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Thermoelastohydrodynamic Gas Lubrication of T-Groove
Face Seals: Stability of Sealing Film
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Abstract: Dynamic thermal characteristics of sealing film for T-grooves gas face seals were investigated considering
thermal and elastic distortions. Dynamic fields of gas film pressure and temperature were presented at different
perturbation frequencies. Then dynamic coefficients of gas film stiffness and damping as well as the amplitude-
frequency characteristic was numerically calculated with the perturbation method. Results show that thickness of sealing
film decreased significantly due to the elastic and thermal distortions of seal faces at high seal pressure and speed.
Ambient perturbation generated additional distributions of pressure and temperature. With the increase of perturbation
frequencies, the dynamic coefficient of stiffness increased sharply while the dynamic coefficient of damping decreased.
The amplitude perturbation presented a logarithmic increase with increasing perturbation frequency in a range of
perturbation frequencies, and the damping induced from the second seal made the amplitude increase sharply.
Key words: gas face seal; thermoelastic distortion; dynamic stiffness; dynamic damping; T-groove
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Fig. 1 Schematic diagram of T-grooves gas face seal
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Table 1 Dimensions of the T-grooves gas face seal

Parameter Dimensions and data
Outside radius, ,/mm 35
Basic film thickness, 4y/pm 3.5
Inside radius, r;/mm 29.5
Balance radius, r,/mm 31.75
T-groove outside radius, ry;/mm 334
T-groove inside radius, ry/mm 31.8
Seal ring thickness, 4, h,/mm 15
Groove depth, hg/um 5
Groove number, N 24

ERBCIE AR AL, EEER R IS SR B X 3h3 4 18
BNAIR . 755 B G BT vh Rk AR B B D
Whas s, T AR 2R O Bl 45 i By R B A D D 86
i JEE SRR IR, A3 BT 7 S A B 2 S LR
PE. BEAh, H SRR B A5 T A O &Y Rl e 4l B SR 4t 1Y
S BELJE A O LU A ) ) B AR A B/, T
TS 8 o AU R B A AR AL BT it LA )32 3 0 2. 3
M ST e

TR S T 2 2 5 ) s T

d’z
mos +Fo+kotingz— | | prdrdé =0 1
A m BB IR E, FoflE T % 53058 F 1k
B0 koring /I BB SN BEHE 2R AL
SAKIETE Reynolds 77 FE A
8 (ph® op d (rph*dp\ _ dph dph
r¢99( n r60)+r8r( n or =60 00 12 ot @
b SRR, p N SRE R, o N, p s,
hANRJE.
& SRR B AR BT R R, B B R R Ty
R
K Op _wrh)oT (K op)aT
12nr00 2 ) ro0 \12ndr) or

2.2 3 2 2
_mer K (o) (9PY I 3
hoc,  12npc, |\ ro6 or
k,. ke, R, Th
et op, )= S, gy B 0T
pey pey pc, Ot
At TSI, o AU 3 HOA, Ky T,
DN S FETH A R I R AL, T R Ty o 5 3t 57 1 (]
PR TR BE, 9 Ta], R 9 BRAR AR H AL




/b ds, S5 TRURE S 11 2% BRI T sl Aa e Tk 133

2
[l AR 2 TTFEN
k. | 6°T, +1£ o7, +62TS _ 0T, @)
PsCs | 1200% 1 ar rar a2 | o

o kAR RAE T REL p A BARE E, e MBI L
AR

ESABuR S ZL N SUB T S LRV & FIAON S S L]
SCHR[ 19 TAHIR]L Bt v 5, BOASER LT 9300 K.
BB A 2, EIARLASIC, MR S 5
FiR2.

ARG i T 5 S %) AR ATV O ) R BRI R
AFKC 1) TET 2 k] 0 8L, o T 88 T A6 )L R A 8 g o i
TR S i P .l T TR AR T A B LA 45
TEARFIRST sz, 4347 i % F A6 B 70 7 ¥ 3R i3k A5
Ui AR T, FCAth 07 72 (%) SR A K F A R 22 43 O3 V6, AE Bk

x2 MRS HEE

Table 2 Characteristics of the materials

Characteristic Carbon Silicon carbide
Density/(kg/m’) 1 800 3100
Young’s modulus/GPa 25 400
Poisson’s coefficient 0.20 0.17
Specific heat capacity/[J/(kg-K)] 710 400
Thermal conductivity/[W/(m-K)] 15 150
Linear thermal expansion coefficientx 10 /°C 4 43
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Fig. 2 Fields of steady-state pressure and temperature under different seal pressures(24=5.0 pm and =10 000 r/min)
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Fig. 3 Film distribution of seal face considering thermal and elastic distortion(%4=5.0 um, p,=5 MPa and =10 000 r/min)
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Fig. 7 Additional temperature and pressure distribution induced by axial gas film damping
(hg=5.0 pm, p,=1 MPa and ©=10 000 r/min)
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Preparation and Tribological Performance of RGO/MoS, as
Composite Nano-Additives
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Abstract: The nanocomposites of graphene/MoS, (RGO/MoS,-1 and RGO/MoS,-2) of different morphological
structures were prepared by hydrothermal method. Their morphology, chemical composition and crystal structure were
examined by electron microscope, Raman, X-ray diffraction and thermogravimetric analysis. Furthermore, the
tribological properties of RGO/MoS,-1 and RGO/MoS,-2 in PAO-4 were tested by using an SRV-IV tribometer. Results
show that the interlayer spacing of RGO/MoS,-2 was larger than that of RGO/MoS,-1 because of the flower-like
structure, and RGO/MoS,-2 exhibited better tribological property. The characterization of the lubrication mechanism
was confirmed by Raman and X-ray photoelectron spectrometer, showing that the excellent tribological properties of

RGO/MoS, composite nano-additives were attributed to the synergistic effect of adsorption and tribochemical reactions.
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Fig. 1 Photographs of PAO-4 with RGO/MoS,-1, RGO/MoS,-2, RGO and MoS, before (a) and after (b) standing for 7 d
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Fig. 2 TEM (a, d), HRTEM (b, ¢) and FESEM (c, f) micrographs of the RGO/MoS,-1 and RGO/MoS,-2
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Fig. 3 (a) Raman spectra, (b) XRD patterns and (¢c) TGA of RGO, MoS,, RGO/MoS,-1 and RGO/MoS,-2
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Table 1 The lattice parameter of MoS,, RGO/MoS,-1 and
RGO/ MoS,-2 corresponding to (002)

