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Polydopamine Assisted Co-Assembly for Fabrication of
Zwitterionic Polymer Nanocoating with Efficient
Aqueous Lubrication

WEI Qiangbing', YUE Qinyu', LI Lele', FU Tian', MA Shuanhong’, ZHOU Feng”

(1. Key Laboratory of Eco-Environmental-Related Polymer Materials, Ministry of Education, Key Laboratory of
Polymer Materials of Gansu Province, College of Chemistry and Chemical Engineering,
Northwest Normal University, Gansu Lanzhou 730070, China
2. State Key Laboratory of Solid Lubrication, Lanzhou Institute of Chemical Physics,

Chinese Academy of Sciences, Gansu Lanzhou 730000, China)
Abstract: Low friction and hydrophilic surfaces have critical applications in biomedical devices and implants. This work
reports a facile and universal method to prepare hydrophilic, low friction and antifouling coating by dopamine assisted
codeposition of chitosan graft zwitterionic copolymer. The effects of polymer concentration on the thickness,
hydrophilicity and lubricity of co-deposited coatings were investigated. The results show that the coating thickness
decreases slightly with the increase of polymer concentration. The codeposited coating shows superior lubrication

performance (friction coefficient x is 0.015) and antifouling in pure water as well as biological fluids. Furthermore, the
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versatility of this strategy allows fabrication of lubricious polymer coatings on diverse materials surfaces. This

multifunctional coating may find important applications in biomedical devices and implants.
Key words: polydopamine; zwitterionic polymer; surface modification; aqueous lubrication; low friction coating
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K2 AW R FHM R AT 97 35 DG IR 4

EMREE R R RS TAER R R
T A PTTS GebE RE, 91 T HR i B 3 A4 Vi VRS T DA
MR EABEE, NARTE O E 2728 1 fk A A
HH A F 6 2 PR RR R AR BE R R A 1RO )
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R TR AHERIM B R, RAFET

REDIRBER FLUURTRZ I JF L 2% KA 1 12 fiE
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1.1 RIEM R A&
111 e S d k)

FERMEI LIEE>80%, 25, 200~400 mPa-s)
VST BB T AR IR A IR A R, 2 SR
1% 25 (98%)F1 2- HH Jk A 475 Mok %A 2 Jik % R IH B8 (MPC,
96%)¥ 0 T A R BB A R 2|, 4 M5 & A
(BSAYE T4 T AV TR i) A PR A F]. HoAh s ik
TR = oy A 4, A5 FH AT AR 2 4k, PBSZE AR 1)
WEE10 mM, S 58 B2 150 mM. iR AT 26
BT K O S8 5 ], BT R AR R SR T e R T e R A
TS 1) 2 IR )2, )RR 2979100 nm.

1.1.2  Chitosan-g-PMPCH 4%

FREXO.1 g7 M, IN40 mL A4 43 HUA 1% I i
TRV WL, 700 BEAEAE 3L 58 A I AR, 8020 min, J1#4
260 CJa, IKINA25 mgid i i 51 R FIHR0.5 g 2-
FH 35 DR 475 Bt 4, S B R LB PR, 7E.60 °C R 4k 48 S b
12 h. B MR A, AHEER, BIRABHEEE
FEHTES, TER B TIKAIENTS dUABR 2R B 1 B Ak K
KT EEEGY, 85K RE D HIRAT 5 RT3
BEIE K.

1.1.3  PDA/chitosan-g-PMPCH &4 2 1 4%

PLEK Fr R 1 YT AR PDA/Chitosan-g-PMPCE &% Z
D, SR R IR AE S TR AT R R K R 7
BE15 min, 28 5 FH 55 B TR 75403 min. K A0 BE 4K
FriZ@ N & A AN [F)¥#K ¥ Chitosan-g-PMPCHL R W) A1 £ 12
& £ % 5 1) Tris (10 mM, pH=8.5)%& A i b (18 & £
EU IR 5 N2 mg/mL), %R 2 F IR 24 hg, BUH
I R & 2 B T Kb e, DABR 25 3R TH BRI SR A,
AT,

1.1.4 PDA/chitosan-g-PMPCE &% 2 HIFRE

RA RS LA 61 B TENicolet iS10 (Thermo

Nicolet Corporation)Zi {8 37 I 45 46 21 4 5 115 43 L ]
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P, 7=632.8 nm), N5f 18500, AW 6 %
K 1.46. R AL 4 5 7E PHI-5702 2 T e X4 260k
HL T BE RS A (XPS) L 47, LLAL KofE N BURIR, it
A& 929.35 eV, LACIsfI45 & E284.8 eV P A it
AHE Al 7 FHDS A- 100627 3 i A I & A AE S iR A B vk
MR, 5 pL 2 B F/RAE s, MRS ANAS R A B
(B Ak A JE T HP I ME. SR TSR Agilent 55005
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234k, CE£T17.7 ng/(em’ Hz), n 9458
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VER 5 35 2 A6 K TR oxt BE . PDMSFER th 7 A A0 ek ot 790

(a)

FAR(SYLGARD 184 silicone Elastomer, base and curing
agents, Dow Corning) | £, & F UJI 1) 96-FL 4t fitd £ 7%
B (Dow Corning)F AR Fuil £ i T8 2 S FUR 14
I A7) LA o B EE D9 10: 1 EL I 34 S0 4, FE LR
Jit B i, SR 5 R B4R B B IR, 7E70 °C R L
24 hEP 753 £ PDMS - Bk. PDMS}- BR (¥ 2 THi 4% il 71
115420, SRR 298 1.5 nm. BEEIE L i 2
MG A B 10 mm, BEHE RBON 2 /D 30T
D~ S48, BRI LT K 2 & YR T 24T

2 HZR5ITR

2.1 PDA/chitosan-g-PMPCE &% ERHI& K RIE

PDA/chitosan-g-PMPCE & i )= I il % 35 4
%, o — & & lichitosan-g-PMPCH: ), & —5¥
% B 5 AN [ B [ chitosan-g-PMPCYR &, 8 HE9T
PR SR G 2 R R TH . T 70 S R RE e )
AEAEAT FL 7 AR SR EL IR 43 1 A AN 43 - R S8, XA 155
RMEHES T /KA — R A LIS, RIS RT3 7
B D B L), B 58 RBE VA T 70 B IR VA VR
TR IR 51 K ANIAVE RN, 52 RN EE B B nT DL
FEAE A, SRR 7 2 ORI R S R TR IR
FREER B A VT DL E B 2- R N A I A R T R R

OH o (0] (6] N OH
NH.
O HO N (0] o HO 2 (0]
(0] HO 0
HO o) o " ) NH o n
NH, (NH,),S,04, 60 C =
OH OH O
o oOp O N*
o
(o)
Chitosan-g-PMPC
(b)

Chitosan-g-PMPC

HO

HO NH,HCI

Tris buffer solution

Lubricating coating

Co-deposition

Fig. 1 Synthesis process of chitosan-g-PMPC copolymer (a) and schematic illustration of fabrication of
PDA/chitosan-g-PMPC codeposited coating on substrate (b)
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TR 1 B - AR B B 5 SRR B, T 45 215 SR
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70 SR U T S5 A A 1 3 A A, B HE SRR T
P T R AW IR inE2() TR, 5o R ERE A
fil TARFR 3 B % R TS BRVE T, (RN T-2li7K, T4,
Ut J5 ) chitosan-g-PMPCAMY REVE T B MLV, 171 HL

1% Acetic acid  Pure water

@

Chitosan

Chitosan-g-PMPC

RE 78 70 W e T K . B 2(0) BT 7 D9 A e 1k 5 SR B e
chitosan-g-PMPCHL WM L1 /M E1E K, 5 AR ootk 76 5
BEHH L, chitosan-g-PMPCAE 1 725 cm ' 4b £ i I Az U
AMEEPMPCH [ BRBREE, 1235 om Ak (¥R Ui U4 )3
JPMPCH [ Tl 1% T 5, 36 S 7 AT U 4+ 3058 BH 7 12
BT IR A YIPMPCRLI R B 52 JE 0 L.

(b) — Chitosan
—— Chitosan-g-PMPC

Transmittance/%

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™

Fig. 2 Solubility images (a) and FTIR spectra (b) of chitosan and chitosan-g-PMPC copolymer
K2  FENE I chitosan-g-PMPC copolymerfi ¥ fift P I8 F () A1 ZL AN 61 K (b)

PDA/chitosan-g-PMPC & &ZH0M & FEankd1 (b)
Fir7, ¥4 chitosan-g-PMPCL; 2 [0 i 4% — 5 ¥k B2 LU R
BT TrisZ Il 8 — B IR R AT 7
HE JiE 2% 1 1) % PDA/chitosan-g-PMPCE &4 2. % &
BiREwTEH, PDAT S RGME 5, BTERS TR &Y
DN gy ARYE A ORI E, 7558 2 e Bh 3L
PR R, Bk 2 Bl A4k B B PDA SR
AR, SRR R Wy ol JE 3L o A B AR H 4 3% 3
PDA SRR [, 125 17 Bl 5 PD ARG Pt — [ 25 25 21 44
FLR . fE M RE T, R AR S R & B
1) 5 S A T JEG 2 THI (RO P A e 1, 1T HLZR G
TR PE A 2 SR 2 R S K M A T 1 R, BT DAFRATT ]
€ % BRI, 25%2 T A [Flchitosan-g-PMPC R &4
W B ILPTRRIR Z B 52,

WEBFT R ARG IR 2 1 5 5 B L SRR FE i AR
6, YLA24 W), PDARJZ )5 L1 817 nm. BE 5
chitosan-g-PMPCE G151 N, FLUTAR IR 2 1 )& FE 1
A NFE, B LTI BRI, ¥ 2 R IR RN,
* chitosan-g-PMPCH & ) 19K £ 2910 mg/mLi, J&
FEA13 nm, IX 5 SCRREE A — 5 2 BRI AR
1] BE & B T /5 WK 5 11 chitosan-g-PMPC 5 & 4 v LA
HIPDAGK REEAR L B, 85 PR IICPDATE R | (1)
TUBURURE B, 15 5 22 B B SR OB 8 g 2 5,
Z DR B RE TR, JoIP ssE Rk sh R

MIAK IRk, Bl A B R K, 2 By T2 e
T Job S B B - E R A A A SR A A RS i — 2 0
K. RERERH KRS, — 5752 PR IR, i 7E 2
JERFR T, — #8772 AR R T UE Hi K. 5] Achitosan-g-
PMPCZ T #PDA 8] FIAH ELAE F, AT 1 8K
JUST SRR LA 155 T PDATEZE R R FIGTA.

