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AHEE T E R B UUB (DC), K H kb B T B 2%
(9% 2 B S0 P AU ik e R o R R
T 1R I th, B ARG B B SR TH AR 8 7, 3 o A o A LG R
T B AT DA AR R A PR R, N TR AL 4 AR
P fAE, AT P A G 4N i RO Gyfou
Pinelopi %5 A8 W5 BB LGTRAR L, Jiko Ha AR
1% 1) Ni-SiC 2 H A 5 i A K OR8N %, Ry il
SRR T .

A T AR Ik i e Y5 ) £ Ni-Mo-SiC-TiN 4K &
GH)Z . B E TP FE 5] N SiCy TiN 2 Fiil 5T 44
KAGURL,  FER DR ) H AL SR o 2 LA O 2 2
PEFBL, WFIUH R A 2 L A R A
B RGO 157 8 PR 5% W R A o 40 A B B RO Y B VR ) 1)
B FE 5 SR AL HLEE , IR YK 2 AR )2 1 4
A8 Ak 55 LTt B8 A RV el P £ D B o
1 %X I

#6061 455 R PIE B 20 mmX20 mm X3 mm
VEA RIS A RL, P A 2004, 6004, 1000#.
1500# 1) K0 AREAT HLA I OG, ARJSTN 0.2 mol/L
Na,COj3. 0.13 mol/L NazPO, F1 1.8 mol/L NaOH ¥ ¥
B 2 min, A 2B KIS FON 4.76 mol/L
HNO; % AL AL HE S min. 4 T 38 36 4A 5 ik 2 45
G VAT SRR B . REE T 0.4 mol/L ZnO.
0.0062 mol/L NaKC4H;044H,0. 12 mol/L NaOH Al
0.004 mol/L FeCls Mt il 1M1 il o 2 VK3R48 Ab B 1] 53 5] by
60 130 s, ] TIN Al SiC gk ik (46/£>99.9%)
(RS- 359 RSE 43 S 29 kg 40 120 nme Ky T B 1k Bk [ 5%
H4 SiC F TiN kL L5 28 18 /K e ) B Rk, 88 75 73 L 2 h
JE LR R 3 ho Bl S PG IR ARV . R 1 A T L
WA RS AR IR A0 (AT 99.99%), Ak 2
LF B REAE Ry TR, B A% 5 B A 2 T P s 5
4.0 cm. FEFEBKIIATER A 1000 Hz, 25l 20% 00 2
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A-dm? I EAE ALl 20%. 40%. 60% T 43 5 4%
BFE . TR R BL 350 r/min BEAT 0435 Bl I A0 fE I

F 1 BEBREVEAK
Table 1 Composition of electrolyte (g/L)

Reagent Concentration
NiSO46H>0 65
Na;C¢Hs07-2H,0 88
Na,Mo042H,0 3
NH,CI 27.4
SDS 0.1
SiC 3

TiN 3

TNHEAT o B0 2 TR K A R 25 B K

K S-4800 FE-SEM 37 & 5 4714 H 7 Sl 1l e %
JER T B AT MEE, I8 AR E 2% (1 B3 (L (EDS)
XPAE S B T R G R AT S ME R E A AT . FRAR
Wit oy 7 S GO R 2 A &

K H D8Bruker X Hif ZefiT i O ¥k )2 AH 45 K AT
FAE . RIS R Cudl, HHEZE N 0.3°/min, 20
70 [ 24 20°~80°, 4 R SF (D) Scherrer AT :

D 0942 )

Pcos 6
AR )F 24 0.154 056 nm, g 5L 0 UK 75 95 (Rad) .

T L% S H 7 AT (FET Talos F200X TEM)X 4%
JEOM B S AT 8, T 1 X L T 5 (SAED) Xf
Ni AR S5 44 LA K SiC FI TiN 20K Bk ) A7 A6 E 4T 39—
A RAE .

