC ) =k 73 #r & 4 [ AH &5 &9, 3 o &
4°/min, S K 0.02°, INi#E L 40 kV, B 40 mA,
fTS MG 20°~90°. SR FHEC#% T i (EDS) A
Hff T 2% (SEM, QUANTA FEG250) KX} )& ith
AT S = 8 4 1) R T AW T 30 DA R 03 960 11 Js ol 8 T
AT R . K AL SRR X SH &t T
AETE (XPS, Thermo Scientific™K-Alpha™*) Xt &4 &
& FTH B = Py b e F A N S AT b, AL T
284.8 eV Ab W) C 1s WEEAT I, Hds i3 & 40 B 5
Avantage ¥ .
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PORFE S AT 2 8, & B B A 2R 5 RE 5 10 R A
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WA RN 1 h LSRR T B fAr . B
R AL 2R VO N -1~1 vV, FHE#EZ 0.01 mV/s.

#£1 Fe.CrMnAlICUEHEEEZETLERE
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P AL 10 mV, WS BT 3 R ) Zview Btk
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Wt WP THEEIGAE 3.5% NaCl =i 168 h,
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JRERATRREL T, %L P R B 3 AT IR
XL RE i, RAE L ik kT T 5

2 HR5U®

2.1 Fe.CrMnAICu S{E& ERIBEM R MY LALR

1 N FexCrMnAICu (x=0, 0.5, 1, 1.5,2) =&
41 XRD K. B 1 &Y, Fe.CrMnAlCu /=4
G a3l fec FHAN bee AHM WA 454, H A
Fe S EMM N, & 4 foc AH AT 5T 06 A T 98 1 3% i
PSS, T bee AH AT S U B E O T HY 5, IX U B Bl E
Fe & N, Fe.CrMnAICu B & & T bee FHHI
TEME.

2 °N Fe,CrMnAICu (x=0, 0.5, 1, 1.5,2) =&
SR SEM 5. K 3. K 4 435I~ CrMnAICu 5
Fei sCrtMnAICu & 4/ EDS JC & [ 43 i - 24 x=0.5, 1, 2
i, &4 EDS i 5 x=1.5 B AHIE, KLE SRR
MEZUH. MNE 2 BRI, FexCrMnAICu (x=0,
0.5,1,1.5,2) mlGEE AN AR, HBEE Fe
TEMIG O, B DR T K, A 1) X3RS ok
/No 3 2 N Fe,CrMnAICu (x=0,0.5,1,1.5,2) =&
41 EDS miiAH4s R . 48 EDS 45 Rl A1, fEH
G 4 A E B ) T8 B AR T - Cu G R R & (8] (ID)
f#r, Fe Al Cr L& & £ X I (DR), HEE
Fe &K, MfAEIXIK Cu e R HLFIH K. XFoo
EZWIT IR B A 2 T 1E Fe.CrMnAlICu & & &
i Cu o 5 Hfh o R IR G N IEE

Table 1 Content of each element in FexCrMnAIlCu high
entropy alloys (w/%)

Alloy Fe Cr Mn Al Cu
CrMnAICu - 26.33 27.82 13.66 32.18
FeosCrMnAICu 12.38 23.07 24.34 11.97 28.19
FeCrMnAICu  22.05 20.53 21.68 10.65 25.09
Fei1sCrMnAICu 29.79 18.49 19.54 9.59 22.6
Fe:CrMnAICu  35.44 17 17.96 8.82 20.78

Fig.1

} # fcc & bee
MBS /| W X *
gl L A
)
B [x=1
§ ‘\"‘* L wrssmssroracnc]
f=1
. J‘\_ — RN
x=0 J
o——— A
20 30 40 50 60 70 80 90

20/°)

K1 Fe.CrMnAlCu /& 42 1 XRD K%
XRD patterns of Fe.CrMnAlCu (x=0, 0.5, 1, 1.5, 2) high

entropy alloys
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2 Fe,CrMnAlCu (x=0, 0.5, 1, 1.5,2) &4 SEM 5
Fig.2 SEM morphologies of Fe,CrMnAICu high entropy alloys: (a) x=0, (b) x=0.5, (¢) x=1, (d) x=1.5, and (e) x=2

