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Finite Element Model and Tribological Properties Analysis of
Textured Mechanical Seals Considering Roughness Effect

CHEN Wenjie, MENG Xiangkai*, WANG Yuming, LIANG Yangyang, PENG Xudong

(Department of Mechanical Engineering, Zhejiang University of Technology, Zhejiang Hangzhou 310012, China)
Abstract: To study the surface roughness effect on the load-carrying capacity (LCC), tribological performance and
sealing performance of the textured mechanical seals, a mixed lubrication model was established based on the finite
element method. Considering the microscopic and macroscopic film cavitation effect and asperities contact, the
tribological properties and sealing performance of circular-pored mechanical seals with the deterministic non-Gaussian
distributed asperities on the face were studied. The results show that, for the mechanical face seals operating in the full-
film lubrication zone, the larger the o value of the non-Gaussian rough textured surfaces, the better the friction-reducing
effect was and the larger the leakage rate and the transferring speed of the mixed lubrication zone to the full film
lubrication zone were. The skewness and kurtosis values of the non-Gaussian surface had an effect on the LCC,
lubrication performance and sealing performance, but no specific law was found. The surface textures showed the effect
of increasing friction in the mixed lubrication zone, while exhibited the anti-friction effect in the full-film lubrication

zone.
Key words: surface roughness; mechanical seals; the finite element method; liquid film cavitation; surface textures
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Table 1 Geometrical parameters

Parameters Specification

Inner radius, R;/mm 19
Outer radius, R,/mm 23

Balance ratio, B 0.75

Pore column width, //mm 0.4
Pore number in one column, m 8

Rotating speed, w/(r/min) 10~5 000

Texture depth, 4,/um 1
Texture radius, 7,/mm 0.1

Number of column, k& 330
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Fig. 2 Micro-textured seal surfaces
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Table 2 Operating parameters
Parameters Specification
Inner pressure, P/MPa 0.1
Outer pressure, P,/MPa 0.4
Dynamic viscosity, u (Pa-s) 1.01x10°
Cavitation pressure, P,/MPa 0
Yield strength of rotor, o/MPa 1050
Dry friction coefficient, f; 0.2
145 15
b ..
110 e
=3
140 S
- =
z —o— Texured face (F,) 15 :
&5 —— Flat face (F,) 8
- =~ Texured face (Cavitation ratio) s
135 | - - - Flat face (Cavitation ratio) '5
_________________________ {0 ©
130 I I I I I _5
015 020 025 030 035 040 045

Film thickness/pm

Fig. 3 Opening force and cavitation ratio of smooth flat and
textured surfaces at different film thickness
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(a) Smooth textured surface
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(b) Non-Gaussian distribtuion rough textured surface (¢ = 0.1 um, S,= —4, K,= 40)

Fig. 4 Pressure distribution
B4 JE 1934 (hg=0.3 pum, @=1500 r/min)
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Cavitation

(a) Smooth textured surface

Cavitation

(b) Non-Gaussian distribtuion rough textured surface (¢ = 0.1 um, S,= —4, K,= 40)

Fig. 5 Fluid film caviation zone
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Influence of Axial Motion of Crankshaft on Lubrication
Performance of Rough Crankshaft Main Bearing

GAO Yamingl, SUN Jun'’, LI Biao’, ZHU Shaoyul, FU Yangyangl, REN Yanping3, ZHU Guixiang3

(1. School of Automobile and Traffic Engineering, Hefei University of Technology, Anhui Hefei 230009, China
2. School of Mechanical Engineering, Hefei University of Technology, Anhui Hefei 230009, China
3. Weichai Power Company Limited, Shandong Weifang 261001, China)
Abstract: Under the combined influence of various influencing factors, the crankshaft will have axial motion along the
axis direction of main bearings while it rotates in the actual operation of an IC engine. Taking the crankshaft-bearing
system of a four-cylinder four-stroke IC engine as the research object, considering the axial motion, crankshaft
deformation and surface roughness, a new lubrication model of the crankshaft main bearing was established based on the
average Reynolds equation. The influence of axial motion of crankshaft on lubrication performance of crankshaft main
bearing was studied. In the analysis, the motion law of the crankshaft along the bearing axis was measured by the test
method, and the finite element method was applied to solve the tilting of the crankshaft in the bearing bore caused by the
crankshaft deformation. The results show that the axial motion of crankshaft had a significant influence on lubrication of

crankshaft main bearing with a rough surface. The journal center trajectory of main bearing was an unclosed three-
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dimensional space curve when the axial motion of crankshaft was taken into account. The degree of influence of the

axial motion of crankshaft on the lubrication characteristics of the main bearing was directly related to the surface

roughness. The influence trend and degree of the surface roughness on the lubrication characteristics of main bearing

were obviously changed when considering the axial motion of crankshaft.
Key words: IC engine; axial motion of crankshaft; crankshaft deformation; rough surface; lubrication
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Table 1 Parameters of crankshaft main bearing

Parameter Specification
Rotational speed/(r/min) 3200
Engine type 4-cylinder, 4-stroke, water-cooling
Rated power/kW 76
Max. torque/(N-m) 262
Bearing radius/mm 40
Bearing width/mm 28
Main bearing radius clearance/mm 0.072 75
Main bearing oil groove width/mm 4
Lubricating oil viscosity/(Pa-s) 0.010 26
Oil pressure/Pa 20 000
Spindle neck equivalent mass/kg 1.284
Journal surface roughness/pum 0.15
Bearing surface roughness/um 0.15
Oil pressure inlet/MPa 0.55
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Fig. 9 Minimum oil film thickness of main bearing
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Fig. 10 Maximum oil film pressure of main bearing
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Table 2 shows the minimum oil film thickness of each main bearing in an internal combustion engine working cycle and its
variation when the crankshaft axial motion is taken into account.

Sample Minimum oil film thickness/nm Sample Minimum oil film thickness/nm
without Not considering Considering L with Not considering Considering
Variation/%
surface the axial the axial Difference surface the axial the axial Difference Variation/%
roughness movement movement roughness movement movement
No.1 1.0001 0.9905 0.0096 -0.96 No.1 0.9934 0.9568 0.0366 —3.68
No.2 1.2867 1.0191 0.2676 —-20.80 No.2 1.2676 1.1755 0.0921 -7.27
No.3 0.3777 0.4696 —-0.0919 24.33 No.3 0.3707 0.3924 -0.0217 5.87
No.4 2.4046 2.3712 0.0334 -1.39 No.4 2.3940 2.3894 0.0046 -0.19
No.5 0.1693 0.1648 0.0045 -2.66 No.5 0.1640 0.1610 0.0030 —1.81
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Numerical Analysis of Microwear Morphology of Tooth Surface

HUA Licheng", WANG Weiyuan’, HUANG Haibo', SHEN Mingxue’

(1. Faculty of Mechanical Engineering and Mechanics, Ningbo University, Zhejiang Ningbo 315211, China
2. Department of stomatology, Affiliated Hangzhou First People’s Hospital, Zhejiang University School of Medicine,
Zhejiang Hangzhou 310006, China

3. A college of materials science & engineering, East China Jiaotong University, Jiangxi Nanchang 330013, China)
Abstract: Tooth wear was characterized by microscopic image in general cases. There was little work focusing on the
numerical analysis of the morphology of tooth wear. In this work, white-light confocal profiler, Slarmap Universal and
Tooth-Frax were employed for numerical analysis of tooth wear morphology to establish scale-sensitive fractal analysis
curve. The results showed that there was a relationship between tooth wear morphology and scale-sensitive fractal
analysis curve for further building digital signals. A main purpose of this work was to provide theoretical basis and

technical support for developing tooth surface sensor to monitor tooth wear dynamically.
Key words: wear; numerical analysis; tooth; fractal analysis; scale-sensitive
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IR, BT () A i AR -AH T X 38 it 2 43 )5 B P4 1 () P S
1 HT RN 1) B B4 5 T, BE I T i 2 LU T 2%, B
15 2738 (R AR I U . A5 2% T 28 5 5 0 35090 T2 B )
LA AR XA 2 2% FE Asfe, 25 3 B B AT &
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(a) Morphology of tooth before wear

(b) Morphology of tooth wear
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Fig. 1 Surface morphology and corresponding numerical curves of tooth wear
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Fig. 2 Surface morphology and corresponding numerical curves of tooth wear
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Fig. 4 Schematic diagram of relative flatness of different measured lengths
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Table 4 The value of ARA between two curves at typical
area of pig tooth surface

ARA
le/pm’

Scale/um Bone only Bone with grit  Pomegranate  Cherry seed
10° 0.0052 0.0251 0.0025 0.0031
10" 0.0041 0.0202 0.0018 0.0025
10’ 0.0025 0.0121 0.0011 0.0009
10 0.0000 0.0041 0.0000 0.0000
10° 0.0000 0.0000 0.0000 0.0000

x5 BIREARERSHHZZERZEEARA
Table 5 The value of ARA between two curves at typical
area of deer tooth surface

Scale/um’ ARA on rice
107 0.0005
10" 0.0003
10° 0.0000
10 0.0000
10° 0.0000
F 6 REFFREMRBERISmZ < BRZEEARA

Table 6 The value of ARA between two curves at typical
area of bear tooth surface

Scale/um’ ARA
K Wood Barley Carrot with grit
107 0.0000 0.0000 0.0040
10" 0.0000 0.0000 0.0025
10° 0.0000 0.0000 0.0010
10 0.0000 0.0000 0.0000
10° 0.0000 0.0000 0.0000

AP PR 2 THT AR R M 0. R, R R RS S 5T 3
R X RURE SRR 2 M As e A Bt A7 FEAR R R Bk 4,
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3 4
a. o 1 T BS 45170 330 3o 56 B 49 T 49 W7 95 T LA
% F ML R S B 2.
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Effects of Molecular Weight and Crosslinking Density on the
Tribological Properties of Shape Memory Polyimides

LI Xiao"’, YANG Zenghuil, DUAN Chunjianl’z, WANG Tingmeil, WANG Qihual*, ZHANG Xinrui'

(1. State Key Laboratory of Solid Lubrication, Lanzhou Institute of Chemical Physics,
Chinese Academy of Sciences, Gansu Lanzhou 730000, China
2. University of Chinese Academy of Sciences, Beijing 100049, China)
Abstract: In recent years, owing to the self-responsive ability of shape memory polymers (SMPs) towards thermal,
optical, magnetic, electrical and other external stimulus, this smart material has attracted more and more attention in the
self-lubricating materials field. In this study, 3, 3', 4, 4’-biphenyl tetracarboxylic acid dianhydride (BPDA), 4, 4'-diamino
diphenyl ether (ODA) and melamine were used as precursor to prepare a series of thermoplastic polyimides (TPIs) with
different molecular weights (M,) and thermoset polyimide (CPIs) with different crosslinking densities (). Moreover, dry
sliding tests were performed on a ball-on-disc reciprocating wear tester to characterize the tribological performance of
materials. The results show different friction and wear mechanisms for the two kinds of polymers. And with the increase
of molecular weight M, and the introduction of crosslinking agent, a significantly decrease were exhibited in the friction
coefficient and volume wear rate of materials. In addition, local friction heat in the process of friction induced the local
shape memory effect of linear polyimides, which reduced the coefficient of friction and wear rate to a certain extent.

