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Research Progress of Surface Micro-texture Combined with Solid
Lubricants on Tribological Properties

FU Jingguo, XU Changqi, ZHU Xinhe, ZHANG Pengyu, LIU Gengshuo, YAN Zhijun
(School of Marine Engineering, Dalian Maritime University, Dalian 116026, China)

Abstract: In order to improve the tribological properties of friction pair, lubricant additives, low-friction surfaces and surface
micro-textures have aroused great attention by worldwide scientists as means to improve surface tribological properties and have
already achieved certain results. However, surface micro-textures combined with solid lubricants has begun to be studied as a
composite technology because of the integration of existing anti-friction measures. The physical and chemical methods for the
composite of surface micro-textures and solid lubricants were reviewed. The effects of geometrical shape, parameters of surface
micro-texture and types of solid lubricants on the tribological properties of composite surface were reviewed. The anti-friction
mechanism of the composite technology was analyzed. Finally, the unsolved problems of composite technology were pointed out,
and the development direction and practical application of this technology in the future were proposed.

Keywords : surface micro-texture; solid lubricants; composite technology; tribological property

ST TR 0 1 A A A PR JEE 98 3 i A 3R I Rl 2L

0 3l &’ S5 ORI B R R O

PR T BODLAR 1 2 3 R e R R Y
%, B sl 3 BE VR WS HE , b T EE 4 1 A BILAK fE
LR 10% ~20% ", A/ EE 8 BF 5T N
SRR R PR O 4 St T A A B, i an ek

s BHEA. 2019-10-10; f&EIBHE: 2020-04-01

IMTBEVE R TN AARL , NS i B A el B 4T 1 fiE
¥ WS, MoS,") LaF'* f7 845" ik, il
A VR PR 22 T 2 1 7 R 42 ) 2 () 3 i 484 o ) B
DIy AT RORE, R RERE F B 10 T A A ok

BEMEE . RPN (1964—) , BOX), #FZ, 1t HRFE: YL EEEBR S ; E-mail: xinhe@ dlmu. edu. cn
ESWA. iT74 HRPHAES (2019-ZD-0148) ; th e gk SLARIIR L 55 %5 (3132019331)

Fund : Supported by Natural Science Foundation of Liaoning Province (2019-ZD-0148) and Fundamental Research Funds for Central Universities

(3132019331)

SIAMER: AR E, R, AP, 5. R4 [5 AE 3AR R B E 2A VE R ST HE R ()], T ISR TR, 2020, 33(2):

15-28.

FUJ G, XU C Q, ZHU X H, et al. Research progress of surface micro-texture combined with solid lubricants on tribological proper-

ties [J]. China Surface Engineering, 2020, 33(2) . 15-28.



16 2 =B XK

wm L iE

2020 4E

/DT EE 45, U0 7 B B8 5 T R [ 1 T
REEC R T PR R A 2
0 o 7 PR A8 1) 5 TN AN ) At 730 ke o /0 PE 45
Fil] =2 T S o A T AR 308 900 1S 450 ok
VRS, A RE U = A
FEIE MU 4

SRTAENT 58 3 R v & B T T UG A AT
AAE S AT T 00 ) A A s, 38 vl AR S [T A<
TR SO S REVE B RE B B A7 A% . LA G 07 ik
Je s LA IUAT A EE T Betb AT 2 G b PR, R FE R
TET L R PAY L7 T A0 9 AR b A A A i e
BRI R RS BB EE AR . TS Y [ R
T4 R ol 6t A 3 B 22, n B — [ AT T R
H T R [ A A RHTR S

TEWFFE b A B, 2R THT T U 5 [ A T
A, BB TR — 3 i Ak Bk B Al
P B AR O L AT B X AN ) 1 T8 R 4R
[IRIFE R . PRI 20T T A 1 bR 22 8
VTR 2 R A R I ) T e R T R AR
] A 9 A P A A R LR BE S A AL B
BeZ A, 22 AR ATS BE B 24k A 4t 7 ) AR
Mo SCHRAEPE IR 2 W RSV 52 4 8T A 1 41 et
HOpRr N R/ W PR I DT e ]B2 N:  E- 2 i
LRid T RS 5 AR T B R R fo
MBI SE 5 K AR DL , IR0 S & HOR BTl 21 i1 )
R, AR SCHIE TS S Ak — R Y 8L i, Ay BE SR R AL
AR DBl B TS 7 50 g A S LR A I
H—ERZHME,

