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ABSTRACT NaF was used as the accelerant to accelerate the conversion coating formation on 6063
Al alloy in Ce(NO3)3 and KMnOy solution. Orthogonal experiments were conducted to find out the
optimal process for prepare Ce-Mn conversion coating on Al alloy surface. Coating thickness and anti—
corrosion time were taken as the indexes of performance assessment. Two better solution components
and coating formation times at room temperature and pH=2.0 were selected to be 10 g/L Ce(NOg3)3+2
g/L KMnO4+0.06 g/L NaF, 12 min and 7 g/L Ce(NO3)3+1 g/L KMnO4+0.06 g/L NaF, 9 min. The
anti—corrosion ability of coating was evaluated by dropping test, polarization curve and electrochemical
impedance spectroscopy. The increase of AFE (the different between pinhole corrosion and corrosion
potentials) and the decrease of corrosion demonstrate that the anti—corrosion ability of 6063 Al alloy
with Ce—Mn conversion coating is greatly enhanced since the cathodic current (i.) and anodic corrosion
current (i,) decrease. Ce—Mn conversion coating serves as an effective barrier to prevent corrosion
attack. Generally, lower C' (Capacitance) points out relatively higher degree of surface homogeneity
which yields an almost closed capacitive arc. The addition of NaF make C become less, conversion
coating resistance (R.) and charge transfer resistance (Rct) become higher. A thicker and denser coating
was formed on the surface of Al alloy, which presents a barrier to Oy or CO5 or Cl~ permeation, bring
better protection to Al 6063 alloy. The surface hardness was determined by micro—hardness test, the
micro—morphology, and compositions of coatings were analysed by SEM and EDS. With NaF added,
the surface hardness becomes stronger. Formation time was also an important factor to prepare a high—
quality coating, corrosion resistance of Ce-Mn conversion coating was more effective when formation
time is 9 min than when it is 15 min. The results of orthogonal experiments show that the optimal
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coating processing is 7 g/L Ce(NO3)s+ 1 ¢/L KMnO4+0.06 g/L NaF, 9 min. The addition of NaF
can accelerate the coating formation, increase the Ce and Mn content in coating and thus improve the
coating anti—corrosion performance. It is found that the surface micro—hardness increases from HV72
of pure Al surface to HV532 of Al alloy surface with Ce-Mn conversion coating.

KEY WORDS Al based alloy, Ce-Mn conversion coating, orthogonal experiment, accelerant
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H A5 5 A 506 4 22 1 B 8 Tl A 3 7 1 RH AR Ak 155
Fife et s 2, Hoop i 2 i 2 Al s R4
BRERFEALIE:. T Crft S ARERKHZEIEN, K
HERH CrSt gy B, A ZFET RS G
R RE AL P10 Hr O3t gL N
R B A AR AR IR R AL R S i — D120 g
TR 13 3% TR Ce(NO3)s il KMnOy ki F:hfH+
AR E, L O EA BRI, XREETCI Ri .
B2, B4l Ce(NO3)s 1 KMnOy b F AL AL
FECRAR, FERRETIRIG, i B, MELAE & Tlkfb A
FERTREL. AL A VN AR R o T R T b P,
HEREEA AT CeMn #ALERHIE.

AR NaF fER sEAERER], ik Ce-Mn ¥4k
FERGE R, E R, L ER TSR #at
BT AR M A BT 7, BIFSE T UL 270 X I A
Kigm. A, RS (SEM) S5881E5r
(EDS) S5 x50 IERT T S T RE . SO 50 e 4 AL
BT REATRIF SR, S R AR R 500 X A TR bk 5 o 2
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1 ZEHMERFE

RAER I EL 6063 §56 @Ak, 6063 5 a4 FEA
4 (RS, %) A Si0.5, Ti<0.15, Fe 0.7, Cu<0.23,
Mn 0.15, Mg 1.0, Cr<0.2, Zn<0.25, Al & K Ee
e, MHAAR R IR AR A A AR B, HEgHmE
K 1.0 em? B LAEE. NaCl, HCI(FR&ESHCH 37%),
NaF, KMnOy, Ce(NO3)s, KoCroO7 AT &4 4R
F. sem K B i ZE K.

