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1.1 Ce FESKIBFER T RIAREENE

Ce TEBRMUAI R A AR BEI 2 OV EIN R : 1)
B 400 g =4l Zn(99.99%, FiEAEOM 3 g malik
(99.99%, JiE 58 E T A sasiind, Hamid I
BRI A, FR PR RS K Y AR R AR AR fE+ 2 °C .
2) FHBHAINIE] 460 CIEARIR 4 h, ZJEREBEHEE
BEWL.3) AN 100 g Zn-Ce A 4:(Ce 2.05%; O 0.0088%;
Zn RE), R 1h, 2S5 H AT 4 mm 1960985 BUEE
W3 WK, BRREUEEIAIRE 15 min. 4) KA P E T
AR A K 5) R A S TR (CP,
Perkine 7300D V)il K 5 IFE i Feo Ce & &S

I IR TS 460 CHF Ce 7RI AN EE I
A RAEN 0.011%, #iRTH Ce RPN & (5
EH)HN: 0.006%(CAHAT), 0.012%EFD), 0.2%GT
MR, XEAE Ce ¥R INE B YL Z 70 il i 4 4
Zn-0.006Ce. Zn-0.012Ce. Zn-0.2Ce. Bk &4kt h
Ce TCENISLhr & Bl ICP MERHATHE, 458 WE
1o BEMAI R PETRAEIR B AT S Ce SRR, 7]
RIS ) [ — A &0 2 R AL

1 WAL Ce TEM ICP ML R
Table 1 ICP results of Ce content in dipping liquid

Mass fraction of Ce/%

Coating
Before dipping After dipping
Zn-0.006Ce 0.0039 0.0037
Zn-0.012Ce 0.0057 0.0050
Zn-0.2Ce 0.0120 0.0110
12 SEEHIE

AR R AR A9 EN A (C 0.105; Mn 0.153; Si
0.0285; S 0.0060; P 0.0116; Cr 0.0129; Ni 0.0083;

Fe R, RT3 %), R4 80 mmX 100 mm X 0.7
mm. FIZPEI IS B 1°~6" & b4tz
BITEE, BN . SREND. 25455
AL BT B AN B AR R A B 5%NaOH+5%Na,CO;,
(B BO IS0 AT 18%HCIH+ 0.5% N
B VURE (R EEH(75 °C), LAIE BRI TH 1 5% B i IR A%
2. BORYESIIG T FH I EEEE(AL 0.18; Fe 0.014; Pb
0.0017; Sb0.015; La<<0.0005; Ce<<0.0005; Zn &)
LN 9500 go AEEEININE 460 CIEth, HIRFFDE
TR FE 1E E 7E 460 °C o {8 ] Zn-Ce H[A] 5 42 (Ce 2.05%;
0 0.0088%; Zn R 5E) M PR H AN 1 Ce TLE

SRR, 5 IR I BAR T
SIEN WA RIAS AT G, fE RGP
AT RGO, T B 40 R T 5% B 1A A
HEIREBEN 650 C, EFAFN No/H, S5, R4k
10 min; RN IR 460 CHIBETR, 4% 30 s JEHL
A SR 10 s, SRIGHEHTKE, REEE
PEERE .

1.3 RMLALARIE

BEOEOBE RO RO A S fE R & A B B
(DYJ-980BD, DIANYING)FI & 5 #3% K S F1 4 6%
(Sigma 500, Zeiss)#AT W%, FFH FHBC & 1) Ae 1% AL
(Oxford INCA)7F T JCER 7o K HH & o0 HFIE S fL B
(HRTEM)ZE & X ST 28 6 A (EDS) Ak X HL 1 A7 5
(SAED)i# 58Ik Ce £ Zn HIFFAEIL L Zn-Ce
WAEVIRIRAERS . T8 ZERIFES, 2TK R
FEIEVE I J5 W] B AT LGS s X T4 2 AR
Je I IR b AT R ik,  FRERATHT S AIOG, &K
ORI R JE TS . 3 R 1 R
(FESEM)ZHUN: JRORAEECA 10~1000000 £, HHiE H
JE4 0.02~30 kV, X TFEESFREREEAN 1 nm
(B0 kV), HHUFR H T B % 5N 2 nm (30 kV).

