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High-temperature wear properties of electroless Ni-P-Al,O; composite
coatings with various contents of nano-Al,O;
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Abstract: Ni-P-Al,O; composite coatings with various contents of nano-Al,O; particles were prepared by using
electroless plating technique. The morphology, microstructure and chemical composition of the coatings were
characterized by scanning electron microscopy (SEM), energy disperse spectrum (EDS) and X-ray diffraction (XRD)
techniques. The high-temperature oxidizing behavior of the coatings at 600 ‘C was investigated, the tribological
properties of the coatings at 200 C and 600 C were evaluated by high-temperature wear instrument, and the wear
mechanism was also discussed. The results show that the addition of nano-Al,O; particles in electroless plating bath can
effectively improve the high-temperature wear resistance and the high-temperature oxidation resistance of the composite
coatings. With the increase of nano-Al,O3 concentration in bath, the oxidation mass increment and the friction coefficient
of the coatings decrease at first, and then increase, and the wear mechanism of the coatings is altered. The composite
coating prepared by a nano-Al,O; concentration of 3 g/L in bath exhibits a good high-temperature oxidation resistance,
low friction coefficient and low wear rate. Compared those of the coatings tested at lower temperature, a higher wear rate
and a lower friction coefficient of the coatings are obtained under higher test temperature.

Key words: Nano-Al,O3; Ni-P alloy; electroless plating; friction; wear; high-temperature oxidation

P NI-P S G2 i T BAT IR EER A VI b & L s VR DMV AE AR 2 T iz A,
VEGFS TR VR PR TR, TR AR, ARG Ni-P 5 DS AN R AL H 2T

EE&WMB: WA ARRHFIEE R IIIH (Y4110645)
WHSEH: 2013-12-16; fEiTEHA: 2014-03-26
BIEEE. MR, RIZEZ, W1 MiG: 0571-88320479; E-mail: zhengxh@zjut.edu.cn



H24 % T

AR, S5 ARPPREA S8 Ni-P-ALOs (L2292 ) e T B 1 M g 1805

ZIMPERE B . = ARk, AATIRREETT b 2
PR IR PEOR N SiC. ALOs. B4Co ZrO,. TiO,.
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PEILRE ST E S, oI Ni-P-ALO; H A2
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1 X8

1.1 E&EERERGIE
SR F Q235 ANBR A JE S, HoAAS A 20 mm X 30
mmX2mm, FrH ALOs By A A TR a-ALOs #,
SPIRIARZ) R 30 nm, 4H1E>99.9%. B ZIRFE T
TR AT E SIS R, 0.1 pm /2
)= BRI — Kk — BB — K — T b — K P — 1k 2%
B AR T R LS EER 1 .
AT, Sk —E B ALOs By AR
AR T A SR P (AR 50 mL)#E Ay
B30 min, M. HIAFAHEE Ni-P 54 S min 2 J5,
AT IMANK ALO; At B R AT E 508,
] 2 mine $EFET7 XN FE, B 400~450
r/min. %K ALO; AR EHIE T 5 4LlFE, gk
ALO; FIIMAEAS A4 04 150 3. 4.5 fil6 g/L. 4l
il e 8 Ak, B 2~3.5 h, RAGIIHE)E
JEIESY N 1330 13.24 12,7, 12.3 F112.1 pm. T3

RAFEMIKAE 228 1 /K FUTE KB RS A 75 95 vk 10
min, FTHEE o R I G 98 4072 00 75 9%
JEIFLEBRR 58 1,15, 0.75. 0.45. 0.5 F1 0.6 B2
BT K
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Table 1 Concentration of electroless plating (gL ™)

Nickel Sodium Sodium  Sodium .
Stabilizer
sulfate hypophosphite acetate  citrate
Appropriate
25 30 15 17 Pprop
amount
Note: Temperature (88+2)°C; pH 4.4~4.6.