T I PR 2 TR Sl PR kv o A AR
hTAEHM, 3.5%(5H 7020 NaCl ¥ AE o JE il
I, SR ol 2 R L S P B P TR A 1 em?, AR
B FE BB Py b R BF 30 mine A AT TSR He
B (SCEYE N 2L b, 4117 oo vkl o B W Al Ak,
AR 1 mV/s, FHREHE IR A7 0.4 V Aid .

fEZM 25 C TN FERE R IEAE 3.5% NaCl 5T
5d, 524 h AAE ST RRE . S P T A R -

y=Am (2)
ST
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h JE B TR o BRI JE R I B S P A B
5% 3 1T FE e 50

K FH S AR 2 3 (HV-1000A) 58 T 2 & 4% 2 1)
SRERE . EEREAT N 0.196 N, REFINTE G 10 s F
TEE 7 AN A P I AE A Rt . R A A B 4%
HLIMMQ-02G) i 45 224 7 =5 35 R0 115 45 1F 1 1 B8 48 3%
WEREEAT T VFA . ZEH GCr15 SR ENER (D6 mm)
VERBERL, WG 4N, FEEEAE N 3 mm, ¥
100 t/min R #EAT 20 min. RIGFE B ABVEE, W
G BT R PR B AT S I R AT RR

2 RS
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K1l 8 A-dm™ R 4% 1 Ni-Mo 4% J2
DA% AN [5] HL 30035 B AN o 5 B R R4 I g ok B A R 1
TES . W] 1 Ni-Mo 9% )2 530 = TR FRIF 6 - 85 45
), AR BURL A 0 A4 2 170 bR G5 A AR . BB A
it L S T b TORR A AR ok AR K S B b R AR R A, X
EVF ARG 25 BRI, l T SiC AT TIN Bk 54
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LS o S -2/ S N [ S S O G N -
Ni-Mo-SiC-TiN # A4 3 SiC 1 TiN f7ifig, Xn]
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U 45 ok 4 422
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BN EBEALT B2 10 R RS o B T35 i 2
M4 A-dm? BN E] 12 A-dm? SRR S SE M 24.51 nm
WNE 2279 nm, JEHKE 25.62 nm, HAfE8 A-dm™
Tl 4% 1) Ni-Mo-SiC-TiN 40K &2 4588 )2 dbobi )T e
B o L — DO, AR RSE IR % 24.82 nm.
F T B A T30 H R S TR B I, B R sk m A 3 A 4
Ja BT TROHL T B R, Al K R BE 2 S ik N B SR
YUK IGURLAE Sy TEAZ R A T N A (1 A A DT A
BEJA NSRS . G4, B HU R 8
7 BIAR R TH BT AT SR8 2 S AR A T Y pH {E
Fhom, MMidg o T LN E Y I CinEE AL 78
IOF) A% 4 THT 10 W B AN L AR o Ik S AN P 4 O A A AR
AT ) R B B 25 5 B ol AR PR ARG, AT 3R A B

BT AN 8 Adm™, (25 A 20%1H] 4 Ni-Mo #/2#%
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Fig.1 Surface morphology of Ni-Mo coating prepared at current
density of 8 A-dm™and duty cycle of 20% (a); morphologies
of Ni-Mo-SiC-TiN nanocomposite coating with current
density of 4 A-dm™® (b), 8 A-dm? (c), 12 A-dm? (d);
morphologies of Ni-Mo-SiC-TiN nanocomposite coating

with duty cycle of 40% (e), and 60% (f)
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Fig.2 XRD patterns of the Ni-Mo and Ni-Mo/SiC-TiN composite

coatings
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Table 2 Grain size and particles content of the coating prepared

under different electrical parameters

Sample Grain SiC content, TiN content,
size/nm /% /%
Ni-Mo, 8 A-dm™ 29.86 0 0

4 A-dm™ 24.51 1.1 2.5

8 A-dm™ 22.79 1.3 3.1

12 A-dm™ 25.62 0.9 1.8
40% 23.66 1.1 2.7

60% 24.82 1.0 2.1

Ni-Mo-SiC-TiN 42K 5 &4 J2 1 SiC H1 TiN 42K i
biE SRR 2 Bin. &R ERE N, Sic Al
TiN FORL I A i e RSN, 75 8 A-dm™ 1 il 14
B SiC A TIN &5k B AMEH, 2504 1.3%H
3.1%. B E— D m R A R S R ITIR T
B MR AL 20% TSR 60%, HEEH SiC
TiN Bk & B LA 1.0%H1 2.1%. B0kLI 5 & B b
T PRy S LI AR AT AR Ak o A8 N B SR B o
KB KA, ARJEAE— e R, b i AR B
4 S e s TR 2R, S 2 R B AR A UL T
BRAE P AR A, SR 5 R s 1 DU AR 4ar o i AR ks
R T A B H RS T, TR AR IR S5 s )
12 7)) 5 UG LA (0 UKL L TR o 4R T E 52 i (1)~ 34