Sample Lattice parameter/nm

Mo, 0.42
RGO/MoS,-1 0.55
RGO/MoS,-2 1.12
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Fig. 4 Friction coefficients and wear volumes of the discs lubricated by PAO-4 plus 0, 0.5%, 1.0%, 1.5% and 2.0%
(a, b) RGO/MoS,-1 and (c, d) RGO/MoS,-2 under 200 N, 25 Hz
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Fig. 5 Friction coefficients and wear volumes of the discs lubricated by PAO-4, and PAO-4 plus 1% RGO, 1% MoS,,
0.25% RGO+0.75% MoS,, 0.5% RGO+0.5% MoS,, 1% ZDDP, 1% MoDDP, 1% RGO/MoS,-1 and
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Fig. 6 Friction coefficients lubricated by the mixtures containing the same mass concentration (1%) of GO, MoS,, RGO/MoS,-1
and RGO/MoS,-2 under the condition of (a) load ramp and (b) frequency ramp at RT
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Fig. 7 SEM micrographs of the wear scar surfaces lubricated by PAO-4 (a, a’), PAO plus 1% MoS, (b, b"), 1% RGO (c, ¢'),
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Fig. 8 Raman spectra of wear scars lubricated by blank PAO-4
and the mixtures with 1% RGO/MoS,-1 and 1% RGO/MoS,-2
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Contact Stress of Double Involute Gear Based on Fractal Theory

FAN Zhimin', ZHANG Xiuwen, MA Yongdong

(College of Electromechanical Engineering, Qingdao University of Science and Technology,
Shandong Qingdao 266061, China)
Abstract: Considering the influence of contact surface roughness, material characteristics and other factors on the
contact stress of gears, the fractal contact model of double-involute gear was established which based on the fractal
theory and the classical Hertz contact theory. In this model, the main factors influencing the load and the actual contact
area consisted of fractal dimension, roughness amplitude and material characteristic parameters. Theoretical calculation
showed that when the fractal dimension was constant, the real contact area increased with the increase of load. When the
load was constant, the contact area decreasesd with the increase of roughness amplitude. With the increase of the
material characteristic parameter value, the bearing capacity of the soft material wheel tooth was enhanced to some
extent, while the critical area of the micro-convex body from elastic deformation to plastic deformation was reduced.
Through the comparison of two methods including fractal contact model and finite element model for calculating tooth
contact stress of double involute gear teeth, the results demonstrate the effectiveness of using fractal contact model to

calculate contact stress of double involute gear.
Key words: double involute gear; contact strength; fractal theory; hertz contact theory; the finite element
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Nanoscale Tribological Behavior of Graphene on Diamond
Substrates

HUANG Zhewei, JI Zhe, CHEN Sulin, ZHANG Zhinan, SHEN Bin’

(School of Mechanical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China)
Abstract: In present study, the nanoscale tribological behaviors of graphene on the diamond substrate surface were
investigated using atomic force microscopy (AFM) in ambient air condition. Single-layer (SLG) and few-layer graphene
(FLG) sheets were fabricated by thermal chemical vapor deposition and mechanical exfoliation method respectively and
then transferred onto the surface of a polycrystalline diamond substrate, which was fabricated by microwave plasma
chemical vapor deposition (MPCVD). The AFM results show that both SLG and FLG nanosheets remarkably reduced
the nanoscale friction of the diamond substrate and exhibited extremely low coefficients of friction around 0.03 and
0.014, respectively. However, the friction of graphene on diamond surface was always higher than that on SiO,/Si
substrates due to their relatively weaker interaction on the diamond surface. Regarding to the influence of sliding
velocity, under the normal loads of 0, 20 and 40 nN, the friction force evolution of graphene nanosheets on diamond
substrates could be divided into three stages as the increasing sliding velocity. In the first stage, a roughly logarithmic
increasing trend was observed for the sliding velocity up to 3 pm/s. The second stage saw a plateau as the sliding
velocity increased from 3 um/s to 10 pm/s. In the third stage, an increasing trend was dominated by the viscous damping

term at the sliding velocity higher than 10 um/s. Besides, the FLG sheets exhibited better wear resistance than the SLG
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sheets in a long-duration friction test under high normal load, which was supposed to be attributed to defects formed in

SLG sheets and contaminants produced during the transfer process.
Key words: graphene; diamond substrates; nanotribological behaviors; AFM
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Fig. 1 Raman spectra of graphene prepared by TCVD and
mechanical exfoliation method on SiO,/Si substrates
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Fig. 2 AFM topographic images with height profiles of SLG and FLG on diamond substrates and diamond substrates
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20.85 (£3.25) 9.53 (+2.59) 10.08 (£0.15) 9.22 (+2.343)
force/nN
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Influence of Annealing Temperature on Structure and High
Temperature Tribological Properties of
Chromium oxide Films

LIU Xiaohong', LU Xiaowei"’, HE Nairu'?, 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. Graduate University of Chinese Academy of Sciences, Beijing 100049, China)
Abstract: Chromium oxide thin film was deposited on GH-4169 alloy by arc ion plating (AIP). The effects of annealing
temperature (500 C, 600 C, 700 ‘C and 800 “C) on morphology, structure, mechanical properties and tribological
properties were studied . The results showed that the chromium oxide film presented a decreasing defect density and
hardness, and gradually perfect crystallinity, as the annealing temperature increased. In addition, chromium oxide films
annealing at different temperatures presented different high temperature tribological properties: chromium oxide films
annealing at 500 C and 600 ‘C showed a higher friction coefficient than one as-deposited from 25 “C to 800 C;
chromium oxide films annealing at 800 ‘C showed a relatively low friction coefficient from 400 C to 600 ‘C, while a
high friction coefficient (>0.4) at room temperature, which indicated a obvious fluctuation over a wide range of
temperature; chromium oxide films annealing at 700 ‘C showed a stable friction coefficient (0.21~0.33) from 25 C to

800 C.
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Fig. 1 XRD patterns of chromium oxide films as-deposited
after annealing at different temperatures
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Fig. 2 TEM micrographs of chromium oxide films as-deposited and annealing at 700 ‘C
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Table 1 Elementary composition of chromium oxide films
as-deposited after different annealing temperature