KH X BHERATHHX (D2 Phaser, Bruker)#{T4EE
JEPEIRIIA S 5 o X SR AT (XRD) IR
Cu ¥ K, 42, MK 40kV, HLI 200 mA,
N 10°~90°, FAHEHEE N 4 (°)/min. FJEFIH Jade 6.0
AF AT YDA E VAN E B34, € B AT E FH Jade 6.0
A% WPF refinement #H47 418 400 & 4515 .

1.4 WihiEA
141 %

W EFE GB/T 10125—2012 f it 35 k56
(NSS)FEESR, XA Ce 1 JG ML ZHEATAR I . S2I6
BHN: 5%(FEDHONaCl . B NI R
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(35+2) C, MIAZ SRR E N (47+2) 'C, F 80 cm’ )
TR EUIFER N(1.5£0.5) mL/h; FFEmi% 48 h. %R
WE RS, SBIERS GB/T 16545—2015, LBHEER
THT (0 65 e =, AR 40 2 Ry U B R R 2 1 R ok
HAE,
142  HAEINER

P ERESHIE N 10 mm X 10 mm (I IE5 %, £
FEmME A SRR 5 SEERE, JEHIRER IR
ME T B3 . SR VersaSTAT V3F Hifb2: TA/EsE 345
BARAE = AR RIEAT AL DR, TR Z
FEf, SR HERL R K B AR (SCE), Bl HAk
NE& B FrA AL EINAIAAE 25 "CHY 3.5%(%
T HONaCl ¥ 347

PR AR 2 h BRI E TR AL,
AT B 2 BELATC B R AR A o 2 0K . 5 3 BEL 7 3k
B, B S mV AT /MRIEDLS), & 15
N AX10°~1X 1072 Hz. W5 ZSimpWin 3428
WHPTERATI G . W 1 B, RASEROREE N
R(OAR{QuR)))» HH, Ry ReLLI Ry 2 IR TRIEWR
FELREL 5 b= A e L B DA S A R R FELRH . O ROR S
Tk = ) RS F JCAE(CPE) s Qi RN 2 I T
MR CPE. A AR, F A7 434 X 1]
~200~200 mV(FXF T HF % HAL), FHEEZEA 1 mVis.
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Feathery: spangle

Shiny spangle

B2 RS AR T e AH A

B 1 SRR EIS S5 A0 ]

Fig.1 Equivalent circuit model of coatings
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Kl 2 Fros NEFHE SR R AR . 8] 2
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Fig. 2 Metallographic structures of coating surfaces: (a) Zn; (b) Zn-0.006Ce; (c¢) Zn-0.012Ce; (d) Zn-0.2Ce
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B AR AR R B I e i vt ] X 3k, T UG B
PP AL IS T 4040 MERSCIR . R IR
N B SRR

Bl 3 Fras ATEAIR] Ce W8N HER Hh 1) 2% 1 B
FEEHIES. W 3 M, SlinE TR EE
BHAR RN, X S5ERMAEEEE 3 ERRER
Fe-Zn &4 )2 M1 Z+ A Z+0 AHZ+AHZ ) LK AN
n MZE @ 2) AR A AP, ol 170 S R Tl
AR, EESIAL 0.2%0 Al K40 Fe-Zn
GEENERGE PRI Al 522475 0.18%),
MIMAEHEE 1) Zn-Fe & 2RI RE2MHA, &
KAFFNRIZN) n HZEP. BeAh, WET 3 AT
PEEAEE M Z )RR, KIL4E Zn. Zn-0.006Ce
Zn-0.012Ce 5 Zn-0.2Ce #%/Z I1)EE 5 7 9(2240.4)

