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Abstract: MoS,/Zn lubricating films were prepared by magnetron sputtering, and the influences of
atomic oxygen on tribological properties of the films were investigated. Results show that Zn incorporation
promotes the preferential growth of MoS, along the direction parallel to the (002) crystal plane, resulting in
a dense and ordered film structure that effectively suppresse atomic oxygen erosion into the film. The fric-
tion coefficient of the MoS,/Zn multilayer film is as 0. 02 and the wear rate is as 1. 9X10~" mm®/(N+m)
under atomic oxygen conditions (rotation speed is as 2 r/min. MoS, target current is as 1. 6 A, and Zn tar-
get current is as 0.3 A). The MoS,/Zn multilayer films exhibite better tribological properties in atomic
oxygen environment. Under an irradiation dose of 6. 12X 10* atoms/cm?. the average friction coefficient of
the MoS,/Zn multilayer film decreases to 0. 01. This performance improvement mainly stemmed from the
synergistic lubrication effects between MeO, formed after irradiation and the residual MoS,.
Key words: magnetron sputtering; MoS,; sliding friction and wear; atomic oxygen test
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Fig.1 Schematic diagram of film deposition
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Fig.2 XRD patterns of pure MoS, and MoS,/Zn films
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Tab.1 The elemental composition, thickness, and
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Fig.3 SEM images of the film, surface roughness, and TEM images of cross-section of film No. 4
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Fig.5 Tribological properties of MoS,/Zn films
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Fig.11 Schematic diagram of friction mechanism of
MoS,/Zn multilayer films under atomic

oxygen irradiation

3 i

T 3 XoF 5 A A RS B R 4% L 3 T MoS,-
Zn-MoS, Z |2 451, BA XA 451 1 MoS,/Zn 24
K22 2 AR LS PR o R B O S A R 4R I
PERE . Zn 09U n W] W £ #F T MoS, 1Y (002) £ 1
Y] o Al g B8 AE 2E K AR b B AT T (002) f
T 7 1) AR s A A0 o T R IR A T B 9 T
MoS, 1 i L 52 F e [, 7 RS 445 44 5 i 8o A
FF . H%3# 2 r/min,MoS, #L L 1.6 A Zn #1 HL 3
0.3 A f MoS,/7Zn 2 )72 1 5 HLAT B /)N 1) B8 482 IR 4
(0.02) FIEEHI 2 (1.9<10 "mm®/( Nem)), 7£J5
T IR, MoS,/Zn 22 )24 1 5 52 B 5 11 4%
FEBE L 7E 6.12 X 10% atom/em” i 58 IR B,
IR ) PEE 8 P R O PEE A i ks T AR L R DM K
2354 0.01, X TP F T 4R R Me-
O, 75 BE 8 ot B v g MoS, 022, 19K T MoS, )2 [H]
B UIAE w0 T s .

S % 30k

CL] ek, o7, BEESE . (SR BE i R s IR e 5
1 3 RE B W T kL], BE L. 2014, 34(1) .
93-112.

- 90 -

(2]

[3]

[4]

[5]

(6]

(7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

PU Jibin, WANG Liping, XUE Qunji. Progress of Tribol-
ogy of Graphene and Graphene-based Composite Lubricat-
ing Materials[ J]. Tribology, 2014, 34(1): 93-112.

WHT, EEW, TR, % . MoS,/WS, & A& W5 1 ¥4 55
IO AR e R R LT ] T LA TR, 2022, 33(12)
1468-1476.

FAN Xin, REN Siming, WANG Haixin, et al. Environ-
mental Adaptability and Tribological Properties of MoS,/
WS, Composite Films[ J]. China Mechanical Engineering,
2022, 33(12): 1468-1476.

AHMAD K, SHINDE M A, KIM H. Molybdenum Disul-
fide/Reduced Graphene Oxide: Progress in Synthesis and
Electro-catalytic Properties for Electrochemical Sensing and
Dye Sensitized Solar Cells [J]. Microchemical Journal,
2021, 169: 106583.

JIANG Y, SRIDHAR S. LIU Z. et al. The Interplay of
Intra- and Inter-layer Interactions in Bending Rigidity of Ul-
trathin 2D Materials [J]. Applied Physics Letters, 2023,
122(15): 153101.

OHMAE N. Influence of Atomic Oxygen on Space Tribol-
ogy in a Low Earth Orbit[ J]. Wear, 1993, 168(1/2) : 99-
103.

LYU Mei, WANG Qihua, WANG Tingmei, et al. Ef-
fects of Atomic Oxygen Exposure on the Tribological Per-
formance of ZrO,-reinforced Polyimide Nanocomposites for
Low Earth Orbit Space Applications[J]. Composites Part
B: Engineering, 2015, 77 215-222.