1 MAHMREEEEEMHNERTIE

HI TWT ST W SE S AN (7], -7 7% 1 [
T ¥ BAORL AN, FH 00 A9 RE Al b | 2 Up 3w [ 4
MR E S T2 WA AR, Hir 24T
SRR L LR A R IEE A PR R R
e SAHVIIRSE AR Z W BRI 5 ik i TE A
TR, S5 U2 BT e B A R 45 2 P RE A
AR e Al —E M ZE ST

1.1 #HUREE

BIUAR R B ik il i S5 A2 B9 LA T 0 8
A5 14 5T AT 8 AP PR U PR O 2 T, JE I
T IR B 5 SRR A Wy RS SRS . BARERAE
RO SR U B A B E A B B 1 IR — e iR

%) [T o AR &) A BOE VR B A I, (285 i
IR P T Ve R 5 Uk AT L AT I MR
— AT X BB AR 5 1 G218 A0 U ) v ol
BEAGWE,

Wu 2517 7E Ti-6A1-4 V &4 M Zim -
HUBE IR AT MoS, [ 1A T Wit 70, I 7 e 5% BR 45 42 fnk
T TR T EE A, 45 R B A MoS,
I A i i 79 ) A 4 TR A 2 T 2 B A e 1Y)
JEPEAVERE , 50T SR A b, LR R R U =
AT A 40% , H ik 3l W b B A0 5 8 488 0 32 e e A
WA 15% ., JEL G W40 5 ot o ok b J5i ) A o
MoS, FE5 £ A 1 770 ML Uk 7 7E 2L A T8
FORE R & 4 ) Jar JJm b, R EM, A s
MoS,/Sb, 0, & £ A i 77 A TSR T 2 AE &
ARG U] H B AR R B AR A YOI 7, ELUTEI R EE
FALSs TR 11%~25%, Y340, Li 40
T HAMEH AR MWRE S MoS, THIFHE &
JGTE 600 °C 2518 T B2 PERE, 45 R R
ERARIE T 25 3R H A AR A R 5 R 5
i B

AT B AERUAR IR 7 [ A T Rk 22 T
SR REHEAT T WAL #, Rapoport FEP AL
BB MoS, i 8 77 =2 HiT , 516 ) 80 Jik 4% 3% 1 i s
— 2R AL G L6 ) 1 A UKL FE L3 i Mos,
EJRSLR Z [RS8 38 2 22 1) Rl R S
TRIGAIL X A 2 T IO T 2L PN 3 7 [T A i i 51
FRPRE BRE T RNl 5 e AT T BRSE . S5 RUEW
CdZnSe MR S5 2T, il £ 10 52 A 2R 1H 2 A
A PR BE R R K5, IH s 6 1T Mo, 11 i IS J2 ) % 4t
FF 7 S B R B MoS, 9T 2 MR AS, L
AU T O MoS, 4N Ry A MUK 4% 78 AE 7 4R
BRI G 4 ARG P, I8 g A 2% B 43 s it
RIGHUG I HAE 2 IR 2 600 °C 4148 F il e 1582
PERE, S5 AR U EE 52 R Bk 25 B 4 T 2 Py 34
Jnmisghn ; I 8 MoS, #y AR IRXAFETE % i 2 400 C
SR BB BORS AR TR U & 40, &
T 400 °C I}, B 488 KBTS 24 5 7R AR 7K
T ALV A iU 1 EE 52 P BOU) | T e

DU 7 0k R B4 T 50, &) T 38 B 78 4L
BRI BN T ZWE A k22— HXf
[ AV T R A L RO — e, S5 B AN
1.2 HEEFE

P S 70 v 2 SR P AR RN s 1) 5 4 1



55 2 1]