Elementary composition of chromium oxide films

Annealing temperature

w(Cr)/% w(0)/%
As-deposited 38.77 61.23
500 'C 39.67 60.33
600 C 38.62 61.38
700 'C 39.81 60.19
800 C 39.14 60.86
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Fig. 3 SEM micrographs of chromium oxide films as-deposited after annealing at different temperature:
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Fig. 4 SEM cross-section images of chromium oxide films as-deposited after annealing at different temperatures
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Fig. 5 The hardness and elastic modulus of chromium oxide
films as-deposited after different annealing temperatures
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deposited after different annealing temperatures
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(al) As-deposited, 25 C

10 pm

(b1) 700 °C, annealing, 25 °C

(a2) As-deposited, 400 C

(b2) 700 °C, annealing, 400 °C
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Fig. 8 The wear track SEM pictures of chromium oxide films as-deposited and annealing at 700 ‘C
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Fluid Film Dynamic Characteristics of Spiral-Grooved
Mechanical Seals with Cavitation Effect

MENG Xiangkai , JIANG Yingying, ZHAO Wenjing, JIANG Jinbo, PENG Xudong

(Mechanical Engineering College, Zhejiang University of Technology, Zhejiang Hangzhou 310032, China)
Abstract: Considering the cavitation effect in the liquid film, the dynamic characteristics of spiral-grooved liquid
lubricated mechanical seal were studied. The perturbation film pressure equations of spiral groove fluid film seal with
cavitation effect were presented by the perturbation method based on the liquid lubrication theory. The 3D stiffness and
damping coefficients of the liquid film were numerically solved by the finite element method, and the influence of
different parameters on the dynamic coefficients of the liquid film was analyzed. When the groove depth was about 10
um, the groove dam ratio was about 0.75, groove width ratio was about 0.4 and the spiral angle was about 9°, the film
gave the maximum axial and angular stiffness coefficients. When the groove depth was about 5 um, groove width ratio
was about 0.6 and the spiral angle was about 20°, the film gave the maximum absolute value of the angular cross
damping coefficients. The film pressure was unsymmetrical when the seal rings were misaligned and the cross-angular
dynamic coefficients were not equal to each other in the absolute value. The magnitude of the axial stiffness k., were far
greater than the other stiffness values. The axial damping d, and angular damping d,,, and dgs was far greater than the

other damping values and decreased with the increase of the rotational speed and clearance.
Key words: cavitation; spiral grooves; small perturbation method; finite element method; dynamic coefficients
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(a) Typical structure of mechanical seal

(b) Spiral groove geometry

(c) Seal face kinematics

Fig. 1 Geometric model
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Table 1 Geometric and operating parameters

Parameter

Specification

Inner radius, r/mm
Outer radius, r,/mm
Radius of groove root, r,/mm
Weir circumferential angle, o.,/(°)
Spiral Groove circumferential angle, a,/(°)

Seal clearance, A ,/pm

40
48
44
15
15
4

Parameter Specification
Speed, n(r/min) 3000
Outer pressure, p/MPa 1.0
Inner pressure, p;/MPa 0.1
Groove depth, h,/um 12
Oil dynamic viscosity, u/(pa‘s) 0.096

Cavitation pressure, p./MPa 0
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Fig. 2 Influence of groove depth
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Fig. 3 Influence of groove dam ratio
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Fig. 4 Influence of groove width ratio
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Fig. 6 Influence of misalignment angle
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Fig. 9 Influence of the seal rings clearance
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Experiment and Simulation Study on the Effect of Texture
Depth on Tribological Properties of Stainless Steel
Surface under Qil Lubricating Condition

SU Fenghua', MAO Chuan', LI Zhujun’

(1. School of Mechanical and Automotive Engineering, South China University of Technology,
Guangdong Guangzhou 510641, China
2. Electrical and Mechanical Engineering of Guangzhou Railway Polytechinc, Guangdong Guangzhou 510430, China)
Abstract: Textured structures with different groove depths were fabricated by laser processing technique on stainless
steel (SS) surface. The friction and wear behaviors of the textured surface with different groove depths were tested by a
UMT friction and wear tester under the PAOG6 lubricating condition. The morphologies of the textured surface before
and after friction were characterized by a surface profilometer and a scanning electron microscopy. The experimental
results were verified by theoretical simulation using CFD technique. According to the simulated results of ANSYS
Fluent analysis, the influence mechanism of the groove depths on the tribological properties of the textured SS surface
under oil lubricating condition was proposed. The result shows that the groove texture and the varying depths of the
grooves remarkably affected the friction and wear behaviors of the modified SS surface under the PAO lubricating
conditions. The modified SS surface with the groove depth of 10 um exhibited the best anti-wear and friction-reducing
abilities among all investigated samples, and its friction coefficient and wear rate were reduced by over 60% as
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compared to the untextured surface. This result was mainly attributed to the increased lifting force of the lubricant

because of the formed wedge effect as the lubricating oil past the formed convergence region during the rubbing process.

The increased lifting force improved the lubricating state the textured surface with 10 um grooves and corresponded to

its superior tribological properties at the rubbing process.

Key words: surface texture; stainless steel; friction and wear; oil lubrication; CFD simulation
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Fig. 1 Schematic diagram of groove unit model
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Fig. 2 SEM micrographs and longitudinal surface profiles of the textured surfaces with different depths
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Fig. 3 SEM micrographs in the grooves of the textured surface

&l 3
0.6
Untextured
0.5
g
k> 0.4
b=
H
3 0.3
=
2
2 02
=

0.1

10 pm

0.0

900 1200 1400 1800
Time/s

0 300 600

Fig. 4 Typical frictional traces of the untextured and the
textured samples with different groove depths
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Fig. 5 SEM micrographs of the grooves before and after wearing of /=30 pm
K5 h=30 pm AR B 152 R 43 = 52 P VA R (XD SEME



Sy, St GURR B AN A T T 2 A PB4 2 1k e R M ) iR A 07 O 7 185

(c) h=20 pm

Fig. 6 SEM micrographs of the wear surfaces for the textured surface with different groove depths
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Fig. 7 Simulation results of lift force corresponding to
different depth grooves
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Fig. 8 Streamline diagram with pressure distribution for
different depths of grooves’ simulation results
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Behaviors and Effect of the Wear Debris during Friction
between Medium-Carbon Steel and Stainless
Steel with the Magnetic Field