6063 £ &&iREERKIKRZ 300, 600, 800 F 1000 &
KB RITEE, RI5ERUEITIR R (7€ 60 g/L
NaOH+20 g/L NayCO3 FWH 4 3 min), 24l
Jt (15% HNOz(Fiisr %) W% 2 min) FIE
(0.1 mol/L NaOH {FEW 4L 1 min) 4P, 18 TFIH
FZEAKIEDE 3 K.

s L s TR W L Ce(NO3)s N FH, KMnO,
N, NaF NS BAEHEH]. 24T Lis(4%) #9 16 4LIER
L5, 4 FEMHK Ce(NO3)3, KMnOy I Nal ik &
VLR 1], BN R AR 4 DK Ce(NOs3)s3
YRR 4, 7, 10 A1 13 g/L; KMnOy ¥EH 0.5, 1, 2 I

3 g/L; NaF ¥kE# 0.02, 0.04, 0.06 1 0.08 g/L; &kt
G4 6,9, 12 1 15 min. L Ce—Mn %40 IERY EE SR
IR T s 1] VE R 0 Ce—Mn #4400 45 P REFE FR.

S PHYNIX Surfix FNB 75 7 0] B3 0] F: &
JE. S ETERARIE A E A E 5 A SRR, 5
)& BCFHHE A IR

T 2% 358k s TR R T A VALl 25 mL
HCI+3 g KoCryOr+ 75 mL HpO. 4 HI4EiRFEB &
B3 AN, BURAL RRER T SR 6 B AR 4R -4 B ]
R TiRS 8 e s .

ALK CHI-660C HAb2: TiEu,, f#H
ZHRAEREATINR, XFEARH Pt HER, SHERE
Ag/AgCl Mk, 7E 3.5%(FE2E)NaCl % (pH=6.2)
HHEAT. AL BRI TR TEE Y —1200——700 mV, 5
AN 0.5 mV /s BEAERLGTIE A AETF B B AL T #E
7, MESR AR E N 1072-10° Hz |, Briifysefifs 58
N (£5) mV.

SR HVS1000 5850 B 10 54 A R . 7E ik
ETE AU ESMIER 5 A ST, RIGBCFENE N5
Ak A B

K Quanta 200 BUFFETHIHE 7 B8 (SEM) 1
Nova NanoSEM 430 37 %& 8§t SEM J H R i) RE 1 Ak
it (EDS) #ATHALBER E IS BT
2 LRERRSH
2.1 EXZRERRMA

it Lig(4*) IERERBFFERRT, pH=2.0 iH4h8
WFERS Ce(NO3)3, KMnOy il NaF e K i i
()Xot e Al FEEAE BB A S, SR P B 57 T A5 VG JE ok st (B4 A
HRESEHEIR. IEX LR SRR mE 1 iR,
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Ce(NO3)3 >KMnOy > BREFE]; 4 B Z X540
ST e BsF [ 5 e 2 B /MBI AR - NaF > Bl flE
BfE > Ce(NO3)3>KMnOy4. MEFEBRANFHEIER
B, TS A SRE AR WA A AR EESE S50
KRR, MR T Fmra i 41600 e i B 3
DEESBEMRIN Al-3e—APT; BAWES &4 H
BB Oo4+2H,04+4e—40H™, st & HHF H Y
2H" +2e—Hy. HLMth N M X EW pH EFHE, 4
pH {EAF]—E He, BIFT4m Ce A1 Mn @9 &bk A
EALPTTER. S s A A T LS AP
Oy TEVEWAN &R Z (M AT BOAERS, e 2 (o PHAR S 1 B¢
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£ 1 Lig(4?) WHEMKTFERLREH
Table 1 Results of Lig(4*) orthogonal experiment
No. Ce(NO3)s, g/L KMnOy, g/L NaF, g/L Time, min Coating thickness, um Anti—corrosion time, s
1 4 0.5 0.02 6 0.609 144
2 4 1 0.04 9 0.661 280
3 4 0.06 12 0.786 250
4 4 0.08 15 0.625 221
5 7 0.5 0.04 15 0.621 253
6 7 1 0.02 12 0.689 175
7 7 0.08 0.633 306
8 7 0.06 0.8 348
9 10 0.5 0.06 0.805 225
10 10 1 0.08 0.733 256
11 10 0.02 15 0.625 232
12 10 3 0.04 12 0.857 190
13 13 0.5 0.08 12 0.705 256
14 13 1 0.06 15 0.662 300
15 13 0.04 0.782 233
16 13 0.02 0.782 104

PR B W A 2% 1, JE g 1.

