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Abstract: The lubrication and wear performance of moving parts under extreme harsh conditions in the area of modern
aviation, aerospace, nuclear power and other high—tech industries closely affect the reliability and lifetime of the entire
system, thus the need for the new solid lubricant materials with excellent continuous lubricating behaviors over a wide
temperature range becomes more increasingly urgent. Self-lubricating composites, “sweating” lubricating material, PS/
PM self-lubricating coating and temperature “adaptive” lubricating materials were revised in this paper, including the ba-
sis of the selection of lubricants and their mixture. Furthermore, the effects of new lubricant on the microstructure, tri-
bological action, tribo - reaction and lubricating mechanism of continuous lubricating material over a wide temperature
range were researched. Additionally, the continuous lubricating materials containing different lubricant systems are also
summarized and the development trends of the materials over a wide temperature range are proposed.
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Table 1

Tribological properties of the ceramic—based self —lubricating materials

[8-14]

Materials

Lubricants

Friction coefficient

Mo

Al; Os—based lubricating composites

BaSO, /PbSO, , Ag

BaCrO,

ZrO,—based lubricating composites

CaF,, Ag/Au

0.9(25 C)
0.34(800 C)

0.38(25 C)
0.28(200 C)
0.2(600-1 100 C)

0.55 (25 C)
0.45 (200 C)
0.4 (400-800 C)

0.46(25 C)
0.44(200 C)
0.45(400 C)
0.42(600 C)
0.33(800 C)

—_—

Easy fracture area

&
>
<

(a) Initial worn surface

(b) Wear debris and pits

—_—

—_—
Tribolo-reaction film

(¢) Accumulation and oxidation of debris

(d) Formation of the tribo-chemical reaction film

Pl 1 Si; Ny /h—BN B %5 5 5 4 b Ak I 50 4o 7 v B 45 1 2% S0 7 RO Bl iod 8 1 /s 78 Pl

Fig. 1

composites'!®

Schematic diagrams for the formation process of the chemical reaction films on the Si; N, /h—BN ceramic matrix
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Table 2 Physical properties and tribological properties of the metallic materialst™

Metal Crystal structure Density/(g « em™)  Melting point /C ~ Mohs” hardness  Friction coefficient
Au Face-centered cubic 19. 32 1063 2.5-3.0 0.57(788 C)
Ag Face—centered cubic 10. 49 963 2.5 0.40(788 C)
Pb Face—centered cubic 18.17 327 1.5 0.08-0.20(20 C)
Sn Tetragonal system 7.28 232 2.0 0.15-0.30(20 C)
Zn Hexagonal close packed 7.14 419 2.5 0.20(20 C)
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Table 3 Physical properties and tribological properties of the fluoride lubricants

[33]

Fluoride Density/(g « em™)  Melting point /'C ~ Mohs” hardness Friction coefficient
CaF, 3.18 1418 4.0 0.20-0.40(25-900 C)
BaF, 4.78 1353 3.0 0.20-0.40(25-900 C)
62 % BaF,-38 % CaF, 4.01 1022 0.15-0. 20
CeF; 4.50 1437 4.5 0.20-0.50(25-1 000 C)
LaF; 4. 50 1490 4.5 0.40-0.70(25-1 000 C)
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T BB DA 455 Ja A/ 3 o SR Ak ) kg 52 T B R A4
ZARORIE T rP AR IR Y 3 VR SRRk T 2 At T

KA1 e TRV W AR . 3R 4 b PS/PM R B IR 2
F14) JBE 48 2 P R AIE 921 T 8 R &R v] R E PS/PM A4
RHAE D 1) 0 LA O S R

Hr, PS100 R 5% 2 76 v i 370 B2 A AR
R R P JEE 4 DR 8 (EL by T Sl = 0 R L 0 U2 O 1
PRE 18022 5 PS200 RANIRIZE TIMA T Cr,C i#
AR BB RE R K4 H 2 Cn G fA7E M il
A AR R T DR X2 R 5 PS300° 28 90 [ 44 37 9 3 )2
KH Cr, O; fE 3838 A0 W2 0l Tk 2 . (1
ATHAEAE S AL TS ol 5 54 AR R DA 6 A 1= 381 95 17 368 At
A5 [ B 5 PSA00 % )25 388 2 e ALK 10 T AH 1) 75 £
A R S5 AH T 2 43 R TR TR I R AT
RLAEAE 58 w8 1 s T B 458 DR ORI 5 e 1) S 400 R 9 3
TR 27 A R R T S R A T
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# 4 PS/PM Z 5 B EiB# F YA o FnEEF a0
Table 4 Composition and tribological properties of the PS/PM coating**!