However, the shape memory effect on thermoset polyimides was insignificant.
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Fig. 1 (a) Synthesis roadmap of TPIs and (b) FT-IR spectra of TPI12
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Table 1 Physical properties of shape memory polyimides

Sample ODA/BPDA Melamine/ODA /mol% M, /(kg/mol) ,™MC Friction coefficient d/(10°mol/em’)
TPI1 11 0 68.8 268.3 0.106+0.011 0
TPI2 0.99/1 0 48.7 262.1 0.119+0.012 0
TPI3 0.98/1 0 39.1 255.6 0.124+0.005 0
TPI4 0.97/1 0 28.6 253.8 0.155+0.006 0
TPIS 0.96/1 0 16.7 247.4 0.172+0.019 0
CPI1 0.99/1 0.67 - 251.3 0.112+0.011 0.71
CPI2 0.98/1 1.33 - 255.8 0.121+0.018 1.32
CPI3 0.97/1 2.00 - 257.7 0.128+0.007 1.64
CPI4 0.96/1 2.67 - 260.6 0.119+0.017 2.34

‘Crosslinking density calculated using v=E’/3RT, where E’ is the storage modulus at rubbery plateau.
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Fig. 2 (a) Synthesis roadmap of CPIs and (b) FT-IR spectra of CP14
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Fracture Toughness Measurement by Micro-Scratch Tests
with Conical Indenter

LIU Ming, LI Shuo, GAO Chenghui

(Fuzhou University, School of Mechanical Engineering and Automation, Fujian Fuzhou 350116, China)
Abstract: Micro-scratch tests of copper, polycarbonate, fused silica and soda-lime-silica glass were carried out with
Rockwell C diamond indenter. It is the first time in China that scratch method is used to measure fracture toughness of
materials. The results show that when the scratch depth was relatively shallow, the spherical area at the top of the
indenter must be considered. And the indenter shape function was quite different when the spherical area at the top of the
indenter was not considered. After considering the spherical area at the top of the indenter, the fracture toughness by the
linear elastic fracture mechanics (LEFM) model is close to that by the energetic size effect law (SEL) model. The
fracture toughness by LEFM is in good agreement with that by the single-edge notched beam (SENB) method and the
chevron-notched beam (CNB) method or indentation fracture (IF) method. The calculation result was not good when the
spherical area at the top of the indenter was not considered. When SEL model was used, the error of fracture toughness
estimated by equivalent half-apex angle of projected contact area was smaller than that assessed by equivalent half-apex

angle of the perimeter, which was close to that by LEFM model.
Key words: micro-scratch; conical indenter; fracture toughness; linear elastic fracture mechanics; energetic size
effect law
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Table 1 The parameters of scratch test for specimens

. Scratch Maximum Scratch
Materials . .
distance/mm load/N speed/(mm/min)
Copper 5 25 5
PC 10 20 10
Fused silica 3 5 6
SLS 5 3 10
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(b) Front view of scratch test

Fig. 1 The schematic of scratch test
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Fig. 2 The schematic of Rockwell C diamond indenter
2 Rockwell CE& NI E kR E

K o MBI 2 R T, BRETE B KL, £
OB SREE, DR MR RRE R T, Dos 4Rk H 28
P Jee R 2 07 2 1 ok RS e IR B AN A A A
Frs ARIpHI G R, SR 5 3T 40 40 BT R Sk 1) il o
TEARAE 55, A T HES O 0 R 2 RS R8s 4,
HOMORE ) 44 SUSE 3 R L e 28 e il 281 7 282 1) ok o
st XM
ox=F1/A, D=A/2p (11)
SN G AT AR AL, IR A K (12) K AR
Wz Ik,

M
VN +e*
KXH:x=InD, y=Inoy, M= Bf VD, = K., N = D,. fi§
i RS 280N R TR 1 3 FH 2% A 9 T Sk (0 A X 35
(d > H)"™, 75 BT T Sk 2 T HEAT S5 U B e, AR
S (1% 42 HEHE TR T2 R SR e s Sk i 45 52 T AR R J K )
AN

y=1In (12)

A=dtan@, p = 2dtan@' /sin¢

3 XRIRELER S

Pl 3 ()2 7~ i 1A B Ay o 7% ith 2 S 4 5 IR . E R
JREE 25 82,5 mmZ 7, AE(S 5 LLECPRS, BEE RIJRER
B, AE(S 5 0RE BZRVESG N, AE(S S ksl &
BE5 i SRR SR AL R HERA K. AL s 3h 2 & )8
IEPEARTE () - EALH], AR R AR BRI AR TR, B )
BTG OR, RAR Re AT DAAAAE . 2 R i — o Bl
i, D7 A A7 4 i B IR TR AR R A g
A E R EEPRIAAT, & BT8Rk A 3B P 5)
I8 IR 0] 7 AR i s S R S A R AR TN
RLESIB BN K, MAkIE 82 T BUE AR I S AL 13 LR
JC, A 8T A /N, R R B i 3h 3 B S R )
AT K.

K13 (b) 2 R PCI BT A7 7 it 26 I 4 e A8, Rl
IR L, WG T B R, ARE S A
K19 P f 184 KR 5 48 . Briscoe R HE A [R] Rl R
ML T PCHIASTE B, 23 i 1 AN [RIHE A (4 e Sk A
JE 735 AS T ALH 52 5T HE A N 120000 JE 3k, 16
AT B, 2 R A 5 AR T () N o 2 £ 1 98 1

(13)



Hs5H I, A M [ L SR AR IR kR i SR 4 559
11.7
120
21 e 2 2
1T E] gy & 1100 g |16 &
Z = < =10 <  F 2|4
157 ~—TF. - 116 & € T ] <
T 131 %e £ 80 - =
g el 2 28 d— Elis
g T isE E {60 2115 2
R 1 0| g EOf £l §
£ g : ¥ {40 E £
g AE s{as =4 AE S {14 %
= = >
£S5 {10 & < g S
= 2t 120 & <
13
0 1 1 1 1 0 0 1 1 1 1 0 J 1'3
0 1 2 3 4 5 0 2 4 6 8 10
Scratch distance/mm Scratch distance/mm
(a) Copper (b) PC
1100 200 5 1 90
190 1 80
Eis0 2 % 14847
Z S S Ewsot 2 <
= ERELEE S 160 3
< 2160 £ & . 3= <
£ 020 62,5 E AE — a ERE
;_:015 d—— .Eis 2 :;100- = |40 Z
s -—F = 140 © £ 12 = E
= T 14 & L £ <
&% ERETR- Fr £130 2
£ 0.10 g 5 = 54 2
= & 2 & 50 ¢ 5 20 2
= 12 120 & = 11 & 2
0.05 < S
- 110 10 <
0.00 . 0 0 0 : 0 0
0 1 2 3 0 1 2 3 4 5
Scratch distance/mm Scratch distance/mm
(c) Fused silica (d) SLS

Fig. 3 The load-displacement curves with panorama views
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Fig. 5 Fracture toughness analysis based on LEFM model
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Wear Mechanism, Tribological and Anti-Oxidation Properties of
Al Doped WC-Co Hardmetals under High Temperature

LIU Yulin"*, ZHU Shengyu', YU Yuan"’, CHENG Jun', SONG Chengli"", QIAO Zhuhui"**", HU Bin'

(1. Lanzhou Institute of Chemical Physics, Chinese Academy of Sciences, Gansu Lanzhou 730000, China
2. Center of Materials Science and Optoelectronics Engineering, University of Chinese
Academy of Science, Beijing 100049, China
3. Qingdao Center of Resource Chemistry & New Materials, Shandong Qingdao 266000, China)
Abstract: Combining high energy ball milling and spark plasma sintering (SPS) technologies, (x%Al-WC)-6%Co (x=0.2
or 0.33, atomic fraction) ternary composites were successfully prepared. The tribological properties of Al doped WC-Co
at 500, 600 and 700 °C in air environment were studied. The matrix of the prepared Al doped WC-Co was coupled by
WC and Co, and Al oxidized during the sintering process. Numerous fine Cr;C, and Al,O3, as hard phases, dispersed in
the matrix. The hardness and fracture toughness of the (0.2A1-WC-6Co) were higher than that of WC-6Co. (0.33Al-
WC)-6Co showed low fracture toughness. The formation of brittle tungsten oxides was the main reason of wear loss of
Al-WC-Co at high temperature. With the increasing contents of Al, both the high temperature softening resistance and
oxidation resistance of the AI-WC-Co were improved, and the spalling and breaking behaviors on the worn surface were

reduced. The addition of Al could led to the improvement of the tribological properties of WC hard alloy.
Key words: Al doped WC-Co; elevated temperatures; anti-oxidation performance; tribological properties
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Table 1 Compositions of the mixed WC-Co and AI-WC-

Co powders
Powder wWCO)/%  w(AD/%  w(Co)/% w(Cr;Cy)/%
WC-6Co 93.4 0 6 0.6
(0.2A1-WC)-6Co 90.3 3.1 6 0.6
(0.33A1-WC)-6Co 87.4 6 6 0.6
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Table 2 Mechanical properties of sintered WC-Co and
Al-WC-Co ternary composites

Sample Density/(g/em’) HVj¢/(kg/mm’)  K;o/(MPam'?)

WC-6Co 14.52 (14.95) 2047 9.94
(0.2A1-WC)-6Co  12.58(12.69) 2172 10.28
(0.33A1-WC)-6Co  11.41 (11.14) 2113 75
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Fig. 1 XRD patterns of (a) Al powder, (b) the mixed Al-WC powders with different milling time from 8 to 28 h from
30° to 80° and (c) the enlarged local from 37.6° to 47.6°
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Fig. 2 Micro-morphologies of the powders: (a) WC; (b) WC-6Co (4 h milling); (c) (0.2A1-WC)-6Co (28+4 h milling);
(d) (0.33A1-WC)-6Co (28+4 h milling)
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(d)(0.33A1-WC)-6Co¥} (£:28+4 hER %)
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Fig. 3 SEM micrographs of the samples with a magnification of x3000: (a) WC-6Co; (c) (0.2A1-WC)-6Co;
(g) (0.33A1-WC)-6Co with the corresponding element mapping

B3 FERIBOR3 000175 30 FISEMEE s (a)WC-6Co; (c)(0.2A1-WC)-6Cos (2)(0.33AI-WC)-6Co;

H ARG NARR FIEDS 7T 3R 70 A1 18

Intensity/a.u.