3 CrMnAICu =i/ 5 & EDS JL 3 [ 73 A
Fig.3 EDS element mappings of CrMnAICu high entropy alloy

4 FeisCrMnAlCu & #i & <= EDS JC R 7 1ii
Fig.4 EDS element mappings of Fe1sCrMnAlCu high entropy alloy

2.2 Fe.CrMnAlCu S& &M BLFEMTINLER DLIE I [ ot PRI 25 T Ccore) K 340 BT 6 0 11 5 S 2R

5 4 FexCtMnAICu (x=0, 0.5, 1, 1.5,2) mi& B Tl R RO, R R, A S T
& 1E 3.5% NaCl ¥ il 45 (1) 3l s AL Al A il 45 5 i PEREMRZE . BB AL (Ecor) 275 A 4505 i 1) 165
P, Hob, Bl Sa N iZ, & 5b 4 Nyquist ], FAEER G, Bl ok P A R K . R AR AL
mhzk, Kl Sc 5K 5d o m e fESHEyEE R . BB (Rp) BEK, UEHAG SRR v Rl ey . R
I Tafel L& AT/ AL ESHY TR 3. Hp, T 3AHEL, WINT Fe mRMASMET RIBIM Fe IuHE
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%2 2 &1 Fe,CrMnAICu (x=0, 0.5,1,1.5,2) SHE&EH&

& (DR) 5#&E (D) XELFEHRS

Table 2 Chemical composition of dendritic (DR) and
interdendritic (ID) regions in FexCrMnAICu (x=0,
0.5, 1, 1.5, 2) high entropy alloys in Fig.2
Chemical composition/at%
Alloy Region
Al Cr Mn Fe Cu
DR (spot 1) 18.28 58.41 20.88 - 1.99
CrMnAICu
ID (spot 2) 27.68 2.65 26.75 - 42.52
DR (spot 3) 19.23 41.11 20.91 16.23 2.52
FeosCrMnAICu
ID (spot4) 23.07 1.68 19.62 2.77 52.87
DR (spot 5) 19.01 30.11 19.16 27.95 3.77
FeCrMnAICu
ID (spot 6) 2231 0.94 1590 297 57.88
DR (spot 7) 17.79 24.41 20.01 33.78 4.01
Fe1sCrMnAlICu
ID (spot 8) 20.05 1.26 13.74 2.69 62.27
DR (spot 9) 14.34 22.41 18.30 40.97 3.98
Fe;CrMnAICu
ID (spot 10) 17.21 1.28 13.55 2.73 65.23

&4, YWEABE/NEBMmEREE, HIEMAE
oy FEL A7 AR B K P R 4K FLBEL, 6B R N Fe o 3R AT LA#R
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5 Fe,CrMnAlCu (x=0,0.5,1,1.5,2)
Fig.5
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Fei1sCrMnAICu & &I A K, WIS Fe JG &R
# 7 FexCrMnAICu &=/ & 41 3.5% NaCl ¥ i I i
JEphMERE, H o FersCrMnAlICu & 4 HO T JE il fE B
U, AR E PO, A 4 I v e bk
. MK 5c A1 5d # Bode W mf LL & 3,
Fe1.sCrMnAICu & & AN f1 5 BEPUARE M i K, IX
tAEBH T FersCrMnAlCu & & [T 65 btk B Fe bf o £
BB R UL, EIS 544k i 25 () 45 SR A — 20

6 NTE Zview B AT BIS &5 kAT & A3
() TR A S5 R R B o FE SRR, R R R 3 50 NV TR
H LA L i A A BB, F) CPE SRARE i TR A4
PEZEFT S B AR B AR s 2506, R 4 A T E R R
R SR B B E S, R n H2 S5HmE
[ AN S5 S VEAR G CPE VA 830, 24 n {H AL T 0.5~0.8
Z [EEF, $60] CPE SHA AR RE RN, AFffMmE

—

b

—a—x=0

—o—x=0.5

12000 —*—x=1
—v—x=15
*+—x=2

8000+

4000}

0 L L L L
0 4000 8000 12000 16000 20000
ZJQ

10" 10° 100 10> 10° 10* 10°
Frequency/Hz

R TE 3.5% NaCLIE P 4 30 FU AL AR AL # 28 5 EISPH 4 1
Potentiodynamic polarization curves and EIS impedance spectra of Fe.CrMnAlCu(x=0, 0.5, 1, 1.5, 2) high entropy alloys in 3.5%

NaCl solution: (a) polarization curves, (b) Nyquist curves, and (c—d) Bode curves
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Table 3 Fitting data of polarization curve

Alloy Econr/V icorr/A-cm™ Ry/Q-cm?
CrMnAlICu -0.952 3.927x107° 1062.1
FeosCrMnAlCu  —0.691 5.714x10¢ 7310
FeCrMnAICu  —0.617 2.3%10¢ 16 714.4
Fe;sCrtMnAlCu  —0.589 1.75x10¢ 23 751.4
Fe,CrMnAICu -0.714 2.466x107 1447.3

