535 H 5

20134E9H

B

X % ® I K % % R

iE,

Journal of Dalian University of Technology
5

& R IUE Al-Fe-Co-Cr-Ni-Cu & A 20 2 i ik mF s
F o= oXF,  Fh .

Sept. 2 0 1 3

2]

=3

90

2

XEHES: 1000-8608(2013)05-0689-06
&
(REBEI RS BRIR¥Y EHARH, AT K&

ERY
116024 )

FESZES . TG146

Al 5 FeCoCrNiCu & & 4 ik & & I 4@ o T fk e o 40 9L 4 B

51

HEH >
WE: ixeFREL T EET LS AWM EHEETH L Al FeCoCrNiCu (x=0. 25,0. 50,

LODBERAALRENLTY B THELEMAAEMMEN T, FH XHETHXRD)ETH
B W AFM) Fo i T 4H(EPMA % F Btk E Al B Fn b &k 0 T 0. R 208
BEREBIANEGLREXTLTE MAHIJEERF HEFLENAS . HENTHAL%
By B K G M b BT SRy FCC 454 # %8 % FCC #n BCC R & £ M. M dh % & W, % 0.5 mol/L
S XERFRERD: A

H, SO, 3 A% 1 mol/L NaCl % 5 B i & 4 0k B F 304 7F 45 4148 H B AT FLUF 89 Ak . o
REW: WA 2R B0 T RAE KBNS 5 T 4k b 6

TR B vl 0 77 FEE o 79 A Dt R sk A
SR T AR b AR A Xk e I 9 T A Sk TR A O A

W58 K B AR R 22 505 1 TR BE - 5 4 B A i 1A

Hh B A TR A o S A e B A e
TREE L M ] 8 5 8096 LA b, — 2 3fg T2 51

w3 TR R A R T B AL R TR T B

PP R v TR BE L A

JEVE 3 AR 2R R T IR S A PR AR AR S
3 1) 977 5 b B A 2 B A B ) L R T R = L AR AR

325 I B R T A IR L TR O e AR 4P )2 O L M

oy 2. —

LT E AW AT R RS bR T WL 3 TR 2 K T o R i 5
A S T T SRR A A . H R

SR LA S B A I i E . T A i
BT VA BT 28 & (E-beam evaporation)t |
2 W 54 2 L K b BOE DT AR (PLD) | 5 5 2 Ah I
(ALE) S5, M LL B0 & o WL 1 SR 78 & 5 i HA

AT R | R AE TR B | 0 e e O A R T AR R 5 A

e 1 = Fh 7 2 B 4

TSN AT TR T ok B L TS R R IIR] 4 1 T
2 A A A TS R e M B RS R A S T
102 A R h 2 LA 7)o (H 2 3 2 7 i 2 A8 2

SR DRI O S — ol 75 L 409 5473 M8 et ) 5B 52 AR
G T i B4 R P

Y WSWE N T e oK R K E e R T A D P AN (E R 2
1

2 TR A3 R o e X B AR R MR A B A TR

1

FHIX 7 35 1 46 e 0 5 i U U2 O B AR R L
.1

A A SCHUR T e J7 35 10 40 A3 22 i i 5 s Jo

e g ik R
BT i 1 R 7 K TR T A TR S T

A A G IRE L OIF R T IRIRIE A A
LR LA R T ol P S AT R G BRIT S

FAHRI S Ba i

Yeh ZE101995 4F 2 b RHE T 045 5 0 2%
BETHNASETHS.F&ETZiRmRa4,
EEBN

P L EL AT v B e B R R N T v v L S
PRSI B AR A 22 QT U —Fh B k&
s B EA: 2012-09-09;

F F H 25 L 9I0E 2  or A8 T A L Sy v 4l
(99.999%) . @& 4l & (99.
fE&E B HY: 2013-07-08.

B8 (99, 999 9%) . w4l £k (99. 99%) . & 4l i

95%). = 4l %
(99, 98%) . B 4l 4R (99. 999 %) , 44 RE BT 55 19 ¥y i

e B L 7 R AR AR A T ST v

ZESEPRRE A, RO HR 3~ 4 U, LA DR 9G BE 2 2T

e 2 19 AN T] 23 BE LE B9 BB AL FeCoCrNiCu

EEWE . FRRH YA (BT 2006BAJOLA0L) 5 1L 545 S T ¥ B F (2008282).

