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Table 1 Chemical composition of the substrate material
45" steel (/%)
C Si Mn Cr Ni P S Fe
0.45 0.21 0.65 0.2 0.15 0.02 0.03 Bal.

H T 56 AL PR () 4570 N Plasma Technology /A 7
A7) HEMIT-80 784 B i AHLIEAT AP B FiEA.
NI B S H A H 2107 Pa, JEAHLEA 50 kV,
WHA 3 mA, JEAFIEN 5%10'° jons/em?, WK 45
min. GRIMRETE AL JG FEUREBON B X0 55 25 1~ 2L 1
BERNIATE Cr, JEA R R SRR 99.9% Cr,
JRFR @100 mm x 5 mm. SEH AR BN Ar S AR,
EPRA T ESHCh: AU 35 Pa, YK 900 V,
FIAR FL R 450 V, AR 15 mm, £33 h BG4 H.
HRGR AR W, SO SCRR B i AL IO Z
Cr G ZamHEN N A, RHB—E 171 Al Jifd
EEIEN B, FEAK 4SRN C.

KH FM-Nanoview 6800 J& T JJ & il 5i (AFM)X}
G427 B MM IESEAT RS, H R A PHI Quantera 11
J6HL T RERE (XPS) X H R T RN A REAT 08T, Al Ka
TR, TAEHIR 12 kV, I 12 mA, Th% 250 W,
K FH DB 2 kAR REAT JC Z IR FE A, PRI E 12
nm/min. % JISM- 6360LV Y14 i T B 1% 8% (SEM)
FIREE A (EDS) 2376 A SR I 2 1T RN 48 TR 2R AT T 30

FITCE AT 53 HT

K H BrukerD8-ADVANCE % X S} £k fi7 55 430 %t
KAE A AT XRD 40 #7 o MR R H Cu #(2=0.154 18
nm), Bk 40kV, & 40 mA, ELLFRER,
JHJE 4 5°/min.

KA CHI660D HLAL 2% TAER X Av B C AL
TR J5 ol Ptk AT SR AE, 2 L WAl Oy M H 2R Fa AR (SCE),
)RR Pt B . WK AR 3.5%NaCl #il,
pH H 6.6~7.2, ¥R IE K 25 C, A &R FELE IR
R 30 min, £ E kAL RS T G FEEAT B
R AL B2 AR . WAL 2R IR 280 PIUR AT 2.0
V, &AL 2.0 V, HEHE 0.01 V/s; A BT
RS W& 0.01~10000 Hz, #&IE 0.005 V, FEH
V-view BAFLA T B A 22 BH BT 2R 0 S5 % . K
FH A H5 BT R XS 2R AT S SORT 6 s 9 A SR TR TE 30
FUYAHBEAT 5387

2 HFHR5WR

2.1 BRBEEREBS D

ZETEN AL FTfRRFE B 1R B A4 2k
S 1a Bron. MW la AT EH, RS 7 AL,
45PN EEAR R TR RS, TR AL N 1~2 pm [N
fLo ZITEANFLH Al & 1R HIAAR TR . K,
AT AL R BT AAHE N AL B AR
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Fig.1 Surface morphology of sample B with 3D AFM image in inset (a); the depth profile of the region marked with green line in inset (b);

XPS wide scanning spectrum (c); XPS spectra of Al (d)
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FEUT, SRH] AFM BOARNS  1a rpr2r (68 P8l vt N FLIEAT
JRFBIOR, SENFLI = 4E e an ] 1a 5@ s, Al
HEJE o 454 18] 1 0 FRIRBE Ay A il 2, ] i NIREE R
500~600 nm, FrfHENZEA R I8 5 TS v .
kBB FEN AL TR Z AL SUR S, SR FE
B #[fifilt XPS GEFEHHIA Al TG4, TGk
Wil 1c, 1d . HE 1c 7740, BRIENR Fe 4b, IBA7A4E
Al. C. O Zoi#, b, Al BEFEAGIAICE; O
SN P A= R R A RN C R
THI R s Qe AR A 5 T 5 0.45% C. HIE 1d AL
XPS MG A, fEES G RER 71~76 eV ALHEL 1 A
XFFRE) AL, 28 ALZERAE B TAFEAR R A TS
% AL 20 72.6 R 742 eV 2 Mg, FHE FIEAN
Al 7E 45" 22 M LA 5 Al R ALO, 2 FiTE &,
SPRFE A R TH B SRR 7G 3 /0 A AT R AE, 0
2 i SRR INEE, RE. fLIH G,
H Rt PR URE R 2R 1T B (B 2a). AN 2b AT, T
BEGREREELA N 10 um, T2 AU (X5 1,
JEREL A 6 pm) I (K3, JEEZ) R 4 pm), 5
BRI 45 G RAF, AR dia. AR 2b JoE 5K
ATEL, Cr AEPIRUZ X (D SR i (70 at%), Hi@& T
S, HAERTE 6~10 um I ZANNZE L R