MR T AW mEN8, T LES, HA
CrMnAICu & &1 n {H/NT 0.8, KHHRM T Fe L&
4 43 CPE A8 SE #2200 T HAHHZF . R fH 7T LLAUFE
AL SN A, B RO, T H A 2 SR Tl e i)
WY Fe TRME® R fHI KT CrMnAICu & 4,
HAE x=1.5 B8 2] T & K1H 35557 Q, 7Ex=2 Bf X~
B2 4414 Q. B S0 A 4 I 2 TS M 5 BRI S T
TR, TS P B S i S U

K 7 NFe,CrMnAlCu (x=0, 0.5, 1, 1.5,2) &Eii&
& TE 3.5% NaClA i 4 f AL 2 J6 ol 5 (1) 3% TH SEMUJE
. B Ta~7d0T W, RISIMFest R & S MIAE
S 1) 5 o Y8 R R R o U 5 A o 5 A TR ik g% TR
INFert 2 5 B MR SRAS 2B 1 o, R0 2R kX
B, 1Ex=0.5 1, WHDEMEHIRE, BEFed &
B, IR B WD, fEx=1.5 I R AR 2D
Ui B Fer sCrMnAICu A 4= IO J& vl it g i i A Ter
AL, x=2 B, JEURIEERAR S, FERLG RS A 5 AL St Ak
HH B S B PR e 4, VR OA Ik B INFe n R S A S
S PRI JE3 ok 1 B PG
2.3 Fe.CrMnAlCu SIS EMR BB MIEERR

F& TR F= 4 5 4

K 8 A Fe.CrtMnAICu & 1§ & 4 7E 3.5% NaCl i§ i
HIR Y 168 h 5 P 3 755 s R AR . il 2R B
X (1) Rit+H:

v 876000
corrosion rate TAD

X, wRIRFEEMATE R &2 (g T HIRFFER
A R TR (D D ONIRBERI B (g/em®);
A RPN P R TR (em®).

& 8 Al %1, CrMnAlCu. FeosCrMnAlCu.
FeCrMnAICu. Fe;sCrMnAlCu. Fe>CrMnAlCu [f]
Ji§ T 3 AR YN 0.0883. 0.0728 0.0559. 0.0507
0.0843 mm/a. Bi# Fe jR S EMIIE N, &l xR

(D

R Ry
I
L J

— -

A
//

Passive film

Solution

6 BISSERY L Bt A
Fig.6  EIS equivalent circuit Model

& 4 Fe.CrMnAICuSEE £ HIEISELE H#7
Table 4 EIS fitting data of FexCrMnAICu high entropy alloys

Alloy RJ/Q-cm? CPE/Q!-s"cm? n Re/Q-cm?

CrMnAlICu 9.793 2.2422x10*  0.724 17 1149

FeosCrMnAlICu 18.01 5.4822x10°  0.88005 8514
FeCrMnAICu  6.203 8.5493x10°  0.818 53 18 160
FeisCrMnAlICu 18.73 3.5269x10°  0.883 18 35557

Fe;CrMnAICu  11.11 7.1622x10°  0.823 53 4414

50 ym

K7 Fe.CrMnAICu (x=0,0.5, 1, 1.5, 2) &/ & & 1E 3.5% NaCIA W AL A6 27 i Tl A9 2% T SEMUE 35
Fig.7 Surface SEM morphologies of Fe,CrMnAIlCu high entropy alloys after electrochemical corrosion in 3.5% NaCl solution: (a) x=0,

(b) x=0.5, (¢) x=1, (d) x=1.5, and () x=2
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0.00 x=0 x=0.5 x=1 x=15 x=2
K8 Fe.CrMnAlICu (x=0,0.5, 1, 1.5,2) FEi& &R IS MG
BRSP4 JE ki 2R
Fig.8 Average corrosion rate of Fe,CrMnAlCu (x=0, 0.5, 1, 1.5, 2)

high entropy alloys after immersion corrosion
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B4 AE 3.5% NaCl ¥ P IR Jo5 il M e e i, 24 x=2
B JE5 el e 3 K, X 5 2 I SR 5 B — B

