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TR ARSI H T Ni-Co-CeO, 852, KI CeO, Hihn
NA PR B A, J@id Co A1 CeO, IHHFIMEH], Co
Jo EE 4 B0 25%F1 85% 1K1 8% 12 43 il AT B A (1 B R A
WASENE. Mo 1 CeO, # B AT R 1) it M e AR B 4
e, HWE S A BT R I H iR AR A BE P e
R GR)Z, B H R T PU I8 Ni-Mo-P/Ce0, B & 452 )
715 R R P R A P R AL R GE AR D . BRI RS
& BA IR R b s A R, TEMLS K B)
Bl R S i S iz M, (AR iR A el
FE Rl o B A8 A A A S W AR A N AR, S R
BEG . peii i, ORI R A AT R T A B DL
e AT AR B R . AW L. GHA169 £k
i A A A, RS S A PEEOR T & Ni-Mo-P £
B, JEREFE CeO, &)@ A ALYIBURIAS I 524 95 2 #
58 M LA B BE P 2 ML R IR 5

Ubah, WFFERE, R R VR ) v R
FERAN IR 5 22 R AR A RS o A 2 R AT 240 1
AR 5T LR S 2 1 ) ke, U BE R B R
feleTl, il \ A Ak 2 2 A8 %% Ni-P/BN Ch) 4%
2, FEXTHHEAT 200, 400, 600 CHUALFE, I AKER
JEBE I AR A G N A A, HL 400 CHAKLER
JE B 2 fo e R AN SR AR A BE R I R . DRI, XAk
BEHI % Ni-Mo-P 4% J2 A1 Ni-Mo-P/CeO, & & 4% 23T
PAbH, BF TR A B A SR S5 B M R AR Ak

1 £ I

S BT JE 449 020 mm>6 mm ) GH4169 &4,
FH 800#1bARFT B Ji5 53 73] 1 PR A AN £ T 8 vt 7 T ke
30 min, CAZBRIEEGRRMEMTS, X FKIEMEL
T, BN 20%HCI ¥ IR BE 5 min L2 B B4 1 1)
FALIE, TN 10%HCH R HiEAE 5 min, TEAL ST
NPEW S , 3515 Ni-Mo-P ik (S1)AT Ni-Mo-P/CeO,
WAE (S2) , SR T ZZHNE 1. CeO, MiARRLAR /1l
5 0.9~1.2 pmo

W1l 25 1) S1 A S2 IR FE N B 3k Ay o il %2 400 °C,
TR 2 h JEAET R =R, 152 HVEEE ) 1 S3 Al S4.

% F NOVA Nano SEM 430 %37 & St 14 1 T4
Bt (SEM) WS JZ ¥ 3 I T30 B PE 43 BE 1 050 )5 1 =%
IR, R ALY (EDS) s 2 sy . FH
HA Smartlab %! X BFEATH (XRD) 4% 2 45 i itk
175001, CuBll, H AN 23S ML N 40KV, HR
N 140 mA, VLR 102902 K MH-5D %4 843
B 255 1 2 Y AR B, RIS A 50 g, AR
A 15 s, AR 4 A )EBCFAME. RAEE
Aligent A ] K49 K B R (Nano-Indenter G200 #Y)3l

F1 HFEEAE Ni-Mo-P/CeO, SR AT T E %
Table 1 Bath constituent and process parameters of electroless
Ni-Mo-P/CeO; deposit

Bath constituent and parameter Value
NiSO, 6H,0/g L 30
NaH:PO, H,0/g L™ 30
NasCeHsO7 2H,0/g L™ 30
Lactic acid/g L. 10
Na,Mo0O,4 2H,0/g L™ 0.6
Sodium dodecyl sulfate/g L 0.05
Pb(CH;COO0), 3H,0/mg L* 6
CeO; particles/g L. 10
pH 9.5
Temperature/’C 90
Stir speed/r min™ 150
Time/h 1

R B GOKAE B AP R, B INEC 5 mN, Ik
WA 10 mN/min. SEH MTS-3000 ER-25% 20 58 182 BE i
BN 2 1E = 2 A T (0 BE PR B T P R, R 1 2% A1
TR 20~25 °C, FIXFIRE 50%~60%, i BEER{d F B 1%
6 mm [ SisNg Bk, FEEEA29 5 mm, 9 200 r/min,
PEIAERAT A 2 N, 3RIE T [3] 24 30 min. {4 F Bruker Dektak
XT = HERTHE BRAOR 4 23 1) B R A T e A7 0 =,
FEAFEREL 5 AT .

