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R, SRR ZEEEENRACBEH R E S T 58—
W2, oGS B B E T . XIONG 25 i i i
JE I SMVEAEARIE G &R I & AR
=, 51K, 55— LSP ZH MAO AR ZHIL,
LSP/MAO E&HEMREAMUA] LLRE R @86 a5t
P, T EoAT DA R . iR
BOGIN L L Z 5N E BoR & it 3 24k b
FER B b, s Bos S (LC)+H AL (MAO)
FARIEMFPEANR T % EE G ERZTLTIRD .
BRI, AR e R OB EHORTE S355 AN
il ALI-Ni-TiC-CeO, I B IR E . LLUZIGHE IR ZAE v EE
K2, TELMERRE N HMRRIAR T, flaE60E
JEJZ, WHAAIEI R BN H R SR, I
5 AI-Ni-TiC-CeO, JEE IR JE AT XS EE -

1 XI§

1.1 KM

SEECMESABRER S355 5N %): C
0.17, Si0.55, Mn0.94, P0.035, Cr0.065, S0.035,
Ni 0.065, Mo 0.30, Zr0.15, 42K Fe. &AM
BEA ALBN (AR 99.0%, K42 50~95 pm). TiC ¥}
KA 99.5%, “FHkifz 40 um). Ni B4 99.5%,
KA 15 pm), BRI 6:3:1 WAEFMA
1%CeOx(Z1FE 99.0%, “FIJKif% 20 nm), FHEREENL 7
IHREYIT.

1.2 EWHE

BOCIAE SN2 R ZKSX—2008 74 2 kW [ 7
Wotds, I8E AR HEHEE, DAESIENE )
JIE, SCHLRE R E, BAARBOGIEE T2 250
1R,

H578 SR 56 RS A5 2 1 2R R R D0 B 4 7572 )
E KN N 30 mm X 25 mm X 3 mm, FH R 4GE

®1 WOURETZSH

Table 1 Laser cladding process parameters

FTEE, TS5 1000"7KEERPAL, S5 ALO, 6t
ITHURILE, TREEEE BRI, BRI ERAN, HAR
TH 5 FH BA 5200 g AN 4 7)1 J g AT TR AL, A
AL R TR AR SR, IR 3. 5. 8 A/dm?,
FALIT A 30 min, M| AR 30 CRAF,
FLARVR T 77 N 3R 2 BT/

T2 RN R RC T
Table 2 MAO electrolyte formulation

Electrolyte composition  Electrolyte concentration/(g-L™")

Na2 S 103 12
KOH 5
NaF 0.5
SiO, 3
TiO, 9

Parameter Value
Laser power/W 1200
Laser scanning rate/(mm-min ") 360
Powder feeding rate/(g-min ") 8
Argon gas velocity/(L-min") 15
Spot diameter/mm 3