5 2200
. e £0(.§';3Al)-WC-6Co 9 - - WC-6Co
. o = & T -@ (0.2AI-WC)-6Co
. §2100 y R - (0.33A1-WC)-6Co
(0.2A1)-WC-6Co Z 2000 : S
5] ! -“:H
A | J i .
= S
A A A i1900 . A
- -\""-\.
; WC-6Co 2 R .x.;-g
J S 1800 . ®
= . B
| J‘ P o li®se oo m
30 35 40 45 50 55 60 65 70 75 80 0 100 200 300 400 500 600 700

Fig. 4 XRD patterns of the three types of samples
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Fig. 5 Vickers hardness with temperature (25, 500, 600 and
700 ‘C) of the three sintered samples

B 5 3Fhbest e i BEIR B (25, 500. 600, 700 “C)AE4L )

PR () 5 AR BE SR ()2 3t i) SEMIKE J . £E %

PR (72)TE 3 SEMUR Fy Hh ] DL i I3 T2 35 AS [
[ X 4. X1 R Coy O B [El7(b)], W BARA &
Z X R I A s X IR2[ B 7(0)]H T W, OFF)

o A P

SEBE, U E ZXIESERZENEEEL
Wy X I3[ 7(d))HE B F X 32 E% X 3 & F B =)
O, FEALREF T WC/CoffI2H 1, A /b4 S8 Ak A L4450



570 BE % IR 539 %
1.0 1.0
0.8 0.8 ’LM
3 3 0.6 5 0.6
=] b=} L=}
P D D
S S 04 S 04
= = =
g g soc | £ 500 C
1=} 1} — 3 —
£ £ 02 —600°C | =027 — 600 C
— 700 C — 700 C
. . . . . 0.0 . . . . . 0.0 . . . . .
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time/min Time/min Time/min
(a) WC-6Co (b) (0.2A1-WC)-6Co (¢) (0.33A1-WC)-6Co
1.0 25
777 WC-6Co
_09f 50 L E(0.2A1-WC)-6Co
g ° - = (0.33A1-WC)-6Co
S 08 | £
g g5t
o7t g
é 10
g oo = WC-6Co g
= 05 | -#- (0.2A-WC)-6Co £ 5t
) —a (0.33A1-WC)-6Co =
04 — : ! 0
500 600 700
Time/min Time/min

(d) Mean friction coefficient

(e) Wear rate

Fig. 6 Friction coefficient curves of the samples
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Fig. 7 Worn and unworn morphologies of WC-6Co at different temperatures: (a) 500 C, (e) 600 C, (f) 700 C. (b), (c) and
(d) are the corresponding EDS spectra for region 1, 2 and 3 on the SEM micrograph at 500 C
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Fig. 8 Worn and unworn morphologies of (0.2A1-WC)-6Co at different temperatures: (a) 500 C, (d) 600 ‘C, (e) 700 C. (b) and
(c) are the corresponding EDS spectra for region 4 and 5 on the SEM image at 500 C
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Fig. 9 Worn and unworn morphologies of (0.33A1-WC)-6Co at different temperatures: (a) 500 C, (d) 600 C, (e) 700 C. (b) and
() are the corresponding EDS spectra for region 6 and 7 on the SEM micrograph at 500 C
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Fig. 10 Raman contrast spectra for the worn surfaces of the three types of samples at different temperatures
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Molecular Dynamics Simulation of Substrate Texture’s Effect
on Nano-Scratch of Nickel/Copper Bilayer Film

MA Jun', WANG Bing', FAN Haidong’, JIANG Han'

(1. Applied Mechanics and Structure Safety Key Laboratory of Sichuan Province, School of Mechanics and
Engineering, Southwest Jiaotong University, Sichuan Chengdu 610031, China
2. Department of Mechanics, Sichuan University, Sichuan Chengdu 610065, China)

Abstract: The nano-scratch response of the nickel/copper bilayer film was studied with molecular dynamics simulation.
The scratch response of the nano-nickel/copper bilayer film under different substrate textures was analyzed. The effects
of tip radius and scratch depth on the scratch response of the nano-nickel/copper bilayer film were also investigated. The
results showed that the extent of dislocation, due to different substrate textures, resulted in different chip sizes in front of
the scratch tip. The smooth substrate surface brought to the largest chip volume. For two typical substrate textures, the
scratch forces increased with the increase of the tip radius or the scratch depth when another kept constant. Moreover,
when the tip radius or the scratch depth reached certain level, the substrate surface with groove texture showed certain
anti-friction effect.
Key words: nano-film; substrate texture; nano scratch; molecular dynamics simulation; nickel/copper bilayer film
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Fig. 1 The nickel/copper bilayer film molecular
dynamics model
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Table1 Molecular dynamics simulation parameters

Parameter Workpiece: nickel/copper Tip: diamond

Dimension 28 nm x 15nmx 11 nm Radius: 2, 3, 4 and 5 nm
Initial temperature 300K
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Fig. 3 Longitudinal profiles of atomic configuration (a~d), surface atomic configuration of the nickel film (e~h) under different
substrate textures and atom coloring graph of CNA for surface nickel film of T1 (i)
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Fig. 6 Longitudinal profiles of atomic configuration along the scratch direction of the substrate texture T3 under tip radii (a) 2 nm,
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6 #lSkF4%(a)2 nm. (b)3 nm. (c)4 nmAI(d)S nm 7 i 20 0 350 TR 4 7Y 1]



582 BE ¥ %R 39 %
300 2.0
(a) (b) -=—T3
V4 —0—T1
= 250 18}
£
< =
i Qo L
g 200 SR
o0
2 150 | 14t
&g g
g —A— Tangential force-T1 <
Z 100 —&— Tangential force-T3 12t
—¥— Normal force-T1
—@— Normal force-T3
50 : : - - 1.0 : : . .
2 3 4 5 2 3 4 5

Tool radius/nm

Tool radius/nm

Fig. 7 Tip radius-average scratch force curve (a) and average scratch coefficient of friction curve (b) of the
substrate textures T1 and T3

K7 BSRkAR- T ST 7 2R (a) I Sk~ A -1 24 ) 5 B A K th 28 (b)

2.3 EHERE XK EEEIER S0

TR N Tl FE vp, 3F JTER FEAE N 3 s ) &
H N T2 5 AR AR T S A 2 i,
KA HETI(Wa=1)EBY, B L4295 nm, KA
A IR FE 0.5+ 1.04 1.54 2.0F12.5 nm), B 7% FI 42K
Yo R 2 KR 2 B 1) 2 P 5

AN [ 48 R BB TR A T i) B 2 T 8 (a~e) TR
AT LUE 1Sk FT 7 (R SR R AR AR i 1 52 R P
AR TG AR K. THEIR B N0.5 nme, FIHEFE A 3L i
] JBE ) R R AR R O T, B SR S, R A Y
B E BYIETEAR. 4 E IR E A 1.0811.5 nmi,
T 58 Tol v R T A A 11 T R R X K I S K
AR RN, KA 5k A okl B kK A%
TE. WO SR 1 A0 #02.5 nm, 7] LAB 5 ) F
P e R VTR = A T B DR AR T, 4 S R
A T T B K A AR T L R DR A o R R ) TR
R 5 1) Sk ik DX 30 R A R A A LD, R IR AL

AR ) BT R A B HUOK 2 AR R e A 2 1]
s MR BEIR BRI, AR E 2, JF HALH 6k
e X3 B K, IS 2 o A M PR i1 i A% A2 T 7™ 3 LK
YA TV I . i PA, AE— 2 IR R, FIHE
TR LIRS I0Hs T B oK R B S D ™ S AR T

P 3 B SC B (T 15 T3 7Y ) A 48 K XU JRAE A
(7] | 3R T T - B 4535 100 0 D0 ) 3 B 1 9 a) B
7. T UATE B, 6T PR R SR R AU, Pk 1 oA
DY 738t o ) R P PR 38 T 4K X R MK
£ 701 3 R PS8 TR A K 1 71 ke 5 R £ 922 fih (X3 T
R, BEI 75 2B 2 R EORAE e TR R R 7R g
) Sk il 77 AR e 2 il B A S0 42 i o A 5 i
AT T AR SCHR[281, B FH 735 060 L A i
FASIE L, Heflik 10 Sy F A1) S F T 2RIk T

F,=pA,,F.=pA, 4
1

1 .
Hr:A, = ET:stinza, A, = ERZ(ze—sinze)ﬁj\%lJi%mz

(d)

(e)
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Elastohydrodynamic Lubrication of Elliptical Contact
Considering Effect of Inertia of Lubrication Film

MENG Fanming’, ZHANG Wanmin

(The State Key Laboratory of Mechanical Transmission, Chongqing University, Chongqing 400044, China)
Abstract: An elastohydrodynamic lubrication (EHL) model of the elliptical contact considering the lubrication film
inertia was proposed based on the Navier-Stokes equation considering the inertia and continuity equation, and then the
film inertia effect on the EHL performance of the elliptical contact was studied. In doing so, the deformation and
proposed model were solved, respectively, with a Fast Fourier Transform (FFT) and composite direct iteration method.
The numerical results show that with the consideration of the film inertia effect, the secondary pressure spike of the
lubrication film increased, and the lubricant velocity became smaller and the lubricant reflow became more obvious in
the inlet. The inertia also led to an increment in the film thickness, of which the center film thickness increased up to
5.14% when the load increased from 300 to 700 N. The experimental result also showed that the center film thickness

considering the inertia effect was close to the experimental result.
Key words: film inertia; elliptical contact; film pressure; central film thickness; FFT
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Fig. 1 Schematic of elliptical contact
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Fig. 3 Comparison of film pressure and film thickness between inertia and no inertia results (F=500 N, u,=10 m/s)
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Bionic Self-Healing Aqueous Lubrication Based on Interfacial
Supramolecular Host-guest Interaction
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Abstract: In this study, the adamantyl poly 3-sulfopropyl methacrylate potassium was successfully assembled onto the
surface of cyclodextrin through the supramolecular host-guest recognition. The micro-topography, chemical
composition, thickness and wettability of surface were detected to confirm the successful recognition and assembly. The
frictional experiment of hydrophilic supramolecular substrate was implemented by reciprocating friction testing
machine. The friction results showed an ultralow friction coefficient after assembling hydrophilic polymer ended with
guest molecule under low load condition, but the friction coefficient became high under high load condition because the
hydrophilic polymer may be sheared off from the supramolecular interface. More importantly, the surface not only

owned ultralow friction coefficient but showed recoverability when friction failed under high load because of the non-
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covalent interaction between the guest and host groups.