N~
T T

Thickness/nm
-
<>

S N A SN X
T T T T

PDA 1 mg/mL

Smg/mL 10 mg/mL

Fig. 3 Thickness of PDA/chitosan-g-PMPC codeposited
coating on Si substrate with different concentrations of
chitosan-g-PMPC copolymer

K3 fEELJE R M PDA/chitosan-g-PMPCH 414 2 1 5 2 [
LR JE Ak

FATR AR F 5 BB AFMNT & &1k E RS
BT T 3RAE, El4(a~c) 7l I AR B2k PDARRZ LA
JPDA/chitosan-g-PMPCH & iR 2 FIAFMIE . M €4



% 4 3]

B I, 55 B2 ULl By 1 1 SR S W A i 2L B o) 6 K T oK U 2 391

tE] LAE R SO BR 2R T Y S I 9K ORIk
A, ¥4 5 MRS FE N 8.5 nm, PDARZ VIR G, R
AT DL LA AR R ST I PDAYN K SR AR 1, 1T FLURL K
JE£ BH I 38K (14.3 nm). 24PDA 5 chitosan-g-PMPCHL it
UG, BEWZERMN MK ERESE RSN, 1 B 5
A B N3E ), IX AU T chitosan-g-PMPCH: 5 ¥ 51
e MM PDAR LR EK. AT — D o

nm

(d)

402.4 eV

399.6 eV

396 398 400 402 404 406 408 410
Binding energy/eV

PDA/chitosan-g-PMPCKE & i3 J2 B4k 5 4H B, AT
1T 7 X5 B T B 3 (XPS) MR, El4(d)H &l 4(e) N
PDA/chitosan-g-PMPCHE & i )2 ¥ N1sHl P2pilf , 7E
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Fig. 4 The AFM morphology and XPS characterization of PDA/chitosan-g-PMPC codeposited coating. (a) bare Ti wafer; (b) PDA
coating; (¢) PDA/chitosan-g-PMPC codeposited coating with 5 mg/mL concentration of copolymer;
(d) N1s spectrum; (e) P2p spectrum. The size of AFM images is 5 pmX5 pm
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Fig. 5 Water contact angles of bare Ti wafer (blank), PDA
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coating with different concentrations of copolymer
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Fig. 6 The lubricity of PDA/chitosan-g-PMPC coating. (a) the coefficient of friction vs sliding cycles of bare Ti (blank), PDA
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Effects of Thermal Oxidation Temperature on Tribocorrosion
Performance of TC4 Alloy in Physiological Saline Solution
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Abstract: The tribocorrosion performance of TC4 titanium alloy after thermally oxidized(TO) in atomosphere was
discussed. The effect of TO temperature on the characteristics of the oxide layer and tribocorrosion performance of TC4
alloy obtained at temperature range of 500~900 C was evaluated. The results show that the TO layer consisted of three

sections: top layer of TiO, and a-Al,O3, sub-surface layer of TiO,, and oxygen diffusion zone. TO temperatures have a
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significant influence on the phase structure, surface hardness, and tribocorrosion resistance of TO layers. TO samples,

obtained after treated at 700 ‘C, offer best tribocorrosion resistance in 0.9% NaCl solution for higher surface hardness,

more noble corrosion potential, and lowest mass loss in comparison with other TO ones and TC4 substrate.

Key words: Ti6Al4V; thermal oxidation; temperature; tribocorrosion; corrosion
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Fig. 1 X-ray diffraction patterns of TC4 alloy before and
after thermal treatment
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Fig. 2 SEM micrographs of the morphology of the samples
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Table 1 Mass concentration of various samples

determined by EDS

Sample w(O)/% w(Ti)/% w(A% Ww(V)/%

TC4 4.56 85.87 5.87 3.7
TO-500 7.69 85.42 3.51 3.38
TO-600 2431 68.55 3.73 3.41
TO-700 42.70 43.13 10.58 3.59
TO-800 43.28 41.47 11.64 3.61
TO-900 38.72 55.79 1.86 3.63
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Fig. 3 SEM micrographs of cross-sectional structure of samples
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Fig. 7 OCP and friction coefficient curve of TC4 and TO films obtained at elevated temperatures
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(a) TC4 (b) TC4
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Fig. 9 SEM micrographs of the wear track morphology and profiles of TC4 and TO films obtained at elevated

temperatures after tribocorrosion test
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Fig. 10 Raman spectra of inside and outside of the wear track of TC4 and TO films obtained at elevated
temperatures after OCP tribocorrosion test
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The Synergistic Effect Mechanism of PA66 Self-Lubrication
Property and Surface Texture on Tribological
Performance of HDPE Water-Lubricated Bearing

CUI Zhitao', GUO Zhiwei'”", XIE Xin'"?, YUAN Chengqing'’

(1. School of Energy and Power Engineering, Wuhan University of Technology, Hubei Wuhan 430063, China
2. Reliability Engineering Institute, National Engineering Research Center for Water
Transportation Safety, Hubei Wuhan 430063, China)
Abstract: The oil leakage of traditional oil-lubricated bearing of ship stern shaft causing serious marine pollution and
are gradually replaced by water-lubricated bearing. However, due to the poor load-bearing capacity, tribology
performance of water-lubricated bearing should be improved. The synergetic effect of PA66 lubricating filler and surface
texture on the friction and wear properties of water-lubricated bearing prepared by HDPE/PA66 composite was studied.
The surface texture of the composite sample after immersion was observed by using the ultra-deep 3D microscopy. The
specimen was tested using the CBZ-1 tester and the friction coefficient was recorded. The surface profiler and scanning
electrical microscopy were used to observe and analyze the wear mechanism after the test. The results show that the
tribological properties of the composite were enhanced by adding PA66. The dilation property in water of PA66 enabled
the bulge texture on surface of HDPE/PA66 polyblends, which reduced friction coefficient and wear. The presence of

PAG66 in the polyblends rendered a transfer film on the surface of the copper disc during the friction process, which

Received 12 November 2018, revised 19 February 2019, accepted 5 March 2019, available online 28 July 2019.

*Corresponding author. E-mail: zwguo@whut.edu.cn, Tel: +86-13886088463.

The project was supported by the National Natural Science Foundation of China (51509195 and 51422507) and the National college
Students’ Innovation and Entrepreneurship Training Program of China (201810497056).

[ 5 [ SR RHE R G 0 H (51509195815 1422507) 1 5% 24 k2% A B I 2R &I H (201810497056) %


http://dx.doi.org/10.16078/j.tribology.2018171
http://dx.doi.org/10.16078/j.tribology.2018171

408 BB

o #39%

effectively protected the surface of the friction pair and reduce wear. The polyblend of HDPE-30% PA66 had the lowest

friction coefficient and low wear. The polyblend of HDPE-20% PA66 can be candidate material for practical

engineering application because of its low friction coefficient, good wear property and dimensional stability.

Key words: water-lubricated bearings; self-lubricating property; surface texture; friction and wear; synergistic

mechanism
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Table 1 Injection molding process parameters
Process parameter
Materials
Temperature/’C  Loading pressure/MPa  Loading speed/(mm/s)  Back pressure/MPa  Injection pressure/MPa  Injection speed/(mm/s)
HDPE 240 10 40 1.5 12 30
PA66 290 10 50 1 14 30
Polyblends 270 10 30 1 13 30
&2 HDPE. PAG66K HIRMEIMIIRFSF 1AL
Table 2 Physical and mechanical properties of HDPE, PA66 and the Polyblends
. Volume fraction of PA66 . N Hardness after Tensile strength at break
Materials Density/(g/cm’)
in HDPE matrix/% soaking water (HSD) after soaking water/MPa
HDPE - 0.944 36.3 21.5
HDPE-2.5 2.08 0.949 48.1 20.2
HDPE-5 4.18 0.954 52.3 19.5
HDPE-10 8.43 0.964 54.2 18.7
HDPE-20 17.2 0.983 59.7 17.4
HDPE-30 26.2 1.00 61.9 15.4
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Fig. 1 The 3D micro-image of samples after 48 h soaking in water; (a) the HDPE; (b) the HDPE-10; (c), (d) the HDPE-30
and its cross-sectional profile; (e), (f) the HDPE-50 and its cross-sectional profile
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Fig. 2 Pin samples: (a) appearance; (b) volume expansion rate after soaking in water in 24 h
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*3 HEEENEETRER
Table3 Chemical composition of QSn7-0.2

w(Cu) w(Zn) w(Sn) w(Ni) w(Al) w(Pb) Impurity
90%~92% 0.3% 6.0%~8.0% 0.2% 0.01% 0.02% 0.15%
(a) 30 mm #3005
:
2 ¢10(-'+0.05
I
e
| g
dn | (=
| |
18 mm |
24 Unit: mm
(b) 32 mm
/1 | S
/ | &
=
£
w
9
$16+0.05
16 mm
$32+0.05 Unit: mm
Fig. 3 Friction pair samples: (a) HDPE/PA66 Polyblends; (b) QSn7-0.2 and their tolerance size
3 JEEERARE: (HDPE/PAGGILIR AR (b)) FH AL RILAZEN T
(a) (b)

