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Abstract ; Steel materials, widely used in various industrial such as in national defense and aerospace sectors thanks to their
excellent mechanical properties and cost—effectiveness, their corrosion and wear problems, however, have always been obsessive
issures. Electroplating, known for its affordability, simple manufacturing process, and excellent protective capabilities, is
frequently employed for corrosion and wear protection of steel. This paper reviews the effects of zinc, nickel, chromium and their
alloy coatings on the hardness, wear resistance and corrosion resistance of steel, describs the influence of electroplating solution
composition on the quality of the plating layer, intorduces the influence of pulse parameters on the microstructure, wear
resistance and corrosion resistance of the coating and the application of auxiliary processing technologies such as ultrasonic and
magnetic field in the electroplating process, summarizes some challenges of electroplating metal on the surface of steel, and looks

into appropriate future development of electroplating.

Keywords :steel ; zinc plating; nickel plating; chrome plating; alloy plating

B AR — BAE AT IR O DR, T,

0 58

PR Rk L e, WIE A A IR, 5 T
T, B 880 L SIHLEF s 22
S, SRR A 23 (0 4, M B ATRE B0 T AR 3R 558
TR N BB E B) EOR AL Ok ™ A%, 22
SRANERRERS L = L o 18 o A S 25 0 20 B 5 ey
SUINCEE - AU T S IRV S O S D T
R P R4, 2 B kA S0 7 i B T e

TEAWBRER I ] 4 B 47 )2 T LAAS 2% 0 e A Bk o A
MR PP RE 8 A8 T 2077 1 A 1 2 T BT IR (3%
5 a8 RMPER A, R )2 2 — U8
RIDERBEOA, o 5 T2 5 B ae s o,
AT DM et i A | Dk B T 5 25 22 M Bl 9 oK, H
19 AR DURAE Tl B33 T T 20,

HUBE T 2T F A G 7t By ik 2
REMEDE R A U 2 . B R B BS SEaJE

F—EHEEB N T (1998—) , 38 Z#EH A B0 A4 8158 05 ) 2R 10 L2 , meewbyu@ nuaa.edu.cn,
BEEERNH C(1969—) , 5 TLHZM N 282, H4 R h I b R TR S EE2E B A RIBC 190 25, Hod
H 106 RS 3CHE SCI R, BB IR A 5 T, ST o B UM T AR 2 S B 2R oy S EE PR T B 8B

FORHGHOAR L Z2 1 2222 b1 P T R~ 2x A A% 3 5 P ) 23 2o K WU L olk 22 B 2x 22 B (LA T

FESHR) HiZe (50 Z R E NSNS # SCI TR fim N . RAFHE K A AR E e 00 H  20F 7l 55
P ST A RHARES I HE A SRR AR LT OR % BOE AL T AR 2= R
2 B R BRI A AR R T H 8 (5 T B K, fzhou@ nuaa.edu.cn,



. GRERE .

T XM, F - MR R A R A AT R R

WA B B T L B ARk T, TR Ak s
PR R R BRI 4B B, A 2019 AFAT AR
M2 R H 536 ) hak A = 48 b5, feE 2
TESZHT U, ITAESAE, o B T [ B 2 A sk
bt A BRI S B AL AR S B SRR B | ok
PERERY T . Zn-Ni Ni-SiC 82 pol Jy 2 2
TR IZM AR R . AT A R
HASWREAT, L5387 AR B 2 06 89 kit b if
JBE IR, A2 TR I RS B
THAITRE)Z i Sk RST 2 mn B fa Xk
FET L 4 SR AT A I — BB AN T e B, It
LA AOR R A T3 2 e

1 HEEFEREAS
1.1 ERSERM S X EE M RER R200

A5 B FL B U ] eIz B — A B AR
WHE R OSBRI B P PEZ X Bk SR

TR R Y PR PR 2 B B B A
RE L (RGBS, SRR
AR TE bR A = X T AN Z 2R EBE KR
B PR T A i SR BRI AL B R
TR BB AR, ok B D) 22l DL S Ak A
(Zn0) A EALHN (NaOH) 2y 3 ml 43 B H 4 AL
BRSNS ACREE, R NR 1 P, TR
5 BRE T 5 WA S W v R A X TR B fig
DU AL T UL B BF . ORI 3~51t
AR AR AL N2k #% HB 5076.1—2005 BT #i
TE MR 12T R 200 h, R R & AR WY, vk
ARG FFE T HER, RS I%
P 25T T R R T L e 1 ) 3k 4 R A R i I B
% g I 336 h, UL BE 5 R P A R
HWAS, CRESRSERERA L EAS, W
BTN T bt Dy 1, o s i e A
THEALPEEE,

®1 AEBRERSSALRERERERET

wire PR wkn pien s e Skt R

ToR 0.49 75 68.8 ) 200 b frft HEES
JCH K7 7% o,

AL 0.37 70 44.0 73 ’ A B 54

(b) FTRPER:

1 REREEM 336 h FEEREFR

i DA TR B i ke 1 A B 0 R A ) A
U UR T TR A H IR0 v B 75 ) 11 A )6 o ) AL
(R T 42 B 20 8 U AR i BT
PR A T B — 70 ) LB, 20T A ok — S 5T
S A R S8 P A TR A 394 R AR 19 A 5 1 A
IAGRE ST, (B Aok S I AR 2 B2 3% 1 S nOE
TR R P VS N AR AL A e RS T 1

.8

., s A R R ST RE AT /)N
ST ISR IR G . S5E R RE P2 = i W
PR ALYERE , (A5 98 2 DS PR, R P
FIBEAE 70010 T o B TR0 20, 32 SR )
PERERE ST . H OGS AL HE A S T A — AT AL
TR RN £ — % (PEG) , e % PEF a0+ 75
J e = W B R Ak ( CTAB) | T = 5 5 5% 2 4l
(SDS) BRMRAE " SRR PR O R
WA EAE TR £ A+ /U 3k — 1 N3
SACERSFAN NG TS0 )2 o B 0 A 3, 2 1
IeFEE A0, B 2 0 1R kR A
Yol TR A T R, GU S TR A A A
He =S AR B TP N A CTAB #il PEG
SEMR & B Y U R AR A L
BEARPE” (I B, 98 2 R T OGP, AL AR
FUVRRSE T IR A (R ENRE) (B (R
(AR AR ) X 98 J2 5 ) R T, B 22 O A
K 2fRs EIES A 3 s, RIS
TINFAAS 3 (1) 2 T 2 g AR L B R Aok KL
K, BPEFTRINGF B JCEE B0 RIS, ok
PSRRI, Sk 22 (B A5 25 BH B AR, ism



 BRERE -

T XM, F - MR R A R A AT R R

FR A B REA M AL S ) 2R kLA
LR TN c3n o7 N A - S T b E R 1 b IR
AR B B R R 214N E, N 3 R
WIS AT LU R AR A A s B
YRS iU RE AR 3 8

