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1 LO:LH: LN:
Table 1 Physical and chemical properties of LO,, LH, and LN,
Thermal aspects
— — - Densi Viscosity at Chem ial Saf
Bo ﬂ}ng Specific Heat of. Thern'lal' ensity almospheric em ical ety Cost
point Heat vaporization conductivity /kg" m=3 activity aspects
pressure/ Pa- s
/K - (g K)-1  /J- K-1  /mW- (cm K)-1
LO» 90 1.7 213 1.52 1140 0.20x 10-3 Oxidizer Excess 1
heating can
cause
violent fire
LN, 7 2.1 199 1. 63 810 0. 16x 10-3 Neutral High saf ety 1
agent of use
LH» 20 9.7 46 1 71 0.013x 10-3 Reducing Ex cess 8
agent heating can
cause ex plosion
2
Table 2 Technical data of cryotribometers
T ribometer CT1 CT2 CT3 UTITV-100 UTI TV-10 KMT
Body 1/ mm Cylinder, ball Cylinder, ball Cylinder, ball Ball/ pin Ball/ pin Ball/ pin
& 10 b 10 & 10 < o < %o < o
Body 2/ mm Disc 12 Disc B2 Disc B2 Disc < P10 Disc < 5 Disc < 85
Environment Hegas, LN» LHe, LH;, LN, He, H,, N, Vacuum Vacuum LHe, LH,, LN,
LH,, LN, gaseous gaseous Vapours of
medium air medium air cryogenic
liquids, air
Normal force /N <10 < 500 < 100 < 100 < 10 < 30
No. of revo- < 500 < 3 000 < 3000 < 2 000 < 2 000 < 32
lutions / min~ !
Relative velocity /m- s ! <1 <7 <7 0.01 5.00 0.01 5.00 < 0.06
Frictional power /W <0.3 < 1 000 < 1000 - - -
T em perature / K 4.2 300 4.2,20,77 10 300 77,120, 220,293 77, 120, 220,293  4.2,20,77,293
Pressure / Pa 10- ' 103 103 < 10-' 106 2% 10-5  10° 2% 10-5 10° 105
[ 10, 11] [10,12] 3
, LN2
AISI 440C 52100 , (GN2) . )
#
4
S 3
2 45
Table 3  Friction coefficient of varied materials against
2.1 45" steel in liquid nitrogen and gas nitrogen
. Low temperature environm ent
Com positions N N
MoS2 PTFE . —
Polystyrene 0.33 0.35 0.35 0.37
PTFE 0.09 0.10 0.11 0.14
Polyvinyl chloride (PVC) 0.20 0.22 0.21 0.24
2
12
Lor, , " Mos:
2.1.1 LN: LH:
, 1. LH»

LNz . -+
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LN2 LH: PTFE LO2 LN
[ 10] [13]
. 1
07 PTFE pin (3-mmm diameter) /440C disk 07 } PTFE pin (3-mmm diameier) /440C disk
9.8 N, 10 m/s, GO, 9.8 N, 10 m/s, GN;
o :Z X 10" ;
[ o L I}
: P :
g £ 2 . %
5 &
10’
300
Pin temperature T/K Pin temperature 77K
(a) GO, (b) GN,
Fig 1 Change of friction coefficient and specific wear rate of PTFE in cryogenic oxygen/nitrogen gas vs- pin temperature
1 PTFE /
(GO2) ; PTFE PTFE LH>
’ 5 170 Ka L02 ’ M 052 S
s 5 , PTFE LH> LO:
170 K 230 K, ,
: 260 K, DLC
(GN2) SN
s DLC ) )
) GO2 ) 260 K 1%, 3 4 pm.
" . PTFE 2 DLC
02
B . DLC
) t-earbyne
PTFE
PTFE 2.1.2
[13, 14]
, MoS2 WS2  NbSe2
I um MoS2 PTFE » PTFE
e LN> 440C . PI
) M oSz .
PTFE 16,17
F C , M oS:
i PTFE
M oS> PTFE

