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Abstract: A harmonic gear reducer has the advantages of a large transmission ratio range, high transmission efficiency, high motion
accuracy, and small size, with wide use in spacecraft drive mechanisms, space docking mechanisms, and high-precision mechanism
components. However, tooth profile interference caused by elastic deformation in the meshing process causes considerable wear
between the teeth, reducing the transmission efficiency and accuracy and producing vibration, which greatly reduces the reliability of
the driving mechanism. Thus, the choice of lubricating material is vital for the performance of a harmonic reducer. With development

of space technology and deep space exploration, traditional grease lubrication materials have been unable to meet the requirements for
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harmonic reducer lubrication in a vacuum-wide temperature zone. Solid-lubrication coating is an ideal space lubrication method, with
a wide temperature range and lubrication performance less affected by working conditions; it is widely used in space motion
mechanisms. However, the service performance (transmission accuracy and transmission efficiency) of solid-lubricated harmonic
reducers has rarely been reported, especially in extremely low-temperature, high-vacuum environments, with large temperature
changes, or in other extreme space environments. Fundamental studies of structure and tribological properties of MoS,-based coatings
(MoS, / Zn, TiN+MoS, / Zn, and MOSTP solid-lubrication coatings) were conducted in high-vacuum environments at different
temperatures. The influences of substrate material, surface roughness, storage environment, sliding speed, and load on the tribological
properties of solid-lubrication coatings were systematically investigated. The results show that temperature has no effect on the
coating structure, but has an obvious effect on the friction coefficient and wear. The MoS, / Zn superlattice coating maintained a
friction coefficient less than 0.01 at —100 °C. Preparation of a hard TiN bearing layer can effectively reduce the wear of a
solid-lubrication coating. However, the friction coefficient of MoS,/Zn superlattice coating rapidly increased to 0.04 when the
temperature increased to 100 ‘C. The MOSTP solid-lubrication coating demonstrated good environmental adaptability. The coating
structure and friction coefficient hardly changed after storage at cryogenic temperature (—-100 “C) or alternating between cryogenic
temperature and 100 °C. Although the friction coefficient of MoS, / Zn coating was still less than 0.01 at —-100 ‘C after storage, it
increased from 0.04 to 0.05 at 100 °C. The experimental results also show that a higher substrate surface roughness is beneficial in
further reducing the friction coefficient, and that a greater sliding speed increases the friction coefficient. Two solid-lubrication
coating strategies, MOSTP&MOSTP and LC&MOSTP, were used with XBS-40-100 and XBS-60-120 harmonic gear reducer,
respectively, through physical vapor deposition technology. The transmission accuracy, transmission efficiency, adaptability to
extremely low-temperature, high-vacuum environments, and large temperature changes of the harmonic gear reducer were compared
before and after lubrication. The results show that the transmission error of the harmonic reducer is not affected by the
solid-lubrication coating, and transmission accuracy is much better than that of common grease-lubricated harmonic reducers of the
same type. Moreover, a solid-lubrication harmonic reducer has excellent temperature adaptability. For XBS-40-100 and XBS-60-120
harmonic reducer, the transmission efficiency was 69.4%—82.8% and 66.2%—86.7%, respectively, from —90 ‘C—100 C, much higher
than for perfluorinated polyether (at —90 °C, the efficiency is approximately 30%) and polyalkylated cyclopentane (at —90 °C, the
efficiency is approximately 15%) lubrication with the same type of harmonic deceleration. The service performance and temperature
adaptability results for solid-lubricated harmonic reducers provide a test basis for selection of harmonic reducer lubrication materials
in harsh working conditions.

Keywords: harmonic reducer; MoS,-based coating; DLC coating; temperature adaptability; transmission efficiency
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Fig. 5 Tribological properties of three MoS,-based coatings
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Table 1 Average friction coefficient and wear rate of three MoS,-based solid lubrication coatings
No. Coatings Temperature / ‘C Friction factor Wear / (mm® » N™" « m™")
1 MoS,/ Zn 100 0.032 12%10°°
2 TiN+MoS,/ Zn 100 0.020 40%x107
3 MOSTP 100 0.035 7.7%107
4 MoS,/ Zn -100 0.007 1.6x10°°
5 TiN+MoS,/ Zn -100 0.009 3.1x107
6 MOSTP -100 0.027 7.8x1077
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RIECRI R R, 1 6 SRy JURT v () R R it 2k o T
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LRGSR MR R 2, YRR R PR AR e
I HEE (8] Y DLC ¥R 2 st s 5, i Rk

ZRENAREREEET 100 CRETHEEFEEE

Table 2 Tribological properties of flexspline and rigid wheel coating friction pairs at vacuum and 100 C

No. Counterpart Substrate Friction factor Wear / (mm® « N' « m™)
1 Flexspline(DLC) Rigid wheel(TiN+MoS, / Zn) 0.023 1.2x10°°
2 Flexspline(DLC) Rigid wheel(MOSTP) 0.020 1.5x107
3 Flexspline(TiN+MoS, / Zn) Rigid wheel(DLC) - Wear out
4 Flexspline(MOSTP) Rigid wheel(DLC) - Wear out
5 Flexspline(TiN+MoS, / Zn) Rigid wheel(TiN+MoS, / Zn) 0.007 2.0x107
6 Flexspline(MOSTP) Rigid wheel(MOSTP) 0.028 7.0%x 1077
7 Rigid wheel(DLC) Flexspline(TiN+MoS, / Zn) 0.024 1.6X10°
8 Rigid wheel(DLC) Flexspline(MOSTP) 0.028 1.8%x107
9 Rigid wheel(TiN+MoS, / Zn) Flexspline(DLC) - Wear out
10 Rigid wheel(MOSTP) Flexspline(DLC) - Wear out
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Table 3 Tribological properties of flexspline and rigid wheel coating friction pairs at vacuum and =100 C