2 FR5ITR

2.1 ERMERERREERSS

& 1 4 Ni-Mo-P. Ni-Mo-P/CeQ, 5% |2 # At 1l J5 1)
KIMEH . Ni-Mo-P FEZRMIY), HoAmA M Bk
WREEH (B 1a) o A CeO, Fikijs, CeO,WikiAILit
FA 7 BN Ni-Mo-P 88 2, 85 2 A /D s LI H I,
82 2 P BRR G K o A SE A A, I I K
gh4, il 1b Fras. 430 7NN CeO, B 5952 18 B,
W 2 Pros. M CeO, MUKL 5 H = MU 2 1 it 52
m XEH TR MRS, AR R
HhI= AF T EER, TRBTRE TR, RN CeO, Bk f5
PO R, R B AR CeO, BURLIE N
Ni JE T SETTR AL O 20, il CeO, Bikiki
FEIEE] 0.9~1.2 pum, J& ARTTRR 1 2 76 T E IR RORE 2 T A
WK, 3 B0 2 HAAHLRE B2 39 . 285 400 “C #ib 25
1o) PJER I ECIRG B Baith, HorAmsmss), B&§
RIERSEFE N E . 5 Ni-Mo-P #5/235181, 400 ‘CH#ukb
5 (1) Ni-Mo-P/Ce0, #5)2 (I 1d) ERIRZGERIZE/N, Ky
EgE kD, FLIRE S, SRR S . LA,
400 °C A # A FE 0 B8 2 R T TS G AR B R, 30k
AT 58 = B = 1) ) S M e A R 2 1t e
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Bl 1 FEEL S1. S2. S3. J& S4 ) SEM KIS
Fig.1 SEM surface morphologies of samples S1 (a), S2 (b), S3 (c), and S4 (d)

%= 2 Ni-Mo-P #1 Ni-Mo-P/CeO, EREE
Table 2 Thickness of Ni-Mo-P and Ni-Mo-P/CeO, coatings (um)

Deposited 1# 24 3 Average
coating
Ni-Mo-P 7.2 7.3 75 73
Ni-Mo-P/CeO, 133 126 128 129

# 3 451 7 Ni-Mo-P 1 Ni-Mo-P/CeO, % )2 #Ab ¥
Hij J5 ) EDS 42047 45 5« CeO, ki i I 4% )2 Mo
GEH 572%MFIKE 3.21%, P SEH 6.71%H 3
9.85%. 400 C #4LFH T J5 Ni-Mo-P A1 Ni-Mo-P/CeO, %2
O HEHBAZESR, Ni-Mo-P HEAHEE N AR IR E S
&, PEHEER SRR 7.86%, WEERAET —
SEFEE AL . Ni-Mo-P/CeO, HEA4% )2 WAF/E /D &1 O
JCE, N CeO, RN O, #HAk G O FEMA Y
I, AR nEAF Ni-Mo-P 852, i1 CeO, kit in
NbEw T = i E e .

# 3 Ni-Mo-P #1 Ni-Mo-P/CeO, $ER AL IERTE EDS B4 54
Table 3 EDS analysis results of Ni-Mo-P and Ni-Mo-P/CeO,

coatings before and after heat treatment

Element content, w/%

Sample -
Ni Mo P Ce 0]
S1 87.57 5.72 6.71 - -
S2 79.29 321 9.85 6.08 1.57
S3 82.86 4.63 4.64 - 7.86
S4 78.54 1.58 7.14 7.61 5.13

2.2 $ERHEERS

& 2 ¥ Ni-Mo-P #1 Ni-Mo-P/CeQ, % Z 1] XRD ik .
R¥E Ni-Mo-P A1 Ni-Mo-P/CeQ, #% 1) XRD [&li o
Ni (111) WA NisP (112) WER5ERE, {HH Scherrer J7
FEEIAR (1) THE PR RS2 AR ()
TR 4 G, e LK 4.

_ 0.894 (1)
L COSO

hkl

1, Dia(nm) A2 P35 b RNT B A& AT S U5 ) 2 3
(nm)sE X SRR K.

|
X, = e
TR (2)

s XA, | ARAHUN R, 1, 23R SRR
SRPE, KA AR A S AR R AR B R

i

(111) +Ni +NisP «CeO, *NiO

Intensity/a.u.