Ce(NO3)s #BEH 10 g/L b (BALHEAERKK
F, TH), HAREEFHEESIRK, A 0.755 pm.
Ce(NO3)3 #FEHR 7 g/L B, T mhes a2 EmHK, H
270.5 min. [F, Ce(NO3z)s WMEAREKK, &N
18 U RS AR ELI S i BE T . R T RE 2
Ce(NO3)s WeEEBKH BUER RS, FE&SRmMR R
Ce-Mn FEAv MR, {3 BAM N A BHAR S 2 1k, AT
RS AR 1L, AR, HASMAEL T il
TR

KMnO, #E 0.5 g/L 8= 1.0 g/L B, 3t544k
MEJEE A B; H KMnO, ¥ 1.0 g/L =
3.0 g/L B, FeALEEEE A -F-HEH 0.686 pm KIEHE N
F] 0.766 pm. KMnO4 ¥EH 0.5 ¢/L ¥im=E 1.0 g/L
B, AR BT At I 8 Dl Bt (B) 24 B 219.5 s KR EEHY
F 252.75 s; KMnO4 ¥EH 1.0 g/L #in%E 2.0 g/L
BF, TR R T P bt ] A AR AR B S, (R I,
255.25 s; KMnOy #EERINZ] 3 g/L B, T s i e bt
[EPEBHMER RN, 4 215.75 s. FALBEIREERE KMnO,4
VR BERE TG 0, Tk S8 ekt [R] 78 KMnOy ¥k BEARALTE
P AR . SR AT RERRE KMnOy WEEHRSKR, T
5% KMnOy —Mn?T+O0o A3 B i g w - Mn? "
Al O MeFERG I, pH {EFHE U Ak, i 0ERE
BERE . (HT P p TR i UG AL RS A I 2 AL, 3
fERER T T RE. KMnOy WEER 3 g/L B, &8 E
FALTRAS ki, SORPEREAE 22, R KMnOy WEE N
2 g/L Al 1 g/L W4T

AT RS T BUBERCR, 1n AR R AR
fERER] NaF, Nal VB X 44 R B A ot 178 8 Tkt ]

ERELR. % NaF ¥EEHR 0.06 g/L B, FAbR)EREE
JEFI TR R0 8 et (B R (K, 43k 0.76325 pm
M 280.75 s; NaF WEEHE—BHIK, XFHIEHRE T .
AL AR NaF )5, —HEHF Ce-Mn #ALER
R R 7EAE Ce-Mn FALBERAEREH AlOs of
B 07 W P HARSME, BRItk ALOs HVEME
K, HEGSEARERE, RSSO MHSH%, 8
TR N A B ik Az, i Ce-Mn #4kER5
VIR, RSB BERIE B BER N, 53— Fo fRdEO
Cr*t+3F~ —CeF3(s) AT, fii Ce-Mn F{L )T
e, $EEm . NaF #EEEE] 0.08 g/L B, g8 it
R EZREIRY, PR P AR WD, bR R
BN, AR EER/DS, Tl T R

BCERTEA 12 min B, FEACIEE IR R R AME; AR
JEERE] Y 9 min, SEALRER ik B BFo 18 R Ce-
Mn #ACER S RS R 3 BB JERL. ERMER
EN B BRI B, BB R, SR B
wR, JEEERIBORE RN, S B A AR, R
HATREN B, FALER A SR fs 2 3 514, U1
., VERRF/INUE AL 3 Dt REFHEAE. ARPEIRIR — iR
i U9 ik ke 2O, ghagE KR ], Ce—Mn
AV ERTE B SR BIR, RE 4 Ce il Mn (X
B Ce #1 Mn ZEKRBHE N, REBALRY TG Z, £
RS IR, WS /NLBEE AW I, FLIERREH
K, Ce-Mn 540 ER BUB LR EITESR, FEA 3R BEFEAKRT
JEThEE S TR, MERI-F-XEEEDN.
2.2 NaF ¥ Ce—Mn ¥y & fhiEREAY F2 00