(b) #msHIB

(a) JCBSHNH

(e) BIMAA (d) BRI AR B

2 $EYEE SEM BB A

(d) FHFIARZIFB
B3 $EEEEE SEM BERIER

ISR %ot 0 J2 I e 14 R ) = LR A o R
SERURARER ) b ER IR e R T DA s B AR
LA, P T I A AT i, Ti) 9 ) R 1A g 4
K, AR AR, B L EL A B P 25 44 1) b A4S T, A
4R 5 B 2 A e JEON A& i gE T
PUB(2-BRZ4Eh ) #% BPC (1 -"F KL IE -3 - R IR
fig ) 7E AL B (Zn0)  E A AL AN (NaOH) 59 X

SR IOREEH S R RE IS, R B AN AR
TS, S8 5 2 6 TH A MUK, 72 SEM T R B i
IR, BEE PUB BYANA , fbki gk andk
TWOUIE Sl e J R i TR AR AR S B IR 382 %
HHARXT G, 24 PUB F1 BPC [RIEIILA, kL
TR AR by WA b B BRI, 2 10 B e,
Kl 4R, AHBE S BN, B RCR A B
TR D LRI RE R VA R A S 8 B
B, (A5 B TR AL B AR DORR 7 Y Sl B AR 18 i
R b 5w B A A T RO, M
M5 35 AR I REAIR

N LD

(a) JEHNF (b) PUB 8ml (c)PUBSml+BPC2ml

B4 ERAFRRMFIAEGKEBHNEER SEM

FLEEA = oy T AR Ak SR, AR B 2,
R R IS IR, B SRS IR0 A 45 T LA
SRR AR AL RE ST, Ak ffohr B8 = B8 2 14 o i (H
R S S SR TR ARLE R ITER, W
BRI G 0 (5 23 (9 22 v o B P B
TR, FEE)Z T2 EPERE T R, FLREE XM 8 2R
B2 H 230547, SCREBUL AR o3 XE DL AR5 RE T 2
i FHZRPEZ . TR IE— 235 AR H O ek
LBV L B T X e B E TR AT L
1.2 RS EXTE R AR RN

R BT i AR 5 T ) T 2 A VA
Ko BRT B ASEM RIS A HL R Rl
PHBESHM R E L, — Mok, Wb b 5815
FIAOHE 2 LU B RS B (0 B )2 A it ok | T
D7 T RETE N 5 LI F R R e R v R
FHL VLA 50 2 3 LI TR ) ik 22 WA 7 BRI B
T R R R AL 2, 1 AT S, 52 ] L B K
ROSEPEZ AR T, AR A B
A AN A P VAR R A | A P B A R L A
D), PR B T AR TR i B OGS 1) v B8 L U
MIPEAL , % FIF &4 R AU K b 8 F R, 728
R Ik o P R ) T DGR R IO B )2 5 0, 1
R )2 B R RE

ik i e DAL RIS A T )R R L R
VRIS FERE T — > D ek it Fi 4 Fl AT
FFT R T 25 AR e, sk DU

.9.



. GRERE .

T XM, F - MR R A R A AT R R

(ZnO) A ALHN (NaOH ) 1E A B 4% Wk 5 50, i
FRBKF T B BT i 25 B bk oS 56 4 J2 i ok
PE BEZ MR O EU A T E R TS S ik
PR BE T AT 2 PERE R R, IR F B . bk ol
HL ST 26 B R 2 A/dm® ik ARl 100 Hz, i
Wikl 12 10 451 ™ 15 21 1 95 2 db b e 40 3
WERMBOCR, £ 168h I Z R, &
PR S T2 R )2 B T K Z 309% 4 il
L ki T4 T8 200 BU/D s ks, ft
AR o O B2 e T B2, U
SRS T Bk SO 2 SR R T iR, IR
TE T BRI DE IR 00 75 b b idvbeRE, A8l
i 55 L ) fk v L 7 288 R PR B R, R RS IZR Bi )N
REMSARISHERE I ST 0O Al A oRE B8 )2 AnIEL S IR, 31X

(a) 1 A/dm?

(b) 2 A/dm?

St rd A REE AN AR SIS AT, AnE 6(a)
BN BEZBURERE A 1,53 GPa, JLF- 2k S A4 )2 fiff
FER) 348, HBLAT N, SRR g8 KAk AT D) e 2 B
PERRYREEE 8 6(b) JETE 1IN #fa A1 0.188 m/s
1) Bl BT B2 I BRI 4 R AR B 42
RIELAE 0.5 ~0.7, 240 fb A EE 2 R FE 0.2 ~0.3 Z
V) 7T 1) TS 4% DR 50 R A A B Y i 5 1k g
LA A [ 0 B 5 2 T 20 R 8% )28 3 A S Y
U EE P RN S PR Rl L PR EE A RE AL, A i B
JZBFRI AR S S e RE . W 7 s i
iR R E 3.5% NaCl ¥ W R 16 100 h J5 R 6
JE AR T A AR R A5 B g TER TP AL
T BRI e R AR AP R AN — 2
JE Tl HAS B A T P RE

(c) 3 A/dm? (d) 4 A/dm?

B 5 AREBRTETERREH SEM

35
300
2.5
g [ Nanocrystalline zinc
2201
é L hn--omtn\c—.-o..
E1578
SN Lo
1.0 e Coarse—grained zinc
|
[® " -
051 RSN ae8-0-0--0-n
?
0 . \ . \ \
0 200 400 600 800 1000 1200
Displacement/nm
(a) PEZEE5
1.0
0.8 . .
oarse—grained zinc \
T i W e
Sosl % L T
f ¢
E 04 1! Nanocrystalline zinc
T f i
(T
0.2
0

L Il L 1 L L L L L L L 1 1
0 50 100 150 200 250 300 350

Time/s

(b) BEJZ e %L

6 EEREESHSEZRHE

- 10 -

(a) HLGPRGEZ (b) Gk AR

E7 2100 h E5EEEREE MR

BR T o — B R 2, 7R B2 T AR
B G S AR TR REt— R S 2 A
AR R S S M BT CLAUDEL
A5 USRIk e e Y A I R R0 A LAk v
IR T 5] TCALIR Y Zn—Mn & 4B
2, HHREIE T bk S BO6 )2 T A R
& IRBE R LI T 3G, AR A AL, B 2
i Bt 2, AR ROR Tk 15% 8T H
THLBE ) 13%, Sl IZ AN, E S ke i
R T 65% T il KR 3 ik . 7E S Ak o S 40T
LR MR Y 65% 42 155 5] 90% , 1 A HiL F# I
T EAER ST A EE B, B Zn-Mn & 48
JZHN, Zn-Mo B & E WA ZXE, 5 Zn-Cr 8



. GRERE .