Fig. 4 The CBZ-1 tribo-tester: (a) appearance; (b) model diagram
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A5 — R, AR IRFE 1) - 12 5 AU N 2R 34 0 331 290.0628 P AN B A LB

0.188. 0.314. 0.440F10.565 m/s. 7£ 346 i 72 b SZ D I 45 5 A O G T R T 5 BN E HDPE/
SRR R AL, R IC S — K. BRI R A R0 1 PAGOILTR AR R TSN, B DL R RFF 250847 BE 45
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Fig. 5 Friction coefficient of HDPE and PA66 samples in the
condition of water-lubrication, 0.55 MPa and different speed
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Transfer films

Slding diection

Fig. 6 SEM micrographs of the worn surfaces of (a) HDPE sample; (b) PA66 sample; (c) the QSn7-0.2 disc
against HDPE; (d) the QSn7-0.2 disc against PA66
6 HDPESPAGGIAE K 5 2 tof JBE (A4 A8 5 15 R THI T2 5 (U SEMER 1 < (a) HDPERFE s (b)PAGGIRF 5 (c)5 HDPERFE X B [1)
HiliE: (d) 5 PAGOTREXT AR I 4 25
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Fig. 7 Friction coefficient of (a) mass fraction of PA66 lower than 10%; (b) mass fraction of PA66 lower than 10%:;
HDPE/PA66 polyblends samples in 0.55 MPa load and different speeds; (c) friction coefficient reduction
rate of HDPE/PA66 polyblends compare to HDPE
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Fig. 8 SEM micrographs of worn surfaces of (a) HDPE; (b) HDPE-2.5; (c) HDPE-5; (d) HDPE-10;
(e) HDPE-20; (f) HDPE-30; (g) HDPE-50
B8 bt RARE A BE 5 2 [ SEMIE F : (a)HDPE; (b)HDPE-2.5; (c)HDPE-5; (d)HDPE-10;
(e)HDPE-20; ()HDPE-30; (g)HDPE-50
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Fig. 9 SEM micrographs of worn surfaces of QSn7-0.2 disc in sliding against (a) HDPE; (b) HDPE-2.5; (c) HDPE-5;
(d) HDPE-10; (e) HDPE-20; (f) HDPE-30; (g) HDPE-50
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Effect of Loads on Tribological Behaviors of Ni;Al Matrix
Self-Lubricating Composite Coating

FAN Xiangjuan', LI Wensheng'', YANG Jun®, ZHU Shengyu’, CHENG Jun’, HU Wei', HE Dongging'

(1. School of Material Science and Engineering, Lanzhou University of Technology, Gansu Lanzhou 730050, China
2. State Key Laboratory of Solid Lubrication, Lanzhou Institute of Chemical Physics, Chinese Academy of Sciences,
Gansu Lanzhou 730000, China)

Abstract: The micron spherical NizAl based composite powder has been fabricated by high-energy ball milling
combined with spray granulation. Then it was deposited on an 1Cr18Ni9Ti stainless steel by plasma spraying to form a
coating, then the influences of testing temperatures (25 ‘C to 800 ‘C) and loads (5 N, 10 N and 20 N) on the tribological
behaviors of this coating were evaluated. SEM, EDS and Raman techniques were adopted to study the lubrication and
wear mechanisms of the coating tested at different loads, by analyzing the microstructure and phase constitutes of the
wear debris, wear scar of the coating and the counterface pins. The results indicated that within temperature range
25~200 C, the increase of load from 5 N to 10 N accelerated the precipitation of the lubricant resulting from the
synergism between the frictional heat and applied load, providing a friction and wear reduction. However, with further
increasing the load to 20 N in this temperature range, the coating was deformed plastically, leading to blocking effect

and thus increasing the friction and wear. At temperature from 400 to 600 ‘C, the oxidation process was accelerated by
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the friction heat caused by the increased loads, thereby decreased the friction and wear. At 800 “C, the worn surfaces

tested at all the loads were covered by a continuous and smooth oxidized glaze layer, which was rich in NiCr,Oy,
Ag>,Mo00, and NiO. The distinction was that when the load of 20 N was applied, the local high stress destroyed the
integrity of the lubricating film, thereby decreased the tribological properties.

Key words: Ni;Al based; plasma spraying; load; wide temperature range; tribological property
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Table 1 The chemical composition of the Ni;Al matrix composite powder

Composition w(Ni;Al)/% w(Cr,03)/%

w (Mo)/% w(Ag)/% w(BaF,)/w(CaF,)

Content 63.5 10

4 12.5 10
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Table 2 The plasma spraying parameters for the Ni;Al matrix composite coating

Current/ A Voltage/ V Ar flow rate/ (L/min)

H, flow rate/ (L/min) Spray distance /mm

500 80 140

9 100
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Fig. 1 XRD result of the coating
K1 #RERIXRDEA R

Fig. 2 Cross-sectional morphology and elements distribution mapping of the coating
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Fig. 3 Friction coefficient curve (a) and wear rate (b) of the coatings varying with temperature under series loads
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Fig. 4 Worn surfaces of the coating varying with temperature 25 C (al~c1), 200 C (a2~c2), 400 C (a3~c3), 600 C (a4~c4) and
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Fig. 6 Curves of the content on the pins under different temperature: (a) 400 C, (b) 600 C, and (c¢) 800 ‘C with series loads
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Analysis of Spiral Bevel Gears Scuffing Load
Capacity in Mixed EHL Regime

GAN Lai', PU Wei”, XIAO Ke', WANG Jiaxu"’, CAO Wei’, WANG Juji’

(1. State Key Laboratory of Mechanical Transmission, Chongqing University, Chongqing Shapingba 400044, China
2. School of Aeronautics and Astronautics, Sichuan University, Sichuan Chengdu 610065, China)
Abstract: In order to analyze the thermal scuffing failure under heavy load, the thermal behavior due to friction power
loss was investigated in mixed lubrication regime for spiral bevel gears. This method integrated the mixed
elastohydrodynamic lubrication (EHL) analysis results with the finite element method (FEM) based on thermal analysis.
The EHL model of point contact was conducted to solve the friction and heat flux along the contact path by taking into
account the machine roughness, load shearing, velocity vector and contact geometry. A single tooth model form FEM
was utilized to analyze the bulk and flash temperature by considering the heat conduct and heat convection. Comparative
analysis of scuffing load capacity using ISO 6336-20 standard and FEM results for spiral bevel gears was carried out.
The results show that the variation of temperature solved with conjunct method was under the ISO standard, and the
change law of FEM results was very close to the ISO standard. In theory, the conjunct method solved the heat flux and
temperature was more coincident with the actual work condition under heat conduction and heat convection. The ISO

standard was weak in solving above mentioned peculiarities and bulk temperature, but it had wide applicability. It was
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useful to integrate the finite element thermal analysis with ISO standard for estimating the load capacity of spiral bevel

gears in economy and applicability.

Key words: spiral bevel gears; mixed lubrication; finite element analysis; temperature characteristics; scuffing load

capacity
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Table 1 Parameters of gear and pinion

Parameters Pinion Gear
Number of teeth 15 44
Module 5.8 5.8
Tooth width 43 mm 43 mm
Pressure angle 20° 20°
Spiral angle 30° 30°
Shaft angle 90° 90°
Face angle 22°10' 72°50"
Pitch angle 18°49’ 71°11’
Root angle 17°10 67°50
Outside diameter 100.08 mm 257.08 mm
Hand of spiral Left Right

Fig. 1 Geometry model of spiral bevel gears
BT R AR LT

2 EBRYSHRIME

WER TR A7 0 1A T B AT 5 R AR R O,
fih [X 988 5 R A B 37 4 MBS T AN S T P AR 23 AR
IR B T SR T TR A T G 1A T B AR A Y
JEE5 A, SCHP R SCHIR[O] 40 Hh AR e 1 147 2 i 422 i
TR A i T R R MR R T 7, HEAT R D A R T 5, AR
J SR FH A A R 10 7 5 A R T S A X3 ¥k BY
D177, I 7 RS R Ve 12 Ak v 53 fh DX 2 BE R AR AL
FEBEFER b TF SR X PN F % I R IAGR FR A A e
JHEHe Ji 0 PAY BT 22 A A
21 RAHREEARY

SKERE DL, WR @A A FE G 5 I F i LA Dy i
fit, 308 T DL TP S B 1 2 7S RO ARR (53] 32 i A 7Y 3 AT



428 BE B4

o %539 %

y
u,
u, 0( u,
u
O ae X
b
Contact
ellipse

a

Fig. 2 Elliptical contact model of spiral bevel gear
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Table 2 Parameters of EHL analysis

Parameters Specifications
Elastic modulus, G/GPa 219.8
Poisson’s ratio, x 0.3
Initial viscosity of lubricant, 70/(Pa.S) 0.096
Initial density of lubricant, py/(kg/m’) 870
Pressure-viscosity coefficient, a/(GPa’l) 12.5
Surface roughness, Rq/um 0.3535
Friction coefficient, f;, 0.13
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Fig. 3 Sliding velocity and entrainment velocity and contact load/Hertzian pressure
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Fig. 4 Friction coefficient and contact load ratio of asperity
along the contact path
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Table 3 Material and thermal properties of gear

