49 3%
2020 4 6 H

BAEEREMBISIRE
RARE METAL MATERIALS AND ENGINEERING

%5 6 0] Vol.49, No.6

June 2020

MAKFH L Ce0,35Z22%F Ni-Fe-Co-P 5%
N A0 pA

7 N 1,2 1 3 1,2 S £ 1 S S 1
150 2, B, AR, EF S, TFA
(1. MR K2, VIR Mat 210031)

2. LB Retb A FE & L=, VLI ML 210031)

W OE: FIHBUT BITRECR T T Ni-Fe-Co-P-CeO, H&4E)2 . #id SEM. XRD. EDS 45K T 5 & 982 R K
P BIES. WML RAMA RSy, RN, RAET LRI BRI it fg, A T A+ CeO,
TRV E X2 PERE RS o 5 R R Z U A WE AR RS S, B PERT CeO, BURLR BRI N, HAH)Z
(K9 A ARG P2 T G 7 RV ke P 35 5 2fg 1 5 I k58 (9 e F s BB CeOn ORI Z N 1 /L N, ST B2 IR T 38 2 0%

L HVo AT B2 38 3 dse KA 5982 MPa,  HLE A S A1 10T 2% A0 vk g
KEER: W RPN Ni-Fe-Co-P-CeO, RAH/)Z; DAL, MEENE; Witk

FEESES: TG174.442 XHERFRIRED: A

XEHS: 1002-185X(2020)06-2095-09

BB RIS AR, GBI R WA T L
MR SR, V2 S R AR AR SIS R B
B ESEeEE TR ouE ez, ARG R
RLr e HUARPEREY o WEg DT R BAT B il v
ROR L ARBA AN E S A R T T e R
1451

WFFCR I, K AN 28 AR L DU R B 4 8
R, & AR B AR R Mo
RHEABRM R T2 RrRR 4F JZ BT 450 . B
R AR YR A S P RE R A P R DA 2
B, W CARSERZ IR g7 U AR 14
W) CeOy PRI L AT JuEF 1) 80P 1 AR 388 £ IR RS 1P E
LA Ay AR RSUR 34 S8R T T 4% P ™. Qu A
AR M APIRTT A% T Ni-CeO, #)=, HBEH
CeO, UKL AN, 2% 1A R JE2 RS 458 % 45 350 7 T i
W Wang SUHEAT TR A8 SR AL U I Ni-
CeO, B EWIZ I L2524, WEHUHER IR B A 4
WirERE: AREIICRY, RFRAER CeO, Hi
KL, Xt Zn-Ni/CeO, 5 )2 (M1 it ME R W AN K, 94K 221K
CeO, BURL I AN R ZAR T ROKR i o

HT, HENTREZSWRIB R 2L T
T =Jua )z, mxs PUJC Ni-Fe-Co-P & &M= 1)
PEREGERZ Tf. T 0k, A AR WIS LTI

IgF= HEA: 2019-06-08

ARl % Ni-Fe-Co-P-CeO, B &)z, HITHER T CeO,
TR (0, 0.5, 1, 1.5g/L) W42 2R IE 5 M PE
RETRISE R, T 0T 52 G 4 J2 0 T 25 P R i JE bk AT 40
Br, A B G R R 2 1) T R BT Al

1 % I

FEARFT B A 25 mmx10 mmx8 mm [ 45740, W%
WHIEC T WER 1 s o SERrh ) CeOy WIRLRLAE A 100
nm, YT CeO, BRI L4140, 0.5, 1, 1.5 g/L.
BT R 24 A o dir i, 258 KBl . IR A i)
F 800+ « 1500 # [F7K WP AR B, Wih TN T2 |/
X TAFREAT AL . F I R i — 5905 fb — SR 1k«

F1 EBERES

Table 1 Composition of plating solution

Regent Content/g-L™"
NiSO4-6H,0 120
NiCl,-6H,0 40
FeSO47H,0 20
CoCl,'6H,O 10
H3POs3 30
H;BO; 30
CsHgO4(Citric acid) 10
CH4N,S(Thiourea) 0.01
C2H25S04Na(Sodium dodecyl sulfate) 0.08