Key words: aqueous lubrication; supramolecular; host-guest interaction; low friction coefficient; recoverability

Due to the special modulus of articular cartilage
and the bottle-brush like protein macromolecules in
synovial fluid, human joints tend to exhibit an ultra-low
coefficient of friction (COF 0.001~0.03)"”. Bioinspired
from the lubrication of articular cartilage, researchers
have development a series of aqueous lubrication
materials such as hydrogels””, surfaces grafted with
polymers brushes'””’, hydrophilic biomacromolecules """,
micro-hydrogel" "and so on. Among them, the
hydrophilic polymer brush surface grafted from a solid
substrate is an effective method to constructing aqueous
lubrication materials. Professor Klein have assembled
the polymethyl methacrylate-poly(methyl methacrylate
epoxide sulfonate) (pMMA-SGMA) brush onto mica
surface by molecular hydrophobic interaction and
studied the friction behaviors of assembled surface by
surface force apparatus. The lubrication mechanism of
grafted polymer brush surface was the first to reveal that
the hydrophilic polymer brush surface produces osmotic
pressure repulsion in the water environment and
prevents the intertwining and shearing of the polymer
chains to reduce the viscous dissipations during friction
processm]. Prof. Spencer and his cooperators also have
modified the positively charged polylysine-polyethylene
glycol onto the silicon surface by electrostatic
interaction, and the tribological behavior of the surface
polymer brush in different solvent environments were
studied by atomic force microscopy technique. The
relationship between the swelling degree of polymer
brushes and the friction coefficient was revealed,
namely, in a good solvent (water), water molecules
strongly bind with PEG chains through hydrogen
bonding and polar interactions. The hydrated PEG
chains exhibit low friction, and the combined solvent
molecules are not easily squeezed out under
compression. However, in a poor solvent, the PEG
chains experience progressively collapsed conformation
change and exclusion of solvent molecules because of
weak hydrogen bonding and polar interactions, which

lead to a less fluid interface and thus more energy is

dissipated during sliding motion". Our group also
studied the aqueous lubrication of polymer brush surface
systematically and revealed the relationship between
surface wettability and its lubrication characteristic that
provides new ideas for designing and preparing
controllable surface lubrication materials'”"'". The ionic
polymer brush was grafted from solid surface by
surface-initiated atom transfer radical polymerization
(SI-ATRP), and the counterions of polymer brushes
were exchanged by others bulky ions for changing the
surface hydrophobicity and the surface friction
coefficient! . The swelling degree of the ion brush is
adjusted under different concentrations of salt solution
by ionic charge shielding effect to realize friction
coefficient regulation”™”.

In this work, the hydrophilic macromolecules were
anchored to the solid surface by the interfacial
supramolecular  host-guest interaction, and the
macroscopic tribological behavior of the surface in
aqueous environment was studied by reciprocating
friction tester. Because of the hydrophilic guest polymer
infusion, the lubrication properties of surface improved
tremendously under low applying load in aqueous
surrounding. But with the increasing of apply load, the
interfacial friction coefficient also raised because the
hydrophilic guest polymer may be sheared off from host
surface. But it is because of its non-covalent bond
supramolecular interaction, the surface has self-healing
lubricating property, namely, the worn host-guest
surface will recognize and assembly the guest
hydrophilic polymer to achieve ultralow friction

coefficient.
1 Experiment

1.1 Materials and Chemicals

Monocrystalline silicon wafer (p-type, Suzhou
Ruicai Semiconductor Co, Ltd), 3-glycidyloxypropyl-
trimethoxysilane (97%, Beijing J&K Technology Co,
Ltd), aminocyclodextrin (97% Binzhou Zhiyuan Bio
Technology Co, Ltd), Potassium 3-sulfonate propyl-
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methacrylate (97%, Beijing J&K Technology Co, Ltd),
2-bromoisobutyryl bromide (97%, Energy Chemical
Technology), adamantane methanol (98%, Beijing J&K
Technology Co, Ltd), bipyridyl (Shanghai Kefeng
Industrial Co, Ltd), cuprous bromide (Tianjin Komio
Chemical Reagent Co, Ltd), methanol, ethanol and
acetic acid are supplied by Tianjin Komio Chemical
Reagent Co, Ltd. Except that cuprous bromide was
refluxed with acetic acid for 4 h, the other reagents were
used without any treatment.
1.2 Preparation of Guest Macromolecules
Adamantyl 2-bromoisobutyrate is obtained by
reacting 2-bromoisobutyryl bromide with adamantane
methanol in dichloromethane. The terminal adamantyl
polymethyl methacrylate propyl sulfonate (PSPMA-AD)
is prepared by the ATRP method using amantadine 2-
bromoisobutyrate as an initiator and methanol/water as a
solvent.
1.3

surface

Preparation of hydrophilic supramolecular

Silicon wafer was treated by oxygen plasma for
3 min to remove surface organic pollutants, and the 3-
glycidoxypropyltrimethoxysilane (0.5%) in methanol
was spin-coated to the surface. The surface of the silicon
wafer was heated in an oven at 80 “C for 2 h to obtain
the substrate covered with epoxy groups. The epoxy-
modified silicon wafer was immersed in DMF solution
of aminocyclodextrin (1 mg/ml). After standing at room

temperature for 24 h, it was taken out and rinsed with

ethanol to obtain a surface of a silicon substrate
modified with cyclodextrin molecules. The cyclodextrin
modified silicon wafer was placed in an aqueous
solution of PSPMA-AD (1 mg/ml) overnight, and rinsed
with purified water, and blown dry with nitrogen to
obtain a guest macromolecular modified surface. The
preparation process is shown in Fig.1.
1.4 Characterization

The chemical composition of the sample was
characterized by X-ray photoelectron spectroscopy
(XPS), and the measurement was carried out on an
ESCALAB 250xi spectrometer (Thermon Scientific,
USA) by using Al Ka radiation. The binding energy of
Cls (284.8 eV) was used as the reference. Static and
dynamic contact angles (CAs) were measured using a
DSA-100 optical contact angle meter (Kriiss Company,
Germany) at ambient temperature (25 C). A droplet of
5 pL of deionized water was used as the probe liquid to
obtain the static contact angle, and the average CAs were
measured at three different positions on the sample. The
thickness of the polymer layer was measured using a
spectroscopic ellipsometer (Gaertner model L116E)
equipped with a He-Ne laser source (4 = 632.8 nm) at a
fixed angle of incidence of 50°. The refractive index of
polymer film was 1.5. Surface topography images were
obtained using an atomic force microscope (AFM)
(Agilent 5 500) in tapping mode with a commercially
available type-Il MAC lever, of which the nominal force

constant was 2.8 N/m. The friction test during aqueous-

ARERENER T 8N R LR innan
HO
o 0 OH
0—<\ /\2}?0\}10 o
HO Br
OHO o)
O’loH OH n
1 = ZHN" N~~~ v a . o
. oH = o o
’S{\O/
0
\ OH
OH &fz\
OHO oH
KOS

Fig. 1 The preparation process of host-guest supramolecular interfacial material
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lubricated sliding was carried out on the conventional
pin-on-desk reciprocating tribometry apparatus (MFT-
R4000, HuaHui, Lanzhou) by acquiring the friction
coefficient (1) at different loads and frequencies. These
pins are elastomeric poly(dimethylsiloxane) (PDMS)
hemispheres with a diameter of 6 mm, and they were
prepared by a commercial silicone elastomer kit
(SYLGARD 184 silicone elastomer, base and curing
agents, Dow Corning, Midland, MI); the weight ratio of
the base and curing agents was 10:1. A polystyrene cell
(Siqi
Biotechnology, Beijing) was used to prepare the

culture plate with a round-shaped well
hemisphere PDMS pins as a mold. The mixtures were
put into the mold after removing bubbles and then
incubated in a 70 ‘C oven for 4 h. Each sample was
measured at least three times at different positions to get

the mean value.
2 Results and discussion

Different chemical composition of the solid surface
usually has different microstructure, and it is generally
characterized by atomic force microscopy. Fig.2 shows
the AFM image of a silicon surface at various steps of
the hydrophilic supramolecular surface preparation
process. Fig.2(a) is the AFM image of clean silicon
wafer surface. It can be seen that the surface of the

silicon wafer has obvious undulating gully and the
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roughness is 0.67 nm. Fig.2(b) is the surface of the
modified cyclodextrin molecule. Compared to the
Fig.2(a), the dense spots in Fig.2(b) appears which can
be attributed to the cyclodextrin aggregate. Due to the
large amount of hydroxyl groups on the outside of the
cyclodextrin, a large number of hydrogen bonds can be
formed between the cyclodextrin molecules to
aggregate, and the surface roughness is also increased to
0.95 nm. Fig.2(c) shows the surface AFM image after
assembly of the hydrophilic guest macro- molecule.
Compared with Fig.2(b), the surface bright spot density
is significantly reduced, indicating that the number of
surface cyclodextrin aggregates is reduced. The terminal
adamantane poly(methyl methacrylate) 3-sulfonate
bound to the cyclodextrin and destroyed the hydrogen
bond between the cyclodextrin molecules. The long
polymer chain of poly(methyl methacrylate) 3-sulfonate
covered most of the cyclodextrin molecules, and the
surface roughness was also reduced to 0.73 nm. The
AFM morphology and roughness confirmed the
successful modification of cyclodextrin and adamantyl
macromolecules. To further demonstrate the successful
modification of cyclodextrin and adamantyl macro-
molecules, the surface chemical composition was
characterized by XPS technique. As shown in Fig.3, the
surface of the silicon wafer after modification of the cyclo-

dextrin molecule has a characteristic peak at 400.1 eV,
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(c) Si-CD-PSPMA-AD

Fig. 2 The AFM images of (a) Si, (b) Si-CD and (c) Si-CD-PSPMA-AD substrates
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Fig. 3 The XPS (a) full spectrum and (b) N, (¢) S fine spectrum of various substrates

which can be attributed to the signal peak of the nitrogen
element of aminocyclodextrin. A distinct peak at 168.0 eV
also appeared after assembling PSPMA-AD, which can
be attributed to the sulfur element signal peak in the
terminal adamantyl polymethyl methacrylate 3-sulfonate
potassium. Each surface XPS analysis also have
confirmed the successful modification of the
cyclodextrin and guest macromolecules on the surface.
Molecular modification also affects the surface
thickness. As shown in Fig.4(a), the change in thickness
of the substrate at different preparation process were
measured by an ellipsometer. The thickness of the clean
silicon wafer is 20.5 nm, which is mainly the thickness
of the silicon oxide layer of wafer. After the spin-coating
of the dilute solution of 3-glycidyloxypropyltrimethoxy-
silane, the thickness of the silicon wafer increases 4 nm
to 24.5 nm. It is may be mainly caused by 3-glycidyl-
oxypropyl trimethoxysilane multilayer cross-linking
during the spin coating process. After modifying the

cyclodextrin, the surface thickness of the silicon wafer is
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increased by 1.6 nm that matches the size of the cyclo-
dextrin. The result indicates that the cyclodextrin
molecule is grafted on the surface with monolayer
modification. Further modification of the terminal
adamantyl poly(methyl methacrylate) propyl sulfonate
molecule, the surface thickness increases 5.1 nm to
31.2 nm, which indicates this hydrophilic guest polymer
molecule assembly successfully. Surface wettability is
closely related to surface chemistry, and also can be used
to demonstrate successful modification. As shown in
Fig.4, the contact angle of the silicon wafer after the
oxygen plasma treatment is less than 10°, and the
superhydrophilic state is exhibited because of abundant
silicon hydroxyl on wafer surface after the oxygen
plasma treatment. After the modification of the 3-
glycidoxypropyltrimethoxysilane molecule, the surface
contact angle is increased to 49.8°. It is mainly because
the epoxy is a hydrophobic group. After modifying the
cyclodextrin molecule, the surface contact angle is

reduced to 36.4°, which is mainly because the large

(b) 950 (© 49.8°

Fig. 4 The (a) thickness and wettability of various substrates, (b) Si, (b)Si-KH560, (c) Si-KH560-CD, (d) Si-KH560-CD, (e) Si-
KH560-CD-PSPMADA
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amount of hydroxyl groups on the outer side of the
cyclodextrin lead to the cyclodextrin hydrophilic
characteristic of outer wall. After assembly of the guest
macromolecule, the surface contact angle is further
reduced to 25.9°, mainly because the guest macro-
molecule is a water-soluble polymer, and the sulfonic
acid group can be combined with a plurality of water
molecules to achieve a high degree of hydration. It is
also the main reason for the low friction coefficient of
the surface after the subsequent assembly of guest
macromolecules.

