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UL HE, BT Tox RESESMENERER, &
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M Pt ZE AR O B R ] 1 i — B R . dTAER, A
AT e S R & S I ph e R I 7 R E BT,
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FARLT ) 572

W& AL (Micro-arc oxidation, MAO), X FR&5 &1
AR AL, SEAEPIR A A IR B SRR — PR
THCEHOR, Sl ad B A VBRI A S ) L S AR 4
7E Al. Mg &8 N HA & 1R RSO B ™
AR SRR, AR DU RS R A o E 1)
PRl OB TR, Bk m, AT
Hese, M —Fh A R AR AL ER

FEMINEAE R T, ARGV EE . RE &M
EALHI TR 2 1) 72 CAREBR AN 9 Ll (1) AR AR 2R
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SRR ENY . SR T AR R dbkRE, Tt
FERAEBOARA TR G S T ARS8, 4
FHSR By 1L J i 5 A BRI, AR SO il 7E R
593 PRI T RS I AR AL B (CeO) R A B (GE) Kol 46 52
FWENMIEE 7050 FEn & e Mo E R = Kk
BEo [N BIAR G MALR . X AT
(XRD). EEHE B A5 SR LA A 2 AR i AT 3R AL
AN E A M BN AR TS KRGS . AL T
PEAE AT P o

1.1 LSRR EESE

TR K A 7050 i da & S ialke , HAk 2Ry
FITFR 1. I ETR A A S0k RO Y 30 o
Bl 1 s . A s iAok R 23R, R T HAE
HR 43R

T2 D) EPE AR A I TR 15 mm X 25 mm X2
mm [fRFE, 2028 500, 800+ 1200 S HPACHT L,
FTE/K CBE-E B Ja 25 8 /K se T3 T4
i B I A AL A Na,SiOs N 10 g/L, KOH A 2 g/L,
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CeO, N4 g/L, T I HoRMRRAN 3 g/L, f1s)iik
FEH 10 g/l Jels T R R BRI N IG & 2 58 1
KRR, MR E A B IE I ERE, RAE
FE IR S 43 20 min,  FHKIKN Na,SiO;. KOH.
CeO,, FHC B Uf AR FE 20 min, {456 540
FER 5 H38 5

ARG B AR 1% 3 2 R B AU L U
A R BAREARL, PRI N B E
NBAR I . AALES A 25 min, HLIRZEEN 7
A/dm?.

1.2 MEEEMNR R R AN 2

1) KH ISM—6510 434 H 7 2 S8 (O A A i 1)
RIMALIATIEE, KRG BT 78 2R T e
JBRTESR,  FEAERRASI R R (1 R T BEALIR 5 A4S A
WP S5 A SIS 2 36 TR RS 2 T8

2) KA X FHERARATH O B E A AR,
AN 20, RN 40kV, HLIFCAY 100 mA.

3) KH CFT-1 BUM R M GELF & MR AT
JEE R BE ARG, X BE AR SisNy, INEE AT N 1.96 N,
HLHLEE 3 N 500 r/min, RAMASEINEN, BIREAE
93 mm, IEATHFEN 20 min, BERAR NESR, BE
515 J b BE R REHEAT LS 53 HT

4) KM CS350 HLAk 2 A sl IR R RS ek
P, o BT 0% B RO B AR (P, PELURITH SR AR
(SCE)NZLL s, MR A AR Bt J& iAo

R 7050 f A BRI BT
Table 1 Chemical composition in weight percent of 7050

aluminum alloy substrate (mass fraction, %)

Zn Mg Cu Zr Ti
6.42 2.25 2.02 0.13 0.03
Mn Cr Fe Si Al
0.10 0.04 0.11 0.07 Bal.

B A s [ o8 AR O 3
Fig. 1 Morphology of solid powders of graphene

H9 3.5%(F B E)H NaCl W. S FEFT e
FEl N 1X107'~1X10° Hz, FrEUASIRIEN 10 mV, &5
TEIL N EE R 3~5 W, fRFH AT ST R

2 FHREDH

2.1 WNEHEREMEIRE BiRAR

2 FIT7R N ] FUAR RS IR 26 AF T 7050 ey B
B N EAE 2 2SR . A 2 Fel DU
iy HERIN 4 g/L 1) CeO, I, AR IR T 2B GO
2(a)). 47EHLER AN 10 g/L 1A SR, ol
K 2P SRR (B, HLER T H I iR (L
2(b)) - M 7E HLAARE A [FIBT AR 10 g/L [ 584450 4 /L
() CeO, il & HAWRIZE, VL lFER T 2R K GO0
K 2(c))-