30 40 50 60 70 80
201(9

B2 FEHSL. S2. S3. M S4 ff) XRD Kt
Fig.2 XRD patterns of sample S1, S2, S3, and S4
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#F 4 Ni-Mo-P FI Ni-Mo-P/CeO, $E /2 T @ty R~ ML @ E
Table 4 Average grain size and crystallinity of Ni-Mo-P and

Ni-Mo-P/CeO, coatings

Average grain size/nm

Sample Ni NiP Crystallinity/%
S1 35 - 16
S2 25.1 - 51
S3 24.1 315 65
S4 28.2 48.7 60

ATLLE R, 7 20 fiN 44.192 51.64R1 75.96 H B
i) Ni (111D . (200) A1 (220) 777 506 i /N £ FE
8, XRZKA Mo 5 Ni JLPTRBUE E %k, T Mo &
TR NI FFEEA, Mo B0 Ni R & i
] B A KT S B2, B Ni-Mo-P 48278 44 HHin
1ANFEE, FElE BN EIE, £ Ni-Mo-P 852
JE pH R AS AR G A NI 2RI R i 45 g 1220

HHEE 4 AIA1, Ni-Mo-P #578 fki R~ A 3.5 nm,
4550 AT 16%. I CeO;, Jii » Ni-Mo-P/Ce0, #% )2 XRD
KSR H LT (111). (220). (200). (311) f CeO, #HAT
SUgE, Ni lETEERIEl, Ui IR AR .
F 4 WHL, MO CeO, ki J& Ni-Mo-P/CeO, E &2
S IR RO RS 1 KB 25.1 nm, 45 5 B R B 51%.
R SRS P & &, WIMBR A K. P 1E
Ni A [ 7 BEARAR, T Ni-P & &8 T B 6 B [ 7%
Mo P SR EE I, R A AR T B S TG
Ptk BEFLRM, 4 P S EEIE 8% (RES D J5 Ni-P
PR SE A A AR RSP, I CeO, RHEEN P &
HikF] 9.85%, WEMAKA WAL NIERL, K
CEREE R, XK CeO, JRREE THEEL: &, X
Al RE R AN CeO, BURLAEHE1E A Ni B 1 I AL
s, MIREE Ni BB R, S84 st s

Ni-Mo-P #%/Z7F 400 CHAbHJE Ni (111) ST
T3R80, HFHHBLT Ni (2000 . (220) Fl
NisP HIIATE IS, 400 CHAEHL 5452 kK K3 T
24.1nm, FALFREIEE R T 65%. AL HRATREM
RS HEEE AN RSYE, BVTH T NiP A
Ni-Mo-P/CeO, #%JZ7E 400 C#HALHE 5 [FIFEH I NigP AH
(AT SR UG, LS 1) R RS R it A A 8 v i T
WN, SRR LR B S 1 Ni-Mo-P 88 2K, /5
8l \ g kB, AR S Ni-P 9% 2 A R P45«
T3 BOE A 7 IR S B ARRORL (NisP) 5 difk
I S KK Ni-Mo-P/ICeO, R A Z N S H e R
U1 CeO, EALYIBHRL, Ni-P LL CeO, ML F LI K
K, (ERACFSFEF CeO, Fiki ] BHASHE 2 N #8 JE 11
T B EHHE T (R E mR T RA R mfee .

2.3 EERMNFEMRES

] 3 /& Ni-Mo-P £l Ni-Mo-P/CeQ, 4% 2 ) . I hd /i .
M 3 ATLAB H, REHABR 8 20T LB, A
CeO, Wik jETEE (HV) F#ZE 5351 MPa. HFA#E
B, BT R AL . REGERILIER, N CeO,
WKL ) 52 G B 2 B R W I UKL B Ak 2 4 B R 4R
22930 KRB i\ CeO, Bk J5 i Ni-Mo-P/CeO, &
B EREEELE Ni-Mo-P 852K, XN 5HEN P SEH
o R P SR, MK JEE A CeO, Hi
b G PEE AL RN, SRR, HEECEE T, X
W2 FENi-Mo-P/CeO, & 48 /= B FE R4 . 400 CH#A
AbF 5 Ni-Mo-P 4%)2F1 Ni-Mo-P/CeO, 5 4% )2 g 5 1)
B S, HA Ni-Mo-P B2 AR (HV) WS
) 6321 MPa _E 7} % 13504 MPa, Ni-Mo-P/Ce0, E &2
Tf 5% FHE5 45 1) 5351 MPa #1542 1182 Mpa. 1% 42 K A #vkt
PSR R A i, I EAAGKGL NigP HT i - AaTE
PR b, ERURERILITER, D R R A,