M'oSz2 ' PTFE
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) M OS2
#
(UFAR) , 45
\ . 1077 \ PTFE
120K , 4 )
[18]
. 2
4
Table 4 Antiwear life and coefficient of friction for solid lubricant coatings of varied compositions
293 K 120 K
Com position of coating - - - — — - - - — —
Antiwear life/ min Friction coefficient Antiwear life/ min Friction coefficient
MoS2+ UFAR 1100 0.02 1500 0.02
Graphitet UFAR 40 100 0.02 0.10 50 110 0.05 0.15
PTFE+ UFAR 180 0.05 0.10 290 0.07 0.11
MoS,+ graphite+ UFAR 290 0.02 650 0.07
M oS+ PTFE+ UFAR 370 0.03 730 0.03
MoS,+ graphite+ PTFE+ UFAR 480 0.02 2500 0.02
s , PTFE s
M 0S2 PTFE .
18
PTFE el , 77 K
Mo S2 s Mo S2
s 293 K ,
77K ,
[1]
. ’
[ 18]
( )
) 2 9
( ). , ,
2
[10] s
2 2
olyacry late ) . ,
( PTFE polyacrylate )
2 2
b 2
, PTFE
2 2
PTFE , ,
, ( polysiloxane ,
PI) . 5 5
, PI ,
PTFE, 120 K
2 2
2 2
5 2.2
18
Ul PTFE , 2.2.1
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LH2/L0O> PTFE ,
LH2/ LO:>
[19 22]‘ i
20 PVD
50 ,NASA™'  Lewis ,
LH: LN: , PTFE MoS: , Au Ag Pb
PTFE. PTFE Pb Ag
s ; Au
PTFE , ,
, PTFE o,
, PTFE LE-7 LO: ,
( Armalon) 85%PTFE+ 15% 0.4um Au PTFE )
( , ) 75%PTFE+ 20% + ,
5% M 0S: PTFE (Salox) - , o
Armalon , Ag DLC , LN
[5.25]
PTFE 2.2.2
[,2]‘ , , , ,
PTFE ED20(
. Masataka "% HF 20 mm)
( 0.10 0.15 mm), 3 2. ®
, 0.5 pm MoS:; @
LN2 LH2  LO2 . Pb . ;@ 75%PTFE+ 20%
, HF + 5% MoS2 , 52100
Na2€03 , 0.5um MoS2.3
J2 100 , 18 K,
, 1
Salox 2 20K s
, 1 18 K
[21]
/ + PTFE
Salox
, [24] ,
LH: s )
PTFE ) PI - .

440C



319

[2]

[ 4]

[5]

[6]

[7]

[8]

[9]

[ 10]

[ 11]

[12]

[13]

[4,5,26 28]
)

Yukhno T P, Vvedensky Yu V. Sentyurikhina L. N. Low
temperature investigations on frictional behavior and wear re—
sistance of solid lubricant coatings[ J]. Tribology Intern—
ational, 2001, 34: 293-298.

Masataka Nosaka, Mamoru Oike, Kenjiro Kamijo, et al.
Experimental study on lubricating performance of selfJubri-
cating ball bearings for liquid hydrogen turbopumps[J].
Lubrication Engineering, 1988, 44 (1): 30-44.

Jean—Luc Bozet- Modeling of friction and wear for designing
cryogenic valves[ J]. Tribology International, 2001, 34: 207-
215.

Wang L, Snide R W, Gu L. Rolling contact silicon nitride

bearing technology: a review of recent research[]]. Wear,
2000, 246: 159-173.
Wang L Q ( ), QiY L( ), Jiang H Y( ), et

al. Tribo—characteristics of hybrid ceramic ball bearing in
liquid nitrogen(

Y[J]. Tribology(
Dang H X(

), 1999, 19 (2): 122-125.
). Gao J T(

lubrication for space application (

)[ J]. Tribology(

). A review of solid

), 1992, 12 (1): 1-
7.

Hall P B, Thom R, Chang L. An experimental/ analytical
study of high-speed, highdoad rolling/sliding contacts with
ultradow viscosity fluids[J]. Tribology Transaction, 1997,
40 (1): 41-48.

Gradt T, Borner H, Schneider T. Low temperature tri-
bometers and the behaviour of ADLC coatings in cryogenic
environment [ J]. Triblology International, 2001, 34: 225-

230.

Hubner W, Gradt T, Schneider T, et al. Tribological
behaviour of materials at cryogenic temperatures [J]. Wear,
1998, 216: 150-159.
Ostrovskaya Ye L, Yukhno T P, Gamulya G D,et al. Low
temperature tribology at the B. Verkin institute for low
tem perature physics & engineering ( historical review) [ J].
Tribology International, 2001, 34: 265-276.
Kuleba V I, Ostrovskaya Ye L, Pustovalov V V. Effect of
superconducting transition on tribology properties of materials
[J]. Tribology International, 2001, 34: 237-246.
Kragelsky I V, Alisin V. V. Tribology handbook I: friction
wear and lubricationf M]. Yu M S( ), WuY W(

) T ranslated. Beijing( ): Mechanical Industry Press(

), 1986.