Materials Matrix, w/% Hard phase, w/% Lubricants, w/% Friction coefficient
0.24(25 C)
16. 5CaF,
PS100 67Ni 0.19(540 C)
16. 5glass” )
0.23(870 C)
0.37(25 C)
10Ag
PS/PM200 60NiAl 20Cr, C; 0.40(500 C)
10BaF, /CaF;”
0.30(650 C)
0.23(25 C)
10Ag
PS/PM300 60NiCr 20Cr; O4 0.29(500 C)
10BaF, /CaF,
0.31(650 C)
0.80 (25 C)
5Ag
PS400 70NiMoAl 20Cr, O4 0.16(500 C)
5BaF, /CaF,

0.21(650 C)

Note: * composition of glass(w/%): 58%Si0,,21 % Ba0,8%Ca0,13% K, 0
“ composition of BaF,/CaF, (w/%): 62%BaF,-38% CaF,

2.2 RE“BEREBRE

7Sl = B VA RN B o RN B <
B ik 3 T 52 Y ) e 0 [ A T T R ORL 09 33 42
AT T ARG AR LB T A B R A A e AR A PR B Ok
AR B A L Skt K G A R B B T
(A2 20 53 V5 K N ) 2 1 i AT AR AR S b T 1Y
BOAR CHN A4 BT AR EE 45 ke 1 B LR FRAIK Y
JEE 5 DR BORN S 401 38 . G o, T/ B Y
“HIEN"WC/DLC/WS, IREEME S5 T4A
/BT I EE 5 L R v B, B 5 3R Y
fl2F 40 4y v] Bl A SR M SR T S Sh R . Bk
PR ARy AR A b R R T E 2l sp?
() DLC—sp” 11 88 T A J8 s 76 T R/ A/ B 28 SR
rh B 1 D) 3 2 R R R AR R A
Ik, WC/DLC/WS, 5 A & b 7 i 2 1 0F 52
Ry T T T T AR BTSRRI A AR
BT A 3 T A AN T I R B 2 i 2 A R
(i) ) 94 £ 3 19 T 28 [ 4 10 3 A Rk R 52 3 Y 9K
L T RE

MR PR B 38 N 7R 2 A BT B B AT E R
PERE AN [R) 3 B R 58 % 1T 0 T T 4 43 Ok AR IE [
AT TR R AE B L R Y TR P B I R 4 TR A
FERIZ . Aouadi 55 F) HT0E 45 W 0 0 Rl 45 1
Mo, N/MoS,/Ag.NbN/MoS,/Ag. VN/Ag % i

JESAIE N WRZ 3R S B IR JE A ) T
524 P BB RIS 401 3 THT 4 43 O RN OC RV B
35 % I Mo, N/MoS,/Ag.NbN/MoS,/Ag. VN/
Ag B HIEZREE 600 CRIZEIRE 1000 C
VL B S N S BT B TR S S Y T e [ e
A0 39 T A 2H Bt I R R T ek A . i — 2Dk 5
Tk i 2 i O AL 3 0 A K B R 0 TR 2 B A
S THT 1 T RH 2H B A TR 5 00 R BE ) T e T 2
AR T B TR 2 I 9 T R S P fE

AT T T T S8 0% 2 v W R B R AR R Y
T et A 2 v T R F AT N DR T I A 5 e %
4 P TG X T S AR A B A T o R RL HE AT
FEE A& 5. C. Muratore F) FH G 45 % 5 35 A
il 73 TIN B Z R YSZ-Ag—Mo iR )2 . 0
5. MHAZ R BN : &8 Ag il 3 %= R i1E
EAEM . M4 )E Mo 548 Ag KON T AR ) &
TV T AR R R TR R T T R) L TIN/ Y SZ BHEYS 2
Mk 74 )@ Ag 10 B YO IR S8 1 2ok B b Y A
JEE TS HE , SE B TR AT A R i S

S Me, N, B3 B2 AT 3 25 14 T i 221
WIRZEHIF R T A MR R, B, it g
A L 2 2R 4 S B IR B AT 3 A5 T R
T8 2 T B 9 R ) R R T 1) ROR A R T 9 i
B S AR E ] A .
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Table 5 Composition and tribological properties of temperature “adaptive” coating

[44-47]

“Adaptive” coating Composition, a/ %

Friction coefficient

Composition of worn surface

45Mo .
2IN 0.42 (25 C) MoS, , Ag (25 C)
Mo, N/MoS, /Ag . 0.37(350 C) MoO; , Ag, Mo, 0,5 (350 C)
0.10(600 C) MoO; , Ag, Mo, O35 (600 C)
16Ag
0.37 (25 C) Ag(25 C)
58VN 0.30(350 C) V,05 (375 C)
VN/Ag .
42Ag 0.12(700 C) AgVO,,Ag; VO, (700 C)
0.20(1 000 C) Ag,AgVO0,;,Ag; VO, (1000 C)
0.27 (25 C) .
200Nb” MoS, (25 C)
0.29(350 C)
NbN/MoS, /Ag 35Ag” Ag, Mo, O; s AgNbO; (500 C)
0.06(700 C) )
30MoS, * AgNbO; , Ag, Mo, O; (750 C)
0.40(1 000 C)
Note: * target power