T XM, F - MR R A R A AT R R

B B REME AR T4 THBR T Zn—Cr B2
TE R BB FIAEE UG . e Ah R T4 RS A I
R REAL)Z , R Zn—Mo 45 J22 HLAT H (5 10 Tt ol
PEBE'™ L 5 Zn-Ni G 4R, Zn-Mo 52 HA H
e 9 SRR G i) AR M, 8145 Zn—Mo 922
T o B 5T AR SR B 0 A R AR E 1Y TS R R
ZHOU %512 & LA B~ Ik e v 38 94 5K b e 1 B
HE—B B Zn-Mo B2 P HHITE M T &, K8
JER T A &= Zn-Mo P82 7E 3.5%1%) NaCl
R0 d.7 d.30 d BEEALIR LR R, F1 A fif %
R BH R, (A< T8 B AR, AH DG BE IR AR ) .
MNP FRASKHER H B 5 o (3 22, B T2 A i ok
PETE AT, JEIH T e 4 5 A R, B2 TR
A R

Lax10° 25%10
1210
< 10x10
° s0x10
S 60x10°
< 40x 107
20%10°

0

2010}
S 153107
S
2 10x 107
3

50x10'

0O 5 10 15 20 25 30
Time/Days

(a) R, Bl A5 AL

0 5 10 15 20 25 30
Time/Days

(b) R, B[] 254k

El 8 Zn #1 Zn-Mo $EE 7 3.5%NaCl ;&%
R, F0 R FEAE L ES

2 HBERKHEEE

2.1 ERREEHSEZEFERE

B4 B A AN, 4 Jm BRI A b 2 0 1k 7
E8) Tz R AE B Db & PUR IR AT
SR A B LA ON R e S AP RS
AR AEACZEAE Y BB A B, i 4 0 2 B A5
F5 NPT R OhAE S, — Mk U, Aok B 20 Y B
EHEAAE A YERE, ARG A B e kRS R
B I 7 G o O R (T V) N
1~100 nmZ [B] O HE 2 PR M GK b )2, 55
FURLSRBE 2 AH He, 40K fhoRL B 26 B 1 20 7
R 2E  F1% e e fead L4
H EATT R T U 5 40 K B8 )23 1 1 1
5, X BRI Z R T 98K RS PR 0k, N
SiC TiN, AIN FI AL, O, %) il ik d
B AbEE W DU B S X sy
T v L B DA A T A K )2 A I
Bro LISEPY T8 FURRER VA h f B Ni-B/AL O, B
JZ A8 = F e e /R S BT, & IB A AL O,
Ak BRI T Ni-B SRR R R BT R T

BN AR B, HU S50 g S 3 ik e e
PERTEAN S LS BE S 4 PR A S0
TR b B 4G o B A FR O 2 RE I 3 i 3
YANG 25 {afi FH ik o ebt 37 75 5 4K L 1146 Ni—Co—
SiC 9§ 2, & BB 5 25 Eb B s 20 0 ik ol 43 % 1
Hehn, 9 b SiC RSN, B8 R R A B BRCIR AR Ry
AR ATy A B9 N S L

UTAE SR, SCHY LT — SE 3 A B B R
K 9(b) 7 T 4l Ni 98)2 5 Ni-SiC #5219 i ik
B, 2l Ni TR 2 09 AR B Sk (200) SF- 1, T Ni-
SiC KR 2 MY S EC ) R (111) 1, J5 B AT RE
& SIC BYMASG I 18R A AR ) B B, O el s
Ni-SiC %2/ MR B . & 107 /R T8 211
JERUT R S B R A B a b e d 5
NI NS-1 NS-2 NS-3 ——X} R, 4351 2 75 3
JEAO0T.0.2T.0.4T.0.6T 514 T il & MIFE &,
T 2 TR AN 10(a) Bz, Ni-SiC 44k b
JZAEARL EE I S 50T R /R
BRI EAERE IR EE A 0.6 T(NS=3) 51 F K451
Ni-SiCHK 8 2 H i K fe b, B 10(b) B
78,0.6 T 1% B T 55 2 2 90 H Fae /N I B 82 R B,
P T 5 1) 0 W 3 v, 0 ) 1 R 4 R U E
W TR, Rl TR D T R, o 4
o BT X S5 10 (a) BEH TS 2 156
SRR A — 2, — MR U, 2R TG BUR 1Y
A28 O 5 /)N B JEE 48 DRI, 3 10 T A P B o
T 0 R RE i Al Sic MUk 7 9% )2 b 0 A T
Ty, AT 8 AR B )23 1% 28 452 DR, ol /D B 2 1
L

iic = e
200 220 311

hkl planes

(a) Ni-SiCHE 2 il s R (b) Ni 5 Ni=SiCH8 2 (14 AT )

B9 EEHETEERSERRENEE

E 0601 ™ I RN
E 055 e Wl Y &

os0f 4
0.45 Pe ss s MNan, s sass
P 4 a . a

0.40 w7 e
20 30 40 50 60

Time/mi

NI NS-1  NS-2  NS-3 010
Sample

(a) NVRINi-SiCHK 2 1 K (b) Ni—SiCAHRE J2= (1 452 DR B £
10 EEEMIERSEERGMEE

- 11 -



 BRERE -

T XM, F - MR R A R A AT R R

I T4 R T R BRI 2 1
it S R, I8 IR Bl A5 14 T Tk i = 800 9 )22 T s
PERSZ I PEAT TR, 25 3R =R 2 o, N 2 30
TERLIE Wk b T8 T B8 )2 R i s P B 4, I HLGE 2
A JES Al AT AR v B 2 P T S i X A I 4 1)
Jirt R AT R S Tk P ) FE B it R i 21 T AR
Fi. HUANG 25 855 T Jik s 45 R 4 Ni— Mo 8§
J2 SRS B KB AR B2 B 5 R
SOMECE , foh RSP BN, nE 11 fros, 52 M
L, BT AR 92 0 SRR R, HL AR 2 ) A Tk
NESBR L MR 12 (a) AT LLE 1 BEE Bk R 1Y
HEK BEIE R Mo & BRI AN, V2
AR IABEE BE 2P Mo & & B3N, b L 25 46
FEAR AR S B AN K SR, 9K R RE R R
PR REVEA . X 5K 12(b) s B 9% )2 A
JE R AR —3K,

x2 HAMBORERTRERMN

REEREF K B{I.x10 ‘mg/Nm

. 1E 5%NaCl 7
TEE IR it

1 2 3 1 2 3
L HL R 96 102 90 25 28 22

A

S 1 ik wh
(100 ms) 2 28 56 15 18 18
Bt ok wh
(200 ms) 43 46 46 12 22 15

FRIE ik v 03 09 22 03 03 09

AR AT R 6 N, EE5 T E] k7 30 min, R HUE N 0.15m/s,,

(a) H¥i (b) JkafeL i

11 AERRFEHTERRE SEM

S — N w ko 9 ®
e B e

30 60 90 10 100 Tooo 700

Thetaldeg Frequency/Hz.