AR EAR LI AR, FEh T 2 MUENLTZ, A
10 g/L Ce(NO3)s+ 2 g/L KMnO4+0.06 g/L NaF,
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12 min; B: 7 g/L Ce(NO3)3+ 1 g/L KMnO4+0.06 g/L
NaF, 9 min. #HEXHFHLZEE Al GE&LHHS Ce-
Mn FACTE, MR T 5 A 55 BE A TR w8 Jo8 fr bk ], FRAE
3.5% (B E)NaCl W (pH=6.2) FrxtRmHE 5
PME R B0 IR RRREAT T AR AL ol AN SR B ST rELAL 22
RETU. N HLERIMIT, [FIREZEAT R AR I NaF, i Hith 2
5505 A M B MR TLZE (C: 10 g/L Ce(NOs)s+
2 g/L KMnOy, 12 min; D: 7 g/L Ce(NO3)3+1 g/L
KMnOy, 9 min) |4 Ce-Mn [R5 G SR FEFIRER2E
Al . B ikkEgn 5 BB Ce-Mn FeAb ] £ L7
SR R, e MU EEJRE BEA RS A 7% JA8 kb ] L2 2.

R 2 ATHL, B NaF )5, 485 BT 5 S
Phisf A RIR SR &, IEW] Nab BA et e, fEdR
)R BT v B Ce(NOs)s Hl KMnOg WEE
FT 4 AT S 7 B RSB A, e PR B o, LT 3 8 e
TR/, 350 FH A IR B AN S TR T PG e A RE g M — A
X, BERSUEEANFRAET R E HBEWHE K, X508
IEAZ LB 25 RARST.

B 1 hEeRal Al AHEARE T2 %8 Ce-Mn
MR B0 G SRR AR AL BT 2R AT AR AR sl 245 L A ) o
BAL Ecorr, /MUBMEAL Epie, BiALKIE AE, RALHEHE
Ry BJEMHERERE iconr FERINTE 3. AE Al dcor
R AL EM P A BB EAR, dcorr BUD, MIEALMERY
i 4 AE = Epit — Ecore BUK, TIAALIERFE
WIKBRTE, 16 FRMEMR A T S i g Y.
L A1 3 mr4, ik C, D, A il B AHM T AUE), dcorr
M 2.747 pA Jem? SR HIFEAKN 0.7411, 0.4251, 0.1998 F
0.1015 pA/cm?; AE N 1 mV Zp5#4mm=E 41, 151, 227
248 mV. EARGIRREY], HaeRmA M CeMn 54
B RERE NI M R B, SRS R T B I RE . 4>
A A F1 C, B Al D AT, @0 NaF J5E R Ce-Mn
FALTRA G ST I I BT NaF AEOCERS. 7
AEEL A #1 B, C# D A7H, B Ce(NO3)s Fl KMnOy4
WRERE AN, SV EJRELS, ARFIT Ce-Mn e ib T i i
HERERIHE .

B 2 BAtgral Al JoR AR L5 4 7 R
Ce-Mn #AL BRI G4RFERI ST Nyquist fil Bode
B AR R AR 22, il 2b A, 1R

AEFEER, FES A 3 RS, £ 4 BR
SR E R AE 2 Pl RERIRLE R, &’ 3 B, R,
RFEWEI; W K weibull T R #l C 4343
Ce-Mn AL TERT B AR A B2, Re F Can 433103
WL (%300 L REL R 0L R LY (B8 “HRBIOBON » , SR
frfart: C FAMEBERA ). Cq B, SIS
BRI, R B K, R BRI AIEI AL,
#5 [24—27]