The tribological properties of the surface were
completed by a MFT-R4000 high-speed reciprocating
friction tester. The silicone rubber hemisphere with
diameter of 6 mm was selected as frictional pair. The
friction experiment was carried out in the dilute
adamantyl  polymethyl methacrylate  3-sulfonate
potassium aqueous solution. The friction curve of the
modified hydrophilic guest macromolecule surface is
shown in Fig.5(a). The friction coefficient is about 0.05
under 0.2 N load. While for the Si-KH560 surface
without cyclodextrin molecules, the friction coefficient
is above 0.6 under the same friction test conditions. The
difference of friction coefficient between the two
substrates is more than 10 times. The change of surface
friction coefficient before and after modification of
cyclodextrin fully reflects the role of cyclodextrin
molecules in surface recognition and assembly.
Cyclodextrin molecules acted as anchors to bond the
hydrophilic guest macromolecules on the silicon surface

and highly hydrated in the water environment to form a
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lubricating film, which greatly reduces the surface
friction coefficient. But the surface without modifying
the cyclodextrin molecule can not effectively anchored
the hydrophilic macromolecule, which leads to a large
friction coefficient.

The friction coefficient of the supramolecular
surface also have related to the friction time. Fig.5(b)
shows the dependence of friction coefficient on time
under the load condition of 0.8 N. It can be seen that the
surface friction coefficient is only 0.05 during the initial
45 s, and then the surface friction coefficient increases
sharply to about 0.1. At last, the friction coefficient
increase to about 0.2 slowly with time extends. This
phenomenon could be because by the continuously shear
off of the PSMMA-AD molecules from host surface
during the rubbing process. When the amount of the
polymer being sheared reaches a certain level, the
surface friction coefficient has increased dramatically.
Since the supramolecular host-guest interaction is a non-
covalent bond interaction, the strength of the interaction
is lower than the covalent bond, which results in weak
binding strength of the guest macromolecule on the host
surface. Under high load and long-term friction
conditions, the guest molecule adamantane is easily
extracted from the cyclodextrin molecule and destroyed
the hydrophilic polymer layer.

Fig.6(a) is the change of the friction coefficient of
the host-guest surface under different loads. It can be
seen that the surface friction coefficient increases
gradually from the lowest 0.05 to 0.22 with the applying

load increases. The assembled hydrophilic macro-
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Fig. 5 (a) The friction coefficient of Si substrates before and after modifying with CD molecules under 0.2 N load, (b) the variation
trend of friction coefficient during long time friction under 0.8 N load
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Fig. 6 The variation trend of friction coefficient under (a) different loads and (b) continuous variable load

molecules by supramolecular host-guest interaction are
sheared off under high load and reciprocating friction
conditions, and the hydrated boundary lubrication film is
partial destructed which cause the increase of friction
coefficient. However, based on the non-covalent bond-
based supramolecular recognition, after the adamantyl
hydrophilic macromolecule is sheared off, the surface of
the cyclodextrin can be recognized and assembled in the
adamantyl  hydrophilic = macromolecular  solution.
Therefore, the aqueous lubrication performance of the
host-guest surface has a certain self-healing property.
The self-healing properties of cyclodextrin-adamantyl
surface water lubrication can be seen from the
continuous variable load friction test. The applied load is
automatically controlled by the friction tester indenter.
As shown in Fig.6(b), the surface friction coefficient is
about 0.16 under a high load (0.8 N) state, showing
relatively large friction coefficient; but when the applied
load is reduced to 0.3 N, the surface friction coefficient

is only about 0.05, showing ultra-slippery state. This

0.30

(@) (b)

e
[
a
3

phenomenon can be attributed to the fact that some of
the guest hydrophilic macromolecules are sheared off
under high load conditions, and the guest macro-
molecules can be assembled again to the surface to
exhibit an ultra-low friction coefficient when the applied
load reduces.

Fig.7(a) shows the friction coefficient of the
modified guest macromolecular surface under 0.2 N at
different friction frequencies. The surface friction
coefficient decreases sharply from 0.25 to 0.05 with the
increase of frequency, and then slowly decreases to 0.02.
This trend is consistent with the trend of the famous
Stribeck curve [Fig.7(b)], namely, as the shear rate
increases, the state of surface lubrication changes from
boundary mixing lubrication to fluid lubrication, and the
friction coefficient also reduces with the state of
lubrication. For the host-guest supramolecular surface,
much more guest macromolecules may be sheared off,
which results in loss of lubricating performance and an

increase of friction coefficient at low friction frequency
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Fig. 7 (a) The variation trend of friction coefficient under different frequencies, (b) the possible friction mechanism of the
supramolecular interfacial material
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and high load condition. But at high friction frequency
and low load condition, the fluid lubrication appears, and

shows low friction coefficient.
3 Conclusion

In this work, the terminal adamantyl polymethyl
methacrylate 3-sulfonate was prepared, and assembled
on cyclodextrin surface by host-guest supramolecular
After

molecules, the friction coefficient of surface in aqueous

recognition. assembly the guest polymer
surrounding can be effectively reduced due to the
hydrophilic characteristic. Because of the weak non-
covalent bond between the cyclodextrin-adamantan, the
host-guest supramolecular surface shows a poor bearing
capacity and wear resistance. The guest polymer
molecules are easily to be sheared off from host surface
under high load and low friction frequency, which
causes the rise of friction coefficient. And also because
of the reversible non-covalent bond between the
cyclodextrin-adamantan, the lubrication behavior of
host-guest surface showed a self-healing characteristic.
An ultralow friction coefficient obtained again when the

host surface immersing in dilute guest polymer solution.
2 % Xk
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Effect of Sliding Speed on Wear Behaviors of Soda
Lime Glass in Dry Air

XIAO Tongjin, HE Hongtu', YU Jiaxin

(Key Laboratory of Testing Technology for Manufacturing Process, Ministry of Education,
Southwest University of Science and Technology, Sichuan Mianyang 621010, China)
Abstract: The effects of sliding speed and normal load on wear behaviors of soda lime glass in dry air were investigated
by rubbing against a pyrex glass ball upon an environment-controlled ball-on-flat tribometer. The results show that, with
the increase in sliding speed from 0.25 mm/s to 8 mm/s, the stable friction coefficient of soda lime glass decreased a
little bit when the normal load was 2 N, but the effect of speed on the stable friction coefficient became insignificant
when the normal load decreased to 1 N. Moreover, the wear volume of soda lime glass increased by 21.5 times when the
normal load was 1 N, and it increased by 12.5 times as the normal load increased to 2 N. The analysis showed that, at
low speed conditions, the locally temperature rise at the interface of soda lime glass was small, the abrasive wear and
adhesive wear, accompanied by a small amount of brittle flaking dominated the wear process. As the speed increased,
the wear debris gradually shifted to the pyrex glass ball surface and participated in the wear process. The wear pattern of
the soda lime glass also changed to adhesive wear and plowing removal. Compared to high load conditions, the effect of
sliding speed on the material removal of soda lime glass was more significant under low load conditions, which was due

to the higher growth rate of interfacial temperature rise under low load conditions as the speed increased.
Key words: soda lime glass; speed; dry environments; mechanical wear; load
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Fig. 2 Friction coefficient of soda lime glass as a function of sliding speed in dry condition under an applied load of (a) 1 N and
(b) 2 N; (c) Stable friction coefficient as a function of sliding speed based on (a) and (b)
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Fig. 3 Optical profilometry image (up) and characteristic line profile (down) of top surface of pyrex ball after wear testing under an
applied load of (a) 1 N and (b) 2 N, the dotted red line is the undamaged outline of the original pyrex ball surface
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Fig. 4 3D profilometry images (up) and characteristic line profile (down) of wear tracks at soda lime glass surface after wear testing
under an applied load of (a) 1 N and (b) 2 N
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Fig. 5 (a) Maximum wear depth and (b) wear volume of soda lime glass after wear testing under various speed conditions
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Fig. 6 SEM images of surface crack at wear region of soda lime glass after tested under an applied load of (a) 1 N and (b) 2 N
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Tribological Properties of Copper Matrix Composite
with Lattice Reinforcement

XU Huiyan, LI Zhenhua*, TENG Baoren, YANG Rui, LI Huaiyang, REN Bo

(School of Material Science and Engineering, Kunming University of Science and Technology,
Yunan Kunming 650093, China)
Abstract: In order to effectively tune microstructure and properties of copper matrix composites, 18Ni300 lattices with
different cell sizes of 5.00 mm, 3.75 mm, 2.75 mm, 1.75 mm, 0.75 mm were formed by selective laser melting. After
being solidified with copper melt under pressure of squeeze casting process, the lattices combined with copper matrix
and formed composites. The microstructure, hardness and wear morphology of samples were observed and analyzed, and
wear tests of the composites were investigated by pin-on-disk procedure. The results indicate that the lattices performed
a key role to improve the properties of the composites. The composite with lattice of 0.75 mm cell size showed the
highest hardness and best wear resistance. The hardness reached HBW120 and was 1.71 times of the Cu matrix. The
wear volume was 35.4 mm’ and was 58% lower than that of the Cu matrix. The wear mechanism of the composite was

abrasive wear.
Key words: selective laser melting; 18Ni300 lattice; copper matrix composite; squeeze casting; wear
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Table 1 Composition of the 18Ni300 powder
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Fig. 1 (a) Morphology of the powder and (b) typical fabricated lattice structures
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Fig. 2 SEM micrograph of typical 18Ni300 lattice
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Fig. 3 Morphology of composite with the lattice
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Fig. 4 Cu crystals and Cu-Fe interface between lattice and
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Table 2 The volume of the reinforcements in the
composite and density of samples

Unit cell size/mm Volume of reinforcement/% Density of samples/(g/cm’)