(a) NFEPKHITA T HEEXRD () A5 5 22 Ao R FIRE L (500

12 Rkisn Rt R R AR S5 A AN AR FE Y 320

- 12 -

B T RGN T 41, ATATE 284 7 fik nh
FEL 7 4 At ol R A 7 e B T A i ke o %
Zn-Ni 9% 2, A B AE 0% o35 5% 2 0 EE 4R PR
B3R Bn T &l B 14 2R
B 251 FHEZ M BOMIE S, M E R LR
th i P DR AR I, FIURLIR R R RT3
AR A Y . IX B R R R 7 s R
WG 2 SRR . TR 1S iR T B2 B0 R R | AR
THAEH 1 TAE, A 15 20 9% 2 68
EROIN RS ¢ BBERE IR RN T 750 HV 3R g A
JEERTIA PR ks RO 44k DL B 2 R A 1 i ) 4
B BLEE I E ORI 20% 1 nE] 28% ., 18 16 i
TR ER BN S R 2 R R, R
R R RO BE R DA AL, XS
B )2 AR TR RS 32 R e 8 R A O, O HLEE 82 IA
B 2 ARt 5 0% 2R R AR AR — B0, IEBH T AR
o 204 BE 0 4R v B 2 B R BRI 2 Y B 4

Ultrasonic probe _Plain carbon steel Cathode plate

Zn Anode plate
pocepse

_~ Electrolyte

Ultrasonic
power supple

LI

- -
N

(b) BT SRE30 W

(a) ToHEF i
14 ARBHRREEZGFETERERET SEM

800
700

Z 600 :
= ;
< 500
7
£ 400
£ 300
E
= 200

100

a b c

sample

15 EENRBREE



 BRERE -

T XM, F - MR R A R A AT R R

10
09F
L a
_ 08
g
= 0.7
S 06H b
Zosh
B
g 04l
3
03}
02]
0.1

0 100 200 300 400
d/m

B 16 StEERUNKLER

2.2 BRI E MR

BT M) Zn Ni )840, Zi Ni &8 H LA
S A R 7 4 P B U2 T AN 1 ok
o ARSI T BRI BT Zn-Ni A 4B
JEROULZE R4 R T poh A s i), & 3R L ) ik
W I A ) B4 2 A S B Jbk b I A ELIR
SOMANEII ), SROREE A& 17 i, HR
PRI XL ] Jik 1 8 % o 198 2 1) 7 0% g e 380 < 1R
FIVER , BEAZ I bR R RS X 50 A K 7= AR 1 B
L, AT AR AT At R R, 550 23 T 4 55 P 3
PR b b 4 AR T B (]
XU fik o A B A 2 G [l e 9 4 B AT
TR A 092V _EFE-0.81V,

(a) (b) (c)
17 Zn-Ni A& EERMMFEIR

(a) 45

IR A &8 R 5 R i E ik g
ELRt % A B 4 DL R 9 B 75 B8, A 2
AR AR E TN 3 FlotE, gt — AR
T Gl BE L D AR A BB S
SHEROTINA T BEIR , 1538 T &N 0.5% ~ 3% |
BN 1%~ 18%MA &2, HIFEA S
GRS S92 E T 5%NaCl %
B2, & B JZE B bl i E] 4 5 R 614k
808 h, i HABAE T K (B I AT DAAT S R 5 R R
G AT ERE . A E A B2 R ik
PSP E P& o R B G, Bk pH {E
MW ZE R A TR AL EERE, TOom
ST BT ASTR] pHE R Bk L BE A A Zn-Ni-
Mn A 4945 2B TR I b7 te il b AT T, 45
LW Rl pH (3G, TR k) 88 2
B S I B R B RN T kP S 5 e
55, 5K 3 s, KIAESEM pH 4 5.0 B, frfs
N0 B A R R PRS0 T 6 ol v iy, B 2
OISR UnE 18 FiR

%3 AFEpH{ETH % Zn-Ni-Mn 5 £EEHE RS
AJF] pH H F Zi-Ni-Mn & 4852

. Zn—Ni
SIS N -
45 5.0 5.5 6.0 " SRR
JE ik
/v -0.778 -0.663 -0.698 -0.763 —0.748
m N
Jﬁ%ﬁfﬁ 2.673x  7.419x  1.016x 1.619x  1.279x
X -5 -5 -5 -5 -5
(A/em?) 10 10 10 10 10

(c¢)55

E 18 AE pH ETHEEERKRALR

R Ni-W B 4 i A S5 F4 AR A8 T BURE A -
A AR L by BA A AT v FEAR W S =
FINi-W &4, biE W &Rt — 8w, 4
AT JE PP A BT . TEm W S = Ni-W
Hah, BEZ AT v R W B B KA
FITRRAR . EFXT R, WASEKAR 268 BF 58 T ik

SO Ni-W & PR PR, & B
WAFESE T W R R R, KRR
FEL 7 85 FEE X O 5 e ) o PR A o e R A7 7 L B
i BB A AR AL B AR, T4 R B )= o
Wit TS B 2R M el A A ) D PR R A
WS T 23% M2 S A AR AR - SRR 5

<13 -



. GRERE .

T XM, F - MR R A R A AT R R

FRURE 4 J2 , (45 4 J2 i ph M BB BT T B, LI
SEDTHE Ni-W & 4 B LAt b 2237 B 2 Fom A
Si, N, R HE =98 2 it e . AL 19(a) =3k
Y AT LUE Y kol e 3 T A B 0 8 2 R B A S
AR S Tl PR BE L HL Siy N A0 A BE 4R 2 95 2 B T 1ok
PERE, B 19(b) i s AR £ i 26 I A 35 E T
X—FE, XREFE AT Si,N, Wk 8% 2 42
e e & A 2 50 6 ol T e 2 0 o e S50 0 ok, e A0
YK Si, N, ORI AT D)3 Fe 4% 2 2% T v] BE A7 AE 1)
BIBE S 70 2 ol s 1 R AR R T %) 4 B

0.024 [

0022fp ——Ni-Ww. -
0.020 1 Ni-W-Si;N,(Direct Current)
00181 ™ Ni—-W-Si;N,(Pulse Curre;
0.016 +
e 0.014f
= 0.012F
20
‘T 0.010F
E 0008}
0.006
0.004
0.002
0
0002770750 40 60 80 100 120
Time/h
(o) B
19 Ni-W-Si;N
20 000 F
s N
—~15000F * M
£
91() 000
3 e
£
I 5000F
ok
0 5000 10000 15000 20000
Real/(Q * em?)
(a) Nyquist[&]

20 Ni-W-Si,N,

3 BERKESSE

ERAREMSNF R

PR Jm B BN, < s DR D A RE vy S
U FOARE A X P A AT — i SR B TR Y
R HE= . SR TP 5 Bk, R i
— SRR A AR BB TR B AR B A R
— AP PR AT A e AR Ot
PR PE LS5 D0 A B B DA 2 i P B = A A T L
RS Tl (EHRE 2 A L B e b oA AT RE TN
P& S5 s P AR R Y CrHL, (S |, F 382
PR BRI, i AP 2 A T P PR BE T R ]

3.1

<14 -

B, I R 2 5 RIS 20 73 A Y SigN, ids AT
PABR ARG A o 5 A 2 ) B gL = | BEdE—
ARHAE B i & A 7EIE 20 (a) JIR [ Nyquist
v AP RN B Bk T 952 B BT et E T Y
RN AU AR BOR, B IZ P2 B B8 T g
s M FROAHER L BEE Si, N, UKL B I A
Jok e HL S B P B R A AR BSOS B2 1Y
MR PR PE RS 58 IXUER 1T bk el S A
Siy N WURE AR RE HE— 20 B v B2 A0 T (e P RE