AT (1982-) . 0, 1+, E-mail : xIniu521 @gmail. com; £ 37 A * (1945-) .58, #4572 , 1+ 4= S0l , E-mail : jwang450320@163. com.



690 X # ¥ L X

¥ o R 59 %

(x=0.25,0.50,1. 00) @& 1 & 4 1E R 25 & 41 KL
S FH B FE RS A4 R SR Tl H AN A 4 AR AR
AR VB 20 mm X 20 mm X 2 mm (7 K. fd
800 # Fl 1000 = FLARFT B , 28 B i L 75 Uik ik $ i
Pemk 1. W ZE B £ R H DZS-500 B T 378 &
PEREHL, VIR T2 S48 AR B 28 fBE<73. 0 X
107° Pa B )R 2. 0~2. 4 Pa, ML JE 6 kV, K
it 50~ 100 mA, % IR E 200 °C, @\ A9 &= 20
mL/min.
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il A —400~1 500 mV CHI X F FF % f ) o 431 4
HRBIN 1 mV /s, 885 76 HH R FRAE b X Boa
A7 4 B, 22 i) A RE ) B Ab 2 B Ak 2
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2.1 XRD &350t
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Al,FeCoCrNiCu(x =0. 25,0. 50, 1. 00) f XRD
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J2 Ry T B FCC 2548 1 [V 1A 5 B o 40 7 o
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Fig.1 XRD patterns of Al,FeCoCrNiCu high-entropy

alloy coatings with different Al contents

2.2 AFM &R5br

FIHT AFM RAEAEAS [R]FH i 2 B 55 O 1 &5 1
B AR Al FeCoCrNiCu ¥ 1 = 4 £ 1
JESR. HHAR 2 pm X 2 pm, FEJEIE B 200
C.MAE 2 frR, B/ 2(b) Zxd 800 & b 4T kb FH i) JE
JEUURR ¥ )2 R R0 0 20 225 1000 =
b AR AL B Y LS DLRR 9 0k B R 1E S L A AT
22 S0 . LI I R RS 7 3OS () 45 380 179 Tk 2 o
AN [R) 356 TP 0 ' 1 A 80 100 0 2 T o A 3 X
— I G 11 5 A AR G B A AE R A AR b Y R
Fb B KRS B o G 4 PO )R F OB AE R | 43
P AZ SR I SRR N B 7R R BUR
FRAS 4 252, Y4 % T B A O T I, R T AT R, R
TIE A R S A K 1R B TR 2 A B R
BRI M A S L R R 2 2 Y U AR
2% 50 nm A1 10 nm.
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Fig. 2 AFM images of Al, ; FeCoCrNiCu high-entropy alloy coating

2.3 WFEEER S B

K 3 R TERIZ Al s FeCoCrNiCu i £ i JE
N ICER A 45 R, B 3 ATLLE iR 2
(9 IE AT SR DR I 1 R i 2H 2, T L T A it [1]
AR . 3R 1R RBRESF TR 5
ML AR . 5 BE AR L 78 U 2 Y 2 T G T S A
KEHEM Fe SR, UL Fe g0 ML 0] 1k )2
PO FEIRJZ IR B A — 28 82, Bl AL
BPAHLE R Co.Cr & it 43 A1 15 B0 A% A A5 B, 1M
AR AR S 1 ) BR BT o RO LA 22 AN £
I FEAE a2k A 2 ALNI 198 i L L JB
BT AING & [ A5 9, 3X — s 7E A T Y XRD
ST AR E] TUESE. Cu L EAE A AL E 1R
SrHh 120 87%. M A€ B AL H W B I E T
31.01% ,Cu JLETE & 4 BB ) 30T 9] 2 Y
BEIL. BT Cu-Cr.Cu-Fe Z [0 BAH & KR
Ak T 10 kJ/mol, S Cu %2 #] Cr Ml Fe
JLEMHEF .M H Cu i RS AT RZ M S
W RN B Cu 7R A 8] 3 4