Parameters Specifications
Elastic modulus, G/GPa 219.8
Poisson’s ratio, u 0.3
Density of steel, py/(kg/m’) 7 800
Specific heat capacity, ¢/(J/(kg.K)) 460
Thermal conductivity, &/(W/(m.K)) 45
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Fig. 10 Bulk temperature in ISO and FEM
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Fig. 11 Maximum temperature in ISO and FEM
BT WG &L E iR GREISO S FEMXT L

FN, BNISOFRHEH & i3 5 ) KA IR G A IR
TCOTEE RS R 2 R TR I AR B S O )
o, i FL TR A IR AR 4 50 40 A FLAK T ISOMR
1 25 ZL 5 K] 1ISOJ7 vk HH 8 3 78 B 1) o A b, 75 A
FH A e AR A I P (RS B B IE AT R, T PR e Tl 7
VAT LSRN 52 bR AR 26440 T, ISORTE & X 48 K
Z eI TT DUE Y, 22 AR FE 2 A R EK, BT B
% JEAE R T FORUA IR B 000 5 ISOREAT 45 5 B
CEE VY, FEORUEZ A IO T 3 ST & Bt

4 ZHg

a. & T IR T IR M U5 5 5 IR A i T 20 B &5

%*H,n By TR b B i B R R R I 8 T
SRR T RO JAE, BE IR R e 1A A S B

If’EH 5N BT,

b. A BR 7073 Bt 45 1) 1A 58 78 T A o 7 v 147 i it
Iy AT 30 G i T B0 T il 7R R A TR Y
T T DAT AR PR 3 4 IF 1) g ik B 5 o MR e 5 i 5
FHHEA T R 3B & KRR R AR I, IR
W T [ e B A UG T

c. Xf b T ISORIA BRyc VP Ak ik fe Pl & AR B e
(15 DX 5. ISORRHE VRS (1 A e DU & fE 71/ T IR T
TR E R FRERISOR A H X AR K # )iz 1E
P, FESEbR TAR B it o, l 25 8 Al F A PR T 7 ik ok &5
VAl SR BEHE U R LR B R RE ST, S i 4
DRI,
& E Xk

[1] Zhou Changjiang, Long Jiguo, Wang Haochen, et al. Comparative
analysis of contact and bending strength using ISO and AGMA
standards in spiral bevel gears with numerical verification[J].
Journal of Hunan University (Natural Sciences), 2018, 45(4): 1-9
(in Chinese) [JHKIT, B4k H, TRIR, 2. WHEHE 55 Bl 5 25 i
S EISO 5 AGMARRTE L8 S AT BRI ET]. 1Pl R 2% 274 (1 48
BN, 2018, 45(4): 1-9].

[2] Wei Wenshan. A study on lubrication condition of spiral bevel gear
in aeroengine[J]. Journal of Aerospace Power, 1998, 13(3): 298-301
(in Chinese) [B13C 11, 7% & S AL e HE V5 46 IO RS TT K]
WA B0 F15741, 1998, 13(3): 298-301].

[3] Pu Wei, Wang Jiaxu, Yang Rongsong, et al. Mixed
elastohydrodynamic lubrication with three-dimensional machined
roughness in spiral bevel and hypoid gears[J]. Journal of Tribology,
2015, 137(4): 041503. doi: 10.1115/1.4030185.

[4] PuWei, Zhu D, Wang Jiaxu, et al. Rolling-sliding contact fatigue of

surfaces with sinusoidal roughness[J]. International Journal of


http://dx.doi.org/10.1115/1.4030185
http://dx.doi.org/10.1115/1.4030185

% 4 3]

HOR, & IR AT T IRIEHE S R PUR & RE S 0 B 433

[51]

[8]

[10]

(11]

[12]

Fatigue, 2016, 90: 57-68. doi: 10.1016/j.ijfatigue.2016.04.007.
ISO/TS 6336-20 Calculation of load capacity of spur and helical
gears. Part 20: Calculation of scuffing load capacity-flash
temperature method[S]. Geneva: ISO, 2017: 1-42

Xue Jianhua, Li Wei, Qin Caiyan. The scuffing load capacity of
involute spur gear systems based on dynamic loads and transient
thermal elastohydrodynamic lubrication[J]. Tribology International,
2014, 79(79): 74-83.

Xue Jianhua, Li Wei. Research on gear system scuffing load
capacity and its numerical calculation methods[J]. Transactions of
Beijing Institute of Technology, 2014, 34(9): 901-906 (in Chinese)
[, 2R R RV &K R D B E T ST AT F )], e
P K224, 2014, 34(9): 901-906].

Gu Jiangong, Fang Zongde, Fu Bibo, et al. Study on surface flash
temperature for spiral bevel gears under condition of mixed elasto-
hydrodynamic lubrication[J]. Journal of Aerospace Power, 2010,
25(12): 2846-2850 (in Chinese) [ &I, J7 7508, PRI, 25 R E
SRUUIE T I HE U 1 T LR TE[T]. M B ) 4, 2010,
25(12): 2846-2850].

Pu Wei, Wang Jiaxu, Zhu Dong. Friction and flash temperature
prediction of mixed lubrication in elliptical contacts with arbitrary
velocity vector[J]. Tribology International, 2016, 99: 38—46. doi:
10.1016/j.triboint.2016.03.017.

Cao Wei, Pu Wei, Wang Jiaxu, et al. Effect of contact path on the
mixed lubrication performance, friction and contact fatigue in spiral
bevel gears[J]. Tribology International, 2018, 123: 359-371. doi:
10.1016/j.triboint.2018.03.015.

Wang Yanzhong, Tang Wen, Chen Yanyan, et al. Investigation into
the meshing friction heat generation and transient thermal
characteristics of spiral bevel gears[J]. Applied Thermal
Engineering, 2017, 119: 245-253. doi: 10.1016/j.applthermaleng.
2017.03.071.

Yan Hongzhi, Zhou Tengfei, Huang Guobing, et al. Tooth surface
temperature rise analysis of spiral bevel gear during dry running[J].
Journal of Mechanical Transmission, 2016, (7): 22-26 (in Chinese)
[ &, R, o8 [ ke, 55 P47 iR e s Ui U T iR 2 ).
HUbAE3, 2016, (7): 22-26).

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Wang Yanzhong, Zhou Yuanzi, Chen Conghui, et al. Thermal
tribology analysis of spiral bevel gears in EHD lubrication[J].
Journal of Aerospace Power, 2011, 26(10): 2382-2387 (in Chinese)
[ESERE, 0T, BRURGEE, 55, St I i g e e o 40 BRI 4T 9 4
Br[I1. fias5h 71244R, 2011, 26(10): 2382-2387].

Litvin F L, Fuentes A. Gear geometry and applied theory[M].
London: Cambridge University Press, 2004.

Pu Wei, Wang Jiaxu, Zhou Guangwu, et al. Progressive mesh
densification (PMD) method in elastohydrodynamic lubrication of
elliptical contacts with arbitrary entrainment[J]. Journal of Xi’an
Jiao Tong University, 2014, 48(9): 95-100 (in Chinese) [, X
Fe, TR, 8. A8 WOd R 75 - 0 R A i — S S 0 59 A T
T PR I SR, VS KA AR, 2014, 48(9): 95-100]. doi:
10.7652/xjtuxb201409016.

Wang Shun, Wang Wenzhong, Hu Yuanzhong, et al. Prediction of
sliding friction force of rough surfaces in lubricated point
contacts[J]. Tribology, 2007, 27(2): 152-155 (in Chinese) [ EJlii,
S, BT, A R A TR 2 THI Vi Bl R 4B 7 RO TR A
[0]. BEHE A2, 2007, 27(2): 152-155]. doi: 10.3321/j.issn:1004-
0595.2007.02.012.

Bair S, Winer WO. A rheological model for elastohydrodynamic
contacts based on primary laboratory data[J]. Journal of Tribology,
1979, 101(3): 258-264.

Cao Wei, Pu Wei, Wang Jiaxu, et al. Study of frication coefficient
and mesh efficiency in spiral bevel gears[J]. Tribology, 2018, 38(3):
247-255 (in Chinese) [# ff, i, X7, & BIEHENFCEE I R
B WA AR L)), BERR 2 24R, 2018, 38(3): 247-255]. doi:
10.16078/j.tribology.2018.03.001.

Fan Qi. Ease-off and application in tooth contact analysis for face-
milled and face-hobbed spiral bevel and hypoid gears. In: Goldfarb
V, Barmina N (eds). Theory and practice of gearing and
transmissions. Mechanisms and machine science, vol 34[M].
Switzerland: Springer International Publishing, 2016: 321-339.
Castro J, Seabra J. Influence of mass temperature on gear
scuffing[J]. Tribology International, 2018, 119: 27-37. doi:
10.1016/j.triboint.2017.10.032.


http://dx.doi.org/10.1016/j.ijfatigue.2016.04.007
http://dx.doi.org/10.1016/j.triboint.2016.03.017
http://dx.doi.org/10.1016/j.triboint.2018.03.015
http://dx.doi.org/10.1016/j.applthermaleng.2017.03.071
http://dx.doi.org/10.1016/j.applthermaleng.2017.03.071
http://dx.doi.org/10.7652/xjtuxb201409016
http://dx.doi.org/10.3321/j.issn:1004-0595.2007.02.012
http://dx.doi.org/10.3321/j.issn:1004-0595.2007.02.012
http://dx.doi.org/10.16078/j.tribology.2018.03.001
http://dx.doi.org/10.1016/j.triboint.2017.10.032
http://dx.doi.org/10.1016/j.ijfatigue.2016.04.007
http://dx.doi.org/10.1016/j.triboint.2016.03.017
http://dx.doi.org/10.1016/j.triboint.2018.03.015
http://dx.doi.org/10.1016/j.applthermaleng.2017.03.071
http://dx.doi.org/10.1016/j.applthermaleng.2017.03.071
http://dx.doi.org/10.1016/j.ijfatigue.2016.04.007
http://dx.doi.org/10.1016/j.triboint.2016.03.017
http://dx.doi.org/10.1016/j.triboint.2018.03.015
http://dx.doi.org/10.1016/j.applthermaleng.2017.03.071
http://dx.doi.org/10.1016/j.applthermaleng.2017.03.071
http://dx.doi.org/10.7652/xjtuxb201409016
http://dx.doi.org/10.3321/j.issn:1004-0595.2007.02.012
http://dx.doi.org/10.3321/j.issn:1004-0595.2007.02.012
http://dx.doi.org/10.16078/j.tribology.2018.03.001
http://dx.doi.org/10.1016/j.triboint.2017.10.032
http://dx.doi.org/10.7652/xjtuxb201409016
http://dx.doi.org/10.3321/j.issn:1004-0595.2007.02.012
http://dx.doi.org/10.3321/j.issn:1004-0595.2007.02.012
http://dx.doi.org/10.16078/j.tribology.2018.03.001
http://dx.doi.org/10.1016/j.triboint.2017.10.032