R, 45 RS 5 [ A i bR BE 1527 PEREBIT S0k 17

PRI B IS T UM 2 TP B Ak B A
TSRO A A AR B R T E
GO I TR 2, 75— iR B M g T R A
FEBLHEAT PR B | e B, BIRIAHEA
OLR G 25 R 2 1T 22 4% B0 T (A0 8 AR, e 1l
A, HAR R 1 FRTe

Steel

Laser processing l

Hot pressing

MoS,

R [N R T
Fig. 1 Process of hot pressing

Hu 25056 b T R I 7005 5 U I 7 0 %
IR EERE2EPERR S R, 45 R R R, AE R T
DI MoS, [ {4 18 7] i il 25 1 U 2 2 AR AIG
F14) B 458 DRV BSR4 BB 43 54, L AL A 7 [T 4K 17
TR TR BE R R BB AIR 2 1 %, B R A it w4
35 i AT IR PR | AR ARt ) i O R
22 T R, JHL AR 1 ) A s A7 R R 2R AL
VR 20 £ 5 73 A1, AR A BRAAR 7] 448 5, 1] A 1
RIGIM A REEE R, BRRE T RHME
FR 7 0T 3R T A 2R 52 6 T T i 4 A T —
ZINFSE . MBI AN MoS, #y R PURIH T 45
A T IO G TSR N, 75 B 2548 e i B8 44 S 43X
bl 58 T AR 5 A A i 70 A T B 4R
ST R B ERE . BER A R R LS
HFTI) MoS, 78 B 18 o #2 vp 6 % 2= i RE 35 fih %
T, T BORS S T 5 14 [ R V0 i G 8 v R 4 R
AT PR U R TR RSP RE L BR L= A, fthid K BAE S
VIR TR 9 2R T IOE f 2 R 1 7 ] A4 1 i 70475
FE X B2 452 R % T R ) KR T S VR R, PN AR
Y LKA ST TR N AR AL SR

Jeiad 3D 25 LU AR G2 HLA USSR 1Y e
TAPRARET 2, IR FH 21 K Bl o] 4 T o 390 52
BPERRET 4 LT 5T LB PR R RE , 4 5 = MRk
T4 ZCuSn10Pb1 S2REXT | 52 A b4 eI B 482 K]
BIEAK T 21, 2% AL BCRWARX LS T 10. 6%,
It R AR ST 7k T 448 Jom [ A i) vt
A REEE SRR DI 18 A7 fith 2t FIURS 245 55 B BT 15 1) g
PEEROR B TR B ik, (AR e Bk
Xof L FH Y R S e R P TR AT 3245 5 1 )
TR, %o v iR A o Towfe B K

1.3 BHRAEHE L

T TAZURE A B 1A% 1 1 0 R 9 858 T 5
FLAESE A A i, U IR R e T ik A —
PAER - ) T 0 A e RS B 2
BRI ST & B HLR B R 4505 | BINH 3R SR i sl L
AR IR EAT BIL A A1 DAl 5] 5 TR T o TR
IR T AR Tk, R AR
IR0, (8 P A i AT P 4 v, i, R 45 05 S ke
R 5 [ PRI T bR A [R] B PR 5 342
wETEM TR, Z )5 20t —E [ A
B s i) R T OIS | il RO RE B 1R, e 20 4R
BIFJEE L', 0 TR 45 P A g
TR AT 22 DA TR B8 140 RS 5] 5 TR T T Ao 1Y
AT TR — B a], BB S A T AR A
UCHEAT IR PR TR A, g i P T 11 £ i il
P, A 2 B AU R IR 5 [T (A 1 b R &
TE— AL R P N, B 52 H U R T
ABERE AR RE RIS T —E YR, R 1 B
TR AN RIS A 5 1T B S SR P Y
PR HCR

FHIE [0 Felge & Z i AR Y T
HEM G MoS, HOTEEA xR ) B 152 1 fiE
SN, BRI R 450 Al A OB TSR SR 1T
ARG B U5 1 3 5EZ , OF B3R g
PRECTE TR A [ (AT 20 AT 2 SO0 S 1) BE 4 o
RE B 52 PR B ARG R 2 7 i ) 48 1 S5 R R
PRI S i — RE B F B AR A
50 BT TS JI RS 235 790 T4 T 4 1 90 5] F) G 45 1k
RE , 18 A HUAA B 1) 7 o TR T 0 A R T
TE 45 42 L IN TR U I, R B S
HR ST 14 11 R 18 90 A R 7 B 4 0o T T e A 28 4
b 22 T REJE FSURRE R 52 1 [ AR 9 I, it v 2