Al JCEBONRRIR, VR J7 10 (R 70 38 20 A B e R
SV NS JLR AR T, M BT AL R Ik
ARG, fERfeRl s S E R, Ak
FEE A IR AR R R AL, 7 DX AR AE CE A
(1) AL JEF [ FEAR R BE 7 il gE— 204 8 o) — 7 AR
i AL SR G B2 B TR AR R PR R Y Cr Ji 7 Hd
. HT AR Cr R 7Y RAaEER, HEE T
REANTE], N2 BT NBORA G IR i, 3 AL B 7
FEANFE WX HESK 500 nm, ¥KFE 4 pm, JEED
P2 N RIS .

e A KIH) XRD KIS a8 2f s . 454 K 2b
AT 5 ) G 3 A, TR 2 TR 2 BL Cr(Al)
s A R0, SO LR TN AL JRUFAE i 4
PER R EAMNY 5L, B2 Cr J5 7 T8 R [ 3 4
T AE L 2 P LA Fe, ALCT AN 3201, L0 il Ji R 2 7
HRERL T GER N, 5 Cr i1 512 Sl X ki
1) Fe JR 7+ Al JRRFACILTE K T Fe,AlCT AH LA S/ 1)
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Fig.2 Surface morphology (a), and cross-sectional morphology and element distribution of sample A (b) (I, II and III refer to the

deposited layer, the transition layer and the substrate, respectively); EDS maps of Cr (c), Al (d) and Fe (e); surface XRD pattern (f)
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A FEGRFE B), FIE 77 Al 5XU% % Cr 82447 GR
FEA) 3 RFEAE 3.5%NaCl W IO PH AR AR AL 28 . 7F
JEh, 285485 KR A, BT E R
—0.634 V G E A48 (M BHAR I M DX, HL U Bl A R
T K A T E-0.458 VI, HBH A AR AL #h

LI KIS X, BIARREENEARAS, B X
IR 4 Al L R 85 Bl 1.446 X 107°A/em®s 24 HL IR 48 3

1.134 V 5, REEF R A LG, AN RA, X
5E&BERIEREDT CrAl), VLAY B2 TP IEAE
Fe,AICr Fl AlgCrs &5 F A7 R Ui J65 bk 1) 0 AH 3 D) AH

REAB b 2 PIACERFE B T, FIAFH I
KB B G, (HE L e Bl IR % 2 8.412 X

10°A/em®, KFAFE A, FAEBILIX Py L2 RBAE
JEEE A P AR B R R, X AL S ARV N R TR 2 AT
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Fig.3

(inset: the equivalent circuit) (b); Bode plots (¢, d)
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Calculation results of the anodic polarization curves

uu. Bﬂ *ﬂ.

Table 2
and the equivalent circuit of EIS for the three samples
in 3.5% NaCl solution

Sample Ecor/V Leon/*10° Acem™  [/x107° A-cm™  Ri/Q Ro/Q
A —0.634 1.562 1.446 22.55 3382
B -1.015 5.853 8.412 25.58 2068
C  -1.153 37.89 23.82 1284

WEE AL B C £E 3.5%NaCl ¥ H AR 1k #h 2 Je 28

Typical anodic polarization curves for sample A, B and C in 3.5% NaCl solution (a); EIS curves: Nyquist plots

log(f7Hz)

