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Abstract: Severe wear failure of spline tooth limits reliability and service life for mechanical transmission parts, traditional surface
treatments like carburization and nitriding are incapable to meet the requirements of friction reduction and wear resistance for spline
tooth. To improve the wear resistance of internal spline tooth, high density plasma generated by hollow cathode discharge (HCD) is
used for the deposition of multi-layer Si-DLC films on inner surface of internal spline with a high aspect ratio by plasma enhanced
chemical vapor deposition(PECVD). Effects of deposition pressure and pulse frequency on cross-section morphology, microstructure,
thickness distribution and mechanical properties for films are studied, respectively. The results show that deposition pressure and
pulse frequency are both significant parameters which affect the performance and thickness distribution for films prepared on internal
spline tooth. The film’s thickness at tooth top, middle and root are all increased with the increasing deposition pressure from 8 Pa to
10 Pa, however, the hardness and elastic modulus are both decreased. The film’s thickness decreased while the pulse frequency
increased from 300 Hz to 500 Hz. The thickness distribution along tooth profile optimized when the density of plasma increases
which resulted reduced overlapping of cathode sheath. This paper provides foundations for development and application for
wear-resistant coatings for power transmission system.
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Table 1 Deposition parameters for Si-DLC films on inner surface of internal spline

Gas flow / (cm® « min™)

Film Pulse voltage / V Deposition pressure / Pa Pulse frequency / Hz Pulse width /us  Time / min
Ar TMS  CoH,
Plasma etching 200 -1100 11 500 20 30
Si 200 8 -1 060 8-9-10 300-400-500 20 7
Si-DLC 150 8 80 -1 060 8-9-10 300-400-500 15 10
DLC 150 80 -1 060 8-9-10 300-400-500 15 6
Si-DLC 150 8 80 -1 060 8-9-10 300-400-500 15 10
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532 nm G Es R, WPLE S 1.25 pum, FHGTEH
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SR P R B A AR, SR T IR VR P
B KRR 300 nm.
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Kl 3 RAFPIRAETS, ik Si-DLC
BRI TSN, T DUULE B e 48 Hi%Es:, o
WL, SRS R, Lo ENRS. ek
VI W ORTA R = Ab SR ) Si-DLC ik 3 45
BEAG DOV RS R T HG K, RIS R OB i 4 i
FHAERRMIMER, Myt R 10 Pa ibf,
WK = AL B () Si-DLC R Rk sk, 7>
5124 6.75 um. 5.07 pum 1 5.09 pm. &l A LU
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Fig. 3 Cross-section morphology for Si-DLC films on internal spline tooth with different deposition pressure
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Fig. 4 Cross-section morphology for Si-DLC films on internal spline tooth with different pulse frequency
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Fig. 5 Raman spectra of Si-DLC films prepared on internal spline tooth with different deposition pressure
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Fig. 7 Raman spectra of Si-DLC films prepared on internal spline tooth with different pulse frequency
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Fig. 11 Load-depth curves for Si-DLC films on internal spline tooth with different deposition pressure
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Hardness / GPa

=

b=

o

—=— Tooth top
—=— Tooth middle
B —&— Tooth root
.————__.______________.
300 400 500
Frequency / Hz

(a) Hardness

Elatic modulus / GPa

90

L = = -]
o Wt o W O La

—#— Tooth top
—+— Tooth middle
—4— Tooth root

300

400
Frequency / Hz
(b) Elastic modulus

3

14 AS[rIfarAi R ARge UG 2R 1 Si-DLC I (12 Al AR i 2 485 o
Fig. 14 Hardness and elastic modulus for Si-DLC films on spline tooth with different pulse frequency

i R 2 A Si-DLC S, s R e —
B, SRR AR, T EERE, M T
N, Si-DLC I RE o 25 48 i FLaR Tl 7, 1A 3] 7~
11 GPa, A kb 1 A BT IR B 1 R

ok

2518

(1) FJH HCD-PECVD $i AL KK A% b P A6 B



52 1

TRRH, A5 POBV TR ket o) P Ae B ik 3 i Si-DLC il BEAE BE ) 52 ) 251

(2) JREH & R A, DU AU Sk AR
SO N fERR U T Si-DLC TR . MG
SHEREM S EL YIRS )\ 8 Pa 19N #1 10 Pa
B, PIAEEEA A T U7 AR — Ab (1) Si-DLC
VRGP A it 38 T, P R R i A A
B2 BAR,  BEAE ki )\ 300 Hz 341 %) 500 Hz,
WACBEDT AT . Db LR VAR — 47 & () Si-DLC
VR IG5 P88 34138 B A1

(3) R PURA R B ks kA4 24w DA
RS UTE T ) B S, X OE A A A
35 T T vy 1 S B A 2 0 B R 2 AT
WG TR MRS NES, e TSR 1425
PERTEL.