EEWMB: MHEELERERES (2017M621665): LIV LERIAEE4S (2018K022A): i pt RN AT I ZhiH-&I (1830B18)
TEHENY: WFE, B, 1981 44, L, @#EEE, mEaURIKH TR, 1196 Mt 210031, Hif: 025-58606580, E-mail: fuxiuqing@

njau.edu.cn



* 2096 -

Mty @A RS TRE

49 %

AR EE R LU G ¥ 25 85K PP T34 o s 58 1 i
Aab B R) A TBON T S L B S 6 2 v AT A LI
FU WA s R R P FLIR 0.6 AL 53K pH A 1.0~1.5,
WL EE 60 °C, HEBEINA] 20 min. JUALSE AR5 6 TAF
HEAT B 75 P Ve R AR B, R AT PERE AT

FI 445 845 (FEI-SEM, Quanta FEG250; 3% [H
MBI XN FET A A =D e 2 i K e 3; KH
EDS #E1¥ 4> #11% (XFlash 5030 Bruker AXS, Inc., Berlin,
Germany)ll & 9% JZ I Z 07y s R X B ZAT 91X
(PANalytical X'pert; PANalytical Inc.)*J %% = W A4H 45
MIBEAT 28T R 000 B 4. (Duramin-40;
2B R A | D W A AR T A R,
AT R 0.98 N, AT FELEIF ] 15 s, WE S AME,
HOP I EAE A 45 s AE CFT-1 BUb k)3 1 Mk i 45
AR EAT BB B A, AR H AR 4
mm ] GCr15 BEERTEPE 2 R 100 K 1R %) 20 min, XIJE
KN 4 mm, A1k 3.136 N; ¥ OLYMPUS
LEXT4100 ¥R E B ME (HARMKERAFD,
F T 0098 )2 R i RIIR I RSP 2 8. 15 Bl b 2% TAE
3t CS350 3k 5 Ji AR Ak iy £ AT BEL 403 (¥ 0 8 O 100 4T itk
ERE AT R M, A BTR 50 g/L NaCl %

2 FR511E

2.1 ERERSH
K 1 MR AR CeO, WKL FE T 4% 1)
Ni-Fe-Co-P-CeO, E ¥ 2R MIES . thiE 1 B,

SR FH W 555 PR ST RR H AS T 4% 1) B )2 459 5 B0 LR 19 otk &5
B o X 32 B AR R H R A A S Tk i R R
BB DURL, T B s A, AR R T A A i
KRR Bt DU N (R EA T TR B B AR 45
o B 1a f1 1e HRBER CeO, PR & &5 2, Hib
le AR E ML SR E . HEIRTLLE H, & 482
A REZ MMMy, HILAEg, AT %
AL X ETE R T A T R, R
TR BT &0 57 AR R A I B A B AR R T, AR SR K b
T T 3 B AE A R T BT AR T A SR B e
18 B 1K) CeO, MIURL IS (1) TE 30 WL ] 10~1£, o 1£ 24 CeO,
WORLIRIE A 1 g/ A0 )2 MR 45 /3 SR
ALUEH, EEEENMIESA T —E ek, £
AL A D, SO S T —E i, MoR4S
Rl s AL (B 1. K1 SRR, 75
WA I E /R CeO, BUKLAE W] W38 & & & E 1
K. ATEEE 1b. 1c A 1d W40, WP CeO,
FORLR A 1 g/L 1) 53 6 45 22 30 T 45 0 5 IR 46 1)
B HES) Hih SR, T4k SRR CeO, KL
[Z, HEEERMBCEEAIT N, KR A
515, HABHEMEERS . B 2 I A CeO, Fiki
W% E RS, 2 mT0, PR
Ws %eE, H SR & %%, JFEW B MR8
FIE DI BT R, T CeO, MR A HE IR 1)
Af LTS R, MRS, BB &P A A5
(9, AEAEw 2R T s e Bl B DX 3, BE 0% 7 W FRL AR )

Kl 1 AIF CeO, BURLIR BN 4 2 1R 2 THI B3
Fig.1 Surface morphologies of coatings with different concentrations of CeO-: (a, ) 0 g/L, (b) 0.5 g/L, (¢, f) 1 g/L, and (d) 1.5 g/L
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K2 A CeOy MURLMR BT 85 12 HO 4K T JE 5
Fig.2 Section morphologies of coatings with different concentrations of CeO»: (a) 0 g/L, (b) 0.5 g/L, (¢) 1 g/L, and (d) 1.5 g/L
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Fig.3 XRD patterns of the coatings with different concentrations
of CeO,
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Fig.4 EDS spectra of coatings with different concentrations of CeO,: (a) 0 g/L, (b) 0.5 g/L, (¢) 1 g/L, and (d) 1.5 g/L
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Table 2 Mass fractions of the surface elements of the coatings

