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Influence of High Temperature Thermal Effect on the
Properties of Complex Lithium Grease

HU Jintao'’, ZHANG Ansheng', ZHANG Enhui*’, LI Weimin™”", WANG Jing"*", WANG Xiaobo™’

(1. School of Mechanical and Automotive Engineering, Qingdao Technological University,
Shandong Qingdao 266520, China
2. State Key Laboratory of Solid Lubrication, Lanzhou Institute of Chemical Physics, Chinese
Academy of Sciences, Gansu Lanzhou 730000, China
3. Qingdao Center of Resource Chemistry and New Materials, Shandong Qingdao 266100, China
4. College of Mechanical Engineering, Donghua University, Shanghai 201620, China)
Abstract: This article mainly explored the influence of thermal effects on the microstructure, tribological properties and
rheological properties of complex lithium base grease and grease with Zinc dialkyl dithiophospahtes (ZDDP). After the
grease samples were heated at a constant temperature of 120 °C and 150 °C for 24 hours, their appearance, infrared
spectrum, boundary lubrication performances, elastohydrodynamic lubrication performances and rheological properties
were tested. The research results revealed that the thermal effect of 120 “C had slight effect on the overall performance
of lithium complex grease. However, the soap fibers of base grease and grease with ZDDP became looser and showed
some breakdown, and the gelling network were also severely damaged after heated at 150 °C. In addition, the structural
strength and thixotropy of the grease also became worse. The thermal effect at higher temperature caused more serious
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damage to the microstructure of the greases, which resulted in significant changes of the properties.

Key words: complex lithium grease; thermal effect; rheological properties; microstructure; elastohydrodynamic film;
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Table 1 Typical properties of synthesized complex lithium

grease
Properties Specification
Thickener Lithium 12-hydroxystearate. azelaic acid
Type of base oil PAO40, PAO10, 150BS, AN15, 900N
Dropping point/°C 330
Cone penetration(0.1 mm) 253
Bleeding test/% 2.66
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Fig. 1 The appearance of lithium complex greases before and
after heated at 120 and 150 °C for 24 h
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Fig. 2 Infrared spectrogram of lithium greases before and
after heat treatment
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Fig. 3 SEM micrographs of the microstructure of lithium complex greases with or without additives before and after heat treatment
at 120 and 150 °C
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Fig. 4 Friction coefficient and wear scar diameter of lithium complex grease before and after heat treatment at 120 and 150 °C
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Table 2 Cone penetration variation of complex lithium
grease after heat treatment

Cone penetration (0.1 mm)

Sample

25C 120 C 150 C
BG 239 271 320
BGT202 253 292 305
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BB IR 0, 7E120H1150 CHAE RS, X
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DA B RE S 2 AR S B A0 B il 2. A PRl ST B
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Fig. 5 The central film thickness of lithium complex grease
before and after heat treatment at 120 and
150 °C under 20 N
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Table 3 The evaporation loss of complex lithium grease
after heat treatment

Evaporation loss

Sample

120 C 150 C
BG 1.10% 1.64%
BGT202 0.34% 1.78%
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Table 4 Thixotropic loop area of lithium complex greases

Sample Thixotropic loop area/Pa
BG 1205.8
BG-120 774.9
BG-150 1531.5
BGT202 867.8
BGT202-120 862.1
BGT202-150 1599.5
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Preparation of Polyamideimide/Polytetrafluoroethylene
Composite Coatings and Its Tribological and
Anti-Corrosion Properties

LI Guihua'’, YE Yinpingl’z*, MA Yanjunl, WAN Hongqil’z, CHEN Lei'?,
ZHOU Huidi'"*, CHEN Jianmin"*

(1. Key Laboratory of science and technology on wear and protection of materials, 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 Sciences, Beijing 100049, China)
Abstract: Polyamideimide/polytetrafluoroethylene (PAI/PTFE) multifunctional composite coatings with good
tribological properties and excellent corrosion resistance were prepared. The CSM friction and wear tester was used to
study the tribological performances of the coatings, and the P4000A electrochemical workstation was used to measure
the electrochemical corrosion resistance of the PAI/PTFE composite coatings in 3.5% NaCl solution. The focus was on
the influence of the solid mass ratio of PTFE to PAI on the tribological properties and corrosion resistance of the
coatings. The results showed that the introduction of an appropriate amount of PTFE greatly enhanced the tribological
properties and corrosion resistance of the PAI coatings. In particular, when the solid mass ratio of PTFE to PAI was 0.6,
the coating exhibited the best tribological performances, as friction coefficient of 0.075 and wear rate of 3.72x
10 mm®/(N-m). When the solid mass ratio of PTFE to PAI was 1, the low-frequency impedance value of the composite

coatings immersed in 3.5% NaCl solution for 240 h was as high as 3.83x10° Q-cm” showing excellent corrosion
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resistance. In addition, there were no blistering and rusting on the surface of the composite coatings exposed to salt spray

test for 240 h. Such excellent tribological performances and corrosion resistance of PAI/PTFE composite coatings were

attributed to the excellent lubricating properties of PTFE and the enhancement of the barrier properties of the coating to

corrosive media.