TR SETN, B Ni*" B 0 B [ 9 K R AE 37 VR i
I3 I, AR T 9RO (1 SRR . 2 i 2 e i
— e A5 B 7 A KR R AU R AR B R
F T RE 25, BT AR AL — s FR 5 ERHAT T 40K
RN o 1R 2 4 0E B 1 T 2R 45820, hL
Eroglu Damla 2 A\ $2 ) 7 Ni-SiC ILyi R i $ea s me 27,
AT H 40K T (045 N SR Bt 5 15 B I ) (16 488 o g 184
b, I BLSRF R SHE TA) RS L o AR o 2 BT BIA B
R TH (AR 185 215 31 78 43 7 1, B8 22 ) kL mT BAAE RH
BT RN R N R

K 3 e RS N 8 A-dm™?, A 20% ]
#% Ni-Mo-SiC-TiN 1K &5 )= &t & oA Kl . I L
TH ML A 2 Niv Mo 7R 235 a0 A, o 73 405
A 80.68%A1 8.54%, [AlHf /b Siv C. Ti f1 N JG
FWB A oA TR )RR, RSN 1.15%.
2.36%. 2.89%F1 4.38%, WK 3f i, R T SiC
HTTIN 368 B D U R 2

Wi TEM Bk DR 2O 45 M EAT R AL . ] 4a
HAE 8 A-dm?, AR 20% T 4 Ni-Mo-SiC-TiN 44
KEEYE TEM . s 4b Fios kX 774
(SAED)ERE, Bl & (111). (200), (220)F1(311)5% 1%
7R T AT T G5 K Ni-Mo Vs AJE K. Bl 4c. 4d 2
5311 g Pl da S5t AV BB GE SIC A TIN Bk SAED [RIAEFE,

K3
Fig.3 SEM image (a) and corresponding EDS elemental mapping (b~g) and EDS spectrum (h) of Ni-Mo-SiC-TiN nanocomposite coating

prepared at current density of 8 A-dm™ and duty cycle of 20%
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Bl o4 MmEER 8 Adm™, AL 20% FHl# Ni-Mo-
SiC-TiN 41K 5 & 4% 2% TEM 7 J SAED 164

Fig.4 TEM image (a) and SAED patterns of corresponding marked
zone b (b), zone ¢ (c) , zone d (d) for Ni-Mo-SiC-TiN
nanocomposite coating prepared at current density of 8

A-dm? and duty cycle of 20%

SiC (W75 (A B A F-43m, Ah4% 400 0.4348 nm. TiN il
B ) (BB Fm-3m, A6 48 0.4244 nmo 3@ i 10U
3 W) SiC F TiN JUkz g e Dy b iR 22 S 88 = .
2.3 ERREMmITA

Kl 5 4 Ni-Mo %)z FIAS [A] H it 2 5 T il 4 1)
Ni-Mo-SiC-TiN #KE 592 1E 3.5% NaCl 5l ik
fhihgk. % 3 FIH T M Tafel HZETIAN Lors Ecor
(I{H . Ni-Mo B2 16 IS Bl A7 45-0.49 'V, GKB0RL 1)
TONASE L JE bl B AR T AN A FR B2 (9 1E 8%« Ni-Mo 5 )2
() Lo N 7.08 pA/em?, AHEL HLIR 255 4 4.8 Al 12 A/dm’
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Fig.5 Polarization curves of Ni-Mo and Ni-Mo-SiC-TiN

composite coating

% 3 Z: IEJ iﬁ*i E"J ICOTI‘ *u Ecorr 1E
Table 3  I.orr and Eo, values of samples prepared under