MFE 4 LERTTLIE S, % 2 REIREEN Ca 1 C.
MKBUNAIGF A B, A, D, C, E. [ 2 fil% 4 M R%
W, Ro fil Ry WKBUNUIRFL Y B, A, D, C, E; C, D,
A #1 B HIxHTH#E AL(E), Re M 7.806 kQ-cm? 4} B
Bahn#E| T 43.83, 61.92, 110.57 F1 128.07 kQ'ch, FEHH
A A FRE AR CeMn 5405 AE T H B 1, 47

Log(i, A)

_1-(%.10 —1.105 —1.100 —0.195 —0.190 —0.185 —0.180 —0.175 -0.70
Potential, V
Bl 1 #REELl Al RZ AR T4 Ce-Mn R FAEE R
AL

Fig.1 Polarization curves of different samples shown in ta-
ble 2

R3  MRACHHZRE 1 P75 AR g R
Table 3 Corrosion resistance properties of different samples

obtained from polarization curves shown in Fig.1

Sample Ecorr Epit AFE Ry Icorr
mV mV mV Q pA /cm?
A —948 —721 227 251888 0.1998
B —983 —735 248 425651 0.1015
C —849 —808 41 47119 0.7411
D —896 —745 151 103621 0.4251
E —761 —T760 1 9195 2.747

x 2 BALRIAMT AR LAY Ce-Mn FALERI4& T LS5

Table 2 Samples used to the electrochemical measurement and corresponding parameters

Sample Ce(NO3)3 KMnOg4 NaF Time Coating thickness Anti-corrosion time Hardness
g/L g/L g/L min pm s HV
A 10 2 0.06 12 0.902 315 503
B 7 1 0.06 9 0.799 350 532
C 10 2 - 12 0.595 180 373
D 7 1 - 9 0.515 215 402
E (bare Al) - - - - - 72
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Fig.2 Nyquist graphs (a) and bode—phase diagrams (b) of samples in Table 2

B 3 NaCl ##+H Ce-Mn ¥ALIEAY SR E M

Fig.3 Equivalent circuit model of Ce-Mn conversion coat-

ing in NaCl solution

x4 HAEKE 22 MAHBHER
Table 4 Fitting results in with Fig.2a

Rs Ca Ry Ce Rc w

Q-cm? pF-cm™2 kQ-cm? pF-cm™2 kQ-cm? 9% . Q~1.cm™—2

A 5.878 0.005623 293.4 64.31  110.57 0.00382
B 5.707 0.004328 355.1 57.62  128.07 0.01025
C 6.489 0.007435 118.4 98.06 43.83 0.00436
D 5.672 0.006890 166.4 66.91 61.92 0.00956
E 6.330 0.009224 12.74 26.56 7.806 0.00342

G ST EmEES. 2altkEr A5 C, B &5 D A,
Wi NaF J5REEE R, 4510 43.86 il 61.92 kQ-cm?
HANF] 110.57 #1 128.07 kQ-cm?, JEAF I NaF )5 Ce—
Mn LR A RIBOER. MK A 5B, C 5
D, AT, b Ce(NOs)s #1 KMnO., ¥ B 38 il 52 157
IR, CeMn 4k I B b T R

MLL E A A TR R AT, R0 NaF a3 ik i
Ui BEREAR, IR 2 THD F B i, SRR Sl RE T £ s
B Ce(NOs)s il KMnO.y ¥ B2 A3 s I [E] B 38 <,
JE LR 2 B T, AR B e T P B, SRR TR JE ok
J1T R 33X 5 RITAR 1E SRS B o e A P55 JBE A1 Tk 5,179 o 52

I 48 S S Bt A R — 2.
2.3 NaF ¥t Ce—Mn ¥ ERIRFOLE B A 22

Bl 4 AR 4 FEIRERE CeMn #LERS
Kty EDS srirdi. e 4 w40, A il B REH
B S BRI TR FALIE, T C 1 D REEEALER
i, FTILB AR A F B REFALES Ce Al Mn #
FREET C M D, Ce BFEAHIM 6.00% F1 5.00%
FEF 17.22% F1 15.48%, Mn & BN 6.20% Fi
4.53% 53] 14.76% F1 11.43%, FEnt A #1 B FEiE
EFE F 77 N NaF )5, F~ BEfER—J
T 7] ATE AL BT 5 B R T, (S 2 IS g R
HioR, AR BN IR A2 259, Ce—Mn 44k IR0 B
o, AN ERG KL, UEHEHELZE Ce fl Mn )
A A ENHENFEAL IR, AL+ Ce #1 Mn f
SR B0, AmA CeFs b NEsALES, Frid
TERALIE A F 774E. B Ce(NO3)s Al KMnOy RS
1 | AR s k- VA 0 L2 e s A s O P 4
SApREF Ce Al Mn f8 HH .
2.4 Ce-Mn ¥{LIER S MERE