(a) Microstructure

[FateralvA'e
diffusion

(b) Wear testing process

Bl 5 YSZ-Ag-Mo/TiN £ 25 4R 2 iR B

Fig. 5

2.3 FE“HEN"HEBFEER

VL RE ™ [ 3 I W R 2 0t 45 R 2% B 4
R dh R AR BRIR A (LR SR MR MR R E W & R
AL S I S A g R T AR LK AR A
IR AT A PR A5 ok A e b R A S Ak 2R SN AR
B PRI B4 T 48 Ak 4 T e R0 A Y AT o M
JEE 458 S5 I WL 52 ) Ak 22 B98N B I R TE

Peterson 7E X 48 b 9 S 34 J& 484k 9 i 52
B R B, 5 B i 5 R Bk TR v 1 R A v B L
HEACR EE R ECY . Murray Z0F5% 7 (1R 3h
R TR o Al 4 D v IR D 9 VR L 45 R SR W4
T2 R I 2 VS E I R U [ R R R

PRI S5 0T B TR A R AR A e B R R PR R S R
T 3V IR T A A A
Gulbinski 45 X 611 2 1) WF 5 5 B G B 45 D B 7
600 CHfAMIEZE 0. 1 72ty . RS . BE— B X HH IR
SRy B BE 20 A 4 2R A T R B Y e R A5 A
AT A 8 A 2 A DR BT A R AN AT 6

Schematic diagrams of the multilayered YSZ-Ag-Mo/TiN nanocomposite coating**!

PRIt o B R 25 O < i 4 A6 00 FO 1 8 BB T ST 45

FEHE T R 55 Ag—0(220 kJ/moD) 84 Mo—O 4
(560 kJ/mol) HT % Wby 4 WA T JE A% & 4R 0 ¥
FEECT S AELR S JE ML A SRk 11 A T T ) IR R A A
A0 R B A A R AR 22 L i I L Ak

LT ESTEE

Aouadi Fl
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(a) Crystal structure

(b) Three-dimensional crystal structure

B 6 AHERER (Ag, MoO,) [ fi PR 45 7 R 7 Je
Fig. 6 Schematic diagrams of the crystal structure of Ag, MoO, "]

VR80T L™ 8 3 I T R A4 BF 7 R A L
T J& 7 2 A W 1 AR R WF 5 AR, X B AR
BT R AR A OB R R BB T B TSR A
TE IS 9 ) BE 14 T VR AR AR O T e RE B
L BRI BRI A T BRI BN 2 S AR
F 555 20 91 1 0] M R 0 S B R ) B 4 4
REM SR L 25 N3 6 TRt 27

B WA T AR R AL | R
TR A I X B A 5 b O iR e R AT
MORZIR S5 SRR B SR s TR A RN
B R UL RE (E A SR AR IR & T 400 CHY
AT BT R A BB/ S A RE

Ao TR P i i JEE 458 2o A A 8 DR A A T #E S U
T JEE T 305 2% 15 TR A R K 5 i e T R D
TR B R T 32 5 0 5 A B 4 e AR U T
AR A 5 B R 0 /el E A D R R
Forbo i AR A1 L < e B A B 5 e P B AR
(1 B B TR L A 90 0 S ) B e R L 9 ek
(S

PG - A7 8 L AL AH L 4 4R Y 52 16g 0 2l 3
TR S S ARE Y T i R 5 B R RE L LR A
[ i I 453 8 TR A9 AS [] 975 8 R RS 3 1 b T
AT S B T BRI S5 B R A BE Sl Je 0 25 T 3
i

®6 RECHERREEAMHNAN SEREEEY

Table 6

2

Components and tribological properties of the temperature “adaptive” Ni—based composites -7+ 725

Temperature “adaptive” composites Composition

Friction coefficient

Composition of worn surface

) ) Ni-based matrix
Mixed lubricants of

Graphite
graphite, molybdenum
MoS,
disulfide and metallic silver
Ag

Ni-based matrix
Silver molybdate
Silver molybdate

) Ni-based matrix
Silver vanadate )
Silver vanadate

0.68 (25 C) Graphite, MoS,, Ag (25 C)
0.41(300 C) MoS; , Ag (300 C)

0.49(500 C) MoO; (500 C)
0

.22(700 C) MoO; , Ag, MoO, (700 C)
0.94 (25 C) Ag(25 C)
0.61(300 C) Ag, MoOs (300 C)
0.42(500 C) MoO; (500 C)
0.23(700 C) MoQ; , Ag, MoO, (700 C)
0.29 (25 C) Ag (25 C)

0.24 (300 C) Ag, V,.0,(300 C)
0.13 (700 C) Ag; VO, (700 C)
0.10 (900 C) AgVO; (900 C)
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