- o— N W
== Ni-W-Si;N,(Direct Current)
"= Ni-W=Si;N,(Pulse Curre

98 7 6 5 4 3 2
log (i/A em™)
(b) SRR AL £

JSAEERE MR
10°f 1L
10k {60 .
a o
: .
J 10 140 =
= =
= 5
N 10} 120 %
10'f {0 0
20
03 55T 0 1 2 3 4 5 6 7
log(f/Hz)
(b) Bodel#]
EEERBMERE

WU SR 2R > 24 8, 4 ot R ©
PR AR 2 (R A5 Tk o e R A Tk o
POV AMERE | BRI AE — 2 B B 10/ i B o
BT SIS el 2 2B H  $i = AR T
JEPERE, LIk b A R4k SR VR A
XL a] ik i 25T 4% 45 2 i LB R A 0.008 1%,
ERBEE A FLER 2 0.362% , £L B KM B
HE ISR, KR S R 2 ik e gE, ¥
M 8 2 S 0K H S A 2 B0t 2 PH A 5 B A A
i Hb——0Q,/Q, , 1T FL B 25 H = Bb 1 38 K, B 2
M8 H B B0, i 21 s, S E ik
] 0.000 7 B}, LRACRIL IR,



- ERERE - TXAM,F - MR @ BEE BRI R AT R

(a) 0/0,=0.000 0 o (b) 0,/0,20.000 7

(c) 0./0,=0.004 0

21 MZIER%TER SEM

0 FH ok o e DA e 5 ) PR TR L
IR, AR THHICR , SR A i PR
PRRETIAR 22 , 5 F PRI P AT 5 R S 5, %
TR B K B BB 2 AL 2 ARV R P R
MRICHE ;- PRI 20 s 300 8 053 19 2% 790 A
TR RSN B T, S0y F B AR, X
TR I M Z 1, i 85 2 P 4l By B A s 592 B
W, A BEAEZF L UURR L TR 12 205 fat A A B
JZ o PCAN =A% 0 LB A U A U ME LA RS
JEARFEIR | SR FH Ik e L A 5 A U R 4 114 T TR
BRI AT ARAR IR AR | i BERE IR B 1
g e AR AU RGBT B B R K o

X I PERE 0 52 ) LR FH R /N 08 Jik op A 36 (1 ~
2Hz) o ISP 2 1 JEE 3 I Ok v 45 36 4 i 34
B, WS 4 BT R, AT AT il BRI Bk R
U5, TE CrO, (H,SO ZH B L 8 v b R85 T o &
Ll X9 2 A 5 3 T REDRE B A R ), S A S 8
25 FR, RIREAE K25 LI O, B 2 R R 4
i, R EHELOE > R TR, Mk
T 0.7 B, BE 20 B T B, RITHEN £ &
RS EEAR R, AXER th, 25 ol 0.7 i), 8%
Jrtdt . 75 KT AR RV R R SERE A
NiCl, NiSO, U Ni—Cr 882 . 1548 J2 i sk Bt
U, 556 I 5 95 2 3R H O R TS 4, iX
KB ZEEE A4, T IR FAR A B AL R,
ZHU 2R 5E T ok w35 o5 %o 9 J2 T S50 0 5
e BRFiE A Ik A3 T e 4R T I | T A
/N o AFLBH A IOk b 4T I R 1 R, 4 2 R DR
BERE T, R F IR P A e,
F4 FRKSFETRENEREE
EPJDEEL"F/Mm

HOXTERIRE R ST B ALB ey N AR
IS, A AR T ELUR FEL 9%, Dk ol e B 1 B 2 1.0 175 170 185  19.0 19.78
BERE T 8% , A AR & T B AL BE, v 15 200 190 200 217 21.75
i 1A 4 0 R TR Y 47 % 5 LWFSE T kbt % £ 20 200 200 200 225 22.50
R5 BohEIRE TR YR BT M R R S ki S5
- T CEV e Pk, =GN
bt a8l B S/ (A/dm?) iz H, TR/ C pH e
NiCl, NiSO,
IF 4% NaSiFg LAy 45 0.8 1 000 50 3.0 [47]
H,0, Cr0,
45 B - B[] 7 il 55 0.6 2 55 — [45]
HT9 Cr0, H,90, B 7 1 0.5 500 150 3.5 [50]
N3 H,S0, Cr,0, B[ )5k 70 0.3 3 55 3.5 [51]
SnCl, NiSO,
0235 H,BO, BA ) Ty 12 0.2 1 000 30 4.0 [52]
Na,C,H, 0,
45 4 Crcl, 1, B0, BA i) 7 I 15 0.3 1 000 1 3.0 [48]
NaBr
Cr0, H,80, . j =30 B B
A3 H S L] J5 i i =20 1 000 50 [53]
Cr0, H,90, .
0235 b XL 7 i 50 0.7 100 55 3.0 [46]
~ Cr0, H,S0, s
SS-304 A B[] 7 il 70 0.5 3 000 30 1.0 [54]

YANG %5 B9 1 A UL 2 R e ) 4 41
45k FRA ) R R R R, R S

B FL % B AR T AN ] 22 () I, BE R A
o L 2 R A H BTN R R B

- 15 -



GRERE .

T XM, F - MR R A R A AT R R

HH B A B 2 1) T D P A P I ) 4
i, B A FRLS A i A B S R, AR
AN R T A I, SRR S L, )=
RN, B R A — R,
BT T A B 22 AL, BB AT SR, 3 m 1
LNt Yt YR AVALTE
I N R QT A o ol o e

35

30 ¢

25

20 ¢

Hydrogen content

20 35 40 50
Current density/(A/dm?)
(a) 7 B L I B Y A2 Al

Indentation load/N

0 1 2 3 4 h 5 6
Indentation depth/pum
(a) O A A8 AT R T 2K

Residual stress/MPa

22(b) A, E23(a) R THRIZHFOMER
WATREE IS 7F 4.5 wm (00 FEIEIRREAL |3 3 TG
N FEAE RN — B R 2 ) A 28 er 25 LR 2 P Y
BRARNE T, 23 (b) S e T 45 2 3R H R g g B
L B AR AE . B R RHER Bk /N
FL 2 B AR JCTE AR AR/ N B2 . 35 A/ dm?
L R AR TR AR I A S

1000
900k
800
700k
600F [

A
s00f |
a00fF |
300 L. :"
200
100}

0

Microhardness/(HV, )

Current density/(A/dm?)
(b) SR FE i FLL A 85 P ) A2

E22 EREAESEEEEMBRZEENTLE

Posit 2
600 f ) .. -
Center position(Position_1)
Center of radius(Position_2)
= 400

= 200

20 35 40 50
Current density/(A/dm?)
(b) FRARIV 7 Bl L AR F) A2 £

23 EENFUREBEREENEN

3.2 R E i EE

P B DR P S O T ol e T D' 9 A
LT ERE, e H T &AL, HRH
bR MV 7 4, 4 i % 1 B ok ok E 4
75 o XA T AR P REIE UECR 19 L s
JBE AR B A 55 PR T S5 R AR B A
R, T 24 JEAR T R[] U 2 R B A
JETT e SR A 2R — Bk UG, 45 Y )
ot L 7 RV AR 118 T o L 30 8 R 2 B 0 %) T o e
fig, M I R A, 7E 50 A/ dm?® LR FE T
B E A BRI TE o Ak 2 1R s BIE
Tk R, BRIl i AR Ak R U R A