E it BH e ith £k

P AT &, RYIPTIEEROR R IEW . 5
R I T Ry BT, Ry 5 42 B A ) B
Plo AT LU XS LE Ry (109 K AN A T 73 BT il B A
O JE vk e, JLILE B R 2 Pros. ik 2 W
A, 3R R ZEMAK, KU 3 ML
PR GTI B A LRI A PF 2 — FEI . D, 3 A
TR0 Ry B 2 B2 52 AP AS 5 i g 1 P B AR 2o R
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A. B. C [ R fH %) Ky 3482, 2728 Fil 1284 Q, KW
3 ARFE A G BT g . ASB>C. IX 5 R AL 2R BT
M 8. TiAh, AR bR AT FH £ 31 Bode
FKor(E 3c, 3d). A 3¢ FTLLEH, fEmMXE, 3
ANRE 1 B BTAE (| Z2) AN B A% 1 AR A i A2 4k, HLh 2%
FEARTE S, KU 3 AR BB BT Ry A — 2. 1M
AEARARX ], RFE AL By C [|Z1%0 %14 3335, 2021
A1217 Q, 3 ANRFER Ry E, X 5K 3b IMlAE
=3 W 3d T RLAE H, FEmSX ), 3 AN A
AR Ay 02 55, 2 B v A DX 1) BEL e 1 2R 5T LAl
B A2 I BRAR,  RE I AH AT A AR A w8, R
HEE MR HPUR ES/EH . iR A EER
17.6 Hz ik 2 i iR H-68°, 4f B Fl C 43 7 4E 2.15 Hz
Fl 4.35 Hz Wik 2] i i (H-68°Fl—-60°, & W] FL R &) T
PHRN R ARG Rk, A 2 RE A  PH Y F AR R
P, MR R R R kv AE R 4k, K 3d
AFLLE Y, IR A LR DAL A IR B AR
C e, IR AR S N Rl FEydne, i s i vk g
Pewm . EAT RN, BRI A FHAFE B AL M)
WAL #R ol —68°, {HEAEE B (AL A IR FE A [
A AW S, R BARE B IR B4 IR e A B2
Sy BIWOR, LR b pe R RE A 22128,

222 WALF B ARE T R AT Fadh A8 AT

Xof 8 3ok LA 2 O IS 1 3 R L R S e DX 3 1) R
AT TS oy RUAH 34, Wil 4 FilEl s s,
K ad~4f KB 4a~de 105 HE SRS BT X Y
EDS 7 #r i . o, Wk A @b 2B nlG, R
AL BEH R CroO5 Al ALO;, I 4a Fias. Ho
Cr,05 T B A EBOR Bk 4K 1H, 55 22 iR FE A %
5 Cr 2 MRS — 8. AT i A m =, M
HEFRALLL ALO; 4, JLTB oL — J7 TH 2 K5 T 5
BIRIZANIURZE TP RS Cr TR ALy 55— 5 TR U5
Tl ¥ 2 b Fe,AICr Fl AlgCrs AH, 7] 2 2% 1 4l Ak i )
TRt Al 7. 545K 4a, 4d FIIE Sa, XHAFE
AT AURIXUMEYS Cr 524 A BRI 65 LR 1B AT 43
Mro FERAGS BRI, BT WZET&E Cr, %k
FEK Cr05 CERKA R, b T b i 2 J b BEL RS A
Mo BRI 0T R, W A REHEEAREZ R
WE MR, R R A B TRIZENS
WS AT JE K Fe,AICT i AlgCrs 546574, &
FRBE LAk 7 AL e i, A R BH 1 BH B 1] AR H
BHLAEA BB 7 AR EE WAMER ) RN, JF A
&5 F B 3 1Bl A =) e R DX 3, DT AR A BRI
WAL M 26 (B 3a) P AA R I — BUBlALIX . Yk
o B R, CUUY A VR 2 5 3 R T Ak 1)
Crra3Co A AE 7™ T i ) J65 oy, 30 P 978 i P X T T 5