%39% HaW BE ¥ 2 2 R Vol39 No4
2019 47 H Tribology Jul, 2019

DOI: 10.16078/j.tribology.2019017

IKIEHBIME TEEYIPLL-g-PEGHY
7n W EE AR M BE RV A 5%

F K ik, o0
(L. B TR HUBR SR TREEBE, R -5 266520;
2. o SRR 5 2 M AL BRI ST (8] A3 50 oA S 52, HAE 2294 730000)

B OE B BL-HER)-g- B (2 ZF)(BL T M #RPLL-g-PEG) i AR #E HEPES /K WA Hh I, 388 3k Bk -3 =X R 2 iR B WL TF
T NI A YIPLL-g-PEGT B 12 5 45 M R R 52 0l s R 6T BR- B YO MR =25 B E YR AL T /K3
I8 W B4 485 R PLL-g-PEG X BB A4k T 55 1) . 45 S 3% B . PLL-g-PEG RJ B BE #5380 /N B 45, = BV H T- R M3k
PLL-g-PEG/& & J 1) — )2 “ Rl IR [¥1 7K A6 2 (Hydration) 2 2] 7 R 4778V F, FLBS $5 1 ik 1) 5 36 P o 32 i o
3 2 VR TR R JEE 4 2 TR R SRR R A S I I R o A I T K B ¥ 4414 R, PLL-g-PEG SRS Wy I 78 BE 35 R o
AN BB IR, 55 0 R is SCPR R B R R T b kAT B R YA A RAT O, WO RGE TR SR T
B4 R W AR INPLL-g-PEG S, 758245 S84 PR (X BR R 3 385 4 i B b I TR0 T B T — 2 R R S I RI(E i) HL LA
—SEAKERAE ST KAL)Z, 12K AR 2 B AR AR5 8, 00T LAYE S WRH P N 1~64 mm/sIN A5 24000 85 1T Befid i AT
3 B R R T T R ST T ARG R N B A K S 1 R B WL R R A B SR

X521R): A YIPLL-g-PEG; /KIHW ML, BV @AT A, BUBRAE; 0 B 2 L A

FESHES: THIL7.2 HRFRERE: A XEHS: 1004-0595(2019)04-0434-10

Macro-Tribological Studies of Polymer PLL-g-PEG in
Aqueous Lubrication

LI Dong', YANG Shuyan"”’, GUO Feng'

(1. School of Mechanical Engineering, Qingdao Technological University, Shandong Qingdao 266520, China
2. State Key Laboratory of Solid Lubrication, Lanzhou Institute of Chemical Physics, Chinese
Academy of Sciences, Gansu Lanzhou 730000, China)
Abstract: This work aims to investigate the effects of poly(L-lysine)-g-poly(ethylene glycol) (hereinafter referred to as
PLL-g-PEG) on friction and wear conducted on ball-3 plates friction testing machine, and the influences on film
formation characteristics in aqueoussenvironment using a ball-disc film measuring apparatus with nanometer resolution
based on optical interferometry principle, when PLL-g-PEG was added in HEPES solution. The experimental results
show that PLL-g-PEG can reduce friction and wear, mainly due to a layer of hydration with*“brushed”structure formed
on the rubbing surfaces graftedby polymer PLL-g-PEG; andthe improvement of tribological performance mainly
depended on contact stress, entrainment speed and the substrate materials. The “self-healing” behavior of PLL-g-PEG

polymer brushwas reported during aqueous lubrication of a tribosystem, which meansthat PLL-g-PEG polymer brush
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was continuously damaged by peeled off from the surface due to rubbing,at the same time they may quickly adsorb onto

the rubbing surface, thereby it can be well explained why PLL-g-PEG polymer brush can effectively improve the

tribologicalproperties.It was demonstrated bytheopticalinterference results that a layer of hydrated layer, which was

formedassisted by polymer brush with limitedload capacity, may appear in the gap between the steel ball and glass disk

grafted by polymer brush by adding PLL-g-PEG in HEPES solution. Although this projective filmis very thin, it can

effectively apart from the two rubbing interface in the contact area and then improve the lubrication properties. This

research work provides the necessary support for understanding the film forming characteristics and mechanism of

water-based lubrication.

Key words: polymer PLL-g-PEG; aqueous lubrication mechanism; self-healing behavior; film formation characteristic;

macro-tribological performance
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Fig. 1 Molecular structure of HEPES and PLL-g-PEG, schematic illustration of PLL-g-PEG onto substrate
surface in an aqueous environment
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Fig. 2 Schematic diagram of testers used in the experiment
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Fig. 3 Contact angles of lubricants on glass/steel surfaces
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Fig. 4 Stribeck curves lubricated by HEPES and HEPES added by PLL-g-PEG
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Preparation and Microtribological Properties of Self-assembling
Composite Films on Silicon Substrate

LIU Tonggang , YOU Kun, ZHAO Kangkang, MUHAMMAD Chhattal

(School of Mechatronic Engineering, China University of Mining and Technology, Jiangsu Xuzhou 221116, China)
Abstract: Self-assembling composite monolayers of 3-aminopropyl triethoxysilane (APS) and dodecyl trimethoxysilane
(WD-10) were coated on the surface of silicon substrate by coadsorption method. Molecular dynamics was used to
simulate the interfacial binding energy of the mixed system at elevated temperatures and under different molecule ratios.
And nine different experimental conditions were designed by orthogonal design according to the simulation results. The
surface morphologies, wettability and chemical composition of SAMs were characterized by atomic force microscopy,
contact angle tester and X-ray photoelectron spectroscopy, the results showed that silane molecules were successfully
fabricated on the surface of the hydroxylated silicon substrate and the best quality of the SAMs was obtained at 25 C for
assembly temperature, 4 h for assembly time and 6 for the pH of the solution. Besides, the microtribological properties
of SAMs were evaluated on a microtribometer and the worn surface were investigated by scanning electron microscope.
Compared with the hydroxylated substrate, the SAMs caused boundary lubrication effect and reduced the friction and
wear on the surface of the specimens. And the lowest friction coefficient and smallest width of wear were achieved at
1:1 for the ratio of APS to WD-10.

Key words: coadsorption method; silicon substrate; composite self-assembled monolayers; microtribological properties;
boundary lubrication effect
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The Influence of Inertia Effect on Steady Performance and
Dynamic Characteristic of Super High-Speed
Tilted Gas Face Seal
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(Engineering Research Center of Process Equipment and Its Remanufacturing of Ministry of Education,
Zhejiang University of Technology, Zhejiang Hangzhou 310014, China)
Abstract: The influences of inertia effect and face tilt on steady performance and dynamic characteristics of super high-
speed gas face seal were investigated. The steady-state and dynamic numerical analysis model of gas face seal were
established with considering gas inertia effect. Steady and perturbation Reynolds equation were solved utilizing finite
difference method, and pressure distribution was obtained. The influences of inertia effect and face tilt on steady
performance, including opening force, film stiffness and gas leakage, and dynamic characteristics, including stiffness
and damping coefficient, of gas face seal were analyzed numerically. Furthermore, the optimal geometrical parameters
of spiral groove of gas face seal were obtained for large stiffness coefficient. Results showed that inertia effect would
significantly decrease leakage and significantly increase stiffness-leakage ratio at the super high-speed, while the
opening force, film stiffness and dynamic characteristic coefficient changed little. There were better dynamic stiffness

and damping characteristics at high and low frequencies with considering inertia effect and face tilt.
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Fig. 1 Schematic diagram of tilted end spiral groove gas film
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Table 1 Geometric parameter and operating condition parameter

Parameters Value Parameters Value
Inner radius, r/mm 58.42 Pressure at inner radius, p;/MPa 0.1
Outer radius, »,/mm 77.78 Pressure at outer radius, p,/MPa 1.0

Spiral angle, 5/(°) 15 Average velocity, v/(m/s) 200
Groove depth ratio, H, 1.0 Film thickness, /o/um 10
Groove length ratio, a 0.6 Gas viscosity, u/(mPa/s) 0.018 5
Groove width ratio, & 0.5

3 B SRR 0 E R

= Literature value (inertia)
r —o— Calculated value (inertia)
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Fig. 4 Comparison of bearing capacity of gas film seals
under different bearing numbers
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Fig. 5 Comparison of stiffness coefficient between gas film
seal under steady state condition and low frequency condition
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Table 2 Influence of inertia effect on gas film pressure distribution under different tilt angles
Taper Film thickness Film pressure distribution Pressure difference distribution
ratio distribution considering inertia effect considering inertia effect
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Fig. 6 Effect of inertial effect on film pressure distribution of parallel end gas film seals at different speeds
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Fig. 9 Dynamic coefficient and increment ratio of gas film end face seal under different frequency numbers
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Fig. 10 Influence of inertia effect and tilt angle on optimum value of circumferential groove width ratio
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Hydrophilic Modification and Water Lubrication Performance of
NBR Rubber UV/Ozone (UVO) Treatment