different parameters

Sample ]u,n/pA-cm'2 Ecor/V
Ni-Mo, 8 A-dm? 7.08 -0.49
4 A-dm™ 4.68 -0.42

8 A-dm™ 4.12 -0.40

12 A-dm™ 5.75 -0.44
40% 437 -0.41

60% 5.53 -0.43

Jr 2 40%- 60% T il 45 ) Ni-Mo/SiC-TiN 442K 52
EHEZ IR L AN 4.68. 4120 5.75. 4.37 il 5.53
pA/em?, P T 34%. 42%. 19%. 38%F1 21%.
HoffE 8 Adm?, A h 20% F#H %M
Ni-Mo-SiC-TiN & &4 )2 H 8 o 47 55 1F H 3 Rl
W RN, 2 0h-0.4 VAT 4.12 pAlem?. GBI XA
[vi) LY 2 8 25 IR B 2 AE 3.5% NaCl 3 h iE T2
ARG i Pl e AT BE 2P RIS, AN [ R PR S i 22
KR 6. BEAG J i [ (39K, BT A7 45 2 1 5 ik
SR A I ) (3 384 L& # . 5 Ni-Mo #% 2 AHLE,
YRR I B T B2 B el R . I, F 8 A-dm?
4% Ni-Mo-SiC-TiN & 485 J2 8 s R 51K

T s R e (B 7D, wRI R
B Bl 10 7 A DL G R .t T OO BE R AR
T 4% B R A7, 32F N 380 AL B R 2R 45 b s b A BT IR T
VRIS 385 8 P 308 462 i 0 Y AR o 60 1R 8 g AT P9 3500 s i
SR LA, A CIE RO 4 R R AR KR AR T
pH, DI T 4 8 MM, 8 bl ) 153X L84 & 1 HE
MSSy st — D2 M AR R ERAER T
X A7 B R R b 7E 8 Ardm IR I Ak A
B R B AL ZULT B K AR, RIS U
TR e

—_
\S]

—o—Ni-Mo 8 A-dm”
—o—Ni-Mo-SiC-TiN 4 A-dm”

R
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Fig 6 Variation curves of corrosion rate of samples with time

after immersion test



555

i SRS Ik b TR SiC/TIN JURII 58 Ni-Mo 40K & & 4% 2157 + 1661 »

K7 R E R 8 Adm” R4 Ni-Mo H A4 2RI 5
KIS & 4. 8. 12 A-dm™ K Ni-Mo-SiC-TiN 44k 5
E B MRS

Fig.7 Corrosion morphology after immersion test of Ni-Mo

composite coating prepared at current density of 8 A-dm™ (a);

corrosion morphologies of Ni-Mo-SiC-TiN nanocomposite
coatings with current density of 4 A-dm™ (b), 8 A-dm™ (c),
and 12 A-dm™ (d)

B AR GE R L A A A R A o i ikt A
REM o T LU BT R RST 9 5w A B3SOk
(IDFARE R, Pk n] CLZBSHC R (5 ma . 8%, 4h
KRURE A 5035 J65 b AT A hild A FE2/EH . SiC M TIN
WORLAE g ) B 5 B, 349750 49 AT (1 JBURE v) LA 280 kb sk /D
2 ik <53 R B 2 A T o PRI e AR O, DA T D S ke
X JE8 A JT ) o R BELAG A R AR AR . FEIk, W
TR 1 /N ROST 380N 25 7005 2 v oy i — S R gL % B A%
BB R, IR A R T A FLBR R e U
O T B M DA P N BB 2 R o UKL [ 47 75 34 W] A
A7 R 7 10 S TR AL (R 3k 2P R IR RS Ak, ik
S MUBHE I 5 B 2 i vk 1R 5 — AN EE . SiC M TiN
UKL EE N JE A 1 e A 2 4 1E RO, 7 1 il o 5 v b
DK URL AR S I 2 T 8] 7 T A T S ) 8 i vt 5 e 52 )2
(0 JE5 Tl AT DAy o 3P ol e Pt A BE T R AR AR A o PR
15 2 FPURL I AZAE R Jo 38 J65 i sz B4, 2k A3
AYJE
2.4 EERIEEF R

& 4 AN [) FL IR 2 B RN oy 25 B % Ni-Mo 85 2
S Ni-Mo-SiC-TiN #KE &)= Wi g (HV).
Ni-Mo WA K 3510 MPa. 44K BORL ) N b 2 Hs
Perm TR AR . BE A BV SR A b AR AL
Ni-Mo-SiC-TiN 4K & &9 )26 fEE 4240~4630 MPa
O M, HAEHREE N 8 Adm™, AN 20%

x4 FRRSHTHEERHENEE
Table 4 Microhardness of the coating prepared under

different electrical parameters

Sample Microhardness, HV/MPa
Ni-Mo, 8 A-dm?, 20% 3510
4 A-dm™ 4240
8 A-dm™ 4630
12 A-dm™ 4020
40% 4490
60% 4380