0(Pure Cu) 0 8.90
5.00 3.10 8.88
375 4.05 8.86
275 4.80 8.85
1.75 6.60 8.83
0.75 13.35 8.74
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Fig. 5 EDS mapping analysis of copper matrix composite
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Fig. 6 Effect of lattices cell on hardness of the composites
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Fig. 7 Effect of lattice and sliding time on the volume loss of
copper matrix composite
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Fig. 8 Morphology of worn composite with the lattice
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Fig. 9 EDS map of typical composite worn surface (with lattice of 1.75 mm cell size)
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Mechanical and Tribological Properties of Fe-Based Powder
Metallurgy Materials with Multi-Layer Porosity
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(1. School of Mechanical Engineering, Anhui University of Technology, Anhui Ma’anshan 243002, China
2. Institute of Tribology, Hefei University of Technology, Anhui Hefei 230009, China)
Abstract: The iron-based bearing materials with dense matrix and porous surface layer were made by powder
metallurgy process. The microstructure and morphology were analyzed by scanning electron microscopy, energy
dispersive spectroscopy and X-ray diffraction. The friction and wear properties of the composites were evaluated by an
HDM-20 end-face friction tester. Results show that addtion of appropriate TiH, effectively improved the porosity of the
iron-based powder metallurgy materials. And TiC phase, endogenous near the pore, can effectively compensate the
weakening due to the pores. The addition TiH, increased the hardness but decreased the crushing strength. The fracture
mechanism gradually changed from ductile fracture to brittle fracture. With the increase of TiH, content, the tribological
properties became better first and then worsen. The comprehensive mechanical and tribological properties of the
materials containing 3% TiH, were better, and the combination of high strength and good self-lubricating properties can

be realized. This work provides a new idea for the development of high-performance iron-based oil bearing materials.
Key words: iron-based oil bearing materials; powder metallurgy; laminated pores; mechanical properties; friction and
wear
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Table 1 Formula of different TiH, content

No w(Fe)% w(C)% w(Cu)l% w®)% w(TiH)/% w(ZnSt)%

1 Bal 0.8 5 0.1~0.2 0 0.8~1.6
2 Bal 0.8 5 0.1~0.2 2 0.8~1.6
3 Bal 0.8 5 0.1~0.2 2.5 0.8~1.6
4 Bal 0.8 5 0.1~0.2 3 0.8~1.6
5 Bal 0.8 5 0.1~0.2 35 0.8~1.6
6 Bal 0.8 5 0.1~0.2 4 0.8~1.6
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Fig. 1 Schematic diagram of the end face friction tester
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Fig. 2 The morphology of the TiH, powders
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Fig. 3 The open holes on the surface and cross section with different TiH, content (a) 0% surface (b) 0% cross section (c) 3.5%
surface (d) 3.5% cross section
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Fig. 4 SEM micrograph and EDS analysis of the samples with different TiH, contents
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Lubricating Properties of the Protic Ionic Liquids as the
Water-Based Lubricating Additives

ZHANG Jianwen, ZHANG Chaohui , LIU Zhihang

(School of Mechanical, Electronic and Control Engineering, Beijing Jiaotong University, Beijing 100044, China)
Abstract: Protic ionic liquid (Bis[(2-hydroxyethyl)ammonium] lauric, BogaL) aqueous solutions were prepared.
Friction-reducing and anti-wear properties, extreme pressure properties, film forming properties and wettability of
Boral aqueous solutions were tested on the MRS-10A friction tester, NGY-6 nanometer and Contact angle tester. The
friction and wear mechanism were analyzed by 3D surface profiler and X-ray photoelectron spectrometer. The results
show that low concentration BogsL aqueous solution had excellent extreme pressure performance, and the non-seizure
value(Pg)of the Bopa L aqueous solution(5%) was between 834 N and 883 N. Compared to that of pure water (98 N), the
BoraL aqueous solution had good extreme pressure performance. The film forming ability of pure water and the
wettability of steel-steel friction pair surface were remarkably improved by BogsL. The reason was that the polar groups
of BogaLl can form a dense chemical or physical adsorption film on the metal surface, which reduced the friction
coefficient and improved the anti-wear properties. Because of the saturated adsorption of the polar molecules, low

concentration of BqggaL aqueous solutions had good tribological properties.
Key words: bis[(2-hydroxyethyl)ammonium] lauric; water-based lubricant; friction reduction and anti-were properties;
film-forming properties; wettability
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Table1 Molecular structure of Bog, L
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B, I VR R A 3] 4 R T BB RT DA KRR FE
A5 [ - B SR v, FLAE 7E v — R DA R A A oK
i AR s 5", A S b R F SZ-CAMD3 4: H Bl 2
fik 7 U 2 A A [ 5 B 2 BB o A L /K VA VR PR VR X
BRI, PSSk UE B Bopa LKIE W, 3K
B VRGBT S 340 AT AE B R, U R T 2018
RN, B XA I TR VR R B AN B AR R T S minfR g
Ja AT

TFE VR ) S AR A e T VT SR Y o — T
FR bR, SO 70 I T A 1 R R R S L — e
(35 Bl . A VHE 5 R FENGY -6 90K it JE A 3 B AS
IFi) 57 8 3 50 (1T B o o LR T VAR 119 F P i . K o JBE 4%
Al R BR- B 5B, B B A BRI B S, B4 150 mm, X
BREART7/8YEF, MBI AGCr15, ANEE AW AN ER A% 45 (1)
34 39 5 2 T RELRES 52 A9 3~5 mim, 36 HP BE 8 ) 2 1) 1) 3%
ffH20 N, 553 He 71°50.5 GPa, 50 18 i 42 il 3¢
B A 11 2 Tk ke S L 3K - 2 ik X VR Bk B D 0 A
A, SR B DX A5 A AS [i] 3 B e B LA,
a7 B AT R
Disk

|- Steel ball
L5 .- Liquid
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—

.- Oil cup
(Semi immersion)
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(immersion)

Fig. 1 Sketch of the film forming semi-immersion
experiment
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Y Bl g . TE 20 1A B A 2R T X AS (7] 4 B
Bopa LKA AT B fy &L, 25 R0 T2, &4
5 B 5D T Y R 4 /N T K 1 kA, R
BopaL 2 3 12 5 7 /KW I IR M RE . B 35 Bopa LR
B> H B, B A A A 1835088 Jin £ 33.85°9F 7E
320 AR B RE . IX I i 2 A T R 4 R B o,
05 8 I, R M B AR E AR Al K R N S A
Y J5R  § R 7K P 2 T 9K 8 17 5 1 L i £ 10 K/,
TER 53 22 2 AT WL B KA » BB 5 15 I R 43 5
(3, KV R T 5K 712 Brs . 358 R H
B P & 2 AR5, BT AR IUNBopa LKA
TBE A BN, 4B opa LK V6 T BE AR 1 B F e R ik
JE(CMC), RIA R AR 1 4 118 & J@ 3R T A 2 i Fn
W, JFL A FEE PR 398 I E S B X 2 3 I 9 R AR
TE 1, Bk AR (R, T A TR W AN AR A

U N X Bopa LKV W1 BB ALER HE47 T R 7L,
RIS 50 I Bop A LK B WRAEAS R 653 T 4
R E BT IS AR X T4l KR B, 1%~5% BopalZK
TR R RN P 5 HAR ZE AR, (R0 R A R
B2l RS T A X O X BT RN TE
R WEBHTR, 5 RREENE KT, B
Pl TS = AE TR R T 245 A, Ko FES)E
1M1 2 22 W P O it o BRI Bh Bt N T e

F2 Bop LHZKEGEAEM AN B4R
Table 2 Measurement result of contact angle of By L
aqueous solution

. Contact Angle on 201 stainless
Lubricant Contact Angle

steel(after 5 min)

CA left: 43.8°

CA right: 45.5°

Water 44.65°(+0.8)

)

CA left: 18.6°

Water+1% BogaL CA right: 18.1° 18.35°(x0.25)

CA left: 24.8°

Water+5% BopaL CA right: 25.3° 25.05°(£0.25)

CA left: 34.9°

CA right: 32.8°

Water+10% BogaL 33.85°(&1.05)

|

CA left: 31.1°

Water+15% BogaL CAright: 32.4° 31.75°(0.65)

)

CA left: 32.8°

CA right: 32.4°

Water+20% BogaL 32.60°(0.20)

P

o #39%
4.5
45
—o— Contact angle 140
40 —2— Viscosity 135 2
— =
&
$35¢ 130 &
— >
g 125 %
Z 30 =
K] 120
£ 25| 2
] 115 >
20 1 11.0
15 0.5

0 5 10 15 20
Concentration of B, L aqueous solution/%

Fig. 2 The relationship between viscosity and contact angle
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(a) Water 40 mm/s

(d) BopaL 40 mm/s

(b) Water 278 mm/s

(e) BopaL 278mm/s

(c) Water 412 mm/s

() BogaL 412 mm/s

Fig. 3 The comparison of lubrication film interference images between pure water and By, L aqueous solution

(a)Water 40 mm/s(b)Water 278 mm/s(c)Water 412 mm/s(d)BogaL 40 mm/s(e)BOEAL 278 mm/s(f)BogaL 412 mm/s
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Fig. 4 The film-forming ability of BogsL aqueous solution
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Fig. 5 Frictional traces of 5% BggaL aqueous solution
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Fig. 6 The relationship about friction coefficient, wear scar
diameter and Bog, L concentration
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W2 B E 462 Je 2 THI T PRt 2 PR VB I, ) g A 5 A JBE
BERI W 2N W B A S, T 2 S [R] AR G v g 1 .
T 2 B BRI 58 5 R I Bopa LK IR RAE & B R A 5
R4 AR A, BZEAS [ 57 5 43 480 35 0] LA A %
R T PR R B, T DR 5T 0 B R Bopa LZK VR FT A 2
E R SRR, X 5 AR oA 5 % ) 1) 5%
R GG E T DUE H 5% 50 BT Bopa L KRR
82 P ) i AR 265 T G At o 2 23 20 mT DA A A0 P AR
P4,

T D E AN ERIE IR TR T
BEJRAE I, XK 5% Bopa LZK VAR T AN BR BE Bt it
1T XPSIt HL T RETE 70 A, 45 R8T X3, BIRK A
HRERFICHOLE, ik $194.47%, 1 IiEHE R AE
IR A B B I BE R R T TR RIMEH. Cls4si &
fiE 9285.071285.62 eV, X 73 7l L& % (C-H). -C-N,
Ols4h & B8 9530, 531.8F1532.73 eV, X 73 B £ H
O-Fe. —OHAMIO=C. N1s[}) 4 & HE }9400.24H1400.79 eV
X B FEHE-N-H. -N-O. HIB gL 73145 7 401
JE 35 3R TR P 2 Bopa LR 23 1, BI7E BE 3R 3R T B &
— JE B BopaL7r T W It JE . Fel) 45 & RE 4 710.95.
713.3H1724.69 eV, F 52 7Rk 0 &K T 414 LB
T 2 AR, U B BRI R b G BRER T B A, s AR
BT 2R EA. TNBopa L AR 2> 7, AT 3855 I B
BRI b, T H RN s RS & R i
¥ T TR HL A, AR 4y WP BT D IRGE, X K
TRV R S P i R B S A3t 1 5 ). 17T 22 Rk Fe ()AL,
B )52 N Fe,05MIFe-OC-25 A A1, R4 J& 3 1 J5 43
ZJG KA AT 1 2 BU% 1 4 8 S A A 27 SO A
9 BRI THI A 5 R0/ IN R BE 1 R RN R A (LB .