SHIN K B, KIM C G, HONG C, et al. Prediction of Fail-
ure Thermal Cycles in Graphite/Epoxy Composite Materi-
als under Simulated Low Earth Orbit Environments [ J].
Composites Part B: Engineering, 2000, 31(3): 223-235.
LIU Guanghai, CHENG Laifei, LUAN Xingang. Radia-
tion Damage Behavior of Carbon/Carbon Composite in
Low Earth Orbit Environment[J]. Ceramics International,
2019, 45(13): 16088-16096.

FAN Hengzhong, HU Tianchang, WAN Hongqi, et al.
Surface Composition-Lubrication Design of AL,O,/Ni Lami-
nated Composites—Part II: Tribological Behavior of LaF,-
doped MoS, Composite Coating in a Water Environment
[J]. Tribology International, 2016, 96 258-268.

HAN Cuihong, LI Guolu, MA Guozheng, et al. Research
on Atomic Oxygen Erosion Influence of Structural Damage
and Tribological Properties of Mo/MoS,-Pb-PBS Thin
Film[J]. Materials, 2022, 15(5): 1851.

FREY G L. TENNE R, MATTHEWS M J, et al. Ra-
man and Resonance Raman Investigation of MoS, Nanopar-
ticles[ J]. Physical Review B, 1999, 60(4) . 2883-2892.
ZHU Qianye, LIU Xi, WANG Yunfeng. et al. Effect of
Vacuum Atomic Oxygen Irradiation on Tribological Proper-
ties of MoS,/WC Multilayer Films[J]. Ceramics Interna-
tional, 2024, 50(14): 25103-25114.

GAO Zhenrong, NIE Weiming, WANG Haixin, et al. En-
hancing Mechanical Performance and High-temperature Lu-
brication Enabled by MoS,/WB, Nanolayered Films[J].
Composites Part B: Engineering, 2024, 275: 111350.
CROSS J B, MARTIN J A, POPE L E. et al. Atomic
Oxygen-MoS, Chemical Interactions[ J]. Surface and Coat-
ings Technology. 1990, 42(1): 41-48.

TAGAWA M, YOKOTA K, MATSUMOTO K, et al.
Space Environmental Effects on MoS, and Diamond-like
Carbon Lubricating Films: Atomic Oxygen-induced Ero-
sion and Tts Effect on Tribological Properties[J]. Surface
and Coatings Technology, 2007, 202 (4/5/6/7) . 1003-
1010.



LA T AR IR MoS,/Zn i 58 1 JB2 482 B 451 1 g

KTk

R/ > T

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

GAO Xiaoming, HU Ming. FU Yanlong, et al. MoS,-
Sb,O, Film Exhibiting Better
Atomic Oxygen Environment[ J]. Materials Letters, 2018,
219: 212-215.

FAN Xin, SHI Yanbin, CUI Mingjun, et al. MoS,/WS,
Nanosheet-based Composite Films Irradiated by Atomic

Oxidation-resistance in

Oxygen: Implications for Lubrication in Space[J]. ACS
Applied Nano Materials, 2021, 4(10): 10307-10320.

GAO Xiaoming, FU Yanlong, JIJANG Dong, et al. Con-
structing WS,/MoS, Nano-scale Multilayer Film and Un-
derstanding Its Positive Response to Space Environment
[J]. Surface and Coatings Technology, 2018, 353: 8-17.
JIANG Yun, ZHANG Wenjing, MI Xujun. et al. Antibac-
terial Property, Corrosion and Discoloration Resistance of
Pure Copper Containing Zn or Ni[J]. Rare Metals, 2022,
41(12) : 4041-4046.

SONG M, KIM H. LEE S. Effect of a Zn Interlayer on
the Adhesion Strength and Corrosion Resistance of Zn -
Mg Coated TRIP Steel[ J]. ISIJ International. 2019, 59
(6): 1113-1118.

GAO Kaixiong. WANG Yongfu, ZHANG Bin, et al. Ef-
fect of Vacuum Atomic Oxygen Irradiation on the Tribologi-
cal Properties of Fullerene-like Carbon and MoS, Films
[J]. Tribology International, 2022, 170 107499.

HU Ming. GAO Xiaoming, SUN Jiayi, et al. The Effects
of Nanoscaled Amorphous Si and SiNx Protective Layers
on the Atomic Oxygen Resistant and Tribological Proper-
ties of Ag Film[J]. Applied Surface Science, 2012, 258
(15): 5683-5688.