WANG Jiaxu'’, FENG Wei'’, HAN Yanfeng"”, WANG Liwu'?, LI Junyang'”

(1. College of Mechanical Engineering, Chongqing University, Chongqing 400044, China

2. State Key Laboratory of Mechanical Transmission, Chongqing University, Chongqing 400044, China)
Abstract: In the study, hydrophilic/superhydrophilic surface modification was carried out by UV/ozone treatment using
the nitrile rubber as a substrate. The characteristics of hydrophilic modified surface contact angle, contact angle
hysteresis and microscopic morphology were characterized by contact angle measuring instrument and optical
microscope, and the modification mechanism of surface hydrophilicity was analyzed. The mechanical durability and
retention of the hydrophilic surface of the nitrile rubber were tested using the MFT-5000 friction and wear tester. The
results show that the superhydrophilic and completely wetted surface can be obtained within 10 min after UV/ozone
treatment. The nitrile butadiene rubber reacted with ozone to form an oxide film, so that the hydrophilic modified nitrile
butadiene rubber exhibited a low friction coefficient and good wear resistance under both dry friction and water
lubrication conditions
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Table 1 Recipes of the NBR

Materials Amounts(phr’)
NBR 70
ZNO 5
Sulfur 2
Polydimethylsiloxane 2
Anti-aging reagent NBC 2
SA 2
SRF 70
Fiberglass 40

* Parts by weight per hundred parts of elastomers.
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Electronic ballast
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Fig. 1 Schematic of ultraviolet-ozone lamp setup using a U-shaped (a) and schematic of the rotational friction test
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Fig. 2 Contact angle images for water droplets and droplets dragged on NBR rubber
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Fig. 3 Comparison of static contact angles and contact angle hysteresis for water on NBR rubber
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Fig. 4 Schematic of ultraviolet-ozone surface activation processes.
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(a) Without treatment

(b) UVO treatment for 1 h

Fig. 5 Comparison of surface morphology of NBR rubber with UVO treatment.
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Fig. 6 Optical micrographs of the treatment samples before and after wear experiment
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Fig. 7 Hydrophilic contact angle retention.
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Fig. 8 Friction coefficient of hydrophilic and hydrophobic nitrile butadiene rubber under dry friction and water lubrication
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Fig. 9 Wear rate of hydrophilic and hydrophobic nitrile butadiene rubber under dry friction and water lubrication
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Geometric Modification on Mixed Lubrication Performance of
Low-Speed Cylindrical Roller Bearing

WU Jigiang', WANG Ligin"*’, LU Yufan', GU Le', ZHANG Chuanwei'

(1. MIIT Key Laboratory of Aerospace Bearing Technology and Equipment,
Harbin Institute of Technology, Heilongjiang Harbin 150001, China
2. State Key Laboratory of Robotics and System, Harbin Institute of Technology, Heilongjiang Harbin 150080, China)
Abstract: Specific to the stress concentration at the edges of straight generatrix shape roller in cylindrical roller bearing,
the method of geometric modification on roller was used. The forces acting on a roller and the relative motion for the
bearing were carried out with the quasi-dynamic analysis method. By considering the contact conditions, roller
modification parameters and real surface roughness, a mixed lubrication model was established. The effect of different
roller modification parameters and speeds on the lubrication performance of bearing were calculated. The results from
the judgement of lubrication show that both the roller convexity and roller round corner radius at roller ends, J and r,
having the optimized range to make the maximum oil film pressure and subsurface maximum von Mises stress (o)
decreased significantly, and weakened the edge effect. The J and r had insignificant effect on average film thickness at
center (4,) and friction coefficient (f). With an increase rotation speed of the bearing, the 4, increased while the f'and o
decreased, and the effect of the rotational speed on the J of modified roller appeared to be significant in the mixed
lubrication status. Compared to the roller without modification, roller with modification showed better lubrication

performance.
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Fig. 6 Smooth lubrication solution at different roller convexity, P,=1.25 GPa, a=0.2545 mm
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Influences of Microstructure on Sliding Wear
Performance of D2 Wheel Steel

XIN Yue', ZHAO Xiujuan'”,

PAN Jinzhi"’,

PAN Rui', REN Ruiming"”’

(1. Dalian JiaoTong University, School of Material Science and Engineering, Liaoning Dalian 116028, China

2. Dalian JiaoTong University, Key Laboratory of Key Material of Rail Transit in Liaoning Province,
Liaoning Dalian 116028, China)
Abstract: MRH-5A ring block wear tester was used to conduct sliding wear tests on D2 wheel steel and U71Mn rail

steel by means of pair-wear tests to study the effect of original structure of D2 wheel steel on its sliding wear

performance. The results showed that D2 wheel steel with tempered sorbite (TS) had better wear resistance than D2

wheel steel with lamellar pearlite structure (P)+ proeutectoid ferrite (F). The wear mechanisms of P+F and TS were

mainly abrasive wear and adhesive wear, while the wear of P+F was more severe accompanied with the peeling of large

white etching layers (WEL). For TS, the plastic deformation layer was thinner, and the ferrite was refined into

nanocrystalline. No shear deformation occurred on the granular cementite but dissolution was mainly presented. Because

a thicker WEL was unlikely to form and this prevented large peeling, and hence improved the wear resistance.
Key words: D2 wheel steel; tempered sorbite; sliding wear; wear property; microstructure evolution
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Fig. 1 Illustration of ring-block under sliding wear
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Fig. 2 The optical microscope (OM) micrographs of original microstructure of D2 wheel steel
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(a) P+F, 200 r (b) TS, 200 r
(¢) P+F, 1200 (d)TS, 1200
(e) P+F, 3000 r (f) TS, 3 000 t
(g) P+F, 6 000 r (h) TS, 6 000 r

Fig. 5 Cross-sectional OM micrographs of ring samples after different cycles
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(g) P+F, 500~505 pm

(h) TS, 500~505 pm

Fig. 6 Cross-sectional SEM micrographs of ring samples at different depths below the surface after 1 200 cycles
6 IR 200 rifd R 1 AN [FIR BB T T S ) SEMIE



% 4 3]

S, A5 D2ZAEREAN SR AR 4 25 Bh B 5 A 1K) B2 ) 485

(a) P+F, bright-field (BF)image

500 nm

(c) TS, bright-field (BF)image

(b) dark-field (DF) image with selected area
electron diffaction (SAED) image

(d) TS, dark-field (DF) image with selected area
electron diffaction (SAED) image

Fig. 7 The TEM micrograph and diffraction patterns of WEL after 1 200 cycles
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Fig. 8 The variation of micro-hardness of ring samples after
1 200 cycles
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Analysis of Dynamic Friction Torque and Transmission
Efficiency of Planetary Roller Screw

XIE Zhijie', ZHANG Chuanwei', XUE Qihe', WANG Liqin"’, GU Le"", MA Xinxin', WANG Fei'

(1. MIIT Key Laboratory of Aerospace Bearing Technology and Equipment, Harbin Institute of Technology,
Heilongjiang Harbin 150001, China
2. State Key Laboratory of Robotics and System, Harbin Institute of Technology, Heilongjiang Harbin 150080, China)
Abstract: As the friction torque and transmission efficiency of planetary roller screw changed with the rotation speed of
screw, the dynamic model of planetary roller screw was established based on the Lagrange method considering the
frictional resistance due to the lubricating oil viscosity, the roller spin sliding and the differential sliding of the thread
contact point. And the friction torque and transmission efficiency were calculated. The influences of load and angle
acceleration of screw on the dynamic friction torque, transient transmission efficiency and overall transmission
efficiency of the mechanism were analyzed. The results show that the friction torque of the planetary roller screw
increased with the relative sliding speed of the thread contact point, and the viscous of the lubricating oil and spin sliding
in the unsteady state was the main factor inducing friction torque. The overall transmission efficiency of planetary roller

screw increased when it operated with large load and the short acceleration time of the screw.
Key words: planetary roller screw; unsteady state operation; dynamic friction torque; transient transmission efficiency;
overall transmission efficiency
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Fig. 4 Diagram of thread contact point offset between screw
and roller
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Fig. 5 Schematic of force on screw-roller thread contact point
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Table 1 Parameters of planetary roller screw

Parameters Specification
Nominal radius of screw thread, ry, 9.75 mm
Nominal radius of roller thread, ry, 3.25 mm
Nominal radius of nut thread, 7, 16.25 mm
Pitch, p 2 mm
Thread number of screw, ny 5
Number of roller, nyg 10
Thread rounds of roller, n, 16
Viscous friction coefficient, x4, 25 N-s/m
Sliding friction coefficient, u, 0.055
Rolling friction coefficient, u3 10°m
Nut mass 20 kg
Roller mass 0.014 kg
Carrier mass 0.016 kg
Screw mass 1.20 kg
Flank angle of screw thread and screw thread 45°
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Life Test Verification of Oil-Lubricated Bearing for
Space Scanning Motor
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(1. Shanghai Institute of Technical Physics, Chinese Academy of Sciences, Shanghai 200083, China
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3. China Petroleum & Chemical Corporation Petrochemical Science Research Institutes, Beijing 100083, China)
Abstract: This study is to verify whether the design life of the oil-lubricated bearing for the infrared earth sensor
scanning motor meets the requirements of the 5-year life expectancy. Firstly, theoretical calculation was conducted to
determine the initial oil quantity of the oil-lubricated bearing for requirement of the running life of the motor. Secondly,
the reliability of the oil lubrication method was verified by an 1:1 scanning motor ground life test. After the life test, the
rolling bearing was observed microscopically, and the bearing was analyzed. During the life test of the scanning motor,
the operation was normal, the motor current was stable at 20~40 mA, and the cumulative running time of the scanning
motor was more than 8 years. The results of bearing microscopic analysis showed that the inner and outer ring raceways
and balls had good surface condition, and the surface roughness of the moving inner surface of the bearing inner ring
changed from 0.416 um to 0.512 um. There is no obvious pitting and wear, and the lubrication was in good condition.