1.2 HREMIRFARAE S &

BRI R A A SIS AR AR LB B AT o AR
P L IR (S AR ) T AR 4 % L 4 7, 7E ESJ80-5
R P RO BE 0.01 mg) B RRE IF RIS 40465 5t
Sy AR TR L ) P R R T HE A U I R AR R (T L
DRI 2 TR AN R A 78 o 1Y), B R 4T R
AN 600 CHHLBRIF AT R, 4Pl f TH 31 600
CHTFEGTEI, WSRO £10 'C. BERF 1 h X
H— R, AR E B S R TR, A3 2R
FEAME R . RS 5 ST TR Tt 2 22 )
SRR IR G N o A3 R R R RR S 10 IR, SRS HEL
SPRIE

B8 )2 TR PR A R PR A/ HT—500 it JBE 6 B 4
L5 | N S Ao 1 7 i W = B < B B b (ks R
ITEAB K (R E 5 mPa), HJE 400 C, 4% 1h;
SR JE K IR JAREESR S AE 200 “CHT 600 CHIIRE &1 T
AT EER BRI . I8 JORFEE A BE L, XFBEPE N
RIMPMICHT SisNy FIEEER(EAE 5 mm), VLM 4
200 g, TYHREHEE N 0.176 m/s, R4 15 min,
JEE R DRV EOR FRAEL froax=2 - K H Dektak 3 24 GBSO
FF P2 THRH AR 2 AN BE LA AR A T o BE BV I
Jiidie SeDH RRERR T B R 1 R AR A R, AR it
THEEARES R IR B R A AR A AR . AN
FEM R R] ERENLEEL 10~12 M E ST, RFE
{14 Foe 2% B AR BT LI S v S P AR
ATERES . VR BT AR AR, 2t =
FIBRF . B EAEHE AR 400 'C4 1 h BB KA
Bl 5 R H) HVM-IT 4 [CRE RS vl &, 28067 0.98 N,
FFITE]) 15's, B 20 IRIPPIME, HEERWE 2 o),

B R AE B A B v T AR A O &5 R SR
Thermo ARL Y X S ZATHHX(XRD)HAT 7347, ATiHt
ARG 20°0~80°, Cu #, K, H1£:(A=0.154056
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nm), X S HTRN 40 mA, HIEN 40kV, KN
0.033 (°)/s. K Hitachi—S4700 %37 % 5433t 1 i
T EBL(FESEM) M G4 22 BE B T s IR T B3, Il
JEN 15 kV.o BEADE I s R 7 S A
5 R RS e (EDS) AT 40 M, RFFITIE A 100 s0

2 BTSRRI

Table 2 Hardness of coatings before and after heat treatment

) . Hardness, HV,
Alumina concentration
. -1 Annealed at
in bath/(g'L ™) As-plated
400 C for 1 h
0 512 894
1.5 561 921
3 599 976
4.5 637 1033
6 701 1137

2 HR5ITR

2.1 EEEEMKRS SRR

3 A S Z = gy . FEAS NI
P. ALFIOJCHE. HTREEE G ORI,
i ALO; s e R Al TG 1 5 ALO; If1k
bR LU B o PRUAIRAE 3R A7 /D a5t PR R B
O, FrLAsill A & i b pb 24 s 2, 3R 3
AL BEEPERP AR ALO; FHE I N, HEEhah
K ALO; TR/ N, Has s gb— 20 kT 4
BEZT Ni JUEM P s RN R HC s,
PLIHYK ALO; AN Ni-P ELARYE 21 P 35 5 520
BN

PEAPEERIRIES N & 1 FrR o 3l b mr 4,
Bl 1(a)H Ni-P 45 )2 BT 52 DRI AR S5 A TR &% HLOR /S
A, T 1) 2 A IR 4 R TR Wik T

F3 RN
Table 3 Composition of Ni-P-nano Al,O; coating

Nano-Al,O; concentration Mass fraction/%
inplatingbath/(gL™") Ni P Al O ALO;"
0 90.18 9.67 0 0.15 0
1.5 89.46 9.45 049 0.60 0.93
3 88.97 9.39 0.77 0.87 1.46
4.5 88.67 9.11 1.09 1.13 2.06
6 8745 9.29 1.62 1.64 3.06

1) Calculated value of Al,Os.

FUU B AT . X A& A ALO; JIURE R 5073 A A2 4%
JEH T Ni RES A KRB R, B R+
ALO; Frabilis, XMILGOBRI S, WK 1c)im. K
1(c) T bR 5 1) 2 18T R IR K et/ BB AR T 3R T2
ALO; AP AE RIS, LMK 4584 2 1] 3 Sl
BOhEMT . PR R ORDRE B I st gt R W, Bl BE
W ALO; FHEL MG N, BE 2 HHREFE M 0.43 pum Tt
4 0.67 pm.