SHI Hongxin, ZHANG Yongzhen , SUN Chao, SONG Chenfei, DU Sanming

(National United Engineering Laboratory for Advanced Bearing Tribology, Henan University of Science and
Technology, Henan Luoyang 471023, China)
Abstract: The behavior of wear debris and its effect on the tribological properties of 45 steel pin against 302 stainless
steel disk under the magnetic field were investigated using the self-developed pin-disk tribometer. For this reason, the
distribution characteristics of wear debris on the worn surface of specimen were analyzed with and without the magnetic
field. The morphologies of the wear debris and worn surface of 45 steel pin were characterized by means of scanning
electron microscopy. The relative height of various areas on the worn surface was characterized by using 3-D surface
profiler. Compared with the case without the magnetic field, the wear of 45 steel pin specimen increased, whereas the
friction coefficient of the couple was reduced with the magnetic field. In the process of friction, the material of 302
stainless steel disk was transferred onto the worn surface of 45 steel pin and the discontinuous transfer layer was
observed. The transfer layer on the worn surface bore the vast majority of friction and wear and tended to be smooth. A
small amount of wear debris was adsorbed on the worn surface of 45 steel pin and became fine and oxidized with the
magnetic field. To a certain extent the wear debris adsorbed on the worn surface reduced the friction coefficient and

hindered the material transfer between the tribo-couple and then increased the wear of 45 steel pin.
Key words: magnetic field; stainless steel; medium-carbon steel; dry-sliding friction; wear debris; material transfer
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Table 1 Chemical composition of 302 stainless steel and 45 steel

. Weight fraction/%
Material
C Cr Ni Mn Si P S Fe
302 stainless steel 0.11 17.15 8.19 1.18 0.45 0.035 0.016 Balance
45 steel 0.44 0.60 0.25 0.04 0.04 Balance
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Fig. 6 SEM micrographs of wear debris
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Table 2 Composition of pin worn surface

Atomic fraction/%

Area

(0} Cr Ni Fe
M 8.18 9.56 3.48 78.77
N 6.36 1.59 0.68 91.37
P 6.28 5.12 1.71 86.89
Q 13.59 2.12 1.89 82.4
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Effects of Interface Tailoring on Tribological Properties of
Diamond-like Carbon Based Film/Cu System
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LU Zhibin™, PU Jibin’

(1. School of Mechatronic Engineering, Lanzhou Jiaotong University, Gansu Lanzhou 730000, China
2. State Key Laboratory of Solid Lubrication, Lanzhou Institute of Chemical Physics, Chinese Academy
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3. Key Laboratory of Marine Materials and Related Technologies, Key Laboratory of Marine Materials and
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Abstract: The coefficient of friction of hydrogen-free DLC/Cu system is high and difficult to tailor, in addition, it is a
problem to reduce the frictional coefficient of DLC/copper so as to control its frictional properties. The tribological
properties of copper against DLC films with different hydrogen content were studied through friction experiment and
simulation, the effects of hydrogen atoms on friction interface improving were also discussed simultaneously. The

results show that friction interface was of great importance to tribological performance of DLC/Cu system, and hydrogen
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atoms played a role in tailoring the friction interface by reducing adhesion at interface. The interaction at interface can be

changed by doping modified elements (hydrogen) into DLC film so as to improve the tribological performance of

DLC/Cu system. The research ideas and results can provide reference for improving the lubrication properties of

DLC/Cu system.

Key words: diamond-like carbon film; tailor; friction interface; adhesion
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Fig. 1 Raman spectra of three kinds of DLC films
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Fig. 2 SEM micrographs of cross-sectioned (a) hydrogen-free and (b) hydrogenated DLC films
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Fig.3 Coefficient of friction as a function of sliding time for
three different DLC films against copper
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Fig. 4 SEM micrographs of wear scar on copper ball and corresponding elemental mappings of elements C and O
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Fig. 5 SEM micrographs of wear tracks on three different hydrogen content DLC films
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Fig. 6 Wear profile (a) of wear tracks and wear rate (b) of three kinds of films
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Fig. 7 Hardness ratio and wear rate of three kinds of films
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Fig. 8 Coefficient of friction as a function of sliding time diagram for film 1 and 3 under relative humidity of 10%, 30% and 50%
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Fig. 9 Typical configuration structure of interface models: (a) clean diamond(111)/Cu(111) and (b) diamond(111)/Cu(111) interface
with hydrogen termination. (c) The top view of the clean interface, small yellow balls represent the sublayer atoms
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Fig. 10 The charge density difference plot of clean interface
(a) and interface with H termination (b). The numbers in the
bar are in unit of ¢/A’
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Corrosion-Wear Interaction Behavior of TC4 Titanium Alloy
in Simulated Seawater
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Abstract: The interaction between electrochemical corrosion and mechanical wear of TC4 titanium alloy in simulated
seawater was studied by using a self-made tribocorrosion device. The effects of electrochemical parameter on the
corrosion and wear of TC4 titanium alloy were discussed. During the trobicorrosion process, the corrosion potential of
TC4 titanium alloy shifted toward more negative values, and the corrosion current increased along with the increase of
the applied potential, and the lowest friction coefficient of TC4 titanium alloy was obtained under the current potential of
about zero (OCP). The fact that the loss of TC4 titanium alloy volume increased along with the increase of the applied
potential, confirming that the interaction between corrosion and wear was enhanced along with the increase of the

applied potential. When the potential increased from —0.5 V to 0.8 V, the material loss caused by the interaction of
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corrosion and wear increased from 12% to 66%, and the loss caused by corrosion-induced wear increased from 7% to

44%. Under applied potential equal or lower than OCP, the wear mechanism of TC4 titanium alloy was abrasive wear.

The wear mechanism of TC4 titanium alloy at a potential of 0 V was abrasive wear and fatigue wear. The wear

mechanism of TC4 titanium alloy at a potential of 0.8 V was abrasive wear and friction-induced corrosion wear.