SEI+———70 pm

B 3 Al,;FeCoCrNiCu & fii &4 % E # EPMA H
Fig. 3 EPMA pattern of Aly ; FeCoCrNiCu high-entropy

alloy coating

% 1 Al ;FeCoCrNiCu & 1 & 4k & i L% o4
Tab.1 The chemical composition of Al ; FeCoCrNiCu
high-entropy alloy coating

JLE wa/% ws/% TLE wa/ % ws/%
Al 7.15 4,31 Fe 54. 14 43. 31
Co 8.97 8.22 Ni 10.12 7.85
Cr 6.75 5.30 Cu 12.87 31.01

2.4 BAbih s o br
&l 4 & Al FeCoCrNiCu (x N ¥y & 14 & Lt ,
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x=0.25,0.50,1.00) =& L WZELE 0.5 mol/L
19 H. SO, %W il Ak i £2. R R BI# Tafel i
LA 5 5 k57 AH AZ AT DA B OCE o
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b L e T o R =D e 7 P AV
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VAW TP T S R AR T 304 RN, [ I L
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Fig.4 The polarization curves for Al, FeCoCrNiCu
(x =0.25, 0.50, 1.00) high-entropy alloy
coatings and 304 stainless steel in 0.5 mol/L

H, SO, solution

% 2 Al FeCoCrNiCu (x=0. 25,0. 50,1. 00)
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Tab.2 The polarization parameters of Al, FeCoCrNiCu
(x = 0.25,0.50,1.00) high-entropy alloy
coatings and 304 stainless steel in 0.5 mol/L
H, SO, solution

FEA Ecorne/V icorr/ (A * cm™?)
Al-0. 25 —0.130 2.184 X106
Al-0. 50 —0.129 2.185X10 ¢
Al-1. 00 —0.106 4.291X10°6

304ss —0.253 2.14X10°°

AL-0. 50 i fb vy AL TEAR, Sl Ak X RN T4, R A 750
m'V, A B BT R0 A 47 Bk O 47 b4 kL. T IHT A A3
SPEE ST R LB AL TN, & 4 dh A AR AT Ok
> it E) JE T AR S5 08N AT AT R i i
S VR T I ok B v L R LA AR BE O OF AS R B
A AL SRR IR 5 L X ULET AL PR IR A
ZER A AR E A B VR S T R R A
S VR R v e B T A L AR
LA LETT S 78 0.5 mol/L H,SO, W Al-
0. 5085 0 & 4 TR J2 HAT S O 0% T A6 R o

Kl 5 N Al-0. 50, Al-1. 00 &1 & & & JE M
304 NEFEMAE 1 mol/L (19 NaCl % W 1 18 2

9 -8 -7 -6 5 -4 -3
lg[i/(A-cm™)]
(a) 304 RN
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\ \
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9 8 -7 6 -5 -4 -3
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(b) AL0.50 R & &2

0.1
0 L
> -0.1 ‘. 3
02
-03r
Mg 7 6 5 4 3
lg[i/(A-cm)]
(o) AFL. 00 wHi & & ik )2
B 5 AlLFeCoCrNiCu (x=0.50,1.00) & J#
A% B A 304 A AE 1 mol/L
NaCl % & # B9 & 2t A
Fig.5 Cyclic polarization curves for 304 stainless