B AN S B R 2 B2 AR A I R TR T3
Fig. 1 Surface morphologies of as-plated electroless coatings
with various alumina concentrations in bath: (a) Ni-P; (b)
Ni-P-AL,O;, 3 g/L; (c) Ni-P-Al,O;, 6 g/L

22 ERIEEHEH

F 2(a) T AR P UK ALOs 0 3 g/L (1%
JZ(ALO; TR HUN 1.46 %)AEBEAIT K XRD i, 7
15 20 hy 450 /Ay I — AW RE e AR TR SR 0, 0
BB S T0 8 T B S 45K, 1T 25 A RO AT S Dk
N FHEE T ALOs Bk, AFTESN, A 2E A
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Fig. 2 XRD patterns of electroless coatings with various
alumina concentrations in bath: (a) 3 g/L, as-plated; (b) 0 g/L,
after oxidation; (c) 3 g/L, after oxidation; (d) 6 g/L, after

oxidation

2.3 ESEEMSESLMELE
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17 RAFARE PRI, e T 482 A R AU A
P AR AR IR T A D, R AL (KT
E AL TERER . EAh, BRI LR B A R T

"—6 g/l

Mass increment/mg
W
T

2r v—4.5g/L
Aa—3¢/L
1+ *—15gL
+—0g/L
0 1 1 1 1
0 1 2 3 4

Oxidation time/h

Mass increment/mg

| |
0 1.5 3.0 4.5 6.0
Alumina concentration in bath/(g-L™")

3 600 "C i A e ORE IR TR -5 AL I TR AR AL
BRI R

Fig. 3 Relationships among mass increment of samples and

oxidation time (a) and alumina concentration in bath (b) after

high-temperature oxidation at 600 C
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BEPERR. X UHGIK ALO; MR LK
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RELRfift b BE BT A 22 Ak 5 4, 31 iRl o 10
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Fig. 4 Effects of alumina concentration in bath on friction

coefficient of coatings

Bl5 BERZ 600 °C it B 4 )R i E 3

Fig. 5 Surface morphologies of wear scar of coatings after
wear testing at 600 C: (a) Ni-P; (b) Ni-P-Al,O;, 3 g/L; (c)
Ni-P-AlLO;, 6 g/L
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Fig. 6 Relationship between wear rate of coating and alumina

concentration in bath

SOEF IR T S P PO DA N 2 Y AR SN S
FEIPHASVE R, M TTssi s 2, BT B (L3 2), fif
B2 TR L B M R T . NI, 2R ALO,
WG HMZ, Ni-P-ALO; &454% 2 A B P fE bk
4 17:261 B 6 o, B 2 AE 200 “C R BIBERRZE L 600 °C
THI/MREZ, KRR 600 CF, 45552 NigP
Je Ni AR dihikA, 952 R0 RE , stk A i
FNBG L) 2 Pk B AR R AIG, A6 R () B 4R LB Rt
B AE T, BEE AR ER I, AR R K,
SEEZ BTG, PEENECT R, B R
INBI, gk, BB PR 4K ALO; S IR N, 600
CHY, P52 B2 R (R L 200 TR,
XYL 600 “C K AlLOs UG 4% J2 1) 1 i 25 B
A

3 Zig

1) BEJ2AE 600 CHEALEREP & 7R MAN Ni &
WS IR AR Ni. NiP AT NiO #H, 11 ALOs ki f#
Rl A A a5

2) BBV AR ALO; HIFHHINT I, $ET
ALO; W& B2 0, 8 2 R A A o o 48 o PR 42
DRI08) S It S AT S T R e, 8 22 ) R 4 24 )
PR, A R BTN LI R B B BRI A B T
LB AR Oy RSB R

3) BEZEAE 600 °C 1y JEE $82 DR BRI 25 2 357 EE: 200
CITIEAR, HGIK ALO; X2 il i 5 1 1) 38 5k
YEFAE 600 CHFEEA . MHM T 4K ALO; A
3 g/L I, BEE R A A R AR L, R DR S i
(L0 075, BE#HEA 11X10°~23x10"
m*/(N'm), S5 i kRt K o

REFERENCES

(1 A 7 AEESIERIM]. dbat: e Ok By ks, 2012:
2-5.

LI Ning. Practical technology of electroless plating[M]. Beijing:
Chemical Industry Press, 2012: 2—5.

[2] ZHANG Shu-sheng, HAN Ke-jiang, CHENG Lin. The effect of
SiC particles added in electroless Ni-P plating solution on the
properties of composite coatings[J]. Surface and Coatings
Technology, 2008, 202(12): 2807-2812.