ZHANG Wen, YI Min, SHEN Zhigang. et al. Graphene-
reinforced Epoxy Resin with Enhanced Atomic Oxygen Ero-
sion Resistance[ J]. Journal of Materials Science, 2013, 48
(6): 2416-2423.

DENG Wen, ZHAO Xiaoqgin, AN Yulong, et al. Improve-
ment of Tribological Properties of As-sprayed 8YSZ Coat-
ings by In-situ Synthesis C/MoS, Composite Lubricant
[J]. Tribology International, 2018, 128. 260-270.

REN S, CUI M. MARTINI A, et al. Macroscale Superlu-
bricity Enabled by Rationally Designed MoS,-based Super-
lattice Films[J]. Cell Reports Physical Science, 2023, 4
(5): 101390.

YANG Xing, LI Ruiyun, WANG Yongfu, et al. Tun-
able, Wide-temperature, and Macroscale Superlubricity En-
abled by Nanoscale van Der Waals Heterojunction-to-
homojunction Transformation [J]. Advanced Materials.,
2023, 35(39): €2303580.

REN Siming, CAO Wentao, CUI Mingjun, et al. Envi-
ronmentally Adaptive Lubrication Enabled by Gradient
Structure Design of TiN-MoS,/Ti[J]. Surface and Coat-
ings Technology, 2023, 458: 129317.

MBAM S O, GOU X. Interface Crack Growth Rate and
Fatigue Life of Multilayer-coated Conductor Tapes[ J]. En-
gineering Fracture Mechanics, 2020, 228: 106910.

[29] PAUSCHITZ A. ROY M. Mechanical and Friction Prop-
erties of Mo-Se-C Film at Low Load[ J]. Surface and Coat-
ings Technology, 2021, 405: 126730.

ZHANG Rui, QIAO Li, ZHANG Hong. et al. Influence
of Au”" Tons Irradiation on the Structure and Wear Resis-
tance of Amorphous MoS, Films[ J]. Applied Surface Sci-
ence, 2022, 583: 152497.

XIA Ming. LI Bo, YIN Kuibo, et al. Spectroscopic Signa-
tures of AA" and AB Stacking of Chemical Vapor Deposited
Bilayer MoS, [J]. ACS Nano, 2015. 9 (12) . 12246-
12254.

CHAKRABORTY B, MATTE H S S R, SOOD A K,
et al. Layer-dependent Resonant Raman Scattering of a

[30]

[31]

[32]

Few Layer MoS, [J]. Journal of Raman Spectroscopys
2013, 44(1): 92-96.

BHDLAE, sRELEE RN SR ANl ST A A T
MoS,-Ti & 4 i i B 25 BE 45 24 PERE 69 Sp ma [T, BE 48 2% 2
. 2021, 41(5) : 627-635.

HU Hanjun. ZHANG Kaifeng, ZHOU Hui, et al. Influ-

ence of Atomic Oxygen on the Vacuum Tribological Perfor-

[33]

mance of MoS,-Ti Composite Films Deposited by Unbal-
anced Magnetron Sputtering[ J]. Tribology, 2021, 41(5) .
627-635.

ZHANG Haijing, REN Siming, PU lJibin, et al. Barrier
Mechanism of Multilayers

[34]
Graphene Coated Copper
Against Atomic Oxygen Irradiation [J]. Applied Surface
Science, 2018, 444 . 28-35.

CHENG Li, SHI Yanbin. HAO Yu. et al. Multilayer Bo-

ron Nitride Nanofilm as an Effective Barrier for Atomic

[35]

Oxygen Irradiation [ J]. Applied Surface Science, 2020,
504 144394.

FU Yanlong, JIJANG Dong, WANG Desheng, et al. Tri-
bological Performance of MoS,-WS, Composite Film under

[36]

the Atomic Oxygen Irradiation Conditions[J]. Materials.,
2020, 13(6): 1407.

(HEE K F)

EBRB AT kT 4,5, 1996 44 WL BFSE A . BF5ET5 170 9 R
FKWPiP . KFIEX 2/ . E-mail: zhugianye@nimte. ac. cn,
£ B GEIEVER) . B, 1996 4728 - HF T8 A4 . WF58 05 1l A4
i R BT RE BT IR R . KRBTSR
bin@nimte. ac. cn.

AR SCH IS

T AR H 2t A B R AU IR MoS,/Zn IR Y
FEVRIESATERELT ] b LA T2, 2026, 37(1) :83-91.

ZHU Qianye, FENG Shangyu, SHI Yanbin, et al. Friction and

E-mail: shiyan-

Wear Properties of MoS,/Zn Films under Vacuum Atomic Oxy-
gen Irradiation[ J]. China Mechanical Engineering, 2026, 37 (1) :
83-91.