B 3 BT A [R] FRUBAS TN 77U 26 4R T 7050 ey sk R
4 MAO EEMHESUE . MWK 3 HafLE H,
TR IR 2 R TH R FH 2 2R “ e RGP
JRHERAIMT R, 3 A F T8RRI T8 H s B BT AR B S
JEJIFITR R I T, SO A A R A B TS
I W M, 2 EARRECAER, PO

(@)

B2 AFRHEMAREIFZET 7050 &R G4 MAO EENZEWIESE
Fig. 2 Morphologies of MAO coatings under different electrolyte additives: (a) Without additive; (b) CeO,: 4 g/L; (c) GE: 10 g/L;

(d) CeO,:4 g/L, GE: 10 g/L
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Fig. 3 Micro-morphologies of MAO coatings under different electrolyte additives: (a) Without additive; (b) CeO,:4 g/L; (c) GE:10

g/L; (d) CeO,:4 g/L, GE:10 g/L

HERR,  7E PR N 8 A s A A A M P A AL st S —
e 1O, P 5 B T o EAEE] 3(a) FF T LA HE, MAO
JEZ AL BRI, £ 3.05~8.91 um 2 8], fLAER
PR R, SRR, N 2444.89 nm, IXEHT
MAO Ji5 J2 3% T 7 55 [X 355 1) 12 881 2 P 3 350 T AL
JUSHRIBE RN JE o M7E F AR AN 4 g/L ) CeO,
B, i 3(b) AT, SR L SR T S iR
TE B JURL ) SR i kb, T T R LI T 48 22
R EARBRAAE 1.32~5.07 pm Z [0, HEEE N
2106.74 nm, FICHIN MAO JJZ FIRLRE BE D/ o 3
S F T A A 38 T 2 E B kB LIRS T B A
SRR 2 3R THT TP ) S T R 2, JEIE LA VDN,
ST A A R S R IR B R SS . 1T CeO, 1
TN, BEA Rk ARSI A T s L P R BT
P R IR A AR R AR s 24 1 H AR R
A 10 g/L (A SR, FLAR RS ARAGLE 0.25~1.56 pm
2 1a],  H U FHDRE RS 1857.69 nm. X J& H T4 58
WEARBEINN, (673 AR 0 f 36 Tt iy, 7E FRLIRHE
TR TAEREECR, A 38 60 2 4 o 1) P v, (HLER
TS KACECR 2N, 5 8RR 1) R

N [R50 R0 B R AR N o R L B KRB BT P 2 1)
TAREA R R0 3 £ 82 55 B A4 S THD A T T 1) 264K
Y, T BUER 2 R T B TR AN AL R ST A2 A,
R I A58 75 ) T 2 R THAEL S B B AR 7 r s o [
IO 4 g/L #) CeO, A1 10 g/L )47 S I, ik 3(d)
B, RIEALEIERE G, LR IA B AR,
E 0.78~1.75 um 2 [f], SLEPHIREE S 1516.03 nm. H
BERIEN, Wb ou s AR A SR Y 45 G e A RN
FLIRST CA R AR RS 52, AT 1) 2% HH B0 T 3
HHEEIRE.

Bl 4 s A R FURRA S TN 7RIS MAO L2 AT
TE3 . B 5 Fram A [R] FU AR I 7 Rt i 2
JEACIAR ) MAO JRJZH)JZEEE] . I 4 ] DUE
TR 2 2 H PN 31 35088 = A A g R J2 I 2H A
AR SRR TR I TR RIS . S 7E R A 0
4 g/L 1] CeO, I}, IR F) 5 J2 J5 B B 3 LU I8 A5 o )
I FERE N, SN 10 /L (1A S50 1 5L R 5 B 5
ZE5t e HERMRR PRI I 4 g/L 1) CeO, A1 10 g/L
(1) GE il % & &R 20T, DL i i 2 5 B 8 3 i e
X e S b A S R SR AR
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Fig. 4 Cross-section morphologies of MAO coatings under different electrolyte additives: (a) Without additive; (b) CeO,: 4 g/L;

(c) GE: 10 g/L; (d) CeO,: 4 g/L, GE: 10 g/L
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XRD patterns of MAO coatings under different

electrolyte additives
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Pk . HRRNSNEPE TG, A REARN N R
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BALIEFERKR, (£ 0.7~1.0 Z 18], 454K 9@y, H
TR B, SfEis, 4 Si;N, FERRN
Ny, BRERE ST, BERE KR .
LE FARTCR N TR IR, R KB B,
JE R Z IR PRGBS &b . E A
CeO, fl GE il % E&WE, UL BB KHOA B R AIC,
FOESE 0.2 oA, 54 odWiEE, BZERmMENG
W, LT REEFA, X J&HT CeO, F GE HIIRIE N
N, TRERIELEAR RN, 62 450 5 nscs,
JEJEER, 0-ALOs~ p-AlLO; WREAH I & 1IN, M
{5 A1 1 B
23.1 RIS