(/%)

CeO, content/gL'1 0 0.5 1 1.5
Fe 46.65 39.76 38.74 35.45
Ni 29.36 31.92 35.38 33.92
Co 20.59 22.67 23.83 23.14
P 2.67 2.73 3.40 3.06
Ce 0.00 1.61 2.44 2.66
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Fig.5 Deposition rates of coatings with different concentrations

of CeO,
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Fig.6 Microhardness HV,; of coatings with different

concentrations of CeO,

2.4 ERHTEMES T

MR IR AR BIMBERRAEA CeO, BRI LHE)Z

BRI gian i 7 fk 3. nLEH, BEE CeO,
FIURLA FE R 3G TN, B8 (0 B IR B P« IR FE AN i AR &
e B fG EIHEIRAE . U CeO, BURIK LR 1
g/L I, BEIRSERE . VRBEANER A R/ o A W] B IR
N, BRI RN E SN B RN, EEEZER
AR BB TERE. (2, 4 CeO, WURLIK A INE] 1.5
g/L I, SAEPIEMIBEIRERE . R A R fi A P
Hihne T CeOy BRI AT, CeO, FUkLAEHE 2
ERADRESHPITECE, BB T CeO, kLI 11
I, AR R LA & SR ABORL X E
PERE, AT R R R TR, LI 04 0] i
RLITR A VE IS5, 2 (P ) 4 At A 0 2 i 5 v
RKAEFH,

BERAEG 5, N2 3R T BRI T 0 A, g3
MBI S W 8 Fizr. M 8a Hpn LLE H, B2 K
IR ST HESI ALY, B8 AT A7 A RS RN 349 Kl
IR, BERIEA LRGBS T, 1K 4l Ni-Fe-Co-P

R3 BREBESH

Table 3 Parameter of wear mark section

Ce0; content/g'L™"  Width/um Depth/um

Scratch area/pm’

0 802.909
0.5 756.586
1 721.380
1.5 741.263

22.542
16.999
14.174
15.443

15275.082
12 577.021
10 984.731
11 341.360

Kl 7 AN CeO, BURLME BE T 8 B2 IS IR 1K) = 4 T 30
Fig.7 3D morphologies of wear marks of coatings with different concentrations of CeO»: (a) 0 g/L, (b) 0.5 g/L, (¢) 1 g/L, and (d) 1.5 g/L
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K8 AN CeO, W% T )R Y B IR 31
Fig.8 Wear mark morphologies of coatings with different concentrations of CeO,: (a) 0 g/L, (b) 0.5 g/L, (¢) 1 g/L, and (d) 1.5 g/L
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VR WL PR A PR 88 5 S PR 11 SEL T 200, AR 0 ™ 3 C
8d) AT 4 B AR 2 FAO 1B P e
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Fig.9 Polarization curves of coating with different

concentrations of CeO,

LT IE RS, 5 ol P 0 5 8 R0 ol o B AR, 88 )2 PO i
P REAF BUSE T IR BB CeO, UKL S5 1) 1Y
I, BEE BTSSR, JRAE CeO, UMLK 1Y 45
1 g/L Wk Bk, 6ol i 2 1 i 4l Ni-Fe-Co-P %
SHEE) 6.2947X107° A-em™ L F] 6.8439X 107
Acem™. R CeO, UKL 1k £ 1 N %1 1.5 g/L 1,
B AR SR AY, 5 S0 b R I B S RN i 2R
B, AHOME T RBAR CeO, Wk fIAE )2, WK Ak
TOURY 38 5 52 A 2 LA RO R IR ko L B 10 Db B2
FEAN R %R HEAT A R PHLTIA Y Nyquist .
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Table 4 Parameter values of polarization curves

Additive amount of CeOz/gL'1 B/mV-dec™! B.J/mV-dec™ Econ/V Lo/ A-cm™ Corrosion rate/mm-a’’
0 174.73 355.16 —0.8226 6.2947E-5 0.761 88
0.5 207.95 330.75 —0.63749 2.0331E-5 0.246 07
1 563.87 222.42 —0.14977 6.8439E-7 0.008 283 5