& 4 /& Ni-Mo-P il Ni-Mo-P/CeQ, #% |2 1E T IR fif
5 mN I 8- 07 4% 42 . MEIH AT LLE H Ni-Mo-P/CeO,
B2 BA BCORBIEIRIREE, 25 205.71 nm, 1fi 400 C#
AL PR S ) Ni-Mo-P 8% 2 1) JRIR BE /N, 24 150.62 nm.
AR AT - A% il 26 ] DA B 1 92 O AR B B (HD AT
HPERLE (B) S99K 124 K 5a. Sh 4t T 4 %
BEEMIYPREERE (H) MR (BE) . H& 5a. 5b
AIHL, FEAH S1. S2. S3. S4 MIACKEERE (H) 4351k
6.9. 6.58. 13.92. 12.34 GPa, 55 LA BHEEEE (HV)
GERILANIN , FEM S1. S2. S3. S4 [ MERE (E)
Iy 143.73. 159.31. 197.04. 231.97 GPa. Hiltwn]
W, BT CeO, MIPEZ A AR, (H 5 Mk Ak = 4%
K, XA[RELS Ce WMRIETH K, CedMET T Mk
SR HAETFLALAE RN G T, B2 B 2 A M AR T o
HRBUOL AT R R R O BE 000, A T 5 v %2 O R
MpveieE. (HETBREEIEES TR, SBWHE
T P AR AR

1600

1378+16
1141+34

X 1000

645+19
600 546423
448+12

Hardness, HV/

Matrix  S1 S2 S3 S4
Sample

3 BEAL S1. S2. S3. S4 KB MfERT
Fig.3 Microhardness of sample S1, S2, S3, and S4
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4l —s3
——s4

Load/mN
N w

0 50 100 150 200
Displacement/nm

B4 FES S1. S2. S3. S4 [IEf I hk

Fig.4 Load versus displacement curves of samples S1, S2, S3, and S4

Kl 5¢c #5117 Ni-Mo-P 1 Ni-Mo-P/CeO, 4 2 14k K
T b s VAR B 2 AT LA HUE, HIE S8 )N 2P
FURE R R JE AR B IR M e I BB AR, HIE M, 382
i B 1 A B2, TLAE B, A S S3 A1 S4 #REAHOK
(1 HIE, FREAMGEIRAE— @ FERE BT DLkt 9% 2 1 ind 55
PERE, H 400 CHAEFESSH) Ni-Mo-P 22 HA &K
f) HIE.

WA (4) AT 2182 i #E [ 2 2% (ER) B9,

ER :7(h““; “Me) 100% (4)

X, Npad(nm) 2 5 KBTI RIS, hyes(nm) A2 2407 71
B J5 HIR AR AL

P 5d &L S S1. S2. S3. S4 1 ER A4k, HIK
R, FAKEERAD CeO, B4+ AR BEIE =88 = 1 ER A,
Hh ke S4 BA KM ER. AT RER I HL E I

20

H/GPa
S

Pa
N
o
o

ER/%

S1 S2 S3 sS4
Sample

K5 #EdhS1. S2. S3. S4 [ H. E. HIE ) ER
Fig.5 H (@), E (b), H/E (c), ER (d) of sample S1, S2, S3, and S4

ER fH, WI%IFEsh S4 BARIFIIREPIME. X nlHe2&
Ce WA JET1EM A EERIEX AT H, B m . 4T3
TER I S A AL (VR R, TTIE BIHR T 2 W1
YEH .

2.4 YEEHEEIEER M EE A

Ni-Mo-P Fl Ni-Mo-P/CeO, 4% JZ 1 B 48 22 %5 il 28 1 ]
6 Fime MIEIFTATLAE Hi, Ni-Mo-P 452 1 BE 3R R 50k
KR, TE 25 min JaH LIS, P EERECN
0.77. Ni-Mo-P/CeO, 1 JZ ¥ FE# R ¥R AK, (HAE 15 min
JEIEE T, BuEshAR R, S5 EEE R ECR 0.73. 400 C
KL FE IS 1) Ni-Mo-P 85 22 1) BE #6 SR AUTE AT 15 min #1 2 |
TH#&, 15 min J5i& 75008, I BEHE 2 %0 0.82.400 C
HULH 5 Ni-Mo-P/CeO, #% 2 A M B A1, BEER
HAE 2 min JG B B BB LI 45 A AR E RaE, Y BERR
FRECH 083, XKLL 4 FHFESATAIIIA CeO, Jo AR R
AR, FRoEb BUEEE R BHZEA K.