steel, Al-0. 50 and Al-1. 00 in 1 mol/L NaCl

solution
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b P A Al 2 B0 O B A AR A5 TR) R 5
THRZERY] TR 3 . B 304 ANEEHIFI AL-0. 50
B A A TREA — A A IR R IR, B IE IR
WA BERE A LB 4 & 4 51 Al-1. 00 & 4
BEWEA A ORI, 7R A 2R B B
R 247 FLph & A 5 (a) 1 IE 3B Wi 2R
157 BA AE B e Y PR U2 B AT S L R R B R R
[ R R AR VA @ OMD RN = 3 (390 1 = VA N
T B i AL A R 2 K, R ZYFE fL A — 260 mV
TR B A S AL SRk, I 5 (o T LR
HL AL 00 S0 A R 2 2B T A [ H 1§ 3
e AL ER L B 38 iy B 5 7 B ) Pl O 28 B A5 B AR HRAIR
RSNV o S T = T o M N R IR R
HLA 3 (— 85 m V), {H 2 HL A i i — 8 A J65 okt
HL U % B A L. £ A MR A 2R E
304 REEMTE 1 mol/L NaCl ¥ ¥ v i J& b 1
o, AL 00 Rkl 408 2 5 M 0 B 8 o 47,
BARM A phor % R, L ko gE ) R T
Al-0. 50 B W& £ )2 . 304 A8t L g
2.

# 3 Al FeCoCrNiCu (x=0.50,1. 00) & # &
A% EH 304 £ 47 1 mol/L NaCl #
R AR S &

Tab.3 The polarization parameters of Al, FeCoCrNiCu

(x = 0.50,1.00) high-entropy alloy coatings

and 304 stainless steel in 1 mol/L NaCl solution

FEA Ecore/mV icore/ (A s cm™%) E./mV

Al-0. 50 —234 1.716 X107 —215

Al-1. 00 — 157 2.910Xx10°7 —85

304ss —262 1.672X10° 7 —239
3 4 ®

(DXRD 445 R £ W, W& w0 A & 02
HOALET RGN, A 4 TR B FCC 45 4 7% A%
S FCC MIA J¥ 1) BCC IR A 45 #7037 75 45 74
F18 R L3 K0T REE 38 0 2% 188 K

(2) AFM 43 #7485 L 36 W, 3 36 1 6 Wi 45 31
(0% J2 2 T - 36 o0 A 3850 )2 B0 L R Tl 3L S
FHE 0 U 2 200 2 O R MLRS BE R 50 nm AT 10
nm.

(3) HLFHRER 40 M 45 S R W, Vi J2 3 1T 114 45
TG 5 LR A A . 5 8RR B, 7R TR R 0 R
R e KA i Fe JG 2L UL Fe o0 2 ML E
] VR 2 v 1 R B A &2 Cu & i 0 DR i

TAER A L Cu & 4.

WD LEEFE, AL, FeCoCrNiCu & & 4 1%
ZT A 0.5 mol/L Y H.SO, ¥ Wik & 1
mol/L NaCl W& 1, KB 20 11 AR 47 By i Jig ok A
Pu CUEPhEE Sy, UL WL, M & &R ZTER K
FREE I a8 kot B9 0 i B g 1. S OF kK — b
T TR 110 0 A5 7 T ok %) 5 3 B A T AR A
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Research on corrosion resistance of Al-Fe-Co-Cr-Ni-Cu high-entropy
alloy coating by electron beam evaporation plating

NIU Xue-lian, WANG Li-jiu", SUN Dan, DONG Jing-liang, LI Chang-ming

( Institute of Building Materials, Faculty of Infrastructure Engineering, Dalian University of Technology, Dalian 116024 . China

Abstract: High-entropy alloy coatings of Al,FeCoCrNiCu (x=0. 25,0. 50,1. 00) were prepared on
steel bar using the electron beam evaporation plating technology, and the effects of different Al
contents on corrosion resistance of the coatings were discussed. The phase, microstructure and
chemical composition of the prepared coatings were observed with XRD, AFM and EPMA. The
experimental results show that the alloy coating surface prepared on smooth base is smooth and with
well-distributed thickness, the produced membranous film is dense, and the structure of the prepared
high-entropy alloy coating is gradually changed from a single FCC phase to a mixture phase of FCC
and BCC with the increase of Al content. The polarization curves show that high-entropy alloy coating
has better corrosion resistance than 304 stainless steel in 0. 5 mol/L H,SO, solution and 1 mol/L NaCl
solution, meanwhile Al, ;FeCoCrNiCu high-entropy alloy coating has the best comprehensive

corrosion resistance and pit-corrosion resistance.

Key words: high-entropy alloy coating; electron beam evaporation; microstructure; corrosion

resistance
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