18 b B X W L B

2020 4E

®1 WESEMEEFHEDEERTHERF R

Table 1  Tribological properties under the synergistic effect of resin and solid lubricants

Composite . .
P . Matrix Processing method
materials

Working condition

Properties Ref

E54 epoxy resin

The addition of MoS, can improve anti-

Spraying and curing Dry sliding on Pin-

45 steel fricti and ar-resistine  performance | 25
+graphite+MoS, Hee under 160 °C on-disk tribometer viction and - wear-resisting - performance [25]
than one-component solid lubrication
ES1 epoxy resin 45 | Spraying and curing Dry sliding on ring- The sample with texture density of 20% has [26]
stee
+MoS, under 200 °C on-disk tribometer the smallest COF and 2. 25 times wear life.
epoxy resin + Ti6Al4V Dry sliding on pin- The COF reduces from 0.135 to 0.25.
PEO+Impregnation [27]
MoS, alloy on-disk tribometer Wear life increases from 50 min to 80 min.
5%  phenolic Smearing and curing Dry sliding on ring-
) 45 steel The COF reduces from 0.3 to 0. 08. [28]
resin + MoS, under 60 C on-disk tribometer
AB adhesive + 45 tecl Smearing and curing Dry sliding on pin- The COF is the smallest, about 0. 12, when [29]
stee
MosS, under room temperature on-disk tribometer the quality content of AB adhesive is 50%.
Polyimide ( PT) Smearing  and  hot Dry sliding on pin- The COF is the smallest, about 0.11,
45 steel [30]

+ MoS, pressing

on-disk tribometer

when the quality content of PI is 20%.
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Table 2 Tribological properties of textured surface filled with solid lubricants through physical vapour deposition

Composite . . ..
P . Matrix Working condition
materials

Properties Ref

WC/TiC/Co  ce-
WS, Dry cutting test
mented carbide

WC + 6% Co ce-
TiAIN Dry cutting test
mented carbide

Cutting force reduces by 44% , cutting temperature reduces by 16%,
COF reduces by 16% under high cutting speed of 250 m/min

[31]

The texture increases the adhesion strength between the coatings

and substrate, reduces the wear rate of rake face and reduces the [32]

roughness of the machined surfaces.

WS, +Zr

ic surface on-disk tribometer

W-S-C

mented carbide on-disk tribometer

Al O;/TiC ceram- Dry sliding on ball- Nano-textures increases the adhesion strength between the coat-

[33]

ings and substrate, and the COF reduces from 0.5 to 0. 06.

WC + 8% Co ce- Dry sliding on ball- The reduction percentage of average COF of the textured surface

[35]

is up to 80% when the density is in the range from 0% to 9%.
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Table 3 Tribological properties of different geometric shapes of texture filled with solid Lubricants

Geometric Composite  Processing

Matrix Working condition Properties Ref
shape material method
) WC/Co ) The average COF reduces by 20% -
Micro- Smearing and Dry sliding on ball-
cemented MoS, 25%, and average friction temperature [41 ]
grooves pressing on-disk tribometer
carbid reduces by 8%-15%.

Elliptic mi- WC cemen-

MoS,  Smearing
crotextures ted carbid lathe
Circular-arc ~ WC  cemen-

) ) MoS,  Smearing
microtextures ted carbid

Dry cutting test

The cutting force reduces by 10%—15% ,

Dry cutting test on

and the cutting temperature reduces by [42]
10%-20%.
The cutting force reduces by8% —16% ,

and the cutting temperature reduces by [ 43 ]

15%-24%.
Ti6Al4V  al- Dry sliding on pin- Sliding distance increases from 500 m to
Dimples MoS,  burnishing [44]
loy on-disk tribometer 1 200 m at a low COF.
Dimple/line/ electrohydro- Dry sliding on ball- Textured surface with four-leaf clover has