[3]  *efe, RAE, hitte. B-BE- 20K E AL E B2 1
i PR R LR R B R AR (0], P RO, 2008, 35(4):



1810

A G EE R

2014427 H

[11]

[12]

610-614.
ZHENG Xiao-hua, SONG Ren-guo, YAO Jian-hua. Laser heat
treatment and wear resistance of electroless plating Ni-P-nano
AlLO; composite coatings[J]. Chinese Journal of Lasers, 2008,
35(4): 610-614.

EBRAHIMIAN-HOSSEINABADI M, AZARI-DORCHEH K,
VAGHEFI S M M. Wear behavior of electroless Ni-P-B,C
composite coatings[J]. Wear, 2006, 260(1/2): 123—-127.

KAGAR, KT, BRoA, whRUE. AZ9ID Bia St A
Ni-P-ZrO, [ L2 5 HERE[I]. T HEA (&g %3]k, 2006, 16(4):
625-630.

SONG Ying-wei,

SHAN Da-yong, CHEN Rong-shi, HAN

En-hou. Process and properties of electroless Ni-P-ZrO,
composite coating on AZ91D magnesium alloy[J]. The Chinese
Journal of Nonferrous Metals, 2006, 16(4): 625—630.
MOMENZADEH M, SANJABI S. The effect of TiO,

nanoparticle codeposition on microstructure and corrosion

resistance of electroless Ni-P coating[J]. Materials and Corrosion,

2012, 63(7): 614—619.

GER M D, HWANG B J. Effect of surfactants on codeposition

of PTFE particles with electroless Ni-P coating[J]. Materials

Chemistry and Physics, 2002, 76(1): 38—45.

MENG Zhen-qiang, LI Xi-bin, XIONG Yong-jun, ZHAN Jing.

Preparation and tribological performances of Ni-P-multi-walled

carbon nanotubes composite coatings[J]. Transactions of

Nonferrous Metals Society of China, 2012, 22(11): 2719-2725.
W, # AR BRI A 2k 2 5 2 A a6 K

PERE[I]. AT (4B 24 4R, 2007, 17(8): 1280-1285.

JIN Ya-xu, HUA Lin. Preparation and properties of electroless

composite plating of nickel-phosphorus-potassium titanate

whisker[J]. The Chinese Journal of Nonferrous Metals, 2007,

17(8): 1280—1285.

K2, gk, X, ks, w2

RO I 2 S 2 I R R A R[]

33(3): 267-274.

JEE. Ni-P-g0K 2RI

R 2], 2013,
LIU Yun-feng, ZHU Yong-wei, LIU Ting-ting, ZHANG
Shang-wen, PENG Yan. Friction and wear properties of Ni-P

electroless composite coatings with core-shell nanodiamond[J].

Tribology, 2013, 33(3): 267-274.

VEIRE, AT, Ao B AR S S LR T ST JiE 0],

FBE 51, 2010, 29(10): 23-26.

XU Qiao-yu, HE Wei-jiao. Research progress of Ni-P based
nanoparticle composite coatings by electroless plating[J].
Electroplating and Finishing, 2010, 29(10): 23-26.

de HAZAN Y, WERNER D, ZGRAGGEN M, GROTEKLAES
M, GRAULE T. Homogeneous Ni-P/AL,O; nanocomposite

coatings from stable dispersions in electroless nickel baths[J].

[13]

[14]

[15]

[16]

[17]

[18]

[20]

[21]

Journal of Colloid and Interface Science, 2008, 328(1): 103—109.
BALARAJU J N, KALAVATI, RAJAM K S. Influence of
particle size on the microstructure, hardness and corrosion

resistance of electroless Ni-P-Al,O; composite coatings[J].

Surface and Coatings Technology, 2006, 200(12/13):
3933-3941.

PRk, Bk, sk IE. b2 Ni-P/AIK ALOs & #2444
¥ B VEREBIESL[I]. #BHRD, 2007, 40(10): 26-28.

YAO Su-wei, MU Gao-lin, ZHANG Wei-guo. Properties of
electroless Ni-P/nano-ALO; composite coatings[J]. Journal of
Materials Protection, 2007, 40(10): 26—28.

¥, AT, A, TR, @
K ALO; AR BE 1 BERTIE )]
1-4.