Key words: TC4; applied potential; corrosion-wear; interaction; wear mechanism
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Fig. 3 Open circuit potential measurement of TC4
titanium alloy
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Fig. 4 Evolution of friction coefficient and corrosion current
recorded before, during and after sliding
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Table 1 The components of corrosion and wear under
different applied potentials

Corrosion and wear components

Potential ] ] ] ; ;
Vr/mm Vamo/mm Ve/mm™  Vye/mm Veo/mm
1.0V 323x10°  3.23x10° 0 0 0
05V 3.66x10° 3.23x10° 2.57x10°  1.73x10° 0

OCP  4.81x107 3.23x10° 138x10° 1.98x10° 1.72x10°
ov 5.17x10°  323x10°  1.49x10°  4.47x10°  6.27x10°
08V  7.25x107° 3.23x107°  3.18x10°  8.37x10°  7.40x10°
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Effect of Temperature on Tribological Properties of
Cu-12.5Ni-5Sn-Graphite Self-Lubricating Composites
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Abstract: Cu-12.5Ni-5Sn-graphite self-lubricating composites were prepared by powder metallurgy. The mechanical

properties and tribological properties of the composites with different graphite contents at elevated temperatures were
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investigated. The worn surfaces were analyzed by using scanning electron microscopy and Raman to investigate the

friction, wear and lubricating mechanism. The results show that the hardness and yield strength of composites decreased

with the increase of the graphite content. The temperature had a remarkable impact for the friction and wear properties of

composites. At room temperature, the friction coefficient and wear rate of composites with 1% or 3% graphite were

obvious lower than that of composite with 5% graphite. At 300 “C, the composite with 3% graphite had the best friction

and wear properties. At 500 ‘C, the composite with 5% graphite content had the optimal tribological properties. At room

temperature, the composite with the better self-lubricating properties were mainly attributed to the formation of almost

smooth and continuous graphite lubricating film. At 300 ‘C and 500 C, the mixture lubricating film of some metallic

oxides and graphite was responsible for self-lubricating performance of composites.

Key words: Cu-12.5Ni-5Sn; powder metallurgy; self-lubricating composites; high temperature; friction and wear
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Table 1 Composition, density, hardness and yield strength of Cu-12.5Ni-5Sn-graphite self-lubricating composites

Weight fraction/%

Sample Cu Ni Sn graphite Density/(g/em’) Hardness, HB Yield Strength/MPa
CNS 82.5 12.5 5 0 7.81+£0.01 108£1.73 298.2+18.42
CNS1G 81.5 12.5 5 1 8.28+0.09 105+8.84 255.4+4.77
CNS3G 79.5 12.5 5 3 7.86+0.04 69.64+2.97 139.7+0.76
CNS5G 77.5 12.5 5 5 7.44+0.05 53.3+0.99 103.4+3.10

¥E: Cu-12.5Ni-5Sn g B A Ik 58 B2 5k 5 F SCHR[19]
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Fig. 1 XRD patterns of Cu-12.5Ni-5Sn-graphite self-
lubricating composites with different graphite contents
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Fig. 2 (a) SEM micrograph of CNS3G specimen and corresponding element mapping of (b) Cu, (c¢) Ni, (d) Sn, (e) C
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Fig. 3 Average friction coefficients (a) and wear rates (b) of Cu-12.5Ni-5Sn-graphite self-lubricating composites with

different graphite contents at elevated temperatures
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Fig. 4 Variations of friction coefficients of the Cu-12.5Ni-5Sn-graphite self-lubricating composites with graphite contents as a
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Fig. 5 SEM micrographs of the worn surfaces of the Cu-12.5Ni-5Sn-graphite self-lubricating composites at elevated
temperatures: (a) CNS1G, (b) CNS3G and (c) CNS5G at room temperature; (d) CNSIG, (¢) CNS3G and
(f) CNS5G at 300 C; (g) CNSIG, (h) CNS3G and (i) CNS5G at 500 ‘C
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A Friction-Dissipation Based Method for Quantity Model and
Prediction of Graphite/WC-Ni Wear under Dry Sliding

ZHANG Gaolong, LIU Ying*, WANG Yuechang, LIU Xiangfeng

(State Key Laboratory of Tribology, Tsinghua University, Beijing 100084, China)
Abstract: In the present work, a linear model for assessing the wear of graphite sliding against WC-Ni under dry
condition was developed. This model described the relationship between the wear rate of graphite with the friction
dissipation of the graphite/WC-Ni. This model was utilized to predict the graphite wear of both single and combined
working conditions, the predict results were in good agreement with the measured results. The model had a clear

physical meaning, and was concise, easy use and reliable. The quantitative model for assessing and predicting the wear

of tribo-pair was not only theoretical but also practical significant.
Key words: friction-dissipation; graphite; wear model; combined working condition; wear prediction
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Table 1 Properties of test materials

Materials Young’s modulus/GPa Flexural strength/MPa  Hardness Density/(g/cm’) Thermal conductivity/[W/(mK)]
WC-Ni 550 HV1 500 15 92
Impregnated graphite 24 75 HB80 1.8 8
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Fig. 1 Schematic of tribo machine
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Table 2 Wear of graphite and friction dissipation

Testno Load/N Speed/(m/s)  Friction coefficient

3
Wear volume/mm

Wear rate /(mm’/s) Dissipation energy/J Dissipation power/W

1 235 2.41 0.156 21.193
2 470 241 0.138 33.326
3 705 2.41 0.145 140.154
4 235 12 0.198 8.330
5 470 1.2 0.207 20.060
6 705 1.2 0.182 29.774
7 235 0.6 0.315 4.335
8 470 0.6 0.227 9.700

0.001 85 1.01x10° 88.351
0.002 58 2.02x10° 156.313
0.012 53 2.76x10° 246.362
0.000 66 7.08%10° 55.836
0.001 79 1.31x10° 116.748
0.002 32 1.98x10° 153.972
0.000 37 5.22x10° 44.415
0.000 82 7.60x10° 64.014
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Fig. 3 The relationship between graphite wear volume with
the friction dissipation energy
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Fig. 4 The relationship between graphite wear rate with the
friction dissipation power
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Fig. 5 The temperature of tribo-interface as a function of time
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Fig. 6 Topography of WC-Ni ring after test
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Fig. 7 Section profile of WC-Ni along diameter direction
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Table3 Wear of WC-Ni ring under different working conditions

