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FI~800 CiEVuE N A BiEE R HHATS T
(h)BN FURLAY 5 5 S P AR I S b o

AW LL GHA169 8RJE il & S N AA, 7Rk 225%
Ni-Mo-P E &4 ZF A (h)BN, 5 Ni-Mo-P %2 Al
Ni-Mo-P/(h)BN & &4 21 =i 300, 500, 700 'C FHI
TR ZH 23 35 A 1 BE 5 2 P e
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W ATIE T 5, N BRI ERIR & AR P R
BE 7 min, JRN 20%HCH ¥ 5L 2 min, 555 NG
W R, 3K15 Ni-Mo-P/(h)BN B &85 ke, S5
ST FISEIR S B 1 AIER 2, (h)BN ¥ K KIZ N 200 nm.
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Table 1 Composition of electroless Ni-Mo-P/(h)BN deposit

*2 WHEEAYE Ni-Mo-P/(h)BN I TEEH
Table 2 Process conditions of electroless Ni-Mo-P/(h)BN deposit

Parameter Value
pH 9.5
Temperature/C 90
Time/h 1
(h)BN particle content/g-L™ 4
Stir speed/r-min’ 200

1

Constituent of bath Concentration/g-L

NiSO4 6H,0O 30
Na3CsHs07-2H,0 30
NaH,PO, H,O 30
Lactic acid 10
Na,Mo0O4-2H,0 0.6

Sodium dodecyl sulfate 0.05

Pb(CH3COO),'3H,0 0.006

BT (h)BN R A MK, JLPAETK, HE
KL/, RIMREMCK, TEEIR 25 5 I SRR, §om
T (W)BN KL 75 8% J2 v 1 3550 40 A R JZ P U (5
B, MRS 2 B (h)BN Ok BE T IR AL, A
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B8 2R xR B
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Fig.l Standard diagram of indentation grade
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Fig.2 Backscattered electron images of the surface of the deposited coatings: (a) Ni-Mo-P coating and (b) Ni-Mo-P/(h)BN composite coating
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Fig.3 Cross section of deposited coatings: (a) Ni-Mo-P coating and (b) Ni-Mo-P/(h)BN composite coating
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Fig.4 Surface morphologies of Ni-Mo-P coating in the non-abrasive region after friction test at different temperatures: (a) 25 C, (b) 300 C,

(¢) 500 °C, and (d) 700 ‘C
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Fig.5 Surface morphologies of Ni-Mo-P/(h)BN coating in the non-abrasive region after friction test at different temperatures (a) 25 C, (b) 300 C,

(¢) 500 °C, and (d) 700 ‘C
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Table 3 Surface composition of non-wear mark of Ni-Mo-P and Ni-Mo-P/(h)BN coatings after friction wear test at different

temperatures (at%)

Type of deposited coating ~ Coating temperature/C Ni Mo P B N 0
Ni-Mo-P 25 84.53 5.12 5.67 - - 4.36
Ni-Mo-P 300 83.73 6.47 3.62 - - 5.17
Ni-Mo-P 500 66.83 4.97 2.60 - - 24.75
Ni-Mo-P 700 45.32 2.75 1.30 - - 47.24

Ni-Mo-P/(h)BN 25 81.97 4.01 10.62 - - 3.40
Ni-Mo-P/(h)BN 300 80.02 3.50 9.52 - 0.18 6.77
Ni-Mo-P/(h)BN 500 61.39 2.58 8.86 - 1.17 26.00
Ni-Mo-P/(h)BN 700 48.06 0.48 0.40 0.02 3.95 47.09

Ni-Mo-P %42 Mo fl P & &/ MFIKE 2.75at%F
1.30at%, Ni-Mo-P/(h)BN E& =M 1) Mo 1 P & 41
FN 0.48at%A1 0.40at%. M 4d FIE 5d 7T LLEH
i, B R REAFAE K& VA SRR, XN EEE
RERERB N HEIAL, FENT Mo 5 0 KAEHEMK
TERRAE R MR MoOs, [FII P A ALTE A% &1 1) S b
Yy, EERENIER T REZ LR, PRSI,
Ak, w] D EZ FIFE iR N Ni-Mo-P/(h)BN % )2 A Il
HT NITER.
2.2 S
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[F) il B R P )5 Al B JR X 3 (1) XRD B . 7F 26=44.5°
1 20=76.4° KL ) Ni (111)F1Ni (220)A7 50 3L 7 45/ A
FERB RIS, XAKN Ni i HE RS Ni-Mo
WARMTERG, Ni FETFEEDNT Mo MIETHE, 4
Ni 79 Mo J& 7 FrBURET,  dbkg A A A8, 5 T A 2R
2K, Ni-Mo BB Ni A7 5w 4K A FE AL B
B, Mo [ s AV A RT3 m i 2 10RERE .t

Bl 6 nTLAKRIN, 7£ 300 CLAR, $EZRIMS WA KE
BRI L, BB Ni (1D . BE%E R
B, Ni (111)0 55 BH 23
FRIE XRD P AR N (111)I8F0 NisP (23 1)U % 7%,
i FHl Scherrer 52 (AT (2) ) T H P8 ok )~
AR 3 HHHBEZNESE, HHAERILE 4.
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Fig.6 XRD patterns of Ni-Mo-P coating (a) and Ni-Mo-P/(h)BN composite coating (b) after friction wear test at different temperatures
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Table 4 Average grain size and crystallinity of coatings after

friction wear test at different temperatures

Average grain size,

Type of deposited ~ Coating Crystallinity,
th]/ nm
coating temperature/C Xc/%
Ni NisP