The life test results of the scanning motor verify that oil-containing cage with oil reservoir can meet the 5-year life
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requirement of the motor bearing. Test results provided reference for other long-life design of the space rotating

component in the boundary lubrication regime.

Key words: scanning motor; oil lubrication; vacuum; long life; life test
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Table 1 Main physical and chemical performance
requirements for RIPP4854 synthetic hydrocarbon oil

Physical and chemical indicators Specification

Density 0.83~0.87 g/em’
Viscosity index(VI) >135
Kinematic viscosity (100 ‘C) 8.5+1 mm’/s

52.0+5 mm’/s
<3 000 mm’/s

Kinematic viscosity (40 ‘C)
Kinematic viscosity (-20 C)

Pour point <-54°C
Flash point >250 C
Acid value <0.25 mgKOH/g
Vapor pressure(25 C, Pa) <2x10°
1.2 GEEHEEN I

RN AR Bl 2R Gt 2 AL il DR R AN B
F it e 2 S (R0 k. oAy DRIE R B0 i K 1) K i 7 oK
TR B R T EAE IR AT AR, B T AR A
FER BN _EANAMI G /> BT M Ah, 48K H 7> 1
LR R B TR R RRAE. ORI i 2 AL R L e+
A s € AT — E WU L, BET 2 LN T ATAE
R SR P LA R L B R AL L IR N T
T ARAFL B H AR EL R I TE . R s R
DRAF 2 P AR 7 e 1 52 38 88 0 0 AR P 1 3 R A
L, i 1A PR SRR T, BER B AR 4% 2R B L, TRk
56 BT T B 113K L 7 9l SR BAA A AL AR HE T I
NARFF 2R, S Il 2 iR N R i 30 BE B A 30
I 1] PR S K, T R R e 95 (AN PT 3 B, 24 TG0



% 4 3]

TRIGIE), S5 23 10141 1 P LI 7 el A A i 1R 30 499

0 45 7R L 19 T A, St R R O A, SR BILAE JEE
P AR TR e S B TEIRORIIE. N T ROE
Rl R ) A g i, A e K P 22 2 B Ve v ik 2
GIE Ve L Ak XA Eo o R O MG ol g A R |
AR B, b FEE I . A A 2tk 7 2T T
BBl W E 1R,

Outer ring

Ball \

Retainer

N

Inner ring

¢ Oil reservoir

<&—Oil migration path

Fig. 1 Lubricant oil migration in the passive oil feed system
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Table 2 Evaluation of lubricant space escape and bearing
oil supply capacity

Bearing Bearing cage oil output Bearing raceway oil output  Escape

Type quantity quantity amount
3.375
71 809 40 mg 67 mg
mg/year
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Table 3 Motor life test conditions

Indicator name Specification

Speed 300 r/min
Preload 20N
Vacuum <1.3x10° Pa

High temperature 45 "C(Accumulated for not less than 6 months)
-15 "C(Accumulated for not less than 6 months)

23°C

Low temperature

Normal temperature
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Fig. 4 Scanning motor life verification test time-current,
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Bl 4 39 r AL A B0 E 10 I 1] FRLIAT. i 2 fh 2k 1

60 S 100
L — Stator temperature
Zg ’: — Current 190
o 30t 180
§-=’ 20 70
£
£ 50 5
g -10
£ 5
g 20 1403
<
& 30 1130
_40 -
50 } 20
_ . . . . . 10
23 23 23 2 2 23
7‘“\0'01 ;w\\‘m 7‘“\1‘“1 79\3‘“1 ,ZQ\A-m ;wﬂ'm
Time

Fig. 5 Scanning motor life verification test time-current,
temperature curve 2
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(a) 27 Bearing inner ring (b) 2* Bearing outer ring

Fig. 6 OM Mmicrograph of the inner and outer rings of the bearing after the vacuum life test
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(a) 2* Bearing cage (b) 2% Bearing ball

Fig. 7 OM micrographs of bearing cage and ball after vacuum life test
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(a) 1" Bearing outer ring (b) 2* Bearing outer ring

Fig. 9 SEM micrographs of bearing outer ring
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(a) 1" Bearing ball (b) 2" Bearing ball

Fig. 10 SEM micrographs of bearing ball
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Fig. 11 17 bearing inner ring surface view and channel surface three-dimensional topography
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Fig. 12 2" bearing inner ring surface view and channel surface three-dimensional topography
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Effect of Stator Surface Texture on the Performances
of an Ultrasonic Motor

ZENG Shuaishuai, L1J inbang*, CHEN Pengfei, CUI Yuguo

(Faculty of Mechanical Engineering and Mechanics, Ningbo University, Zhejiang Ningbo 315211, China)
Abstract: Aiming at the problem-solving of the severe wear and temperature rise of friction materials used in ultrasonic
motors, by using the method of fabricating micro-texture on the stator surface, the mechanical properties of ultrasonic
motor was improved and the wear of friction material was reduced. Firstly, the positions of material adhesive area on the
stator surface was measured by a microscope. After that three different density textures were designed and fabricated on
stator surface by laser. Then, the speed-torque characteristics, efficiency-torque characteristics and temperature rise of
the motor were tested. Meanwhile, the stator surface was observed. The results showed that the no-load speed of 3-
dimple-texture stator was the highest, which was 12.1% higher than that of smooth stator. The stall torque and efficiency
of 5-dimple-texture stator was the highest, which were 13.04% and 17.1% higher than that of smooth stator motor
respectively. The temperature rise of textured stator was also reduced. By observing stator surface, it was found that the
dimple texture greatly reduced the adhesion of the friction material, which can increase the energy conversion efficiency

of the motor contact interface, improved the motor performance and reduced the wear of the friction material.
Key words: ultrasonic motor; mechanical characteristics; temperature characteristics; friction and wear; surface texture

A AL M S8 e 1) ) BE 4 SR s % iz TR L, B AT BT % HUE AR AL N 5
B SR B A% . A B AR e L, R A E LR IR URAT )2 N TS [ I A AR — 2Rk i, il
KB W7 P B £ T IS PR 3B AT JIE M A NG FL RORAR, F5 i R R A 2,

Received 21 January 2019, revised 1 April 2019, accepted 24 April 2019, available online 28 July 2019.

*Corresponding author. E-mail: lijinbang@nbu.edu.cn, Tel: +86-18758328822.

The project was supported by the National Natural Science Foundation of China (51675288) and Zhejiang Provincial Natural Science
Foundation (LQ18E050002).

I 2% [ AR R 000 H (51675288) AL H 28R G 1T H (LQ18E050002) # ).


http://dx.doi.org/10.16078/j.tribology.2019015
http://dx.doi.org/10.16078/j.tribology.2019015

a4 WM, S5 52 AR VRN A HULE E R R 505

I, $ e 75 LI BR ) 32 B 07V TR A BE
PORLRISGE i€ 1 4540 BEEA B Bl B B
T YRR R A YA RE, — MR BN N EE 1 S R v
FLPERE. H FH B SOk 74T SR 2T 4E BRI P A 2L T
Y F7 B LT AERN HRAL Y. SongZ5 P I#E PTFEE /8
BEMORI RN T B A4, ORI S &M,
P T BE S A T PR VA L 5 B 6 A6 BB 45, Fan Vi
FU R ILAEHE 75 ML PTFESE BE 4844 k) b i 0 ok 240
O SYERTR B S 20T, 1T DAAT R 4 ey HL BE 45 R KR
Tt BE . T D % S URI B T SRR I 2 R A
KR TE € TR, A BHIgD> T e 13 fl 5T 1] 1)
JEE 1 2 8. RahmanZ: 5@ 5 76 2 1 EATFL8n 7 ik
3 € v T B AL B, BT R IS e LR A
R R, BRI A — AR R TR A
LI BE 43 B A0 R 12, FE 4 e 1 FLNL ) e ek e, (L2
FH T 75 HUNL ) R P R B S, EE AR AR I B i % R
P27 SR P T T A SR % 1) 240 8 7 R L gE — 25 B
(DM AL, A2 S L AT R BE e R —

WO 2 T SR & — Tl D503 JBE 4% ) B 8 2 R M 11
B ROTEE, B AT D BE 5 B 1 B v I B S AR
AR B AR T T SR X 45 HR BE B 1k RE 1 5
M, FF 50 5 FILE R 30 65 AT K A LAR B A ) T el s
L. BT, S0 R BN T 77 0B A bk ocE

Speed-torque
Magnetic break sensor

Temperature sensor

Equivalent shell

RS LI PR AE. AR T R BB HE R R 2 T
TR AT DA 2D e % AT T £ JEE % A i A
R, Lins " B0 T S0 e B 45 b R 2 T 24
A P BT RE (05 M0, I T A LR A ) R 4
FORHR 1R E LR g PR RE. BEXTE S HLE T
ANV~ 12 figh 5 T S 45 0 L, T AR R SR L P L
HHRR L, A TS0 o 57 T ) O B v r LR .