Testno Load/N Speed/(m/s)  Friction coefficient

3
Wear volume /mm

Wear rate/(mm’/s) Dissipation energy/J Dissipation power/W

1 235 2.41 0.156 6.386x10°
2 470 2.41 0.138 3.755x10°°
3 705 2.41 0.145 4.081x107
4 235 12 0.198 -

5 470 12 0.207 6.538x10°
6 705 12 0.182 5.076x10°
7 235 0.6 0.315

8 470 0.6 0.227

5.576x10"° 1.01x10° 88.351
2.902x10™" 2.02x10° 156.313
3.649x10 " 2.76x10° 246.362
_ 7.08x10° 55.836
5.836x10"° 1.31x10° 116.748
3.952x107"° 1.98x10° 153.972
5.22x10° 44415

7.60x10° 64.014
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Table 4 Work conditions of graphite wear prediction tests

Test no Condition 1 Condition 2 Condition 3
1 (235,1.2,3)
2 (235,2.4,3) -
3 (235, 0.6, 1.5) (235,1.2, 1.5)
4 (470, 0.6, 1.5) (470, 1.2, 1.5) -
5 (235,1.2,1.0) (470, 1.2, 1.0) (705, 1.2, 1.0)

%, A Nm/ss TAE B AR N Fr 1Y 28585 Dy VIR R
B[], BT A /NBT . A — NG 5 R R[] — o) R 45
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YR PR R AL, DA T SRR R FE L

O SR BRI AR P AN LU T B R AL T
SRR T R P BEEFERCIN R P, R4 0(12),
A THEAS 25N B 58 0 BE 4015, g BE i 2 ofe DL BE
B [t R A5 281 B i ) 1) BB A AR, 5 SR T3R5
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T2 00T o 32 B AR AR, R A 2X(7) 75 2wt
BRI ARA, BE0E H T R 6. IS NAEA ) T 4614
TN SR AT A T 5 R R S o B R S % 4
10 S~ 359 JEE PR FE BRI R 1) 5% ZR. 45 SR R, T ) B 4%
B 5 LRBEREAEBEM AN EHET 3% Kot
25 WY TR RN S B AE A N R 22, B ST IR DD
SRPIIE 0, SR ) B A5 R B R, 2 DU 2 TR 5
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INRE S FE I A 40 T R B A T, R e
e NG R BE R R R A 2 R R, L andAT . W3
TH R OREAE A 5 A i h BE AR RO 3, FH— AN
BHIRZ PN R FELGE SR, AR+
srfai s, R —AEA s, B, T8
B FE O, BEEEFERL ) 2 R 5 EE R R AU G Rk



226 BE O R %39 %
x5 FEBEAEERTUN
Table 5 Predicted wear of graphite under different work conditions
Test Friction coefficient Power Wear Friction coefficient Power Wear Friction coefficient ~Power Wear
no I I/w volume I /mm’ I 1I/w volume Il /mm’ 11 /w volumelll/mm’
1 0.200 56.67 8.304
2 0.143 81.25 13.142 - - -
3 0.187 28.69 1.399 0.154 47.16 3.217
4 0.193 57.34 4.218 0.157 93.18 7.745 -
5 0.165 46.42 2.0579 0.15 86.07 4.611 0.216 182.57 10.82
&6 AEEBEMTIUMELMER
Table 6 The predicted and measured wear of graphite under single and combined work conditions
Test no Predicted total wear volume/mm’ Predicted wear/g Measured wear/g Error(Pred-Meas)/Meas x100%
1 8.304 0.0149 0.016 1 —6.87
2 13.142 0.023 6 0.029 4 -19.7
3 4.616 5 0.008 3 0.009 5 -12.6
4 11.963 0.0215 0.038 1 —43.5
5 17.496 0.0315 0.042 9 -26.6
0.10 N \ [
—— Wy B R SRR 6 A
I
0.08 | @ Measured (R FREIIAARER 3 4 5 25 AN Ik a2 1 B 4% B R B 40
= (235812 ms ) B4 4 7 92 7 0 T 4% R S 45 SR e %
2 0.06 (495N, 0.6 m/s, 1.5 h) ’ ’ . - e . .
g (495N, 1.2 m/s, 1.5 h) gzg 1;3 2;:: B B, TR S S B e R (H AT DU
= T ’ ; : o 27+t 5 G
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0.02 F (235N,1.2 m/s,l..S h) L]
. ~
000 . 235 .N, 2.4 .m/s, 3 .h) 3 2:51@
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Fig. 8 The comparison between predicted and measured wear
of graphite under both single and combined work conditions
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Effect of Porous Seepage on Lubrication Performance of
Circular-Face Bilayer QOil Bearing

ZHANG Guotao, YIN Yanguo*, LI Rongrong, XU Ming, LI Congmin, DING Shuguang

(Hefei University of Technology, College of Mechanical Engineering, Anhui Hefei 230009, China)
Abstract: The percolation characteristics of oil in the porous bearing have a significant effect on the lubricating
performance of the oil film. Taking the bilayer oil bearing with different porosity as the object for research, its
percolation characteristics in porous medium were described based on Darcy's law. And the bilayer oil bearing seepage
lubrication model was established in polar coordinates. The oil film pressure distribution in the bilayer bearing system
was studied. The influence of the structural parameters and the seepage behavior on the lubrication performance were
analyzed. The hydrodynamic pressure mainly occurred between the annular friction surfaces. From the friction interface
to bearing bottom face, the fluid pressure gradually transmitted from the outer edge to the center, the pressure area
increased and the pressure peak decreased gradually. With the increase of obliquity, the hydrodynamic pressure effect
between friction interfaces was enhanced, and the lubricating performance was improved. The decrease of the surface
thickness or porosity weakened the seepage effect between frictional interfaces. Hence, the lubricating performance was
improved. Compared with ordinary single layer oil bearing, bilayer oil bearing reduced the whole porosity, prevented oil
infiltrating into the porous medium, and had better lubricating performance. The research provided a theoretical basis for

clarifying the lubrication mechanism and seepage behavior of bilayer oil bearing.
Key words: bilayer oil bearing; circular-face contact; porous; seepage behavior; lubrication characteristic
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Table 1 Lubrication calculation parameters of bilayer oil
bearing system