Z % x W

[1] ke, B, MR, 45 et ssial]. o
iR A, 2017(3): 91-100.

WANG Yongliang, ZHAO Guang, SUN Xucong, et al.
Review on research of aviation spline[J]. Aeronautical
Manufacturing Technology, 2017(3): 91-100. (in Chinese)

[2] XUE X Z, WANG S M, LI B. Modification methodology
of fretting wear in involute spline[J]. Wear, 2016,
368-369: 435-444.

[3] CURA F, MURA A, PSD Sevilla. Recent advances in
spline couplings reliability[J].
Integrity, 2019, 19. 328-335.

[4] WAIEMR, ARUS, #)R, SE. A Bz et
T AL BE R S IS B ma ). i s )ik,
2013, 28(7): 1644-1649.

HU Zhenggen, ZHU Rupeng, JIN Guanghu, et al. Effect

Procedia  Structural

of axial piecewise parabolic modification of fretting wear
parameters of involute spline couplings[J]. Journal of
Aerospace Power, 2013, 28(7): 1644-1649. (in Chinese)

[5] CURA F, MURA A. Evaluation of the fretting wear
damage on crowned splined couplings[J]. Procedia
Structural Integrity, 2017, 5: 1393-1400.

[6] SCHAUBHUT A, SUOMI E, ESPINOSA P. Aircraft
engine bearings and splines[R]. Boston: Mechanics of
Contact and Lubrication ME5656, Northeastern University,
2009.

[71 KUP M, VALTIERRA M L. Spline wear-effects of design
and lubrication[J]. Journal of Engineering for Industry,
1975, 97(4): 1257-1263.

[81 CHENLY, ZHAOY, CHEN X, etal. Repair of spline

shaft by laser-cladding coarse TiC reinforced Ni-based

coating: Process, microstructure and properties[J]. Ceramics
International, 2021, 47(21): 30113-30128.

[9] UEDA M, SILVAAR, PILLACAEJD M, etal. New
possibilities of plasma immersion ion implantation(P111)
and deposition(P111&D) in industrial components using
metal tube fixtures[J]. Surface and Coatings Technology,
2017, 312: 37-46.

[10] fEte. deve KOS U R B AR AR i 45 fy e vk
4 [D]. dbnt: EA AR A 5T, 2018
ZHAN Hua. Design and preparation of element doping
carbon-based thin films for marine atmosphere
environment applications[D]. Beijing: Chinese Academy
of Agricultural Mechanization Sciences , 2018. (in
Chinese)

[11] DUD X,LIUD X, Y ZY, et al. Fretting wear and fretting
fatigue behaviors of diamond-like carbon and
graphite-like carbon films deposited on Ti-6Al-4V alloy[J].
Applied Surface Science, 2014, 313: 462-469.

[12] Zhote, AN, SETE VU R AT 5T e 5 B 142 5 AL 1
PEHRBAMI T S 5 b W [9]. b [ 31 A2, 2012,
25(1): 1-10
WEI Ronghua, LI Canmin. Plasma immersion ion
deposition research at SWRI and its practical applications
[J]. China Surface Engineering, 2012, 25(1): 1-10. (in
Chinese)

[13] NAKAZAWA H, KAMATA R, MIURAS, et al. Influence
of duty ratio of pulsed bias on structure and properties of
silicon-doped diamond-like carbon films by plasma
deposition[J]. Thin Solid Films, 2013, 539. 134-138.

[14] NAKAZAWA H, MAGARA K, TAKAMI T, et al. Effects
of source gases on the properties of silicon/nitrogen-
incorporated diamond-like carbon films prepared by
plasma-enhanced chemical vapor deposition[J]. Thin
Solid Films, 2017, 636: 177-182.

[15] ZHANG S, SUN D, FU Y. Toughening of hard
nanostructural thin films: A critical review[J]. Surface and
Coatings Technology, 2005, 198(1-3): 2-8.