S8 cemen-
four-leaf clo- WS,
ted carbide

ver array omization

scratch tests

dynamic at- on-disk tribometer, a higher adhesive strength and shows a [40]

better tribological properties.
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Table 4 Tribological properties of different size and density of textures filled with solid lubricants
C ite  Processi
Texture parameter Matrix 0mp0.51 ¢ Trocessing Working condition Properties Ref
material method
Dimple  diameter 5% Phe- Dry sliding on The COF of samples with dimple diam-
100 pm and 500 45 steel nolic res- Smearing ring-on-disk eter of 500 pum and 100 pm are 0.08 [ 28]
wm in+MoS, tribometer and 0. 3, respectively.
Dimple diameter of D lidi
tmpie qrameter o 440C stain- . . .ry Sl. mgon Sample with dimple diameter of 10 pwm
1.5 pm, 3 pm, 5 Graphite ~ Spraying pin-on-disk o . [45]
less steel . exhibits lower COF and longer life
pm and 10 pm tribometer
Groove size of S0 WC/Co . Physical VHA.- Cutt‘ing te‘st with Micro/nano-scale te)%ture or} rake face
TiAIN por deposi- cutting fluids showes the best anti-adhesive proper- [47]
pm and 150 nm substrates ) . .
tion scratch tests ties and adhesion strength.
) . Physical VB.L- Dry sh(‘hng " Micro-scale texture improves the effec-
Groove size of 50 WC/Co TiAIN  + por deposi- ball-on-disk L
] . tive life of the MoS, layer for a longer [50]
pm and 150 nm substrates ~ MoS, tion + Bur- tribometer .
o period.
nishing scratch tests
wC + 8
G density of Physical va- D lidi
roove. GRSV O W% Co ysiea Va.l M 1. TE O e sample with groove density of 9%
2%, 4%, 9%, W-S-C por deposi- ball-on-disk . . . [35]
cemented i . shows the best tribological properties.
18% and 35% . tion tribometer
carbide
Dimple density of Ti - 6A] - 4 Dry sliding on Sample with dimple density of 23% shows
13%, 23% and Vl I MosS, Burnishing  ball-on-disk  tri- the smallest COF, and the increase of [52]
44% Aoy bometer density can prolong the wear life.
Dimple density of Ti6AIAY al Dry sliding on The low COF life increases with the in-
8%, 12%, 20% , | ! 4 MosS, Burnishing  pin-on-disk crease of textured dimple densities from [ 44 ]
33% and 55% > tribometer 8% 10 55%.
Grooves size of 100 ES1 ep- Dry sliding on Sample with groove‘ density of 29%
pwm, 200 wm, 300 . . . shows the smallest COF, and the in-

. 45 steel oXy resin Smearing block-on-ring . [26]
pm, and density of +MoS wibomet crease of size can prolong the wear
10%, 20% , 30% 2 rbometer life.

Dimple diameter of
Hipte Grameten o . Graphite  Mist sprayer Dry sliding on Sample with diameter of 9 pm and
4 pm and 9 pm, Silicon wa- . . . .
X i +  sputter pin-on-disk  tri- space of 25 wm shows the best tribo- [ 53]
and space of 11 wm fers . o )
indium deposition  bometer logical performance.
and 25 pm
Crossing angles of o
. . Graphene Dry sliding on The best COF results are found for
45°and 60°; densi- Ti— 6Al-4 Cloth  bur- . . ) ) .
+ L ball-on-disk  tri- 64% of density and 60° of crossing an- [ 54 ]
ty of 18%, 40% V alloy nishing
MoS, bometer gle.

and 64%
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TE 4B R MR A L FE N h e (HEI W T
Feali ety T8, 7 2 22 P A R B AR
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7r0, a5