Element /%  at% d Element /%  at% (S Element /%  at% f

Cr 7134 5225 Fe  16.83 13.36 Fe Fe  86.83 62.81

Fe 1159 882 (r 0 5071 64.19 0 1317 37.19
5 0 14.06 36.50 Al 32.46 22.45 — Fe
= Al 301 243 Fe
=10
2 |crre Al Fe OFe Al
a
&
=
s

ks
1 3 5 7 9 1 3 5 7 9
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Bl 4 3 IKETE 3.5%NaCl ¥ i Hh 28 WA 2% JB L PR 3 T TR 3R ARl IR A A% 23 B

Fig.4 SEM images (a~c) and EDS spectra (d~f) of the corroded surface of the three samples after electrochemical corrosion

in 3.5wt% NaCl solution: (a, d) sample A, (b, e) sample B, and (c, f) sample C
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Fig.5 XRD patterns of sample A (a) and sample B (b) after

electrochemical corrosion
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B S 2%, H O ah K SR dih, o] 44— s ¥ it
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W XPS RAEFTAF), nlAL BN, B bl i — 2
KA BT EHARKMWZEGER, WK B Wi &
b IR A AT R, A2 A SR AL, X
L1 3a MIBH B AR AL il 26 rh o s IR B AT — 3. Mk
=BT 2-0.41 VI, EANZH ALO; KAIKSR,
HRMNTFER: ALOs+3H,0=2A1(OH); +2¢", i piit ke
B FHAR AR Ak 2 P T K, 5 SO Ik AR )R
TGP, JE I CUH R AL N IR, I AT AR

FE B R A=A THIJE k.

WAE C (GEAR 4580 1) 65 h 2 1] 0 B0 Bl e
WK 4c, 4af Prox, WY Giks 2 1L Fe,0s,
ToVEAE R 3.5%NaCl JE it —LE . M
Uk, AEHALZE R AR, X 45 ERE ™ 6 k.

3 & it

1) KH PII-DGPSM E &G H A4 Al-Cr ¥)Z 1
SR oy R TR E R E 2, UIRUZ LA Cr(AL % 44
A, WEELL Fe,AlCr A0 3, A/ AlsCrs
I Cry;Co #H o

2) KRIMEGHABIK Al-Cr B2 HTH R ik B
F, JLI LB . SR Cr 2R Cr0; il
B, PO LG T P PE Y Fe,AICr Ml AlgCrs, JF42
fit ALYRETE & ALO; B4k i .

3) K] PILEAR B4 00 AL R & ok ez, 3t
M JE L R WA EE DR ALO; LR IERS
A AL TER R R B — o BB TIRE
ALO; BALEL, BT AR .

4) XL Al-Cr 26 ZGAFE A) B AL JZ
(R FE B)FIE (A 4540 (I FF C) 1 3.5%NaCl ¥ i Hh i
HILAL 22 8 T PRI 2 . A>B>C.
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Corrosion Resistance of AlI-Cr Composite Strengthening Layer
on the Surface of 45" steel

Luo Xixi'?, Yao Zhengjun', Zhang Pingze', Zhou Keyin'
(1. Nanjing University of Aeronautics and Astronautics, Nanjing 211106, China)
(2. Xi’an Aeronautical University, Xi’an 710077, China)

Abstract: Aiming at improving the corrosion resistance of 45 steel used in maritime works, Al-Cr composite strengthening layer was
deposited on the surface of 45" steel via a composite technique of plasma ion implantation (PII) and double glow plasma surface
metallurgy (DGPSM). The element distribution and phase structure of the AI-Cr composite strengthening layer were investigated via X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), atomic force microscope (AFM), scanning electron microscope (SEM) and
energy dispersive spectroscopy (EDS). Polarization curves and electrochemical impedance spectroscopy (EIS) were used to study the
corrosion resistance and corrosion mechanisms of the Al-Cr composite strengthening layer, Al implanted layer and 45" steel in 3.5 wt%
NaCl solution. The results show that the Al-Cr composite strengthening layer reveals the best corrosion resistance. Cr,Os and Al,O3 form
on the surface of the Al-Cr composite strengthening layer as a passive film, and they hinder the corrosion of Cl effectively together with
the inner Fe,AICr and AlsCrs phases which have excellent corrosion resistance. The Al implanted layer exhibits moderate corrosion
resistance due to the formation of ALO; passive film. The substrate of 45" steel shows the worst corrosion resistance.
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