No. Counterpart Substrate Friction factor Wear / (mm® « N7« m™")
a Flexspline(DLC) Rigid wheel(TiN+MoS, / Zn) 0.016 8.1%1077
b Flexspline(DLC) Rigid wheel(MOSTP) 0.019 8.3%1077
c Flexspline(TiN+MoS, / Zn) Rigid wheel(DLC) - Wear out
d Flexspline(MOSTP) Rigid wheel(DLC) - Wear out
e Flexspline(TiN+MoS, / Zn) Rigid wheel(TiN+MoS, / Zn) 0.006 3.0x1077
f FleXSpline(MOSTP) Rigid wheel(MOSTP) 0.020 1.9%10°¢
g Rigid wheel(DLC) Flexspline(TiN+MoS, / Zn) 0.016 1.5%x10°°
h Rigid wheel(DLC) Flexspline(MOSTP) 0.012 9.2x 1077
i Rigid wheel(TiN+MoS, / Zn) Flexspline(DLC) - Wear out
j Rigid wheel(MOSTP) Flexspline(DLC) - Wear out
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Fig. 8 Surface morphologies of TIN+MoS, / Zn and MOSTP
solid lubricating coatings on the two substrates after being

soaked in liquid nitrogen for 1 h and then stored at 70 C for 1 h
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Fig. 11  Friction factors of the two coatings under different test conditions
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Table 4 Lubrication condition of XBS-40-100 / XBS-60-120 harmonic reducer

Type Code Components Components Number Lubrication method
Rigid wheel 2101803 MOSTP
XBS-40-100 2101803 Flexspline 2101802 MOSTP
Wave generator 2101808 LWYZ-5
Rigid wheel 2101518 DLC
XBS-60-120 2101518 Flexspline 2101513 MOSTP
Wave generator 2101538 LWYZ-5
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Table 5 Test results of transmission accuracy of XBS-40-100 and XBS-60-120 harmonic reduce

Test items Code Measured value Test items Code Measured value
Transmission error Before <134 Transmission error Befgre <145
ting film coating
Clearance coa <1729” Clearance film <1722
Transmission error . <135” Transmission error After <130"”
2101803 ?lfter coating 2101518 coating
Clearance Hm <1'18"” Clearance film <1'44"
Transmission error After thermal <1729 Transmission error After <1'33
ling thermal
Clearance cye <115" Clearance cycling <1'42"
Transmission error 2101806 gleei(;zl <2'30"” Transmission error 2101517 g}?ﬁ;gl <134"
Clearance grease vacuum test <2'55" Clearance grease :’;iuum <137"
. . After
T <2'50" T <1'41"
ransmission error 2101807 After thermal ransmission error 2101526 thermal
Clearance grease vacuum test <243" Clearance grease vacuum <1726"
test

AR AL B R R WA A R K (R 6),
XBS-40-100 ALy jkadi #s (2101803) fEf N ik
500 r/min, FHAIH 23 N o m &4 F, SRRk
BIEN 69.4% (=20 T) ~82.8% (+100 C),
HATE-70 CINALBIZER N 74.4%, FE+100 CIHY
1B %N 82.8%; XBS-60-120 7 8 i1k v i 2%
(2101518) eI N34 500 1/ min, % HHHAE 67 N «m
AT, AL B E A 66.2% (+40 CH ~

86.7% (+100 C), HH{E-70 CH{EBIMHEN
78.8%, {E+100 CHHMEZNRCE N 86.7%. Rifi, K
F PFPE Fl MACS JIg 5 14 [F) 7L 5 15 30 o 85
FE-90 "C 1) %% & i) 1 B L [ A3 T (0 0% 1 AR
%, PFPE JIG I ¥ 1 U5 a0 2 A0 I 1) 0 A1 30%
KA, MACS JIRVE T 1 8 28 A0 AR 0% AT
15%76 47, 3K Uk B B0 225V 3 I AN 0 H 5 R L 1
HUAEH .

3 6 XBS-40-100 E!F1 XBS-60-120 Y i 55 28 5 KR AL SR MR 4 R

Table 6 Test results of high and low temperature transmission efficiency of XBS-40-100 and XBS-60-120 harmonic reducer

Lubrication method of

Number Type Code

Lubrication method of . .
Transmission efficiency

rigid wheel flexspline
1 XBS-40-100 2101803 MOSTP MOSTP 69.4%-86.1%
2 XBS-60-120 2101518 DLC MOSTP 65.2%-86.7%
3 2101807 PFPE PFPE 32.4%-82.4%
XBS-40-100
4 2101806 MACs MACs 15.3%-81%
5 2101617 PFPE PFPE 32.8%-82.4%
XBS-60-120
6 2101526 MACs MACs 15.1%-81.5%
g1, BEAE SRR BRIEN, WD ks 45 75 25 1)
3 4w WELEEE M LR R R, ¥ 5% T MoS,

2% 1) U5 B¢ 9 T i e % ) L) v o (1 2 7

LA VR E BT TR, XFEE MOSTP W25
MoS, / Zn #B iR ER TIN-+FMoS, / Zn B 2G5
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