- 16 -

BT RGN R R ST YA L, S e R AT
JETREREE b R[] fb AT 2 [ TR R Y 25 5 2
SR SRR B AR, T B HE RS I, 1
JEF4658 e VO 1 S MV A, DAIET 25 () 1T LA
F i 50 A/dm® HLE % E R ARl (222) 45,
17 (222) i T2 — A 52 HE B SF- T, &b 2
PARZE ALY B A B | 3T i R o e 17T N ) B i
PICAE S0 A/ dm® L2 BE R ARAF I H & (222)
KL AL B 2 A T R e 5 AN R
S ol R v R R S R S Ak A
R EXEae Srt - SN NG & SR S = i A ]
LI R 50 A/dm® T BHE )2 SR 25 1 T N 5
S PR S T T IR, B2 LA



. GRERE .

T XM, F - MR R A R A AT R R

(AT JES T M R X T AN B 0 X SRR R A AT, B Ry
HR WAL, I IE KRB T A A
R AT T BE . SR R IR S AL IR B
L0 I A IR A PR R VA YA T, EL R T A el g
TERE S, S Z R T EIF b, E RN
e I (BT BR VA TR 5y S T Tl i, XU 450 1
316 L ANGEH Lk np g Cr—Pb 882, 2= AN
TER TR IR P A TR pl b, 4% 2 SR an gk, RSN F
100 nm, H5%)2 b 19 8% 40 x4l Ak B P [A) 4

0.5 DR
1= 20 A/dm’
2 = 35 A/dm?
3 = 40 A/dm?
i 0 2 3 4 4« 50 Aldm?
< / 5« Substrate
3
£ —
z 1
0.5k
5
-1.0

Time/s

(a) JFREHLIE

=500 0 500 1000 150020002 50030003 500 4 000

R B R R R R TR B 4 b SR B 0 S % T ek
AE. BT HI %A 48240, REKHA 495 78 Zn -
CriEHMAGSRER SR GHZ, £48h 1Y
UL A B, A SR I B 2 A T el a2
FIRYEZ , FLBEE A S o 5 38, 8% J2 il e 1
I, HGE AT RE R Rl 5 A AR B,
Y E L SR T NS , HoA SRR B A7 AE REBH AL
JEMA BT i — 0% . W LR A VR KR
= TR I o

20k Dk
’ =20 Aldn? 4

w35 Aldm? 23
40 A/dm>
w50 A/dm?

« Substrate

W
T T
[ O

Potential/V

ATy Qi WP Pty S Pt e

Current density/(A/dm?)

(b) SRR AL £

& 24 3.5wt% NaCl AR HEEFREBEESRL HEE

‘ subslral.e 1

50 A/dm?
40 Afdm?
35 A/dm?
20 A/dm?
Fe 1O 200) et

/i

Intensity/a.u.

e |
PDF#-06-0696
(220) (310 (222)

P (2(;0) (21|1) (2|20) (3110) IPHE5 0%
40 60 80 100 120 140

2theta/degree
(a) ARV LT BEZEXRD

50 I]I
= 3 (110) 3 200) 3 211) £ (220) (£ G103 (222)
g
=40
B
£
£ 35
g

20

0 20 40 60 80 100

Texture coefficient/%

(b) AT R L% LT B 2 R X U 2R 4

E 25 ARBRRZEETHEE XRD SHENAMREY

BRI 0 0 f5e 82 O S5 R bR, £ ™
WY B AR IRIE FP A 5y e A R TS T R P A5, PR B
T TSN R IO AR R i AR D
AL AR AT S REVE B2 J7 i B TN, B
B B A B A Sy Bl B B R A Ak SR T RE
P HOER A TR B IR RE . AP WA A B
T AR BAETEZ P INAE R & P 98K
K257 AAERATAS A A 5 e |t b ik g 1)
W=, BT, EEEORAE MRS A D RE

PERE R DT R C 2 UG 1 — 28 B 25 R (HAE LT
JUAT5 TSR T Bt — 22 I

1) A5 0 H PR ASE X ) 52 S R A 7, I
ST 5 L AHT B R B A, 58 R ) i Bl
i, S AL B A A B AR 2 ke
K L LR B AR B P — A RERS T REAL A2 7 1Y
PRA N, DAE S B A: 7 3 45 1) i B AR A ™ A
AR REAL

2) G L A SR ™ E A Al LB
PP 2R TR VK o K R i A R X P 5
AR E A AP, DA 6 BRI i 2

- 17 -



. GRERE .

T XM, F - MR R A R A AT R R

HLZ5 T IR 3 Ve BOR AU 1 e K, 52 BB IR Y

FIZHMHAL,

3) BAAMBE 0t TR R R R (HX 2 5 B
JEDURRHLH] B BRARATI AR AN 5838  TH R REBL AR
FRL AR 5 LA 8l 3 2 AR R YA A S5 7 T AR ST AT 98
AETRA o BRI BERE T 197 ) 45 AR s 47 22
KA EERF LT LEWIRE TS R SR SO T K
HA AW HHK AR Z

4) FELPE A0 S B 4 S SRR, e D i
T AR PEZ DR R PR I ) A
MG A, A B — L R IG5
PR YR ST F T R RS s T DA SR
TN TR BE | DT R FR B R T T e i g
0 1) 3
S 30K
[1] WANG Q W, HUANG J L, LIU J N, et al. Enhanced

performance of electrodeposited Ni—SiC plating as an
alternative to electroplated chromium deposits; the effect
of pulse duty cycle[ J]. Surface Topography: Metrology
and Properties,2022,10( 1) :015024.

[2] ISMAIL M H, ALFAZ A, SUJITH R, et al. A review of
study on corrosion behaviour of zinc coated mild
steel[ J]. International Research Journal of Engineering
and Technology. 2022, 9(6) . 1-8.

[3] sk, THE, B, 55, TR AMIT[T]. BH
QT 5 R, 2023, 13(12) :80-83.

[4] MOHAMMED A J. Zinc plating from alkaline non -
cyanide bath [ M ]. Missouri University of Science and
Technology, 2022.

[5] MOHAN KUMAR G, SRIVASTAVA C. On the use of

surfactant polarity for grain boundary engineering in

electrodeposited cobalt coatings and its direct effect on
the coating corrosion behavior [ J]. Metallurgical and

Materials Transactions A,2023,54(6) :2277-2291.

ASLAM R, MOBIN M, ASLAM ], et al. Application of

—
)}
[

surfactants as anticorrosive materials; a comprehensive
review[ J ]. Advances in Colloid and Interface Science,
2021,295.102481.

[7] CHOTIRACH M, RATTANAWALEEDIROJN P,
BOONYONGMANEERAT Y, et al. Systematic
investigation of brightener’ s effects on alkaline non—
cyanide zinc electroplating using HPLC and molecular
modeling[ J ]. Materials Chemistry and Physics, 2022,
277.125567.