[16] HOGMARK S, JACOBSON S, LARSSON M. Design
and evaluation of tribological coatings[J]. Wear, 2000,
246(1-2): 20-33.

[17] LIL, GUOP, LIULL, etal. Structural design of Cr/GLC
films for high tribological performance in artificial
seawater: Cr/GLC ratio and multilayer structure[J].
Journal of Materials Science & Technology, 2018, 34(8):
1273-1280.

(18] #hpledc, B, At <5 bt BB 20



252

b =B X W L =

2022 4F

[19]

[20]

[21]

[22]

[23]

[24]

[25]

P b % Si-DLC 5 kg Ak B 2 [J]. b 3%
i T#%, 2019, 32(3): 69-79.

SUN Weiwei, TIAN Xiubo, LI Mugin, et al. Effects of
bias voltage on structure and property of Si-DLC films
fabricated by self-source cage type hollow cathode
discharge process[J]. China Surface Engineering, 2019,
32(3): 69-79. (in Chinese)

ZHAO R, STEINER J, ANDREAS K, et al. Investigation
of tribological behaviour of a-C: H coatings for dry deep
drawing of aluminum alloys[J]. Tribology International,
2018, 118: 484-490.

WANG X Y, SUI X D, ZHANG S T, et al. Effect of
deposition pressures on uniformity , mechanical and
tribological properties of thick DLC coatings inside a long
pipe prepared by PECVD method[J]. Surface and
Coatings Technology, 2019, 375: 150-157.

KONG L G, ZHANG M L, WEI X B, et al. Observation
of uniformity of diamond-like carbon coatings utilizing
hollow cathode discharges inside metal tubes[J]. Surface
and Coatings Technology, 2019, 375:. 123-131.
PILLACA E J D M, RAMIRES M A, GUTIERREZ
BERNAL J M, et al. DLC deposition inside of a long tube
by using the pulsed-DC PECVD process[J]. Surface and
Coatings Technology, 2019, 359. 55-61.

WEI R H, RINCON C, BOOKER TL, etal. Magnetic
field enhanced plasma(MFEP) deposition of inner
surfaces of tubes[J]. Surface and Coatings Technology,
2004, 188-189: 691-696.

MUHL S, PEREZ A. The use of hollow cathodes in
deposition process: A critical review[J]. Thin Solid Films,
2015, 579: 174-198.

XUL, LILH, LUOSD, et al. Self-enhanced plasma
discharge effect in the deposition of diamond-like carbon
films on the inner surface of slender tube[J]. Applied
Surface Science, 2017, 393: 467-473.

[26]

[27]

(28]

[29]

[30]

[31]

BRIEHL B, URBASSEK H M. Plasma recovery in
plasma immersion ion implantation: Dependence on pulse
frequency and duty cycle[J]. Journal of Physics D:
Applied Physics, 2002, 35(5): 462-467.

LI Y, ZHENG B C, LEI M K. Plasma low-pressure
nonsteady diffusion fluid model for pulsed plasma
recovery[J]. IEEE Transactions on Plasma Science, 2013,
41(1): 43-48.

SHIBATAY, KIMURAT, NAKAO S, etal, Preparation
of silicon-doped diamond-like carbon films with electrical
conductivity by reactive high-power impulse magnetron
sputtering combined with a plasma-based ion implantation
system[J]. Diamond & Related Materials, 2020, 101:
107635.

HIRATA'Y, CHOI J. Structure and mechanical properties
of a-C: H films deposited on a 3D target: comparative
study on target scale and aspect ratio[J]. Journal of
Physics D: Applied Physics, 2017, 50(15): 155204.
TR, TN, GER FETRRBETEANS
RO B e S i el 3], b [ i A%, 2010,
23(1): 9-14.

WANG Langping, WANG Xiaofeng, TANG Baoyin. The
development and key problems of plasma immersion ion
implantation and  deposition[J].  China
Engineering, 2010, 23(1): 9-14. (in Chinese)
VALENCIAF J, SANTIAGO J, RAQUEL GONZALEZ-
ARRABAL R, et al. Nanoindentation of Amorphous

Surface

Carbon: and simulation

approach[J]. Acta Materialia, 2021, 203: 116485.

A combined experimental

TEBENY: AW, Y, 1994 AR, WL, FETFR A
R TE T

E-mail: 306843499@qq.com

EEE CEAGAERD, 55, 1967 44, Wk, 900, WLt
Uilie EEERFFOIS AR L.

E-mail: 13701380963@163.com