# 2% A, B, C, DAl E iXFERREEE (HV) W
REER, KRN 503, 532, 373, 402 i1 72. B[ W, HT45
GEIRRERE ER T & Al Ce #1 Mn EAbai 4L
WAL IR, RTERE AR, AW AR NaF {23
J&, BRI AL R R B AT T8GR N NaF BHg Rk
BoERE. XTRERM T NaF J5, AW T AR EE
EH) CeFs UIBEISHASEE, 5 I Ce-Mn F{LEH
R A, NaF mIhniReE&&RE Al O3 IRATIEM, {2
HEBAMR S N PRI S S AT, AR . SR
H/AH Ce-Mn 5400, HAHEENEE. B Ce(NO3)s
A1 KMnO.y ¥ B35 AT i BB S 7 Bt (BT SE K , %44k A T
BERRA, 3 T RE AR i b DR p) S R S (e 4 A FEE S AR A
HZAL, Wi VB RERK 258 Ce-Mn $40 I BifE 4tk
Sty [ G Ak RE A B B AR
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Slun

(b) Al Element Mass fraction, % Atomic fraction, %
o @] 19.80 35.91
Mn F 1.86 2.84
Ce Al 46.26 49.77
Si 0.10 0.1
Mn 14.76 7.80
Ce 17.22 3.57
F . Mn
Si e Ce Ce
Ce . Ce o M .
0 1 2 3 4 5 6 7 8 9 10
Energy, kV
(d) Al Element Mass fraction, % Atomic fraction, %
[¢] 18.44 32.69
o F 1.87 2.80
Mn Al 52.68 55.38
Ce Si 0.10 0.10
Mn 11.43 590
Ce 15.48 3.13
F Ce. Mn
Si Ce C%ece MT_) _ )
0 1 2 3 4 5 6 7 8 9 10
Energy, kV
) Al Element Mass fraction, % Atomic fraction, %
[e] 418 7.43
Mg 0.39 0.45
Al 83.23 87.69
Mn 6.20 3.21
Ce 6.00 1.22
2
e
Mg
Mn Ce
Mn Ce Ce Mn
llor ’ Ce Ce,Cecl\ér] Ce
1 2 3 4 5 6 8 9
Energy, kV
Element Mass fraction, % Atomic fraction, %
[¢] 4.31 7.52
Mg 0.40 0.46
Al 85.76 88.72
Mn 4.53 2.30
Ce 5.00 1.00
n
Ce Mn
Ce Ce,CeCeCeC € , p
4 5 [ 7

Energy, kV

4 K2 ZEARHARE CeMn FAUBIESMNE EDS 455
Fig.4 SEM images (a, c, e, g) and corresponding EDS results (b, d, f, h) of Ce-Mn conversion coating on the
surface of samples A (a, b), B (c, d), C (e, f) and D (g, h) shown in Table 2

3 &g

(1) IEZRERF & E ZEXT Ce-Mn FeAy RIS BE IR
FERRFA: NaF>Ce(NO3)s > KMnOy4 > AbFEATE];
it e A RS 376 G bt TR SR R BE T Nal> 4h
BtE > Ce(NO3)s >KMnOy.

(2) MIWEEWERGNERSEREH % CeMn
HALER R L ERMRAENR N 7 g/L Ce(NO3)s+
1 g/L KMnO4+0.06 g/L NaF fiEw 43 9 min.

(3) NaF BEAF M s B, AESER CeMn ¥4l
AR AR, HEIFALEF Ce M1 Mn g5, Bhns
PR R BERECR BE, 32 5 AL B0 Tt g Pl v RE A AR .
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