(8] AREBR, BGEM, KPS, 55, 9Bk 1M JC UL S H
PERERFSEERET]. MU E S A 21k, 2022,51(5) -
48-53,73.

- 18 -

(9] BEkmm (] 56 R, 2242, 45, ko o B8 B BE G 4 S CHC I
BT RRTTELT]. MORHRR,2013,27(24) :92-94,109.

[10] GU W M, LIU C Q, TANG J, et al. Improving zinc
electrodeposition in ammoniacal electrolytes with the
saturated dissolved methyltrioctylammonium chloride[ J ].
Hydrometallurgy ,2018,175:43-51.

[11] Fhbl, &7 %, TR, 5. —FhdLE BRI 7EmE TG
SRR R[], b 5 By i, 2012,
32(3) .251-255.

[12] MOHAMMED A J, MOATS M. Effects of carrier,
leveller,,and booster concentrations on zinc plating from
alkaline zincate baths[ J]. Metals,2022,12(4) :621.

[13] JEON S B,SON B K, CHOI J W, et al. Effects of
organic additives on alkaline non - cyanide zinc
electroplating[ J |. Coatings,2023,13(4) .781.

[14] SRS WO, BARE. Ik i X A IR Eh 48 5 2
MM [J]. rPE SRR ,2002,22(5) :5-6.

[15] LI Q Y,FENG Z B,ZHANG J Q,et al. Pulse reverse
electrodeposition and characterization of nanocrystalline
zinc coatings[ J |. RSC Advances,2014,4(94) :52562-
52570.

[16] TOMICM V,MITROVICM G. Electrodeposition of Zn—
Mn/Ce0O, composite coatings: evaluation of corrosion
properties[ J|. Journal of Solid State Electrochemistry,
2023,27(7) :1901-1910.

[17] STEIN N,CLAUDEL F,ALLAIN N, et al. Anticorrosive

performance and corrosion mechanisms of Zn - Mn-—
coated steel[ J|. Materials and Corrosion,2023,74(4) .
585-596.

[18] CLAUDEL F, STEIN N, ALLAIN N, et al. Pulse
electrodeposition and characterization of Zn - Mn
coatings deposited from additive — free chloride

electrolytes [ J ]. Journal of Applied Electrochemistry,
2019,49(4) :399-411.

[19] HARA A,SWATEK 7.,0ZGA P. The role of surfactants
in induced electrodeposition of Zn - Mo layer from

citrate solutions[ J]. Journal of Alloys and Compounds,

2020,827:154195.
[20] ZHOU T,COSKUN M I ,SANDERS S, et al. Corrosion

protection of Zn — Mo coatings electrodeposited from

[ J]. Surface
Technology ,2023,467 :129737.

[21] BHAT R S,NAGARAJ P,PRIYADARSHINI S. Zn -

Ni  compositionally

alkaline solutions and  Coatings

modulated multilayered  alloy
coatings for improved corrosion resistance[ J ]. Surface
Engineering ,2021,37(6) :755-763.

[22] PRIYADARSHI P, KATIYAR P K, MAURYA R. A
review on mechanical , tribological and electrochemical

performance of ceramicparticle — reinforced Ni — based



BRERE - T, F -

AR R @ B A R A L AT R R

electrodeposited composite coatings [ J ]. Journal of

Materials Science,2022,57(41) :19179-19211.

[23] PINATE S,ERIKSSON F,LEISNER P,et al. Effects of
SiC particles codeposition and ultrasound agitation on
the electrocrystallisation of nickel — based composite
coatings [ J |. Journal of Materials Science, 2021,
56(33) :18463-18476.

[24] LI B S,ZHANG W W ,HUAN Y X, et al. Synthesis and
characterization of Ni—B/Al, O, nanocomposite coating
by electrodeposition using trimethylamine borane as
boron precursor[ J]. Surface and Coatings Technology,
2018,337.186-197.

[25] HU J C,ZHU Z W. Homogeneous nanocrystalline Ni -
Co alloys with excellent mechanical properties via
abrasive — assisted electroforming [ J ]. Journal of
Materials Science,2023,58(22) :9349-9361.

[26] YANG Y,CHENG Y F. Fabrication of Ni - Co - SiC
composite coatings by pulse electrodeposition—effects
of duty cycle and pulse frequency [ J]. Surface and
Coatings Technology,2013,216:282-288.

[27] RIB-OSICM, SALICIO-PAZ A, GARCIA-LECINA E,
et al. The effect of the ultrasound agitation and source
of ceria particles on the morphology and structure of the
Zn - Co - CeO, composite coatings[J]. Journal of
Materials Research and Technology, 2021, 13. 1336-
1349.

[28] SUN C F,LIU X Q,ZHOU C Y,et al. Preparation and

assisted  pulse

wear  properties  of  magnetic

electrodeposited Ni - SiC nanocoatings [ J]. Ceramics
International ,2019,45( 1) :1348-1355.

[29] AT, 32IEPh  WISCZAE A8 kb R LU H SR 2
PRI b P AR PR RE R ST (U] MOREER 3, 2001,
34(7) :12-13.

[30] HUANG P C,HOU K H,SHEU H H, et al. Wear
properties of Ni — Mo coatings produced by pulse
electroforming [ J ]. Surface and Coatings Technology,
2014,258.639-645.

[31] MOSAYEBI S, REZAEI M, MAHIDASHTI Z.
Comparing corrosion behavior of Ni and Ni — Mo
electroplated coatings in chloride mediums[ J]. Colloids
and Surfaces A Physicochemical and Engineering
Aspects,2020,594 :124654.

[32] YOU H W, YANG P X, WANG X J, et al.
Electrodeposition of nanocrystalline Ni — Mo alloys in
pyrophosphate baths [ J ]. Journal of Alloys and
Compounds, 2022 ,924.166407.

[33] XU C Y,LI B S,LIU Z W, et al. Preparation of
nanocrystalline Ni = Mo and Ni - Mo - ZrO, coating

and investigation of its corrosion resistance and wear

behaviors[ J]. Ceramics International,2022,48 (24) :
37102-37113.

[34] ATAIE S A,ZAKERI A. Tmproving tribological properties
of (Zn - Ni)/nano Al,O; composite coatings produced
by ultrasonic assisted pulse plating[ J]. Journal of Alloys
and Compounds,2016,674.:315-322.

[35] ik, 22, Ex M. i BIE XTI Zn-Ni &4
M [ )], E AR 5 AR 5 A, 2018,
23(4) :378-385.

[36] #6718, TaMe. SEmA S me T 200
X[ J]. M4 594 ,2001,20( 1) ;16-18,30.

[37] FOB, Wi, XU MG, 2. pH Xk w58 BF -
WA SRR [)]. ST, 2016,35(9)
449-453.

[38] WASEKAR N P, HEBALKAR N, JYOTHIRMAYI A,
et al. Influence of pulse parameters on the mechanical
properties and electrochemical corrosion behavior of
electrodeposited Ni-W alloy coatings with high tungsten
content[ J]. Corrosion Science,2020,165:108409.