BRI 58 B 159 B8 IR 2 Of EEIRRE ) FI I 484k
SEWER, BEBINEERZEMCITB -, ol
A R R TR AT B, F ISM—6510 % H
T R B(SEM)MIBE I (EDS) M BIE 7 14 2 « T
TH & Z I 445 143 R X SR ATHHU(XRD)
SR EVIRRAT 0T o iR ZFLBRZE F E e IPP Bt
FR A IR R R TS EAT AR B, e 5 UCHLH:
SEBEAE A AL R KN SR E 456 1l
R WS—2005 AU 1 B RITRIC. RIJREE
BT 0 Sk 2 S WA HE(1200) 3k, 1R Sk in %%
faf B /2 0.01~200 N, Jia in# A L S &k Mk
R JE R JR I SR 7 R S RD B R 1 4 7 5, gk
fif 40N, RIJREEES 4 mm, JELBFEEN 0.1 mm/s.
MWW G, FIHEBMERERIRES . H HMV-1T
B AR BT B 4 PRI 0 AR, Ho gk
WATN 2 N, INEREHE N 15 s, ERIE LiREREE
FARTT A1 BERG S0 pm FT—AN A [ —IREEAKCE L&
3 BT . SR X—350A B X G5 R 730 5 A3
BIRERTIBZRTT MG RN F7, ARSI
(400) FIAT S TR AR G, NSF AR 433008 00,250
35°, 45°, NAHEH: —130 MPa/(°), 260 HfliRas 3
2N 155°~135°, 2BFEN 0.1°, THEUNTAE] 0.50 s.
PERE ARG R CFT—1 AU REE M At 42 4 IR
10 BN ZR, RESEM RN SIC FEEk,
InagcE A 2 N, AL E Y 500 r/min, SRAEE R
R, BIEEAAN 3 mm, ZITHEA 30 min, W
BRG] BT25S HLF 4T KT Bk & BE 5 i = 45
&, BERSEJE R B IARE T IR SN E Hr. Bh AL
AR CS350 HLAk 2= TAE S, AR AT A2 3.5%
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NaCl R (5 & 50, MEAREAUN 1 em®, TAERARH
WA, ST R Bk, SRR,
MARFTSELE 3.5%NaCl(Jit & 4> £ % i iR 30 min
FEAEFIFE AR E, WEREE R FFTE(Q25<1) C.
FHEZE | mV/s, WAL R 3T Tafel 14

2 FHRE5PH

2.1 BEEMREEERLZN

Kl 1 FiR MR G REREEZ BT S . WA 1(a)
B, SEBESRETLLES 3 ANHEMXE, Kk
NEAR, IBEE . MOVEB R, o BRI S
LT R A, R XN TR, 3 AR
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A/dm® B T £ (B2 1T LU B B X2 454 . 1
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B AR R P R A T3

HI % BN 3 Aldm® I, P& ZAMNTIA 2R 14
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BRD MHEREETE S A/dm’ i, FEZERSNG
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Kl 2 Fis AR IE S AR IR E B T E G Z
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AlFeNi fH, WK 2(@)fin. EEMRER T EAE Al Y
AL, HoRag ALILE YD, 104G ALO;. AIF; il AI(OH);

Fig. 1 Sectional morphologies of composite films at different current densities: (a) Overall morphology of section; (b) 3 A/dm?; (c)

5 A/dm?; (d)8 A/dm>
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Fig.2 XRD patterns of cladding layer(a) and composite films(b)
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Kl 4 s b B AL R R LR AT .
K4, RimfLERAg 2P s BT RE
A, TEHEEA 3 A/dm®s FLAE/NF 1 pum (AL
HEmZ, 405 56%. Hoh, BEE R,
AN NEFEINTR, P R 2 R R ARIE S I, XEDUA R
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FEMREEME, BEREHXRERRGS, SRR
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At LE A T ) o
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H29 B8 M PR, S EERROTE AR AR S 1705

Al
(b) Element  w/% x/%

C 227 5.54
O 14.28 26.14
Al 49.15 52.63
Ti 19.84 8.12
Fe 10.03  5.36
Ni 4.43 2.21

Ti
b? i Fe
2 4 6 8 10
Energy/keV

Element  w/% x/%
C 25.06 36.51
Al 5434 46.94
Si 17.38 14.43
Ti 2.07 1.83
F 1.15 0.56

4 6 8 10
Energy/keV

Al (H)

Element  w/% x/%
C 21.98 30.19
Al 5747 46.94
Si 11.09  8.68
Ti 8.34 13.8
F 1.13 0.52

L L L

2 4 6 8 10
Energy/keV

Element  w/% x/%
C 26.17 38.09
Al 55.69  48.06
Si 10.63  8.81
Ti 6.43 4.21
F 1.08 0.84

4 6 8 10
Energy/keV

B3 IREIRZ AR AR T A S i R M 2 T T 30 R R L ) e 1 P
Fig. 3 Surface morphologies and EDS spectra of cladding coating and composite ceramic film under different current densities:

(a), (b) Cladding layer; (c), (d) 3 A/dm?; (e), (f) 5 A/dm?; (g), (h) 8 A/dm>
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Fig. 5 Compressive strength curves((a), (c), (e)) and corresponding scratch photos((b), (d), (f)) of MAO coatings under different
current densities: (a), (b) 3 A/dm?; (c), (d) 5 A/dm?; (e), (f) 8A/dm>
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=
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Bl 6 IaEIRZES AR SR A

Fig. 6 Microhardness distribution of cladding layer and

composite films
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(AT S TR A R R o X SHERATI 0 M i STk A

T EEAR AN

n  9(26)

180 d(sin’ @)

E
O0=———cCtgo,-

_2(1+v) M

K B ONHPERIE; o NIARALL; 60 NTIE ST R
TR JEOL N BT M o AMRLRIINEL 577447
SR AR TR LRI Ay s 0 D BT idk T S Bl =2 RO A7 54
o PR FE A, HopPEEiE E B 390 GPa,
THFAEL v B 0.26!"7, WA R E SR EE TR A
153 A, 7 Bioc. BB 7 sTLAEE], 3 AR
HALJAL 4 FE ) 46 1) MAO IS 7E X3 A (R B AR L ) 2 30
NIRRT, HBEEBES IR, KRR, 175
PRI 20 pm ALIE B KAE, J5 SO 6T H
TN 3. 5 A8 Addm® (EZE, HERMIBR AN Sk
WL 9-118. —170.42 F1—-127.51 MPa. "JLAES], H
W T N3 A/dm?® F1 8 A/dm? (15 2 5 B 7 ¢ B 25 i
N5 Adm® IR FERL BN, XEERETREE
AR AR SZ 8 A N A i A ER, AT R T35

IYRARILT], 1K 5 R R T T S8 3 1) 45 SR — 3
VAT IR 2 X IR N R A B F ¥ i N ), fERE 2 R
300 um AbF% A BTk B B KAE 439.61 MPa. £ K %%
R )M R R T RAR B, KR GURUR M .
R, 7R HAMONEE LS, 2RSSR RETS
Bl — e FERE ) o

-100F 1 (a) —=— 3 A/dm?

1

Thermal residual stress/MPa
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Fig. 7 Residual stress distribution of cladding layer and

composite films: (a) Composite films; (b) Cladding layer
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P 8 BT 2k A 5 i J R F) B 45 DA K Bt e [ 22
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FEVERBUZ W EAE 0.5 idio X T H A HE R,
HEBEBBURAELE 0~2 min, MZRZIEFIE BTt X
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MBS, BEBE I AEIN, 28 RIS B3 2 b
Bto HEGREREN R RERSE RZ 2 3
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14 — LC+MAO (5 A/dm?)
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= 04 “P i yela ‘ameﬁ'ﬁ“iﬁ‘{"»{i’i‘«w»".‘,:,‘.r‘;'.c. ,'gfw'n"-,i'w\"?{j el
0.2 B/ Running in period
| Stable wear period |
L | ' R A

0 5 10 15 20 25 30
Abrasion time/min
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Fig. 8 Fiction coefficients of cladding layer and MAO

coatings obtained under current density

B 9 Bros A R Z AR B S R TS
B9 W LLE B, KR IR E LA 9(a) R B RELSE, IR
JEIRT L T WARAIRVE, BRI AT AT
AURGE . X EEOR M TR RN, 15
HAE 5 R T R R S 1 AR, BEAS T
JRIENRINEVEAS T, M T3 w2 (K B . HEG
BIRZKUL, MAO IRJZ IR L — Dk,

B 2
B9 AFGFEES SR
Fig. 9 Worn morphologies of cladding layer and MAO coatings obtained under different current densities: (a) Cladding layer;
(b) 3 A/dm?; (c) 5 A/dm?; (d) 8 A/dm>
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FER B4 S PR BB E 2 L, SRR
S355 ANFEAA. HIEE 3 WTLLR I, U ERE (B R
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Eb B Al (R A TR IR JE AR (2D 26%~42% o 1 FLIL A FE N
5 A/dm? I, 545 2 1R B 45508 0 AT %o T s A 2 2 30
Ntk