Fah T R HUNS%Bop LK R T H Ak
JE 4 R BN L, Al K FE LA I 78 FR g R N T
98 N, 1H&1%Bopa LZKIER IR EAE 618 N, 5%BopaL

x4 REDBA5%Bopa LKERREMEENRER
Table 4 Experimental result of extreme pressure
character of 5% Bggs L aqueous solution

Level of Average wear scar Compensated Diameter,

load Load/N diameter/mm Dy/mm

1 314 0.27 0.33
2 412 0.29 0.36
3 510 0.33 0.39
4 618 0.34 0.41
5 726 0.37 0.44
6 784 0.38 0.45
7 834 0.42 0.44
8 883 0.52 0.46
9 932 0.66 0.47
10 981 0.75 0.48

R3 XPSHHT
Table 3 XPS analysis
Element  Atomic fraction/% Binding energy/eV Assignation

Cls 69.15 285 (-C-H)
285.62 -C-N

Ols 25.32 530.7 -O-Fe
531.8 -OH
532.73 O=C

Fe2p 3.74 710.95 Fe-O-
713.3 Fe-OC-
724.69 Fe, 03

Nls 1.79 400.24 -N-H
400.79 -N-C

AKIEEIIEFEA 49834 N, 2 B 9 Boga LB AN
T BLIRBRK H HOBR IR, BT DL R T A T
A A B AL .

3 i

a. WiR T = SR A R KIS IAE20 AN R4 |
FRE il A 932048 A, BIBopa LS TR AT LR 4R
IR L R, BE & W T Bopa L & 23 21 38,
LR R K, (H IR AN 2 3K

b. Bopa LB AR ] LATE— @ R B B3R KAk 1)
FRIBERE J7, BN T 5 73 B Bop A LI K I8 VRIS R AE +
JUAAAK e A, B PR S e e 10 v J i . 1%
TR T FRLAE T 203 P i R AR SR R AR R
B BRI IPiEERE.

C. Ab T Bopa L /K V8 VLI M RS T P 4 -0 B it
TEH B RE T P24 T Bopa L2 T W B IS, 87 CHINFH
A A N Fe, 0555 b 5 SN IE, 1 ) 3 5 4t [ ke A
FH RO B ARG B 2 ) 2 (1] P B 8 R K, DR BE 0 s 8 R AE
H R B BN S Yol 1A B B .

d. 5%Bopa L7K % H A% 4B 9834 N, 3zt it KT
A IK [ Pl IE B Bopa LK A A & A0 R 1 A 14
BE, T T BS TR Bopa L T LAYE Sy 7 J5E i T Y 1 A%
JEERINFIME .

& & ik

[1] Gu Kali, Liu Jianfang. The research on a green water-based
lubrication additives[D]. Beijing: Institute of Mechanical Science,
2005(in Chinese) [JFiF< TN, XI55 . &t 7K I M 8 n 7 (AT ¢
[D]. L5 HUbAL BT TERE, 2005].

[2] Huang Weijiu, Liao Linqing, Deng Guohong, et al. Tribological

properties of water-soluble nitrogen-containing borate esters[J].



634

L

539 %

[7]

[9]

[10]

Lubrication and Sealing, 2001, (5): 29-30 (in Chinese) [#F /L, B
MR, MSEAL, 55, Kk SR e B 2 P e JL (0], iR 5
#HE, 2001, (5): 29-30]. doi: 10.3969/j.issn.0254-0150.2001.05.010.
Wang Haizhong, Ye Chengfeng, Liu Weiming. Tribological
properties of 1-methyl-3-butylimidazole hexafluorophosphate ionic
solution[J]. Journal of Tribology, 2003, 23(1): 38—-41 (in Chinese)
(R, RV, IR, 1- 1 E-3- T RN RS RR 26 2 T
I BE R 22 P RE[T]. BEER 2224 4R, 2003, 23(1): 38-41]. doi:
10.3321/j.issn:1004-0595.2003.01.009.

Jiang Dong, Hu Litian, Feng Dapeng. Study on friction properties of
steel/aluminum phosphate ionic liquid[J]. Journal of Tribology,
2011, 31(6): 599-603 (in Chinese) [Z#5, BINHR, 15 KM, BERRME
ST WA /40 B A ) BE PR TV RE BT FE (D). BB 22224, 2011,
31(6): 599-603]. doi: 10.16078/j.tribology.2011.06.014.

Xie Guoxin, Luo Jianbin, Guo Dan, et al. Lubrication film forming
properties of ordinary ionic liquid lubricants[J]. Journal of
Mechanical Engineering, 2011, 47(11): 82-86 (in Chinese) [ fi# [ 7,
e, FEPE, S5, I T A IR R R A Y R ERIT AR L]
HUBE TRE2A9R, 2011, 47(11): 82-86]. doi: 10.3901/JME.2011.11.
082.

Guo Yuexia, Qiao Dan, Han Yunyan, et al. The properties of amino
acid ionic liquids as lubricants for different friction pairs[J]. Journal
of Tribology, 2017, 37(2): 167175 (in Chinese) [¥5 H #, 7+ H, &
oM, A EERRR TR AN IR B R T R A R RE T E L]
BEE R 2R, 2017, 37(2): 167-175]. doi: 10.16078/j.tribology.2017.02.
004.

Song Zenghong, Liang Yongmin, Fan Mingjin, et al. Lithium ionic
liquid as the research on the tribological properties of polyethylene
glycol additive[J]. Journal of Tribology, 2013, 33(3): 282-288
(in Chinese) [RIELT, Fk &, FLIAER, 25, M FRIAIEN R Z =
T VA T B BE R AR RE AT FT[T]. BEHE 22 4R, 2013, 33(3):
282-288]. doi: 10.16078/j.tribology.2013.03.002.

Avilés M D, Carrion F J, Sanes J, et al. Effects of protic ionic liquid
crystal additives on the water-lubricated sliding wear and friction of
sapphire against stainless steel[J]. Wear, 2018, 408: 56—64. doi:
10.1016/j.wear.2018.04.015.

Zhang Chengmou, Li Jian, Dai Chuang, et al. Tribological behaviour
study of two ionic liquids[J]. Lubrication and Sealing, 2006(9):
40-43 (in Chinese) [7K /3% 50, 2542, A1), . PIAf T IRIR K AR
SEATRBEFELI]. I S % d, 2006(9): 40-43]. doi: 10.3969/j.issn.
0254-0150.2006.09.013.

Zhu Liye, Cheng Ligong, Zhou Ji, et al. Tribological research status

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

of a new lubricant-ionic liquids[J]. Lubricants, 2009, 24(2): 1-5
(in Chinese) [0, BRILTh, A, &, —FP BE M 7—&8 T8
PRH B 22T SLBLIR [T]. W30l 2009, 24(2): 1-5]. doi:
10.3969/j.issn.1002-3119.2009.02.001.

Victor H L, Dosil N, Gonzalez-Cabaleiro R, et al. Bronsted ionic
liquids for sustainable processes: synthesis and physical
properties[J]. Journal of Chemical & Engineering Data, 2010, 55(2):
625-632. doi: 10.1021/je900550v.

Yu Guiqin. Synthesis and tribological properties of ionic liquids[D].
Lanzhou: Lan Zhou University, 2007(in Chinese) [ THE2F. 51l
PR B L BE RS PR BE RO JE (D). 22 22 K22, 2007).
Zhao Hao. Preparation composite design and lubrication
performance of proton ionic liquids[D]. Changsha: Hunan
University of Science and Technology, 2016(in Chinese) [#£4#5. Jii
TR B TR B ) AR S G v SO PR BE A [D). Kb TR
FHCREA, 2016].

Wang Quandai, Li Zhilong, Guo Bingbing, et al. Tribological
characteristics of surface wettability under different lubrication
conditions[J]. Journal of Tribology, 2018, 38(6): 665-672
(in Chinese) [ EAUEY, 25k, ¥t % RRNEWE RS TR MmE
TR AR BE R 2RI FULD]. BEHE 22 254K, 2018, 38(6): 665-672].
doi: 10.16078/j.tribology.2018072.

Wen Shizhu, Huang Ping. Principles of tribology[M]. Beijing:
Tsinghua University Press, 2002(in Chinese) [{5 754, 7. FE#E 2%
JEBM]. JB5T: AR HARAL, 2002].

Zhang Chaohui, Luo Jianbin, Wen Shizhu. Viscosity correction and
thin film lubrication calculation of nano-scale lubrication films[J].
Journal of Mechanical Engineering, 2001, 37(1): 42—45 (in Chinese)
[TRWIE, A2, WL VFEE. PRGN T T I R B A2 IE 5 v e v
THR[I]. HUMCCAR 2R, 2001, 37(1): 42-45].

Luo Jianbin, Wen Shizhu, Huang Ping, et al. Study on the
relationship between elastohydrodynamic lubrication and film
lubrication transformation[J]. Journal of Tribology, 1999, 19(1):
7277 (in Chinese) [#fEAEAK, HH6F, BT, 45, SRR 5 MR
ALK R BB T[] B A2, 1999, 19(1): 72-77]. doi:
10.3321/j.issn:1004-0595.1999.01.014.

Sulek M W. Tribological properties of aqueous solutions of alkyl
polyglucosides[J]. Wear, 2006, 260(1): 193-204. doi:
10.1016/j.wear.2005.02.047.