[39] LI H,HE Y,HE T,et al. The influence of pulse plating
parameters on microstructure and properties of Ni-W-=Si;N,

nanocomposite coatings [ J |. Ceramics International

2016,42(16) :18380-18392.

[40] STEKOLNIKOV Y A,POLISCHUK S D,CHURILOV D G,
et al. Theoretical analysis of chroming electrolytes and
properties of chrome coatings [ J |. Key Engineering
Materials , 2020, 836 ; 142-150.

[41] WANG S,MA C,WALSH F C. Alternative tribological
coatings to electrodeposited hard chromium: a critical
review | J |. Transactions of the IMF, 2020, 98 (4) .
173-185.

[42] LEISNER P,BECH-NIELSEN G,M@LLER P. Current
efficiency and crystallization mechanism in pulse plating
of hard of Applied
Electrochemistry, 1993 ,23(12) :1232-1236.

[43] CARNEIRO E, CASTRO J D, MARQUES S M, et al.

REACH regulation challenge : development of alternative

chromium [ J ]. Journal

coatings to hexavalent chromium for minting
applications [ J ]. Surface and Coatings Technology,
2021,418.127271.

[44] GUILLON R, DALVERNY O, FORI B, et al.
Mechanical behaviour of hard chromium deposited from
a trivalent chromium bath [ J ]. Coatings, 2022,
12(3) :354.

[45] 228 ARFATE, FUNZR 55, DR Am S0 Dk o A 2 1
ARSI L) ]. BPRHAS,2019,52(8) :127-129,148.

[46] ZATAT. Xrm Jhik b B % Hht L 2 HON] B 4 J22 A R 2R
ML D]. AR PYAER 24,2013,

(THFE 36 M)

- 19 -



- WU HIE - FRE,F - REBNA AR LM R L F A YR

Hr

4 g

1) IR HR AR FRVERS T43k B BR 2%
ey P I EE G R

2) WA R RE L A5 R Y — M B2 AR 2 T 7
ARER R 45 R 2R A (L TR A R A I, XS
PRIE 3R 5 R BB A5 A8 FL R A 1) e 4 17 2 £ ]
B FRIE R & RS Y 210%

3) AR BRI AR 3 EA T BRI, 25
A FLASTE (8 A X0 R P B8 5 5 [ ISF 435 4 11499 55 75 iy
WA T R, L I BRAE A 0.8 mm B 9% 57 B T
K% 19.07% ; HLIRIBRECBOR , EIRSEm @ A W i

SE W

[1] BATUWITAGE C,FAWZIA S,THAMBIRATNAM D, et al.
Durability of CFRP strengthen—ed steel plate double -
strap joints in accelerat—ed corrosion environments[ J].
Composite Struc—tures,2017,160.1287-1298.

(2] 255, FIRH, ARJR 0T, 45 e C 6] B S "KL A i 2
SB[ )] RHLBEE,2022,42(2) ; 13-16.

[3] CHANG J H, YANG Y X, LIU X S,et al. A mixed
shimming method in eliminating the gaps during the
assembly process of the complex structures [ J]. TOP

Conference Series: Materials Science and Engineering,

2019,493.012140.

[4] ¥ A I8 RIBRE LI CFRP A4 {82 5 vk RE T
FE[D]. Kt KT R, 2019,

[5] WANG Q,DOU Y D,CHENG L, et al. Shimming design
and optimal selection for non — uniform gaps in wing
assembly[ J]. Assembly Automation, 2017, 37 (4 ).
471-482.

[6] ZHAT Y, LI D,LI X, et al. An experimental study on
the effect of joining interface condition on bearing
response of single — lap, countersunk composite —
aluminum bolted joints[ J]. Composite Structures,2015,
134.190-198.

[7] ZHAT Y,LI X,WANG L, et al. Three—dimensional layer—
by — layer stress analysis of single — lap countersunk
composite joints with varying joining interface conditions
[J]. Composite Structures, 2018, 202 1021-1031.

[8] B, s, X2 AR S5 SEHC A B0 55 AR
PSR S5 PERE RS [ ] AR 5 T
F£,2021(9) :99-106.

(O WAMS. BT w2 00 52 5 b4 RHIR A 3 12 45 F 1L fif
PEREMTFE[ D], B AT U2 R R, 2021.

[10] M3%, &k EIEE, 55, WAE )T X b -5 g

RSN MERE AR [ 1], MLWGH IS5 A Sk,
2021,50(1) :21-24,28.

IS HEE 2023 - 02 - 10

J WAVAVAVIVAVAVAVIVAVAVAVAVAVAVAVAVAVIV AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV VIV AV AV AVAVAVAVAVAVAVAVAVAVAVAVAVIVAVAVIVAV AVAVAVAVAVAVAVIVAV IV AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVIV AV IV AVAVAV AV \

(E#E 191T)

[47] AFRC PKof e DT Ni-Cr B & P T A58 ]].
A TN, 2018,44( 10) .87, 124.

[48] ZHU Y S,GU C Q,WANG J L, et al. Characterization
and corrosion behavior of Ni—Cr coatings by using pulse
current electrodeposition [ J . Anti— Corrosion Methods
and Materials,2023,70(5) :236-242.

[49] YANG J H,JI P F,ZHANG J,et al. Effect of current
density on the texture, residual stress, microhardness
and corrosion resistance of electrodeposited chromium
coating[ J]. Surface and Coatings Technology, 2023,
471.129868.

[50] YEO S,KIM J H,YUN H S. Effect of pulse current and
coating thickness on the microstructure and FCCI
resistance of electroplated chromium on HT9 steel
cladding[ J]. Surface and Coatings Technology, 2020,
389.125652.

[51] TORABINEJAD V, ALIOFKHAZRAEI M, SABOUR
ROUHAGHDAM A, et al. Corrosion properties of Ni—
Fe-Cr (III) multilayer coating synthesized via pulse
duty cycle variation[ J]. Materials and Corrosion,2017,
68(3) :347-354.

[52] daPRUE, FFHEAR, i 45 ki B Ni-Sn—Mn 5 4

- 36 -

WERTZ S8 m ke[ ],
2018,43(6) ; 142-148.
[53] FENG H,ZHANG Y,WEI Y L, et al. Study of single-

metal multi — nanometer electrodeposition chromium

&R AL

layer[ J]. International Journal of Hydrogen Energy,
2009,34(2) :1114-1118.

[54] YADLAPALLI B K, MAHARANA H S, BASU A.
Structure and properties of pulse electrodeposited Cr —
WC coating [ J]. Surface Topography: Metrology and
Properties ,2020,8(2) :025023.

[55] XU L,ZUO Y,TANG J L, et al. Chromium - palladium
films on 316L stainless steel by pulse electrodeposition
and their corrosion resistance in hot sulfuric acid

solutions[ J]. Corrosion Science,2011,53(11) :3788-

3795.
[56] REKHA M Y, NOUSHEEN N, SAMAD R, et al.
Microstructural ~ engineering of ZnCr coating by

incorporation of graphene oxide and its effect on the
corrosion behaviour of the coating [ J]. Surface and

Coatings Technology,2020,403.126422.

s HEF:2023 - 10 - 11