1.5 459.17 246.57 —0.69327 9.8772E-6 0.119 55
2000 SR BPUICEARAE PR AL 2 B AT A R 3RALE
CPE —=—0gL FHEBOR, SRIPURhAE iR . & 5 ATUUH
~1600 m T BT ) CeO, VRN AL 154 52 45 0 2 1 vl 3 6 5 1l
1200} A e LR, 36K, 1A HEIEAE NaCl 3w 6068 b f5t i 43 7
& e BEAR, H A0 CeOy BURIIIRIZ N 1 /L I,
e 8001 e Zview BAFVEBLAH UG BT EE TS PR . 2 W] Mg
w0l s 1 P B L U S FOBEL A PR, o S A
A Ae, ILTURRGIRH L CeO, REAT RSCE ) (1 P e -

0 1 1 1
0 50 1000 1500 2000
ZRE/Q-cm2

Bl 10 ANIF) CeO i BE I 4R AT BT
Fig.10 AC impedance spectra of coatings with different

concentrations of CeO,
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CPE Juff h BEAR ML 2%, 4 n=0 I}, CPE Juff g2l Hifll,
M2 BRI, n 1 0 5 1 2 18127 4R B &2, Ni-Fe-Co-
P-CeO, B &AM AEDINEA2 KT 4l Ni-Fe-Co-P &

Lk LR, AERW R R NI K CeO MIUKL 1T LASE
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{HJ2 Y CeO, FIURLI B3 v I, 2 Wi viE AR BUBOIR A AL
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KRBZ ARG RESE, 320 SO R AT ik

R5 EYRESHE

Table 5 Parameter values of equivalent circuits

Content of CeO,/g-L"! 0 0.5 1 1.5
RJ/Q-cm? 3.822 4.616 2.229 2.807
CPE-T/F-cm™ 0.000 542 7 0.001 136 7 0.000 543 46 0.000 849 12
CPE-P 0.751 71 0.630 88 0.622 69 0.604 94
Rp/Q-cm? 709.9 1881 2941 2631
. P CeOy BRI FE I N, Niv Co. P LR JE S
3 % it

1) Ni-Fe-Co-P-CeO, 5 & )24 5 L L 7Y 1) Ja AR 25
Koy, HIRDIR 5B 5) 2%, M h CeO, MURLIK B4
1 g/L I, 52805 o 2 1t 808 i e v » 3 R 4 G AL
2) Ni-Fe-Co-P-CeO, H &85 2 WA f A4k . b &

HATPE I, M0 Fe JUE KR BORHT AT, CeO,
RURL R I B BRLAS T Fe AOUTRA .

3) CeO, MURLA IR HLsRACAE], 73 Ni-Fe-Co-P-
CeOp 51392 10 Wb PR P2 75 31 1 B K 9 vy o 4 B0
T CeOy BIRLIRIE N 1 g/L N, HEHIRM HV,, B
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4) Ni-Fe-Co-P-CeO, & 5 1 2 I IR G855 IR AN
A PEW T CeO, FIURLUR (1 185 1 52 I 56 I
JE T A . KB A% CeO, ORI, B% )2 K L34 B
BEH U™ E, BARIE R CeO, Biki ), ¥ )2 &4 ki
VEAGL, T A B B 2 R A, BT CeO, BURLIK
H 1 g/L I, T B RN

5) 54 Ni-Fe-Co-P & &M )ZAML, BiiEw
CeO, UKL K 52 45 B8 J2 AT B v (1) J3 b 7 AR PR IS
ot oL A A T RSO IR LA R A B, R I A R A
TERE . YT CeOy MUK FEIG NF 1 g/L I, i}
Tl e AR
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Effects of CeO, Nano-Rare Earth Particles Doping
on Properties of Ni-Fe-Co-P Alloy Coatings

Fu Xiuging'*, Duan Shuanglu', Lin Jinran', Shen Mogqi', Wang Qingqing'
(1. Nanjing Agricultural University, Nanjing 210031, China)
(2. Key Laboratory of Intelligence Agricultural Equipment of Jiangsu Province, Nanjing 210031, China)

Abstract: Ni-Fe-Co-P-CeO, composite coating was prepared by spray electrodeposition technique. The surface morphology, cross section
morphology, phase structure and composition of the composite coating were tested by SEM, XRD, EDS, etc. At the same time, the
hardness, wear resistance and corrosion resistance of the composite coating were characterized. The effects of the nano-rare CeO; particles
on the coating performance was investigated. The results show that the multi-component composite coating is amorphous. With the
increase of CeO, particle concentration in the plating solution, the microhardness, wear resistance and corrosion resistance of the composite
coating firstly increase and then decrease. When the CeO- particle concentration is 1 g/L, the composite coating has the best wear resistance
and corrosion resistance with the uniform and dense surface, and its microhardness reaches the maximum value (5982 MPa).
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