HR, M. Ni-P-gh
. HUBE S YR, 2007, 26(3):

WANG Fang, YU Hong-ying, SUN Dong-bo, WANG Xu-dong,
MENG Hui-ming, YANG De-jun. Study on the wear resistance
performance of Ni-P-nano-Al,O; composite coatings[J].
Electroplating and Finishing, 2007, 26(3): 1—4.

TR, AR, GURBRIA INAEX Ni-P-ALO; 4 Z 435
SRV B Pk R T]. 54, 2013, 34(3): 223-227.
YU He-wei, LI Mou-cheng. Influence of addition of
nano-particles on corrosion resistance of Ni-P-Al,O3; composite
coatings[J]. Corrosion and Protection, 2013, 34(3): 223-227.
SHARMA A, SINGH A K. Electroless Ni-P and Ni-P-ALO;
nanocomposite coatings and their corrosion and wear
resistance[J]. Journal of Materials Engineering and Performance,
2013, 22(1): 176—183.

KT, MR, ARSI A 2
[E45 a4 m 23R, 1998, 8(3): 415-419.

WU Yu-cheng, DENG Zong-gang. Microstructure and properties

ity 5 vERe[].

of amorphous Ni-P alloys[J]. The Chinese Journal of Nonferrous
Metals, 1998, 8(3): 415—419.

NS, X &, VE W, ARER, WISOW, TG 49K
PERE 70 A0 2 AR - 15 i AR AT I SR T]. PR A

&) 2], 2004, 14(1): 64—68.
GAO Jia-qiang, LIU Lei, SHEN Bin, ZHU Jian-hua, HU
Wen-bin, DING Wen-jiang. Crystallization behavior of ALO;
nano-composite coatings prepared by electroless plating[J]. The
Chinese Journal of Nonferrous Metals, 2004, 14(1): 64—68.
ARk, B il AR M. Jbat f s T A,
2003: 139-152.

LI Tie-fan. Metals high-temperature oxidation and hot
corrosion[M]. Beijing: Chemical Industry Press, 2003: 139-152.
R, B, ZFCE NVZiO, 9K E 5 2 Bt sl
SEALTE[T]. ThEekt kL, 2012, 43(21): 2930-2933.

YUAN Qing-long, LING Wen-dan, LI Ping. High temperature

oxidation resistance of nickel-base nano-ZrO, composite coating



H24 % T

PoE=N
H e

AR, S5 AR

Ni-P-Al,O5 10248 )2 1 e Ui 45 1

1811

(23]

[24]

[25]

prepared with electro-brush plating[J]. Journal of Functional
Materials, 2012, 43(21): 2930-2933.

EEAM. bR A Ni-P/ALOs il 1.2 K i BE K WF 5T
[D]. MR W /RIE T R2E, 2009: 40-41.

GONG Yu-mei. Preparation and corrosion properties of
electroless composite Ni-P-ALO; alloy[D]. Harbin: Harbin
Institute of Technology, 2009: 40—41.

ALIREZAET S, MONIRVAGHEFI S M, SALEHI M, SAATCHI
A. Wear behavior of Ni-P and Ni-P-Al,Os electroless coatings[J].
Wear, 2007, 262(7/8): 978—985.

JIANG Xu, LIU Wen-jin, DONG Shi-yun, XU Bin-shi. High
temperature tribology behaviors of brush plated Ni-W-Co/SiC
composite coating[J]. Surface and Coatings Technology, 2005,
194(1): 10-15.

ZHOU Guang-hong, DING Hong-yan, ZHOU Fei, ZHANG Yue.

[27]

Structure and mechanical properties of Ni-P-nanoAl,O;
composite coatings synthesized by electroless plating[J]. Journal
of Iron and Steel Research International, 2008, 15(1): 65—69.
RER, BT, WO, AR A R PR
SUREMTERE[T]. B L8 JE %), 2000, 10(S1): s64-s68.
WU Yu-cheng, WANG Wen-fang, YE Min, SONG Guang-min.
Effect of alumina reinforcement on properties of electroless
deposited nickel-matrix coating[J]. The Chinese Journal of
Nonferrous Metals, 2000, 10(S1): s64—s68.

LEON O A, STAIA M H, HINTERMANN H E. High
temperature wear of an electroless Ni-P-BN(h) composite
coating[J]. Surface and Coatings Technology, 2003, 163:
578-584.

(4mig  FTHBLD)