Parameter Specification
rilry 22 mm/30 mm
i 0.02 Pa's
A 4 mm
ky 1x10™"* m*~1x10" m’
k, 1x10™" m®
hy 4x10°m
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Abstract: The turbulent lubrication performance of misaligned journal bearing was analyzed. Based on the unified
Reynolds equation and energy equation considering the misalignment of the journal, the finite-difference method was
used to calculate the turbulent lubrication performance of the journal bearing under different misalignment azimuth,
degree of misalignment (DM), eccentricity ratio and average Reynolds number. The results show that when the azimuth
angle of the journal was a=0°, the pressure peak of the bearing oil film moved toward the bearing end as the DM
increased, and the axial oil film temperature gradient at one end of the bearing increased. When the azimuth angle of the

journal was a=90°, as the DM increased, the bearing oil film pressure distribution gradually appeared double peak, and
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moved to both ends of the bearing, the axial temperature gradient at both ends of the bearing also increased. When the

DM was large, the increment of the maximum film pressure, the maximum oil film temperature, the load-carrying

capacity and the misalignment moment increased with the increase of the eccentricity of the central section of the

bearing under the same DM increment. Under the same DM increment, the Maximum film pressure increment,

maximum film temperature increment, load-carrying capacity increment, frictional coefficient reduction and

misalignment moment increment increased with the increase of average Reynolds number. Therefore, it’s necessary to

consider journal misalignment in the turbulent lubrication analysis of journal bearing.

Key words: journal bearing; turbulence; lubrication; journal misalignment; static performance
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Table 2 Main parameters of bearing and lubricant

Description Symbol Specification
Bearing width to journal diameter ratio L/D 1
Bearing clearance ratio ¢/R, 0.002 2
Density of Lubricant/(kg/m’) p 762.5
Dynamic viscosity of lubricant at inlet temperature/(mPa-s) Mo 0.777 75
Inlet lubricant temperature/C Ty 40
Inlet lubricant pressure/MPa Py 0.05
Bush temperature/'C Ty 45
Shaft temperature/C Ty 45
Specific heat of lubricant/[J/(kg: 'C)] [ 2200
Convective heat transfer coefficient of lubricant to bush/ [W/(m“C )] Hy, 7 700
Convective heat transfer coefficient of gas to bush/[W/(m” “C)] Hy, 7 700
Convective heat transfer coefficient of lubricant to shaft/| [W/(mz"’C )] Hs 2400
Axial groove width/(°) - 10
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Table 3 Calculation results of bearing performance parameters under different grid numbers

Number of differential grids (circumferentialxaxis)

maximum film pressure, Pyax load capacity, ' frictional coefficient, [ j
72%22 26.2117 18.37 1.0572
144x46 26.302 4 18.45 1.0553
288%92 26.242 6 18.40 1.0590
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Fig. 6 Variation of turbulent lubrication performance parameters with DM for different ¢, and a (Re*:6 000)
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Review of the Artificial Hip and Knee Wear Testing Standards
and Simulation Testing Machines

CUI Wen, ZHANG Yali’, WANG Zhigiang, ZENG Hongkai, WU Dongsheng, JIN Zhongmin

(Tribology Research Institute, School of Mechanical Engineering, Southwest Jiaotong University,
Sichuan Chengdu 610031, China)
Abstract: Hip and Knee joint prosthesis suffers friction and wear in the body, which leads to bone dissolution and
aseptic loosening. Hip and Knee joint implants wear test is a major way to evaluate the materials, design and processing
of prosthesis. The movement and load of the synovial hip and knee joints are very complicated, so studying the force and
range of motion of synovial joints under various behaviors, as well as using the special hip/knee joint simulator for
testing and evaluation, is helpful for the design and development of artificial joints and wear-resistant materials. This
paper sorts the movement range and load of synovial hip and knee joints, compares the domestic and international wear
standards of artificial hip and knee prosthesis, summarizes the structure and main technical parameters of the mainstream

hip and knee joint simulator, and provides a reference to studies in the artificial joint industry in China.
Key words: artificial hip joint; artificial knee joint; wear; testing standard; simulator
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(c) Inward/outward rotation
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(d) Orientation of acetabular component and (e) Abduction/adduction with the  (f) Flexion/extension with the acetabular
femoral component in mid-position acetabular component moving component moving

relative to the load line

1-load axis; 2-flexion/extension angle; 3-abduction/adduction angle; 4-inward/outward rotation angle; 5-polar axis of acetabular component;
L-inclination of the polar axis of the acetabular component to the load line; N-inclination of the face of the acetabular component equal to
60" + 3°, or as specified by the manufacturer; P-inclination of stem axis to load line in mid-position of abduction/adduction range

Fig. 1 Angular movement of femoral and acetabular component and orientation of components relative to the load line"™

1 B RE S 0 38 3 RIS T Il oz 2

T E A1 7E 201648 BT 1 AR AE M 55 138 2. YY/T
0651.1-201645 #E 2 K 150 1112 B2 1] & 4] DR
BEET 1 (a~d)FH 2 BT 25 1 I B K AR 12 3. BE a2
3R =4 fis sl HAZ ST 4 e/ A ws-J i /A e -
AN ER: . 5YY/T 0651.1-2008 )5 AH H, 2016/ 7E P9/
HMEIE BN 3N T A S/ Ah e K A e R s
Blys P8 A B EE R B RSN T 17 g/
3042 g/L. 2016/F i 1 I FE P52 0T BEH i 82, i\
TIREEH RGNS, [N E N T R8N #k Kz
B i 2k 9 2. R E AT (1 A AR A LE T 58T B BR bR

X-time, as a percentage of cycle time /ﬁ *ﬂﬁ% Hﬁ4~8£|5, /E\Jﬁ# fE B(J(%E ,Iﬁ’ E‘X;J‘ﬂ: 14242-
Y-angle of femoral movement, in degrees N .
—————— AB — Abduction/AD — Adduction 3& 14242-41‘51(/@11_:*%‘1%&1&.
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. o . Xof B e R BS99 5 B S RORLAS I, BE K
Fig. 2 Variation with time of angular movement to be applied . . ., g N
to the femoral test specimenm] E,:] ¢EE I_l”j ;’I—F&Aﬂ\ {'% JJ: Quji EIJEI:' Ell Ej] TE%*H 1ﬁ/,MTL %Z Ei'fjfvrj“ %{EJ