Espinoosa T, Sanes J. Protic ammonium carboxylate ionic liquid
lubricants of OFHC copper[J]. Wear, 2013, 303(1): 495-509. doi:
10.1016/j.wear.2013.03.041.


http://dx.doi.org/10.3969/j.issn.0254-0150.2001.05.010
http://dx.doi.org/10.3321/j.issn:1004-0595.2003.01.009
http://dx.doi.org/10.16078/j.tribology.2011.06.014
http://dx.doi.org/10.3901/JME.2011.11.%3Clinebreak/%3E082
http://dx.doi.org/10.3901/JME.2011.11.%3Clinebreak/%3E082
http://dx.doi.org/10.16078/j.tribology.2017.02.%3Clinebreak/%3E004
http://dx.doi.org/10.16078/j.tribology.2017.02.%3Clinebreak/%3E004
http://dx.doi.org/10.16078/j.tribology.2013.03.002
http://dx.doi.org/10.1016/j.wear.2018.04.015
http://dx.doi.org/10.3969/j.issn.%3Clinebreak/%3E0254-0150.2006.09.013
http://dx.doi.org/10.3969/j.issn.%3Clinebreak/%3E0254-0150.2006.09.013
http://dx.doi.org/10.3969/j.issn.1002-3119.2009.02.001
http://dx.doi.org/10.1021/je900550v
http://dx.doi.org/10.16078/j.tribology.2018072
http://dx.doi.org/10.3321/j.issn:1004-0595.1999.01.014
http://dx.doi.org/10.1016/j.wear.2005.02.047
http://dx.doi.org/10.1016/j.wear.2013.03.041
http://dx.doi.org/10.3969/j.issn.0254-0150.2001.05.010
http://dx.doi.org/10.3321/j.issn:1004-0595.2003.01.009
http://dx.doi.org/10.16078/j.tribology.2011.06.014
http://dx.doi.org/10.3901/JME.2011.11.%3Clinebreak/%3E082
http://dx.doi.org/10.3901/JME.2011.11.%3Clinebreak/%3E082
http://dx.doi.org/10.16078/j.tribology.2017.02.%3Clinebreak/%3E004
http://dx.doi.org/10.16078/j.tribology.2017.02.%3Clinebreak/%3E004
http://dx.doi.org/10.16078/j.tribology.2013.03.002
http://dx.doi.org/10.1016/j.wear.2018.04.015
http://dx.doi.org/10.3969/j.issn.%3Clinebreak/%3E0254-0150.2006.09.013
http://dx.doi.org/10.3969/j.issn.%3Clinebreak/%3E0254-0150.2006.09.013
http://dx.doi.org/10.3969/j.issn.0254-0150.2001.05.010
http://dx.doi.org/10.3321/j.issn:1004-0595.2003.01.009
http://dx.doi.org/10.16078/j.tribology.2011.06.014
http://dx.doi.org/10.3901/JME.2011.11.%3Clinebreak/%3E082
http://dx.doi.org/10.3901/JME.2011.11.%3Clinebreak/%3E082
http://dx.doi.org/10.16078/j.tribology.2017.02.%3Clinebreak/%3E004
http://dx.doi.org/10.16078/j.tribology.2017.02.%3Clinebreak/%3E004
http://dx.doi.org/10.16078/j.tribology.2013.03.002
http://dx.doi.org/10.1016/j.wear.2018.04.015
http://dx.doi.org/10.3969/j.issn.%3Clinebreak/%3E0254-0150.2006.09.013
http://dx.doi.org/10.3969/j.issn.%3Clinebreak/%3E0254-0150.2006.09.013
http://dx.doi.org/10.3969/j.issn.1002-3119.2009.02.001
http://dx.doi.org/10.1021/je900550v
http://dx.doi.org/10.16078/j.tribology.2018072
http://dx.doi.org/10.3321/j.issn:1004-0595.1999.01.014
http://dx.doi.org/10.1016/j.wear.2005.02.047
http://dx.doi.org/10.1016/j.wear.2013.03.041
http://dx.doi.org/10.3969/j.issn.1002-3119.2009.02.001
http://dx.doi.org/10.1021/je900550v
http://dx.doi.org/10.16078/j.tribology.2018072
http://dx.doi.org/10.3321/j.issn:1004-0595.1999.01.014
http://dx.doi.org/10.1016/j.wear.2005.02.047
http://dx.doi.org/10.1016/j.wear.2013.03.041

%39% H5H BE ¥ 2 2 R Vol39 No5
2019 49 H Tribology Sept, 2019

DOI: 10.16078/;.tribology.2018200

RERE FEFH T EEMEEE
Pl G WL 52

PR TN R (I - A Y &
(L. ST TR U2 TR 2205, 117 7 £ 266520;
2. ot VRIS T 5 A MRS TR S LR SR, LR -5 266101,
3. ot [EUR205% 2 AL SRR 5T #8300 15 0 A 520058, 7T 22 730000)

1 OB SRR 5 B T RS SOW B T AN (R AR ER AN 4% 26 T o 3 2 A A I F ok S 1 IR R B, 7
R T M2 AF T 2O 5 O & SRR B 5N 5 P9 AR 32 XN 103 b 6 00 e RS A 16 =l o Bk b
AR ON U 4 A o B L R AN i e e )49 1) B B T, IR — R AR AR B 8 B = i S 1 B
JE S ) LA SR PR I A B X PR 3 22 e i ) 23 B R P Ak DX B A A A8 50 5 e, T L AR Bk B
35S0 PO 08 O A A . R TR S ) 2% R T R T R A SR I Y R [, A N T I S ) A
M.

SEHRIR): R 5 ) 8 =R N i R RR A DG

FE %S THI17.22 XHRFRERD: A XEHS: 1004-0595(2019)05-0635-08

Experimental Observation of Single-Charging
Grease Lubrication with Different
Directions of Surface Motion
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Abstract: Using a ball-on-disc optical apparatus, the features of grease lubrication were experimentally investigated
under different angles between the surface velocities of the two contact bodies. It was found that in the contacts with
different surface velocities, there represented two typical features: inlet oil reservoir formation and asymmetrical film
shape, which were different from traditional observations of grease lubrication. The film thickness and lubricating
duration were significantly enhanced due to the presence of an inlet oil reservoir. Furthermore, this finding also indicated
the incorrect use of classical inlet boundary conditions for numerical EHL with non-collinear surface velocities. The

asymmetrical film shapes were mainly attributed to the non-uniform thermal properties of the sliding components. And
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moreover, asymmetrical films became pronounced under higher speeds and angles. The crossed lubrication tracks on

two surfaces facilitated the lubricant replenishment, which was the main mechanism of inlet oil reservoir formation.
Key words: different surface velocity directions; single-charging grease lubrication; inlet oil reservoir; asymmetrical

film shape; interferometry
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Table 1 Grease properties

Base oil Viscosity/(Pa-s), 20°C Base oil density/(kg/m’), 20 ‘C Penetration, (1/10 mm) NLGI level

PAO10 0.13 706 252 3
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Research Progress on the Liquid Face Seal of
Vapor-Liquid Two-Phase Flow
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(1. College of Mechanical Engineering, Zhejiang University of Technology, Zhejiang Hangzhou 310012, China
2. The MOE Engineering Research Center of Process Equipment and Its Remanufacture, Zhejiang University of
Technology, Zhejiang Hangzhou 310012, China)

Abstract: Liquid face seals are the main form of shaft end seal used in process industry, which are widely applied to
aerospace, marine engineering equipment and high-end manufacturing equipment. A phase change may take place as the
liquid flows through the seal clearance, which leads to the seal either face deformation, dry friction or even failure. It is
of great significance to carry out the research on the liquid face seal of vapor-liquid two-phase flow because phase
changes may affect the safe, reliable and stable operation of relevant equipment or even the whole device. This paper
summarized the research status of the liquid face seal of vapor-liquid two-phase flow in the past 50 years. Typical heat
sources and heat transfer in the seal plates were concluded. The principle of the phase change of liquid face seals was
expounded in this paper. The measurement techniques of end-face fluid film parameters were summarized. On
experimental research, the influences of the operation condition, geometrical dimensions, surface morphology or surface

texture on a phase change to vapor were significant. Attention to inlet and outlet conditions, balance ratio and face
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deformation was attached, however, not enough to surface morphology, surface texture and friction pairs. On theoretical

research, criteria for stability of face seals and three models (Discontinuous Boiling Model, Continuous Boiling Model,

Film Homogenous Boiling Model) of analyzing the phase change and of advantages, disadvantages and suitable ranges

were presented. It was proposed that establishing a more accurate theoretical model of vaporization of the fluid between

the faces of a mechanical seal, realizing the stable operation and breaking through the key monitoring technology of

mechanical face seals with a phase change, and building an intelligent liquid face seals were the emphases for research in

the future.

Key words: mechanical seal; two phase; fluid film vaporization; phase change; seal stability
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Note: The red arrow in the figure indicates that the effect of temperature on

vaporization is taken into account.

Fig. 8 Schematic diagram of the three theoretical models
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Fig. 9 The seal load W vs film thickness /# showing the stable

and unstable behavior about the two equilibrium positions™’
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Research Progress on Tribology of Electrical Contact Materials

XIE Bohua'?, JU Pengfei’, JI Li', LI Hongxuan', ZHOU Huidi', CHEN Jianmin"~

(1. State Key Laboratory of Solid Lubrication, Lanzhou Institute of Chemical Physics,
Chinese Academy of Sciences, Gansu Lanzhou 730000, China
2. University of Chinese Academy of Sciences, Beijing 100049, China

3. Shanghai Aerospace Equipments Manufacturer Co, Ltd, Shanghai 200245, China)
Abstract: It is of great importance to do research of electric contact materials, not only for their applications in life and
productions, but also for their complex friction and wear problems. This review summarized the characteristics and
existing problems of several common copper-based, silver-based and gold-based electric contact materials, and analyzed
current-carrying tribological behavior, friction and wear mechanism, computational simulation research and existing
problems of electric contact materials under different contact load, current and sliding speed, etc. Putting forward the
development of new electric contact materials with excellent properties such as graphene, as well as the wear behavior
and failure mechanism of the electric contact system under multi-factor coupling in the future, which will provide certain

reference value for the research and development of tribology of electric contact materials.
Key words: electrical contact; current-carrying friction; wear failure; arc erosion; metal-based material; graphene
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Table 1 Main electrical contact materials and their properties“]
Materials Advantages Disadvantages
. . . Strength and conductivity are difficult to
Copper-base alloys Excellent physical and mechanical properties

reconcile

Fiber reinforced

Self-lubricating, wear-resistant, high strength

Large brittleness, uneven microstructure,

Copper-based (carbon fiber, boron fiber...) and temperature-resistance, etc anisotropy, higher cost
electrical . Good  wear-resistant ~ and  temperature
Ceramic reinforced . . . . . X . .
contact materials X . mechanical properties, low coefficient of Weak dispersion and interfacial bonding
(SiC/WC/TiN) .
thermal expansion, lower cost
New types Excellent self-lubricating, wear- resistant and

(Cu-WS,, Cu-G-MoS,...)

environmental adaptability

Reduced mechanical strength

Silver -base alloys
(Ag-Cu, Ag-Cu-Ni...)

high mechanical strength and wear-resistant,
stable contact characteristics under low contact

pressure

Poor oxidation resistance and corrosion

resistance, lower conductivity than silver

Ag/C series

High weld-resistant, low contact resistance

Low hardness, poor anti-arc erosion

capability

Silver-based

electrical Ag/WC series

Anti-melt welding, heat and wear resistance

Producing WO,

resistance

resulting in contact

contact materials A
Ag/Ni series

Wear-resistant, saving silver
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electrical - - - -
. . High melting point, hardness, anti-arc and .
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Intergrating  electrical ~ conductivity  and
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