2.6 FHEBRAFTEBRZE DT

B 10 B AR AR 2 (0 3l A Bl A it 2k . GRS
LA I JE b P2 B L o 1 W A P BEL RIS et LA
FARI B3 o RO (I e e R . S5 AR 4 itk
A& 515 2 s, Hodb E Rl AL (poon)» B L
FEL I 25 EE (Jore) R BE R/ BH A Tafel 3 $0(B,» Bo)Zs HAAL 2
SRR Tafel AT IREEAR] . WAk BFH(R,)ELL
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Table 3 Friction and wear tests results of different samples

Sample Wear mass loss/g Wear rate/(g-min ") Relative wear resistance
LC 8.8X107* 2.93%107° 1.43
LC+MAO (3A-dm?) 5.8%107* 1.93X 107 2.17
LC+MAO (5A-dm™?) 5.1x107* 1.7X10°° 2.47
LC+MAO (8A-dm?) 6.5x107* 2.1%X107° 1.94
$355 1.26X107° 42X107° 1.00

T4 BERSEERACHAAAE

Table 4 Fitting results of polarization curves between coating and substrate

Sample Ocor! Jcorr/i2 B,/ B/ Ry . Corrosionilrate/
v (A-cm 7) mV mV (Q-cm”) (mm-a )

LC —0.75631 6.2217%X1077 202.57 117.34 13556.2 0.0084898
LC+MAO (3A-dm72) -0.6904 6.0032%10® 54.285 164.47 3.4561X10° 0.00030534
LC+MAO (SA-dmfz) —0.55062 4.5395X 1078 350.36 154.67 8.3697 X 10 0.00010543
LC+MAO (8A-dm72) —0.70634 5.2959%X10°® 33791 390.87 2.4803%X10° 0.00070358

S355 —0.90172 2.7706 X 107 108.21 314.51 1294.7 0.2156
°t:£%ﬁ£%ﬁ2 JE A RS B R R e — MRS RARE

—_LC+MAO (5 A/dm?) WM A AL EL S, RFERI T ot At — B iR, 78
2 0ap—LC BRI 5 A/dm? B, 52 L AL H B B
2 KK 8.3697X 10° Q-om®. % B fi iy TR0 g3
=080 FRKG, LI RS 2 R, FLIRA RN B
£ T, FEWIRISL, R AR R 5 A
g7 PR, 4R R — BT, A R 2

el FHBN SHBL A, LI ILILREk,
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Fig. 10 Potentiodynamic polarization curves of substrate and

coatings in 3.5% NaCl solution
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Microstructure and properties of
micro-arc oxidation coatings on offshore steel
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Abstract: The composite ceramic films were prepared on the surface of S355 offshore steel by laser cladding combined
with micro-arc oxidation technology, and the composite films structures were evaluated by SEM, EDS and XRD. The
properties of the composite coatings were studied by a coating scratch tester, microhardness tester, X-ray stress
measurement instrument, friction and wear test machine and electrochemical workstation. The results show that the
composite ceramic film is mainly composed of an inner dense layer and an outer loose layer, the loose layer is mainly
composed of y-Al,0s, and the dense layer is mainly composed of a-Al,O;. With the increase of current density, the film
thickness and the micropore diameter gradually increase. The composite film is well integrated with the substrate layer.
Compared with cladding coating, the hardness of composite films is improved significantly. The residual stress on the
surface of the cladding coating is tensile stress, and the residual stress of the composite film is compressive stress. When
the current density is 5 A/dm?, the composite film can significantly improve the wear resistance and corrosion resistance
of the substrate and the cladding layer.

Key words: S355 offshore steel; laser cladding; micro-arc oxidation; composite ceramic films; microstructure
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