Ni-Mo-P 1 Ni-Mo-P/CeO, ¥% 2 (1] B JR L3 an &l 7 By
N, G563 5 MBS IR EDS 4B il #3111 f5 (1) Ni-Mo-P
F1 Ni-Mo-P/CeO, ¥ JZHAFE—E A BT HIE 7a
ATLAEH, Ni-Mo-P 85 2 B R AFAERE, BB A
IR Z R, AREMEBKREART, BHILHE
TR PR . NN CeO, MR 5 I BE IR W & 7¢ o,
AT DLW 5% 2] B I 55 (0 47 AR ALV R A, R TR 4 /D
BIVEEEE, BN EBR BN E, A
B B IOKEBIR G R RIL, XL T Ni-Mo-P
B, Ni-Mo-P/CeO, #ERAM =N EW . 4ie
EDS Zr#ral %0, Bl B EB0RA & A A YRR, B IR
Ce HEAN, Ce JLHRAEEIR M EFA R T
BERR A A SR . B Te S 400 CHRVRER S )
Ni-Mo-P 52 B IRTES, 7T LAG H B IRE b A ¥ 40 ol B
PO I E5TOIRER, REABIRENER, #UbI S B e
B BRI T B AT DA H B IR P 3 [
L TR, ERGEE D, REURIET4TIR
BRIFE R B A0, B R R Kl 7g

1.0

0.8}

0.6 18

0.4

Friction Coefficient

0.2

0.0

0 5 10 15 20 25 30
Time/min

KBl 6 FEih S1. S2. S3. S4 [KEERE Rk
Fig.6 Friction coefficient curves of sample S1, S2, S3, and S4



12

FYIAREE: (L E A Ni-Mo-P/CeO, 45 |2 45 1 5 FEHE A VE RERIT 9T +4607 -

10 pm

7 FEEh S1. S2. S3 [k S4 HIEEIRES
Fig.7 Wear morphologies of sample S1 (a, b), S2 (c, d), S3 (e, ), and S4 (g, h)

=5 B 7 PIRCXEAY EDS SH4ER

#& 400 C#H A5 Ni-Mo-P/CeO, I EEIR 50, 7] LI F
BEIRR TS G /D, BEIR NAEAE R B, O] Mg
F/EEAY), BRI YRR B IRTBOR S AT
WS EIPE RS A5 TR, B RIRLIAF
16, BERR, YEET BRI IS . 400 CHAbEE
J& Ni-Mo-P/CeO, # = B A e mi IR HWIME, R 47 itk
5] 52 66 7M1 A5 RS r el T 2 e T 5 B
g, M2 Ni-Mo-P 8% )2 TEE IR BB AT E FH R

Kl 8 & Ni-Mo-P #1 Ni-Mo-P/CeO, ¥% JZ ) B& IR # [l

Table 5 EDS analysis results of marked area in Fig.7 (w/%)
Area Ni Mo P Ce 0] Si
1 7314 302  7.84 - 1538  0.62
2 5212 2290 7.87 885 2609 278
3 56.16 359  6.80 1329 1793 222
4 69.48  7.55 8.9 - 11.93  0.63
RKASBYEARTE, dEmreE T RERIRY.
5 56.88 134 1017 695 1881 584
6 a| 6f b
E 4 4ar
=
[<5)
E 2f 2t
o
a
= (0] g or
S
2 -2r
/| - . " . . L /| - A i i . i
0 200 400 600 800 1000 0 200 400 600 800 1000
6f c| 6r d
g 4 4r
=
= 2 2t
o
a
o
2t 2t
40 200 400 600 800 1000 0 200 400 600 800 1000