Pure zinc layer

22 pm

Substrate

B3 P E#0mN SEM 14 ) EDS figit

um. (21£0.8) pm. (16+0.9) pm. (17+1.2) pm, Hk
AL, RN E A TR GRS, &
P LERT D T 40 20%. X ULBHEER RN Ce
A B A0 R T 0 R A, (B N R D B
A, o4 = B RE IR ME A PR o Ce I/ 98 )2 5
MIEL 5T LUARRE N . Ce IS FAAR T 9530 0 2 E B Y,
HHBE VRIS R R R T B I R, T 9D e T ast
ELIOEEE

X Zn-0.2Ce B2 R AT T 1000 50 52 A R
S RAE(LE 4). K 4a)FI(b) AT A1, Zn-0.2Ce HEZ K
THSFREENCR, AR R, SRR A A X IR 3] 2 4
A= MRIONEY, BKLN 3 um. £7% Zn-Fe-Ce
ZIGRIE 450 CHISHRAI, & Zn MRV
JIiFY A CeZnyy~ CenZnygs CesZng o REHE /3 HT 245 SRR,
AL AP Ce F Zn BE/R LN 8.8:90.1, 37 H HH I 4(c)
A, Zn-Ce —Jufh&¥ Ce MAFAER N T
Zn 1, 454 HRTEM B HL PRS0 Hr 4 B OLE 4(d)),
AYCNTESER AR InD B Ce Ji, Ce JTEERLL CeZny, )
FERAFEAE . CeZny, BALLLAFTEIE, fE Zn-RE &4 105
Pl 2 AR 78 24 AR AR, 78 B 2 T e A
AU R IIAEH o

Fig. 3 SEM images and EDS results of cross-section microstructure of coatings: (a) Zn; (b) Zn-0.006Ce; (c) Zn-0.012Ce;

(d) Zn-0.2Ce
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&l 4 Zn-0.2Ce %2R MMM K LK /bt

Element _x/%
Ce 88
Zn___ 90.1

(600) (650)

(000) (050)

Fig. 4 Surface morphologies and elements distribution of Zn-0.2Ce coating: (a) SEM image of low magnification; (b) SEM image

of high magnification; (c) EDS pattern; (d) HRTEM and electron diffraction

22 HERWERSH

i 2 B 545 5] Zn. Zn-0.006Ce Zn-0.012Ce
PAK Zn-0.2Ce 3X 4 Pl J= 6 b o 8 450 2K T 3R AR TN
1.603 g/(m*h). 1.361 g/(m>h). 1.224 g/(m*h)LL K% 1.171
g/(m*h), B Zn-0.012Ce Fl Zn-0.2Ce ¥%JZ7E£5% 48 h
WX SRR ORI PR by, S AR E AR, HE T
Ji AR S AR T4 24%H0 27%.

Xof = 4T T XRD 8T, S5 S fis.
XRD MHKZE R TR 4 FhiE =m0 6 k=43 th AL B
(ZnO)~ s 2 S AL EE (Zns(OH)sCly HoO) A1 B 2 ik 1% £
(Zns(CO3)(OH)e)2H i, FHA Ce FIMRINASFE A JE Pk
VIR AR, X5 SCHR[22140 8 A 25 /A — 2. It
Gb, i XRD KA TF 5P E 2 R ko )
Zns(OH)sCl, H,O [RAARFR /3 %)

DZn5 (OH),Cl,-H,0 =

Iz, (0m)c1, 1,0

x100% (1)
I700 + L zn, 0m)c1, 1,0 + Lz0 (05, (OH),

Xt D TR PR A MR8, 1R

« — Zny(OH),CL-H,0
! 4 — Zn4(COs5),(OH)g

10 20 30 40 50 60 70
260/(°)
B 5 % ule o B 02 R i B 1 M0 XRD 1%
Fig. 5 XRD patterns of corrosion products after salt spray test:
(a) Zn; (b) Zn-0.006Ce; (c) Zn-0.012Ce; (d) Zn-0.2Ce

ANE Y R — 2 ) XRD 1§58 . R RER,
4l Zn #%)2. Zn-0.006Ce. Zn-0.012Ce Al Zn-0.2Ce B%
JZH Zns(OH)sCl,-H,O HIAAR 3 4053 70 8 A 59.5%