B2 e SR A S bR 1A AR 0 R VBT HERE DB, 2R HE 52 H B [ A B2 97 A7 Mk b



252

4

£ F39%

RS

- vﬁﬁﬁéﬁﬂ

(a) The spring at its full length when the offset is applied
between the femoral head and acetabular cup

1-spring in the medial-lateral direction

|

(b) The spring when compressed due to the vertical load acting on the
femoral head and acetabular cup (none edge loading condition)

2-translational mismatch (offset)

Fig. 3 Schematic showing a representation of the femoral head, acetabular cup and the spring™™
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Table1 Wear standard for total Hip prosthesis and technical parameters for different hip simulators

YY/T 0651.1- 1SO ProSim Four AMTI ADL MTS Bionix® Shore Western PLINT TE 86
Parameters 2016/1SO 14242-3:  Axis Hip Wear Hip 12-Station Hip Hip Wear Multi-Stati-on
14242-1:2012 2009 Simulator Simulator Wear Simulator Simulator Hip Joint Simulator
Frequency/Hz 1.0£0.1 1.0£0.1 0.5~2.0 0.1~2.0 1.0 upto 1.5 1.0
Max load/kN 3.0 3.0 4.0 45 5.0 4.5 3.0
FE —18°~+25° +23° +60° +55° +23° +23° +23°
1IE —10°~+2° +30° +20°
AA —4°~+7° +23° +20° +20° +23° +23° +6°

I FFA1SO 14242-115 1 UL 2% 5 ProSim Al
AMTI™ ™ ProSim-Four Axis Hip Wear Simulatorfi 5¢
RIS B 64 3l ][R]0 k6 A AN [R] ) 8k i 251
[ 4(a)], JEAAISN /N WSV (FE/AA) BT AT Tt
RSl P9 AR RS (TE) A3l i 7 BR 5 . 2401 2 B Al
0 ARG 9L AR 385 A B Sk I A A 12 3.
AMTI- ADL Hip Simulatorfif 5¢ 15 #4028 7] 7 4= 3L 2R
BN H ARSI S S 2 g sh WE(b)].
Z ARG EA VY H (R =z ah), nIAE AL
Fo 2 | W AP BT B4 S A0, A oA B DG T B R 42 B
AR BRAS IR I AL T DAAE AR A4 5 1 A AR 7R
277 M, IE HISOT & T 1 ## (IS0
14242-4: 2018), F540L 2% 38 1k 52 i JE Ak X 5 80 31 21 47 =
I ENAS g, S HIER B Ao B RS, AT BE 4
L. ProSimATAMTIF R 56 132 A 32 o 25 20
RERLAULLE 2 25 155 20 0 5 15 3 2H 20 il 24 ) 5 5K
TIHPRAS. AMTIHE G 19 AR T 42 10 mm ) T J5/
P AN 5 T S35 A5 #% AN£500 NI R S5 /P9 A 5 1 S
REEAF . ProSim Al #24E+5 mm KBl J5 /P9 AN 77 1 S 47
P, e FLIE 3 9 3 it o 00 T T4

FFE1SO 14242-3 B¢ T ) 4U3E Hl 7k B4 B 41X 56 1L
F 4 MTS-Bionix® 12-Station Hip Wear Simulator

(a) ProSim (b) AMTI

(c) MTS

[ 4(c)]- Shore Western-Hip Wear Simulator[ ¥ 4(d)]
A1 PLINT-TE 86 Multi-Station Hip Joint Simulator
[El4(e)]" ™, X A R AR I HL T AR, 31 RGi4R
R P 7 AT (U O AT ). FELAR BTG e, 7 3
R} 22 e 2 N 2 B B i Bl e ] AE B B i
VERE XOIRE & s BEBRE B, P LA P Je A1 e
S Je I h iz 5.

XFFISO 142427 ZOR KGR R 48, % R4 4
XPRRTEAL, &) 2RI T AR T2, Al 2 52
Bt B TAE & B S IR ATL R F5 1 3 20 45 P 22
2BE L A R i T R Y AE VR T 06 A B e i R
JEE R THL P i P52 Pt B2 A SRR N, AR TR AR SE I LK
U A ¥ B KA P VR BE EFF AE 2937 CL 0 TR &
Vet G, R RGN HEAE a4 H 52 ) 5 0 A i A R
FRY B IS B AR AR 7, DA 5 R 1) i A8 Bl A2 Vi i
BRI AR AL, JF BT 2> AL A k47 2 @A
TR B 0f ey, DT bl e Fa SR, xof X
ot EE A mT e R v,

A, H i3 R 5% T A IR HL T R A
St F U A AT A6 5T BR T A 3 BT, R
7 BEIT AT B e B ot B T R T S e
JIt s H YR 2 A PG 225038 K255, S AN IR R

() PLINT

(d) Shore Western

Fig. 4 Hip Joint Simulator
K4 Wi Raes
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(a) ProSim

(b) AMTI

(c) MTS (d) Shore Western

Fig. 5 Knee Joint Simulator
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Table 2 Wear standard for total knee prosthesis and technical parameters for different knee simulators

YY/T 1426.1-2016/
Parameters
1SO 14243-1:2009

YY/T 1426.3-2017/
ISO 14243-3:2014

ProSim Six Station

Knee Simulator

AMTI ADL

Knee Simulator

MTS Knee

Wear Simulator

Shore Western

Knee Wear Simulator

Frequency/

" 1.0£0.1 1.0£0.1 0.5~2.0 0.1~2.0 up to 2.0 up to 2.0
z
Max
2.6 2.6 5.0 4.5 5.0/10.0 5.0
load/kN
FE 0~58° 0~58° +90° or £30 Nm +100° or 80 Nm —20°~+180° or £74 Nm +70° or 51 Nm
AP —265~110 N 0~5.2 mm +1 kN or =15 mm 2 kN or+25 mm +1.667 kN or +25 mm 735 N or 25 mm
ML - - +10 mm +6 mm +7.5 mm +10 mm
Tibial-
—1~6 Nm —5.7°~+1.9° +30° or £20 Nm +20° or 40 Nm +12.3° or £74 Nm +10° or 36 Nm

rotation
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