T A R AN K ST A A B 51 (4630 MPa). )2
TSR BE I R T 2 AN DR 3R AR 2 1) iR A Ak AN
BESRANS A1k . MRS Hall-Petch 72, SRR~ 5
WA R, XS ARG AR . SAh, EA
] FEL 2 500 45 4% 2 b SiC A TIN ik 2 & (1 28 Ak A
SAFIFEE R R R0 . SRR, 55
I B R 2 R RSP 3 BE B A4 BN . AL RS ERAS By e id
WORL, AT RS 58 T 5245 98 2 I SR O

YR EE N 8 Adm™, (A 20% N4
Ni-Mo % 2 F1 Ni-Mo-SiC-TiN 44k 5 &4 24T T B
PORK: (B 8), 45K Ni-Mo 9% )2 BE# R HUE LTt
A B KA IR 0.3, X nl BE S th TCRE FE L KA Al
)R E SRR 28 M2, Ni-Mo-SiC-
TiN 40K G 92 PR R B S LR, AR
0.13. %4k, 5 Ni-Mo #EMEHE 11.2X10™"
mm®/N-m AH L, 40K UKL N AL B8 53 25 8 25 PR A &
7.6X 10 mm®/N-m. 4% J2 i 5 P 0 28 Ak w] U [R] T ks
M GR 45/ 84k . 54952 i SiC il TiN 4

=
~
[=)
—_
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Fig.8 Wear rate and friction coefficient of Ni-Mo coating and

Ni-Mo-SiC-TiN nanocomposite coating prepared at

current density of 8 A-dm™ and duty cycle of 20%



+ 1662 «

Mty @A RS TRE

50 4%

KFORL AT LUIE Ik A 45 2 Bl sk B 1 TR IR AR TE . 35
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2.5 WARESERBTIANIE
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SiC/TiN Particles Reinforced Ni-Mo Nanocomposite Coating Prepared
by Pulse Electrodeposition

Xu Yiku, Fan Mingyuan, Luo Yuqing, Zhao Qinyang, Chen Yongnan, Hao Jianmin
(School of Materials Science and Engineering, Chang’an University, Xi’an 710064, China)

Abstract: A SiC/TiN particle reinforced Ni-Mo nanocomposite coating was prepared on the surface of 6061 aluminum alloy by pulse
electrodeposition technique. By introducing SiC and TiN nanoparticles into the coating and changing the average current density and duty
cycle of electrodeposition, the microstructure of the composite coating was adjusted, and the film formation process and grain refinement
mechanism of the nanoparticle-enhanced coating were analyzed. The relationship between the microstructure of composite coating and the
corrosion resistance and wear resistance was studied. The results show that the addition of double nanoparticles results in a shift of the
coating structure from conical to cellular, and the grain size is reduced from 29.86 nm to 22.79 nm. The coatings prepared at current
density of 8 A-dm™ are the most homogeneous and dense with the highest SiC/TiN particle complexes of 1.3wt% and 3.1wt%, respectively.
The coating exhibits (111) preferred orientation and typical fcc structure, with nanoparticles uniformly dispersing in the Ni-Mo matrix. The
corrosion behavior of the coatings was investigated by Tafel polarization and immersion test. Compared with the corrosion current density
of Ni-Mo composite coating of 7.08 pA/cm?, the corrosion current densities of Ni-Mo/SiC-TiN nanocomposite coatings prepared at current
densities of 4, 8, 12 A-dm?and duty cycle of 40% and 60% are 4.68, 4.12, 5.75, 4.37 and 5.53 pA/cmz, which are reduced by 34%, 42%,
19%, 38% and 21%, respectively. In particular, the nanocomposite coatings prepared at the current density of 8 A-dm™ and the duty cycle
of 20% exhibits the best corrosion resistance. Compared with Ni-Mo coating, the introduction of SiC/TiN particles significantly improves
the wear resistance of the coating. In addition, the mechanism of pulsed co-deposition was discussed.

Key words: Ni-Mo coating; pulse electrodeposition; nanoparticles; corrosion resistance
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