68.7%- 70.5%- 72.1%. X KHREHEEH Ce S &N,
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B 2 T8 = 4 R i X AU B (Zns(OH)sCly - H,0) 25 il 25t 48 h TR0 5 R Z M LS . WE 6(a)- (c)-
Z B0, (e)~ ()F AW, EHhZERIGHT, S4Eer)=2 S n] 1L
6 Him NANE Ce & BAEIR VLI 9E 6 )2 FE W EHZ, HEEER T Ce SEm, HEH

Fig. 6 Macrostructures of zinc coatings with different Ce contents before((a), (c), (e), (g)) and after((b), (d), (f), (h)) 48 h salt spray
test: (a), (b) Zn; (¢), (d) Zn-0.006Ce; (e), (f) Zn-0.012Ce; (g), (h)Zn-0.2Ce
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SURISTE NN HEEY ), RIDGREE &, #$H5
¥ )5, SPEtEREEEHSYEL, HHEENA
G E S, RENLEHT. hikam, &
48 h HF IR 5, SHEEEE IR RER, AR A
RZEBNEG 0, B A PO A SR R AT IR

7 B N R S = RO E SR . B 7 W]
o, RO E 7)) 58T ROIR B E E N
Zns(OH)Cl,H,0 , & & B & M & th 7= ¥ A
Zns(CO;3),(OH)g. HIFVERMIAZ, Zn-0.2Ce ¥ZHE
T IO NBCE ) Zns(OH)sClHyO o 38 H A
N, Zns(CO3)(OH)s NZFLEEH, BARZE IR,
P 2 R ML ZE o 3 — 71T, Zns(OH)sClyHo0 £
WEESE, FMVETELE, B RBH R E SN
O, H,O. CIUEEAE Y, i 4 = 5 ikt A5 Hh i B A
SR, R R RS e e — s 2R, AT LA
HEAED, gEA B 5t XRD g BTSSR,
Ce ISR T Zns(OH)sCly-H,O fRasEME, 40 T
Zns(OH)sCl-H,0 [f] Zns(CO5),(OH)s KA HEAS, B 1)
JE =R I R AT A M SR Y, A R
5, $em 192 R ki .

2.3 [EBIHEBAFEITRAST
Kl 8 Bz s hn Ce HilJ& IS EAE 3.5% NaCl(Ji

P et &5

7 R RO SR

BB A R DU . 4 FREEZ 1)
Nyquist EI(WLE 8(a))¥ B —AN mi s Hiol -5 — MK
BPUIRAL L. AN, DAAEREE 2 RS IR, 52 1
RANE PR E Ce SR ZHIE A, &
B Zn-Ce %% )2 BTN P IZ #i BE 7. HR4E Bode I K
8(b)MTLAE H: ¥l Ce JuF o 8% )2 KA FH P
{H(Z)WsH T, Zn-0.2Ce B5EZ 1 Zip fe K, BEAHER D
Ce AT IR EEMHYUE. bAh, Zn-Ce BEEAW
ANBFEIE R, RN TASRES R R . @A s —
AN ] A0 R AT AR IO B T 2 2R T A A A B
8 i A TR DS k= AR s 53— ANk ] A R
SR 43 U0 S B T J b e I R P LT A D RO,

% 2 W%, Zn-02Ce ¥EZM R HEN, 1M
Zn-0.012Ce $EJZ1 R fHEK, UL Zn-0.2Ce H)ZK
TR J 8 b = ) i Fe e v 5 R I AR 4, T
Zn-0.012Ce #§)=3R 1 MM S BB T8 Ko 4 Ry
R MBI RT3 28R4 B BE(R,) . W1FK 2 Fiow, B Ce
ISINERIEIN, R, ERE 2R, R EE M iR
#ide s H Zn-0.012Ce F1 Zn-0.2Ce [ R, [EAHZEA K
XULHH, Ce MIAINFRL T 9 Z S il %, Hitif
FG Ce X 8% 2 i P P $E A K