Lateral/um

Lateral/um

K8 FEfhSL. S2. S3. S4 (KB R 4E B
Fig.8 Cross-sectional profiles of wear tracks of sample S1 (a), S2 (b), S3 (c), and S4 (d)
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B, B 8a WTLLEH, Ni-Mo-P 82 B IRIAE AN
2.5 um, FEEEN 0.35 mm, BEJREAE R BB R iR
R, AR RAE R MR, TR R = AR KR
TS, RS RTINSV R TR 5 0]
BEBRIL [FAE FAEHE 2 7= A R ALY o 5 Ni-Mo-P 85 2
FHEL, NN CeO, UL J5 B R IR FE/NE 1 pm, X A2EH
Ny CeO, BRI ASE = THEZ M, M T R s
HEL, R E RN R, IR K. B 8¢ N
400 CHUEHE Ni-Mo-P 452 BRI, 445
7c TLAE Y, TR AL B I PR AR A/ NigP A X
JEFEEREGRAGIE R, S R A BRI =, HIE
B, DG 2B RAFHIIN B Re, BERIRFEAR K.
AL Ni-Mo-P/CeO, # )2 JL T A KBS, Ce ¥
FURFATIR A, $om TR ENRMEN, ST
T RS R PR A I, DRl R B e
EEIE, 552 R AR R IR BV RE .

3 &
VS

1) Ni-Mo-P 8 2 9K & A EE SR TR G TR &
¥, AR N CeO, Wik ) Ni-Mo-P/Ce0, &
B2 AR IR S B 51%, Ak R SF IR

2) 400 CHAbEE 5 8% 2 45 i B AN o RH AR K, 72
YK NigP A, Ni-Mo-P 8% 218 i W BE 25 1) 6321 MPa
- F+% 13504 MPa, Ni-Mo-P/CeO, 5 &4 R 5 ik &
f*) 5351 MPa #i& = %% 11182 MPa.
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Study on the Structure and Tribological Properties of Electroless Composite
Ni-Mo-P/CeO, Coatings

Wang Kaijie*?, Wei Chunbei?, Zhang Jiaping®, Li Haoyu®, Zhou Kesong™?, Lin Songsheng?, Liu Min?,
Hu Yongjun®, Li Zhujun®*, Liu Yifei*
(1. School of Materials and Energy, Guangdong University of Technology, Guangzhou 510006, China)
(2. The Key Lab of Guangdong for Modern Surface Engineering Technology, National Engineering Laboratory for Modern Materials Surface
Engineering Technology, Institute of New Materials, Guangdong Academy of Sciences, Guangzhou 510651, China)
(3. AECC Shenyang Liming Aero-Engine Co., Ltd, Shenyang 110043, China)
(4. School of Mechanical and Electrical Engineering, Guangzhou Railway Polytechnic, Guangzhou 510430, China)

Abstract: In order to study the effect of CeO, addition on the structure and performance of Ni-Mo-P electroless plating coatings, Ni-Mo-P
coatings and Ni-Mo-P/CeO, composite coatings on the surface of GH4169 nickel-based superalloy were prepared by electroless composite plating
technology. The influence of the heat treatment at 400 °C on the structure and properties of the coatings was also investigated. The microstructure,
element composition, and phase structure of the coatings were analyzed by SEM, EDS and XRD, respectively. The mechanical and tribological
properties of the coatings was analyzed by microhardness tester, nanoindenter, ball-disk friction and wear tester, and three-dimensional surface
profiler. The results show that the Ni-Mo-P coating exhibits a typical spherical structure with nano and amorphous mixed crystalline structure. The
crystallinity of the coatings is only 16%. The addition of CeO, particles in the Ni-Mo-P/CeO, composite coatings induces the voids in coatings and
promotes the coarseness in morphology. The crystallinity of the mixed crystalline structure increases to 51%. The heat treatment has positive effect
on the structure of the coatings, such as promoting the precipitation of NizP nano phase, increasing the crystallinity, eliminating the voids and
promoting the density. The hardness of the coating is reduced with CeO, addition. However, the hardness of the coatings is improved significantly
by heat treatment. The hardness of the Ni-Mo-P coating increases from 6321 MPa in the plating state to 13504 MPa in the heat treatment state, and
the hardness of the Ni-Mo-P/CeO, composite coating increases from 5351 MPa in the plating state to 11182 MPa in the heat treatment state. The
wear resistance of the coatings is improved obviously after heat treatment. The addition of CeO, particles to the coatings can enhance the
toughness of the coatings, and inhibit the occurrence of cracks during the wear process, thus making the Ni-Mo-P/CeO, composite coating have
the best wear resistance.

Key words: electroless composite plating; Ni-Mo-P/CeO, coating; heat treatment; toughness of coatings; tribological properties
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