B 10 Fr 7 AN [R] AR I 770 26 A1 T MAO JEJZ
1E 3.5%NaCl(J5i £ 73 20 i IR 552 h Eilals
IO AR TE S . B 10@al)~d) AT LAE H, i)
FEF TR 7 O =) 78 75, 3X 42 BT BB NaCl
WGBS BN R RN Z A, KRB Z B
T/ 5 (1) B0 SRV 0 B T ok O B =), ELBE
FR BT ] 3G, = Eies, — & HEARTE B
P J2 LT 8] — L Jo5 b = P ol I 22 5038 )25 1) s b = 5%

© (d)

Distance/um

B 7 TEHMBTRIN 4 g/L 1 CeO,. 10 g/L 1 GE WEZ M5 X EDS 1
Fig. 7 Morphology and EDS spectra of coating with adding 4 g/L CeO, and 10 g/L GE into electrolyte: (a) Morphology of coating;

(b) Line scan map corresponding to coating; (c) Elements colors in line scanning; (d) EDS analysis of coating
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1.2 — Without additive
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Fig. 8 Changes of friction coefficient of MAO coating with

time

H, BB MIEE T, R AR B2 R
e HEHMNEFRT LA, AR H AR AT A
IR, BEESLIFEITRE, i E, W 10(al),
T AE FL AR TP RN CeO, A GE Ji& , 2 26 1 FLIF
SN, 2 10(d1). B 10(a2)~(d2) Al BAE H

I J2 AR T F LR R AT i A0 ) 5 S A, [RDENE, 4
HILA NaCl #EZIEAR RIS @, #—P0
ST LLRIL, B 10@2) A R g, HE
JERMALARZ, UABEZARVERIISR, 5
S FRAR . T TE FARYR R DN IS I 7 20 A ] BT TS
DRSS G R E AR R, ] 10(02) (e2)FTs,
U 7E B AR R RIS NN CeO, 1 GE J&, 25 AH [F] 15 7]
(1 JE3 e B 22 S P AR | e v, HLARTI M S g b o mp
LB, Mt Ce BAA sl &M E G IRZERT
A bR v R Tk o
232 BRI AR AL

B 11 B AN [R] R RAS I 77U 26 A T MAO 2
£ 3.5%NaCl(J5i & 7> FO) i Hi2 i 552 h 3 A7k
T Ee . — MR, B0 B R T HAL (oo FIEL /N
3 et LIRS (o) X°F N T I 140 5 e S 236 AR 265 7 P
At B 11 AT RUE S A R R ik, 5
BUWRER B A B, AR TR IS IS
E AT IR R T 2430 mV, R HE N T
MNEG . KRBT EERZ MBI B, R
JERJE, MITTPHES NaCl JE i i e fehs . LIM 5120

9 MAO i)z 1B R I oW T3

Fig. 9 Micro graphs of wear marks of MAO coatings: (a) Without additive; (b) CeO,: 4 g/L; (c¢) GE: 10 g/L; (d) CeO,: 4 g/L, GE:

10 g/L
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Fig. 10 Surface morphologies((al)—(d1)) and cross-section morphologies((a2)—(d2)) of MAO coating immersed in 3.5% NaCl
solution for 552 h under different electrolyte additives: (al), (a2) Without additive; (bl), (b2) CeO,: 4 g/L; (cl), (c2) GE: 10 g/L;

(d1), (d2) CeO,: 4 g/L, GE: 10 g/
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¥, MFEN RN CeO, M GE I, AP R K,
—oal Tt I ST 012 0 AR e O T S e o 24 RN AT A
> GE: 10g/L, CeO,: 4g/L VNGRS, I B P BT IO, X R B
B o6l GE: 10g/L EESRKEAET S A, W 2 T elR L,
? BT 1 FL BEL (R, B /N T B0% R A B Ry DR
= CeO,: 4¢g/L
[+
‘g -0.8
)5 100 (@)
£ Without additives
-1.0F 80 |

lg[J/(A-cm™)]
11 ANFEHEFERB IR T MAO IE)Z7E 3.5%NaCl &
TRERIR M 552 h FISh ELAEARAL HH 28
Fig. 11

coating immersed in 3.5% NaCl solution for 552 h under

Dynamic potential polarization curves of MAO

different electrolyte additives

WHIT T AERERR B AR R I CeO, ATl 45 11 PEO R
JZHIE R RE, BRI, CeO, K AR L 8 E
PE LR B M e o T A SR 0 T PR SR T AL FLAZ
T I 70 BB TBOREE , (A3 o B -
EBABEZINREG 7—J7H, HTEmbEE
JEIEFESG N, 6 b B 1 R R B E IR
Hn, R, SR R0\ AT DUBR e B2 i S
‘TE[ZI]O
233 FHHLIE AT