9 B AR Ce & &R IR PN EEZE
3.5% NaCl R A 22 .

; )’jif‘ { Z1(CO,),(OH),

T

Zns(OH),Cl,-H,0O

— S 5 ‘ 3 : ‘Qv
1 7‘} ' >

> 4115‘(\0H)S(v“|:-}‘20 - ,vl q

2\l AN

¥ 1

>
y Q A

S N

Fig. 7 Microstructures of corrosion products after salt spray test: (a) Zn; (b) Zn-0.006Ce; (c) Zn-0.012Ce; (d) Zn-0.2Ce



1384 A L 2020 F 6 J
1200
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) ) A Zn-0.012Ce 1405
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10 ity
0

400 600 800 1000 1200
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Frequency/Hz
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Fig. 8 Nyquist(a) and Bode(b) plots of zinc coatings with different Ce contents in 3.5% NacCl solution at 25 C

2 PRHHGTE LA A S AL

Table 2  Electrochemical impedance parameters of coatings

Coating RJ(Qrem?) n Ry(Q-cm?) nal R /(Q-cm?) R/(Q-cm?)

Zn 6.93 0.85 524.9 0.95 206.9 731.8
Zn-0.006Ce 5.40 0.83 509.3 0.74 318.1 827.4
Zn-0.012Ce 6.96 0.81 557.2 0.53 508.7 1065.9

Zn-0.2Ce 4.67 0.76 857.1 1 332.8 1189.9
~0i8 e PueZn OBl e o PR, 4R8I Ce & XTI B AR & BAE
ool —0—§n-0.006Ce FAATR . HHE HINTON 2558156 F Ce BT I #R
| Setie GBS T HIRTIC, TR Ce 3101 IHR S ST MLILEAT
% 1ol fieke: T Ce BAMmMLZEEN:, B Ce-Zn
® TICAEYIF Ce BN Ce, Cet TE AR X i OH
é “11b ZEA T HERARMDTIE Ce(OH)s, BRI MY B I FELAS
B S L FRIEAT o AN B BEAR S SN = 0 e J 2 4
-12} .
BHA A= A A SO«
R Zn—Zn"'+2e )
Igl/(A-em )] Ce—Ce*+3c (3)
B9 Al Ce &l P IRPEHEFEETE 3.5% NaCl &l
KO AL 2 A A SR S N«
Fig. 9 Polarization curves of zinc coatings with different Ce 0,+2H,0+4e—40H 4)
contents in 3.5% NaCl solution at 25 ‘C FEMIR R
WE o AT, BB Co i, Wby, 2 P2OH —Zn(OH) )
i 2R (R BEAR 73 SCARARAN K, TR A, HET 28 PR B A 73 S ) 4Zn(OH);+Zn*"+2C1 +H,0—Zns(OH);Cl,H,0)  (6)
[ U LR T AR, X Ce MIBIIE 4300 —»Ce(OH), | %
LA BT AR SR . [ 3 B F) Zn-0.012Ce Al .
Z0-02Ce MRS S Fob g BUE T, il Z(OMCLHLO+2C05 —
Zns5(CO3),(OH)e+2C1 +20H" (8)

PEW T Ce ST 0.012%GE AR, HTE3 B
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Zn(OH),—>ZnO+H,0 )

Bl 10 Bt 8 A [R] 43 4 3 26 ali 4 5% )= A
Zn-0.2Ce $¥ 21 3.5% NaCl ¥ 45 (G AR 22 #h
o W10 AT, BEAERRE RN, aiEep )=
IOF 1% P 7 U i 35 1 s 1 PE BB 73 A A6 AN K, Zn-0.2Ce
B 2 0 T BE AR 23 35 T8 2 AR AN . X i B Al B 2 Y]
W SR B ], S S R I F AR R T T AR
P TCIETS 2 B 475 1) Zn-0.2Ce 4% 2 AR R
MR EHGERRIE, FECRIREIgHE R
HUPE 35 O B B g . DRI, IXBIGE T Ce(OH)s
CUE W BT A A A 38 0 o] R AR S L PRI 22 T LB . Ay
T PIAEZ A, IR S S AR R R
KAMATIE, W 11 Fros. BN EgEE 5
R 1/2 ROTRGE R, % RS R O T
HIE400 HR¥E Randles-Sevéik AT, AIEILES B L
(1 R 256 L 1) A S LR B . 5 Al R A L

2.5
(@) —— 640mV/s
201 —— 490 mV/s
—360mV/s
1.5 — 250mV/s
——90mV/s
0.5+ 40 mV/s

Anodic current

J/(mA+cm™?)