Ni-Mo-P 25 13.3 - 14.98
Ni-Mo-P 300 13.8 - 20.86
Ni-Mo-P 500 143 12.6 26.76
Ni-Mo-P 700 184 238 31.03
Ni-Mo-P/(h)BN 25 8.4 - 15.95
Ni-Mo-P/(h)BN 300 13.3 - 26.18
Ni-Mo-P/(h)BN 500 17.1 19.3 35.60
Ni-Mo-P/(h)BN 700 22.1 389 51.94
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Fig.7 Microhardness of coatings after friction wear test at different

temperatures
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Fig.8 Indentation morphologies of Ni-Mo-P coating after friction test at different temperatures: (a) 25 C, (b) 300 C, (¢) 500 C, and (d) 700 'C
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Fig.9 Indentation morphologies of Ni-Mo-P/(h)BN coating after friction test at different temperatures: (a) 25 C, (b) 300 ‘C, (c) 500 C, and
(d) 700 'C
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Fig.10 Coefficient of friction curves after friction wear test at different temperatures: (a) Ni-Mo-P coating and (b) Ni-Mo-P/(h)BN composite

coating
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Fig.11 Wear rates after friction wear test at different temperatures: (a) Ni-Mo-P coating and (b) Ni-Mo-P/(h)BN composite coating
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Fig.12 Morphologies of wear marks (al-a2, b1-b2, cl—c2, d1-d2) and wear spots (a3, b3, c3, d3) of Ni-Mo-P coating after friction test at
different temperatures: (al-a3) 25 C, (b1-b3) 300 C, (c1-¢3) 500 C, and (d1-d3) 700 ‘C
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Fig.13 Cross-sectional profiles of wear marks after friction test at different temperatures: (a) Ni-Mo-P coating and (b) Ni-Mo-P/(h)BN composite
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Fig.14 Morphologies of wear marks (al—a2, b1-b2, c1—c2, d1-d2) and wear spots (a3, b3, c3, d3) of Ni-Mo-P/(h)BN coating after friction test at
different temperatures: (al-a3) 25 C, (b1-b3) 300 C, (c1-¢3) 500 C, and (d1-d3) 700 ‘C
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Table 5 Composition of wear marks of Ni-Mo-P/(h)BN coating in Fig.14 after friction wear test at different temperatures (at%)

Area Ni Mo P B N (¢} C Fe Cr
1 87.27 6.57 2.19 2.63 1.34
2 85.15 5.80 3.72 3.15 2.18
3 40.97 2.97 1.94 51.00 2.01 0.70 0.41
4 64.81 391 3.00 21.66 2.25 2.20 1.17
5 43.51 2.66 1.50 50.17 1.36 0.54 0.26
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Fig.15 Average width (a) and average depth (b) of wear marks of coatings after friction test at different temperatures
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Tribological Properties of Electroless Ni-Mo-P/(h)BN Composite Coatings in
Wide Temperature Range

Xia Yul’z, Wei Chunbeiz, Lin Songshengz, Xiang Qingchunl, Shi Qian2
(1. School of Materials Science and Engineering, Shenyang University of Technology, Shenyang 110870, China)
(2. National Engineering Laboratory of Modern Materials Surface Engineering Technology, Guangdong Provincial Key Laboratory of Modern
Surface Engineering Technology, Guangdong-Hong Kong Joint Laboratory of Modern Surface Engineering Technology, Institute of New

Materials, Guangdong Academy of Sciences, Guangzhou 510651, China)

Abstract: Ni-Mo-P coating and Ni-Mo-P/(h)BN composite coating were prepared on the surface of GH4169 nickel-based superalloy by
electroless composite plating technique. The tribological behaviour and microstructure of the coatings after friction wear test at different
temperatures were investigated. The tribological properties of the coatings at room temperature, 300, 500 and 700 °C were investigated by
ball-disc friction and wear test machine. The chemical composition and microstructure of the coatings after friction wear test at different
temperatures were analyzed by scanning electron microscope, energy spectrometer and X-ray diffractometer. The mechanical properties of the
coatings after friction wear test at different temperatures were characterized by microhardness tester and Rockwell indentation tester. The results
show that the deposited Ni-Mo-P coating and Ni-Mo-P/(h)BN composite coating are predominantly amorphous structure containing a small
amount of nanocrystalline, and the surface of the coatings is dense. The coatings transform from amorphous to nanocrystalline structure with the
increase in the temperature of friction wear test. As the temperature increases, the coatings undergo a transformation from amorphous to
nanocrystalline structure, accompanied by an increase in crystallinity. When the temperature increases above 500 °C, the precipitation of NizP hard
phase in the coatings occurs, and the oxidative volatilisation of the Mo and P elements results in the formation of pores within the coating and
reduction in its density. As the temperature increases, the hardness of the coatings exhibits a fluctuating trend, initially rising and then declining.
Concurrently, the adhesion strength between the film and substrate exhibits a gradual decline, progressing from HF1 grade to HF6 grade. With the
increase in test temperature, the coefficient of friction and wear rate are both increased first and then decreased, and the highest coefficient of
friction is observed at 300 °C. In the range of room temperature to 500 °C, the wear and oxidation of the coatings gradually aggravate with the
increase in temperature, and the highest wear rate is observed at 500 °C. Further increasing the temperature makes the friction interface have a
better lubrication effect, which improves the friction reduction and wear-resistant performance of the coatings at high temperature. The
incorporation of (h)BN particles into the coating enhances the P content, thereby increasing the toughness of the Ni-Mo-P/(h)BN composite
coating, improving the hardness of the composite coating, and strengthening the film-substrate bonding. Furthermore, the composite coating
exhibits superior wear resistance within the temperature range of room temperature to 700 °C.

Key words: Ni-Mo-P/(h)BN composite coating; microstructure; hardness; adhesion strength between the film and substrate; wide temperature

range tribological property
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