Gajrani'®’ | Hua'® 2544 MoS, [# {43 ¥ 7] 5
ARV W RRTR G 5 A iR R g i, JF
PEAG LS4 B 0 M B, 45 SR & L oS, TR A i
JiG I 2 B L T 8 s R SR, O HL SKF T i b
308 Vi) Vi A EL A O A T RO Xing AR 4%
BHEEET MoS, WS, LAK WS,/Zr 3 Fli2 I ) [
PRI T R 2R TH TSR AR 25 6 25 1 B 5 2
PEfE, 45K S RIS WS, 75U fif
FEPERE T L T EE MoS, , B4k 5t WS,/ Zr il
BEGT G B m R EE 2 ERE . A5t
L5 O DU bl T AT 4 R T A SE TR N K
W SCA R MoS, U0 EE M B, 45 R k LR THI
ZUFILTE MoS, X EE 18 PR R 2035 UR AT g 8L
ATORL, 76 4807 30 MPa BF, ok 3% 75 B 29 58
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TG 700, U 2 2 () 1 EE 3 2 MR R, 45 SR %
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G 1R JEE A R B M B, 5 DT 700, TR )ZEAH
Ll BE 4 DR K0 AT AR 169 , %o S 0 R S 401 o ] o
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T, HEEEFEON 0.6 B0 0. 18, BEIR IR M
25 pm FEARE 5 pm, H BT 5 K MoS,
TERR R 72 A A A B MoOx, 35 Ag & 1
JOE AL R I 9 ) Ag, MoO, , M T 7E 5 T T30
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7 A 4 3 [ A R R, 3R R
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Table 5 Tribological properties of surface texture filled with different solid lubricants

Composite materials Matrix Processing method Working condition Properties Ref
Plasma  ni- Dry sliding on Textured surface filled with MoS, in a graph-
MoS, + graphite
tride  high- Smearing pin-on-disk ite based grease can reduce interface temper- [ 62]
based grease .
speed steel tribometer ature, cutting force and COF and wear rate.
Grahite + MoS2 + P1
+ CNTs + general -
Dry sliding on
lubricating grease/ GCrl5 bear- Smearing and hot ) SKF LGMT 2 grease as a based grease has (631
ring-on-rin,
Mobil Duracell ing steel pressing & & the lowest COF of 0. 18.
tribometer
grease/SKF LGMT
2 grease
. Burnishing + Dry sliding on . . .
MoS,/WS,/WS, + Al,0,/TiC The WS, +Zr coating shows the best tribologi-
physical  vapor ball-on-disk [64]
Zr ceramic . . cal properties.
deposition tribometer
Spin-coating +at- Dry sliding on
YTI15 cemen- The COF and wear rate of coupling steel ball
WS, +7x0, omization tech- ball-on-disk [66]
ted carbides decrease by 16% and 92%, respectively.
nology tribometer
PEO + electro- Dry sliding on The COF reduces from 0.6 to 0.3 under
Titanium al-
Ag+MoS, . plating + Smea- ball-on-disk 350 °C, and reduces from 0. 6 to 0. 18 under [ 67]
0
Y ring tribometer 600 °C, respectively.
Dry sliding on CNTs are beneficial to improving the per-
Smearing and
MoS,+PI+CNTs 45 steel ) ring-on-ring formance of heat resistance and lubrication [ 68 ]
Hot pressing
tribometer antifriction.
Spheroidal Oil  lubrication )
The COF decreases by 24. 3% compared with
PTFE graphite cast Hot-pressing test on Ball-on- [70]

iron

disk tribometer

untreated specimen

i LRTLIE W 8 T3 RE S IHN 45 M i 8
AU, AR E 2 o0 2 A I T AR E 220l
SR, HATHE T 2 o0 B AR 5 752 LT
i Hh i P B T AT 9 BB 32, 30 MoS, (WS, 45,
IR R B A s TAR R SE PR B0, 4 UIE
T i B SRR B0 R, A 2
TG BB R A4 5 5245 T T 2 A 1 Dl B2 | 1S
PERE

3 REMANE S EER R R E
P

P 2R 5 [ 1A 1 ) 525 2 ) TE I
JEE (TSP V2 {6k P 74 il 7 TG € B L e O M E
FRIT, K2 BT 5E N AR TE AR DB R8O8R 1, %
FEpREE RO LRI AT AR B | I HAS TR B 58N
GO T2 A BRI DB HIL ] oAy 25 AN (8] 0 2R
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Fig.3 Film formation mechanism of micro-nano materials
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Fig. 4 Release mechanism of thermal expansion
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