-1.0
™~ Cathodic peak

=1.5 ! ' : : ' '
-1300 -1250-1200 —-1150 -1100 —1050 -1000 -950
@(vs SCE)/mV

2.5

(b) —— 640mV/s
2.0 —— 490 mV/s
—360mV/s
L5y —— 250mV/s
Q@ 1.0k 160 mV/s
g —— 90mV/s
< 05¢ 40mV/s
g Anodic current
< L e
Cathodic current
-0.5} t
Cathodic peak
-1.0+

5 1 L 1 1 L L
-1300 -1250-1200 1150 -1100 —1050 =1000 -950
¢(vs SCE)/mV
10 7E 25 Cf 3.5% NaCl ¥ 8 ZFE S KR R %2
fh £
Fig. 10 Cyclic voltammograms of coatings in 3.5% NaCl
solution at 25 C: (a) Zn; (b) Zn-0.2Ce coatings

1.0
Experimental data 2
= 7Zn
0.8/ o Zn-0.2Ce
— ——Fitting results
's 0.6F
.
E
= 04+t
\Q.
ol .’/—‘/_—.————-—""
0

02 03 04 05 06 07 08
VI(VI25712)

11 Zn 5 Zn-0.2Ce HEIEFE b B IAR 22 i L BT Bl R it e

[ERSEEEBUESHESS

Fig. 11 Dependence of cathodic peak current density of Zn

and Zn-0.2Ce coatings on potential sweep rates

Zn-0.2Ce R AR L B S5 SN0 (VB A £ 40 4K JEE A
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Effects of Ce on corrosion resistance of
hot-dip galvanized coating on mild steel

XU Wen-can" >3, FAN Hong-qiang®*, ZHAO Tian-liang®*, ZHANG Zhi-hong', LIU Yu-bao', LI Qian***

(1. State Key Laboratory of Baiyunobo Rare Earth Resource Researches and Comprehensive Utilization,
Baotou 014030, China;
2. School of Materials Science and Engineering, Shanghai University, Shanghai 200444, China;
3. State Key Laboratory of Advanced Special Steels, Shanghai University, Shanghai 200444, China;
4. Materials Genome Institute, Shanghai University, Shanghai 200444, China)

Abstract: Zinc coatings containing rare earth element Ce were prepared on a mild steel surface by hot dipping, the
effects of Ce on the microstructure and corrosion resistance of galvanized coating were studied by optical microscopy
(OM), scanning electron microscopy (SEM), X-ray diffractometry (XRD), neutral salt spray (NSS) test and
electrochemical methods. The results show that the addition of Ce in the hot dipping liquid increases the corrosion
resistance of the coating considerably while refining the grain size and reducing the thickness. Compared with the pure
zinc coating, the coatings prepared with hot dipping liquids with 0.012% and 0.2% (mass fraction) Ce added are reduced
by 27% and 23% in thickness and 24% and 27% in corrosion rate, respectively. The enhancement of corrosion resistance
by Ce addition comes from two ways, one is that the addition of Ce increases the proportion of Zns(OH)sCl,-H,O, which
can improve the compactness and adhesiveness of the corrosion product. The other is that the formed Ce(OH); deposited
on the cathodic phase impedes the diffusion of oxygen, thereby inhibiting the cathodic reaction. The enhancement reaches
the limit since the cathodic reaction has been fully inhibited when the Ce content in hot dipping liquid exceeds 0.012%
(supersaturation).
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Foundation item: Project(2018Z2001) supported by the State Key Laboratory of Baiyunobo Rare Earth Resource
Researches and Comprehensive Utilization, China
Received date: 2019-09-10; Accepted date: 2020-05-05
Corresponding author: LI Qian; Tel: +86-21-66135659; E-mail: shuligian@shu.edu.cn
(WiE )