9~ 11 2> % A% CrMnAICu. Fe1sCrMnAlCu.
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ZEEDL 0¥ 5 OH KR AFAE, 7E FersCrMnAICu &
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F1 FeoCrMnAlCu & 44, FeisCrMnAlCu & & %
RS HEZMEEAS LR (Feu Cry Mn). XPS
ZERE W, Fe,CrMnAlCu Ffi& &R AR 7
i1 FeO. Cr203. MnO. ALO;. CuO P Cu0 24
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AFAEAE G5Bk T, H I SR 5 A4 P A A S T DA
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3.5% NaCl V&7 FFI2 0 168 h J5 8 h 8 T SEM 5 .
B 12 Hra] W, B S A& S RIAAE— A E0ER
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BRSNS, ERG SRR RS ZE R I . &
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ek, 8. 4. FocRAR, REEICE WM
Ak, IR E, (HIE R EEE PR X,
TS & D) DX 3R A 2 0 A BRoe R . B ihE i)
BHEHERHAESRMILR T —ZHS GRBENLY
R AL, X5 XPS MR Z5 R —3.
2.4 Fe.CrMnAlICu S15& & HIE AL E 2

13 HEERE M R B R
B, BB SER S ST e BT RITRER, Ek
ERETNNX (2 i, EEEBEETaRESNKR
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Fig.9 High resolution XPS spectra of CrMnAlCu high entropy alloy after corrosion
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‘: Fe’ ‘Crzoz
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K10 FeisCrMnAICu i < 8 U 11 XPS w73 FEot i
Fig.10 High resolution XPS spectra of Fe1.sCrMnAIlCu high entropy alloy after corrosion

Fe 2py, . a Cr 2p;), b Mn 2p; C
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76 74 72 936 933 930 534 531 528
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Kl 11 Fe:CrMnAIlCu = & < JB 1S 9 XPS g 70 7% 3
Fig.11 High resolution XPS spectra of Fe2CrMnAICu high entropy alloy after corrosion
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FeO. Cr03. MnO. AlLO;. CuOLLKCu,O41 %, H
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e 45 G 7K AT DUIE I 4l 3 R 10 4 8 B 1 oK TR GBI 1)

JIE )22 ARG 1k gk — 2 vl R A, AT B2 v <6 FRD T g el
PERERY, fENaCHAW T, CrOs X &4k BAIEH
F5 R G FH23-24 Mn ) S8 A2 3 B AR ) Ao e
NESL ALOs il TR FLRIEES R, Culf A A
CwOLUCuOEEE . HAE, WHARRRA VR 4271,
M —>M"™ +ne” 2



* 3380 -

GRS

53 4%

M"™ +0,+ne” > M,0, (3

N 7 Ha] DL B, A4 1R i A g e B PE R o,
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Fig.12 SEM image of corrosion cross-section and EDS element mappings of Fe1.sCrMnAICu high entropy alloy after immersion
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Influence of Fe Content on Corrosion Resistance of FeCrMnAICu High-Entropy Alloys
in 3.5% NaCl Solution

Feng Li'?, Wang Zhaoqin'?, Zhao Yanchun!?, Zhang Wei3
(1. School of Materials Science and Engineering, Lanzhou University of Technology, Lanzhou 730050, China)
(2. State Key Laboratory of Advanced Processing and Recycling of Nonferrous Metals, Lanzhou 730050, China)
(3. China National Nuclear Power Operation and Management Corporation, Haiyan 313400, China)

Abstract: Fe,CrMnAICu (x=0, 0.5, 1, 1.5, 2) high-entropy alloys were prepared by vacuum arc melting. The phase structure and microstructure of the
alloys before and after corrosion were characterized by XRD, SEM, and EDS. The corrosion behavior and oxide film composition of the
alloys in 3.5% NaCl solution were investigated by potentiodynamic polarization curves, EIS, XPS, and immersion tests. The results
indicate that Fe.CrMnAICu high-entropy alloys exhibit a dual-phase structure of bce+fcc. The addition of Fe enhances the intensity of the
bee phase diffraction peaks. As the Fe content increases, the alloy’s corrosion resistance initially improves and then deteriorates. The alloys
with Fe addition exhibit superior corrosion resistance compared with those without Fe. This is attributed to the change in grain size caused
by the addition of Fe, which alters the number of grain boundaries per unit area, consequently affecting the corrosion resistance. The
primary type of corrosion observed in Fe.CrMnAlCu alloys is intergranular corrosion. After corrosion, an oxide film composed of various
elemental oxides forms on the alloy surface. The Fe; sCrMnAIlCu alloy exhibits the lowest self-corrosion current density (1.75%10°¢ A/cm?),
the most positive self-corrosion potential (—0.589 V), and the largest impedance arc radius.
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