N T BGPTSR N 7
A N &I 3.5%NaCl(Jit & 53 H0) ¥ IR 552 h 1)
MAO JEJZ 34T T BT 47, LA s an i 12 frs .
2 Fr B A L ) A5 R B A NP 12 HR e DL
HH R AT FE Y L T PO, X T R R AE T R

60 [

Z"/(k Q+cm?)
S
S

= Without additives

201 ® CeO,4g/L
A GE:10gL
0 * GE: 10 g/L, CeO,: 4 g/L
— Fit results
_2() 1 1 1 1
0 40 80 120 160 200
Z'/(kQ+cm?)
(b) = Without additives
200§ ® CeO,4glL
A GE:10g/L
160 + * GE: 10 g/L, CeO,: 4 g/L
& — Fit results
8
& 120
=
N 80k
401
0 =

lg(#/Hz)
12 AREMBRBINFIZET MAO BRJZTE 3.5%NaCl ¥
AR 552 h () Nyquist AT Bode &

Fig. 12

immersed in 3.5% NaCl solution for 552 h under different

Nyquist and Bode diagrams of MAO coatings

electrolyte additives: (a) Nyquist; (b) Bode

2 AFEEMBRRINFI&AET 7050 F5REE &4 MAO BLRTE 3.5%NaCl il IR 552 h ({55 3 H R S 4L
Table 2  EIS fitting parameters of MAO coatings immersed in 3.5% NacCl solution for 552 h under different electrolyte additives

Additive (Qﬁ/nz) (Q*lgfim*z) T (Qemd) (Q*l-g’im*z) 2 (Q%/nz) L (Q%/nz)
Without additive 2250  8.68X10°  0.54 2.84X10* 629X107° 0.69 2.01X10° 1.75X10° 5.61%X10°
Ce0,: 4 g/L 202.6 3.84X10° 0.81 329Xx10° 541X107° 077 2.88X10° 1.59x10* 2.85x10*
GE: 10 g/L 2754  238X107  0.79 3.04X10* 4.96X10° 084 3.27%X10° 1.99x10* 3.17x10*
CeO,:4 g/L,GE: 10 g/L 4254  2.18X107 0.88 5.97X10* 843X10° 086 4.03X10° 9.77X10° 11.23X10°
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(IPL G b i 32 B R T 50 2 P ke o T 7 P
i e [F) RN 4 /L 1) CeO, AT 10 g/L A 88475 T 1) 4%
MEERE R BUEW R & T HAMBEN R BE, A
R, BME I BE E, 5 Ul Wk AR 2 T 5
T B 0

3 Zhip

1) 7050 EiRER A4 MAO Mg ER 2241
R, AR AR oI IO, LR RS B R R
&, HEBINA 4 g/L ] CeO, 110 g/L 147 245 1 %
BEWRZEN, fURRNARRK, £ 0.78~1.75 um Z
], JREPHUREE 5K, A 1516.03 nm, FUE ML .

2) BESMMINERE EEEH a-ALO; .
P-ALOs . MBI 4 g/L 1f] CeO, f1 10 g/L 1)
1 EBIGH R EEBER, a-ALO; p-ALOs RIS K.,

3) PEEREEASCIGR I, HAIRZE M B R LT,
PEEER B AR, FROELE 0.2 fitio

4) RIEFF RS AR B, £0d 552 h
1) NaCl JBil)E, SHWENRERmILIFEEDN,
PR, BRI R R N-0.570 V,
BN 7.40X 107" Alem?, TR it P it o
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Microstructure and properties of rare earth CeO,-doped graphene
composite coatings prepared by MAO on AA7050

ZONG Yu"? SONG Ren-guo' 2, HUA Tian-shun"? CAI Si-wei'?

(1. School of Materials Science and Engineering, Changzhou University, Changzhou 213164, China;
2. Jiangsu Key Laboratory of Materials Surface Science and Technology, Changzhou University,
Changzhou 213164, China)

Abstract: The ceramic coatings were prepared on the surface of 7050 high strength aluminum alloy by micro-arc
oxidation process in a silicate electrolyte added with rare earth element cerium or graphene. The surface morphology,
roughness, phase composition and distribution of elements, wear resistance and corrosion resistance were analyzed by the
scanning electron microscope (SEM), surface profilometer, X-ray diffractometer (XRD), friction-abrasion tester,
electrochemical workstation, respectively. The results show that the micro-pore size of the composite coatings which
mainly consists of a-Al,Os, y-Al,05 decreases and the compactness obviously improves with the simultaneous addition of
4 g/L CeO, and 10 g/L graphene to the electrolyte. In addition, the roughness is the lowest (1516.03 nm) as well as the
wear resistance is significantly improved. The corrosion is the best that the corrosion potential of the coating is the
maximum and the corrosion current is the minimum.
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