M asataka Nosaka, Kamoru Oike, Masataka Kikuchi, et al.
Selfdubricating performance and durability of ball bearing for

the LE=/ liquid oxygen rocket-turbopump [ J]. Lubrication

[14]

[15]

[ 16]

[17]

[ 18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Engineering, 1993, 49 (9): 677-688.

Fusaro R L. SelfHubricating polymer composites and polymer
transfer film lubrication for space applications[ J]. Tribology
International, 1990, 23 (2): 105-122.

Ostrovskava Ye L, Strel'nitskij V E, Kuleba V I, et al- Fri-
ction and wear behaviour of hard and superhard coatings at
cryogenic temperatures [ J]. Tribology International, 2001,
34: 255-263.
YuD Y( ), Weng L J( ), Ouyang J L(

). Recent progress of the space mechanism lubrication ()

[J]. Tribology( ), 1996, 16 (1): 89-96.

ShiM S( ). Solid lubrication material s( )
[M]. Beijing( ): Chemical Industry Press(
), 2000.

Gamulya G D, Kopteva T A, Lebedeva I L, et al. Effect of
low temperatures on the wear mechanism of solid lubricant
coatings in vacuum|[J]. Wear, 1993, 160: 351-359.

M asataka Nosaka, M amoru Oike, Masataka Kikuchi, et al-
T ribo—char acteristics of selfJubricating ball bearings for the
LE-7 liquid hydrogen rocketturbopump[J]. Tribology T ra—
nsactions, 1993, 36 (3): 432-442.

Masataka Nosaka, M amoru Oike, Masataka Kikuchi, et al.
Evaluation of durability for cryogenic high-speed ball bearings
of LE-7 rocket turbopumps [ J]. Lubrication Engineering,
1996, 52 (3): 221-233.

Kannel ] W, Dufrane K F, Barber S A, et al- Development of
improved selfdubricating cages for SSME HPOTP bearings

[C]. In Advanced Earth-to-Orbit Technology, NASA,
Huntsville, AL, NASA Conference Publication # 3012, 1988
(1): 175-189.

Chase T J. Wear modes active in angular contact ball bearings
operating in liquid oxygen environment of the space shuttle
turbopumps [J]. Lubrication Engineering, 1993, 49 (4): 313-
30.

Roberts EW. Thin solid lubricant films in space[ J]. Tribology
International, 1990, 23 (2): 95-104.

Yuko TSU YA. Handbook of solid lubrication( )
[ M]. Fan Y ( ): Mechanical
Industry Press(

) Translated. Beijing (
), 1986.

Zeng Z M, Zhang T, Tang B Y, et al- Improvement of tri-
bological properties of 9Crl8 bearing steel using metal and
nitrogen plasma immersion ion implantation [ J]. Surface
Coating Technology, 1999, 115: 234-238.

M asataka Nosaka, M asataka Kikuchi, Mamoru Oike, et al.
T ribo—Characteristics of cryogenic hybrid ceramic ball b earings

for rocket tuibopumps: bearing wear and transfer film[ J].

Tribology Transaction, 1999, 42 (1): 106-115.

Xue Q I ). Liu H W( ). Tribology of ceramic I
: lubrication of ceram ics( : )

[J]. Tribology( ), 1996, 16 (2): 184-192.

Xue Q J( ), LuJ J( ). Research status and

developing trend of solid lubrication at high temp eratures (



320 22

NI Trib()l()gy(
), 1999, 19 (1): 91-96.

Research Status of Cryogenic Solid Lubrication

GU Le, WANG Liqgin, LI Xiuguan, QI Yudin
(School of M echatronics Engineering, H arbin Institute of Technology,H arbin 150001, China)

Abstract: A review on the recent progress of cryogenic solid lubrication is given. T he properties of cryogenic
environments and suited test methods of tribological characteristics are presented. The cryogenic enviro—
nments have been classified as cryogenic liquid media and vacuum cryogenic conditions. Under above two
different conditions, the tribological properties of common solid lubricants, as well as lamellar solids,
polymers, soft metals, are presented associated with their application on cryogenic ball bearings. T he re—
search field of cryogenic solid lubrication certainly should be one of the most research hotspot in the future.
Though valuable application progress has obtained, it still needs profound and systematic research.
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