AR SCAE SR B0 0 T 1) 5 AR AT R HLAL
SE T RN T3, TG A s ALHURR 1 i TRy
M R JBE B B ATVRE V8 78 SRR R HETLAR 28 £ R i
R AT A LE TR I AU I BE TS R SR
e

1 BREEHMENARE

AR SCAR R AT L RE T U B, Wl 1
AN B ARG B A IR IR IRk R B R
TIARIRER 58 T 1 R T A SR DA K B
Zhas. K A% RS 5 e R A 5 P b A e, R e I ik
ST RS B e T LA LRI TR ). TR A% IR AT
AR I B2 TSR 0 1R KN, e R - kA RS P R R 2
TR 7 FLATL A R R P e, A ) 0 2 P T4 L
. 102 B B R A UK AL 1) 7 R R 2K
L, A R R K.

Stator Rotor Pressure sensor  Micrometer head

Dovetail rails

Fig. 1 Ultrasonic motor test device

B s L E

58 SR H VG 22 G TGk S B A R A | AR Y
USM60-28 47 i3 b 75 FL AL, He o8 % 1 S5 i an 2 B s
SE T MBS, BAARN60 mm, ¥ PR N A
&, B FRTEURE NG R E 0.2 mm ) EERE R R, BE AL
R EH 4RI B 8 AUk R 2E R, AR R UG 24,
& 1545%~65%, BRSO R R A 4 9K S WA
&, i 1535%~55%.

7 LR TARR, & 7 AR R A A IR E, P
W5 A5 o ks, v 7 MK AL BT K i

R A AT B AR5 52 5 NI ESR R 7, 2Pk,
SE T 5 SRR BB, G £ RS D83 mmx2 mmx
1 mm ) #A i BELIR B A% s, I8 R RR BT — AT AE,
FRAR B R, HEi L WX

2 EFFRESAGMUERE

FEE T AT B 2 ) R 2 BRARE 3 7 1A
JEEE A K AL ALROTERE S B, DAL, 7 BEAR YR EE AL
BB L EAT B YT, O T HE B R E



506 BE ¥ OE R %539 %
Rotor 1-Dimple
Bracket Stator
Rl
3-Dimple
. Adhesive zone
Wire Temperature PTFE composite
sensor material

Fig.2 The stator and rotor structure and temperature sensor
arrangement in ultrasonic motor

P2 R LS B 5 e AR A SRR ) A

TROMMFAHENE, 4 BILIEIN250 NIITE /), 1817
2 hJ&E, WS E F R I R K AT I & it £
AN TE T B DU I R T, A X A A
X E, NPEAZER BRI TH AL H, R=27.978 mmFll
R,=28.760 mm). 7E&H%E X3 b, Wit = FhAS [R5 B
IR, RIT-[U15T, 3-MIe AN S- 1M 400, Wn &3 T,

SR FHNG:Y A Jik b o 48 46 58 1 R T 0 T
X =G, i AFTR. Elda) A -, MbuAn
B XA 8] s E4(b) N 3- Mt 4U), 78 1-[M3T 2
F M d Kb AT PR AN T (1 d,=0.403 mm); El4(c)
NS-UGTZUR, T8 3-SR A ) A A B A 1137,
(F 1 d,=0.403 mm); E4(d) M 5T =4E 3, V5T
B JEZ)N312.5 pm, TRIEZ19210.4 pm. Bk EOE 2R 1)

R, 5-Dimple

Fig. 3 Friction and wear of stator surface of ultrasonic motor

3 R HULE AR R B A

TAESHON I 220 A, Bk % 0.2 ms, 518 N2 Hz.
WG N ST 2R I 2 77 A A g 6 IR B E 3R T
T4 5, SR 2 000 H b 405 & 7 2 10 47 B 7 %,
I R P YR VML B e TR T
3 MR
3.1 LT R RN

KB FTRE R LIRSS &, % B E /1250 N,
DSOS R 1) 50 2 PR i N EL IR 45 LML I A [ F) B 4
DA LI 7 B P D R R . R, DL f gk
0.05 N-m AP K, TERA R T IREF20 s, IL T E

(d) 6493 pm

487.0 2389
=
= 324.7 191.1
162.3
143.3
238.9
95.6
£ 19s
v 48.7
0.0 173.2 346.4 519.6 g9 5 866.0 0.0
x/pm :

Fig. 4 Surface texture of stator: (a) 1-dimple texture; (b) 3-dimple texture; (¢) 5-dimple texture; (d) 3D morphology of dimple
4 ETREGUNG: ()1-METLU: (b)3-MHTLU: (0)5-METHU; (d)MET3DIES



a4 WM, S5 ST TR SRR S UL e 2

507

AR HLVR R HELR R B L B, B IME. W
BLE S N T 22 % i F i U 5 F A ) SR AR, it T
2R 30 3o RN A B IR R R A5 B FETL I 47 B
PR R, MR 4 R SFR. i ES()f5H, bE
MU SR % B 3G 0, FL I SR kR A o B R
. G -, 3-IMIT 20 LA R S-S 4304 8 +
HATL ) A 4L 443791 489.16 96.58. 99.91F197.20 r/min.
3T 2R 5 - FRUML 2 0 1o e v, AH RO 8 1
Blisr HH12.1%. J6TE 1-IM5T 20 3-M5T 23 A 5- [t
U5 T RN LB 73 73 91150 115, 1.2 1.3 Nem.
Forb, 5-MIBT R 58 1 FML I B B 2 o e, A B
W E T HNLE H 13.04%. 455 55°50.85 N-mi, 5-[M3T
LUK E 1 LG 15 D E T HOL R T ) B oK 2 M
N15.17 r/min. B E5(b)A] LU, In T 5, A
CER Ny S N R YA =T - (N BILI BT EAT N B
U1 35T 23 7 A0 5191 It 23 € 1 1 B K R34 0l R
30.67% 32.58%- 33.99%H135.91%. 5-[V141 2L K4 72 T
WL R R B e, AH B 8 T LR 1 1717.1%. 4

120
(@)

100 +
.’E 80
E
S 60F
=
8
% 40 - —=— Smooth

—e— 1-dimple-texture
20 | ——3-dimple-texture
—v— 5-dimple-texture

0 1 1 1 1 1 1
00 02 04 06 08 10 12 14

Torque/(N-m)

EAE/NTF0.9 Nemif 1-[V1 57 204 2 7 LR KT
THE T AL, AR T 0.9 N-mi 1-MIT 234
TR N TR B F IR, R, € 7R
Tf] KA T DL e ML SR R I S R R,
3-SR S R PR B AT, S-SR R R R
LY/5
3.2 EBAEBEILUERAFHYE

SR P A b LI B A J i P L iR
FHRFPE, A5 RS I K B2 240.3 °C. S b B i #
IR E T, TS F1% 8200 N, IR I 18] 935 min, &
B 1 minW 4% F 10 S AR R AR, A 2H HRHE I 3K,
SRJE VS T AE. D ARE IR 2% 1 — B AR
R, B Se LR M E28 C, RS R K6 .
H El6(a) rI 15 H, 204 € 1 7] LASGE AL R THEa 35
23435 min, I 1-1M35T UM 3-1U15T 2 H) A S-T1 3t
UL e T LI 43551 °41.67. 40.67. 40.33F140.33 C.
5-MYT L 5 3- U1 2K 58 T H LR BE SIS, AH B
T E T HALRER1.34 C. HE6(b) RT3, & F RIS

L (b)

NN
S &
T T T

Efficiency/%

—=— Smooth
—e— 1-dimple -texture
—a— 3-dimple -texture
—v— 5-dimple- texture

—
N
T T

&~ o
T

00 02 04 06 08 1.0 12 14
Torque/(N-m)
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Fig. 8 Wear mechanism of friction material and stator contact surface: (a) Smooth stator; (b) Textured stator
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Research Progress on Graphene Doped Ceramic and
Metal Self-lubricating Materials
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WANG Xin, JIANG Zichao

(Department of Oil, Army Logistics University, Chongqing 401311, China)
Abstract: Graphene is an excellent lubricating nano-material with unique lamellar structure and many other outstanding
properties. In recent years, graphene has attracted the attention of scholars in various fields. In this article, the recent
progress on graphene doped ceramic and metal self-lubricating materials were summarized, the mechanism of
mechanical and tribological properties affected by graphene was mainly discussed. The manufacture methods and their

features were also introduced. Moreover, the state of the art of research was analyzed, and then the issues and

suggestions were proposed for the further study.
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reduction and wear resistance
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Fig. 2 SEM micrographs of the fractured surfaces: (a) pure ALO;, (b) 1% GN/ ALO,"
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(@

Fig. 3 (a) SEM micrograph of the cross-section of a worn surface and (b) the back scatter electron image in

chemical composition mode of the same area
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RIURF 2T AFRRLE FAF SRR A BIG-WEZ S
PRI PERE.

x1 TRIFEMEFRFENAZHESREMRIAIMERE
Table 1 The mechanical properties of graphene-based ceramics composites manufactured by
different methods and different substrate materials

Author Substrate Sintering Graphene Relative Fracture Vickers
materials method content density toughness/(MPa-m"?) Hardness/GPa

Csaba Balazsi'™ Si;N, HP(1 700 C, 50 MPa) 1%(weight) 98.24% - 18.8
Chen Ya-fei” ALO; HP(1 500 °C, 25 MPa) 1%(weight) 98.1% 5.8 -

Richard Sedlak"™” B,C HP(2 100 ‘C, 25 MPa) 2%(weight) 98.3% 4.29 22.1

A. Centeno™ ALO; SPS(1 500 °C, 80 MPa) 0.22%(weight) 99% 5.1 17.9

Javier Llorente'™” SiC SPS(1 800 ‘C, 50 MPa) 5%(volume) 99.9% 48 243

Pavol Hvizdos™ SisN, HIP(1 700 °C, 20 MPa) 1%(weight) 97.4% 8.9 14.6

Liu Ying™” Z10,/AlL04 MWS(1 500 C) 0.4%(volume) 98.76% 8.86 18.1
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