Key words: polytetrafluoroethylene; polyamideimide; composite coating; corrosion resistance; tribological properties
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Table 1 Components of coatings

Samples PAl/g PTFE/g

L0 19 0

L1 19 3.8
L2 19 7.6
L3 19 11.4
L4 19 15.2
L5 19 19

L6 19 22.8
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FURS uL, B E BOAS R B &SI 2R
SEH44E s SR FHISM-5600LV A 13 L B2 (SEM)XT i /= 3R
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Fig. 1 (a) FTIR absorption spectra of PAI (b) TG curve of PAI
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Fig. 2 Water contact angle of composite coatings
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Fig. 3 (a) Surface morphology and N element mapping of coating L0, (b) Cross section morphology of coating L0, (c¢) Surface
morphology and F element mapping of coating L5, (d) Cross section morphology of coating L5
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Fig. 4 The tribological properties of the composite coatings (a) friction coefficient, (b) wear rate

K4 EERENEE AR B AL (0)E R

REIEATRELL0.087C 45, M T A& PTFEM 4l PAI
B2, B R BUEKL57.89%. X A2 KN BE#E i fE
BRI URZ R T I PTFE W] LU 5o % F2 21 548 1 7 Bk
T B () T JEE, A5 45 Ak T ) 70 B D)5 FE IR, R 2
(1) BE 152 Z B8 /N7, BB PTRE S B A48 0, 54 #% fii Ar
B INEES:, B, BN L PTFER R I R ok, vl
TSP S A8 4 3R T 5T, 849 2 5 R BE B RAE
PTFE# # BN E & IR |2 (A AT, 5o PR R
AARFFAA N B 4(b)r] &, 52 BB 1 R B PTFE S
PATLJE 4 J57 & LU )38 I 52 5 ek /N Ji5 389 K ) 9, Lok
Z BB R R FK, 76.63x10 ° mm’/(N-m). JIA
PTFEJG i JZ BE 91 % 6 A A 72 B I B, Sm
PTFE-SPAIY [E 4457 & L /N T-0.615F, 12 B 45 22 PR AR
W P 55 /0N, 3% 2 BT I APTFERL /i, PAL ELid K,
R P B o M BRI 2, R R 7 A T T A RS
ANEESE, 52 B 8YU) 5 FEATYEOR, X E X JZ AR
T2 EE R, HE 5 80K 2 it B 451 14 fe FEAIK; 4 PTFES
PALF [f] 44 57 52 LU 24 0,65, 4% J2 38 T HH e 1K 1) B 43
., J93.72x10 ° mm’/(N-m), I, & 2 oo i W 7
PTFERN S FIPAIR 70 45 65 BERIE T PTFEAR 7 111
WPERE, A RURE T PALLE (R 45 MR, g T R
2 T B RS s 24 PTFE S PATY [ 44 57 & Lok
T0.68F, 2 B AR K, KA TR E
PAIE B EAR, A& LKL 2 PTFE, 12 1% 4L
PEAR 72, WRE RS G o B N g, TR AR R 2
AR 5 TE RN, T AL AR PR A, 53
X SRR IR 2 BT B, TR JE S 45 1 B R B
B A3 AT % 2 B 4B R T S SRR A B B 451 R T
TEF ] LAE— IR 524 1 2 1R B 25 A e R 0
B, IS5 R T PAIRIPAI/PTFEE &4 2 () B R = 4
T30 AT % J36 A B R PN R T 55 Y SEMR . H IS ]

K1, LOURJZ AT 35 B IR VR BE 3R [ 5(a~b)], BE A0 THI
HH P PR SRR AR T A VR [ 5(c)], 1 T 2EPATRY iR
WRIE T BB E R 2. X T PATIE I MEfE 2, X
B 5RZER R, BT AR R RE 2, PALRZE KA
BIYIWIRE, B AA EAN KR . PTFES PATJE 4 5 &
ELAI0.6 L33 J2 1 B8 IR = 24 12 350 bL e R [ P 5(d))s
HAP P B IR IR S B BB/ [BI5 ()]s 53 AN R N B8
BB, JLP R A [ES(D), B 4PTFES
PAT) [ 44 5 5 LR 0.6, B4 12 HAT BRI B
AL RE. 4 PTFES PATR[H 4 5 & L 4k 823 n i, &2
BRI BEIR =T RIS (g ) VAP RIR L &I5(h k) ]
To B AR Ak, H R IR (1 A R T H B TR 2 GO
FVE, B T L BOH RS [5G D], X2 B T R
FRRZEHIL T ZEME, HEE BN 5 AR T A
FEAE T BYUIMIRY, U B AR T R I B B R R
fiE, SR Z M Bt pe R . LR 4 R 5 K4
H e g i — 2L

BT 7 R 52 6 % J2 oF IR 0] A BR f 25 417 3% T %
B, SHEERBEBEH AL A X S=n-a-biT 5, HHaffE S
S BT IS AR [5] ) 2 A hKC E, pAR TR 5 B B ARG [
(248 K R . B 6mT i, 4 PATHY g i 2 LOXT B7
SXof R B 45 RE FE A R, R B B K ) B B 1T ARLS,, M
1.07 mm’, iX A& [AAPALG 2 B 5 i1 M Rl 2, 0
B2 BB B YN T, KA PR E AR
T, AEAFXHE 5 iR 2 He il AR 3G X, S SO 8 1 B 43
TR FR BE A IMANPTFEJG , 12 X6 B 18 K % B 1
B/, HPTFES5PATLE 4 5 & LE 0.6 L3 TR 2 X
Xt 18 BR BE BE T AN 55/, 0.7 mm’, 32 R A
PTFEJG, — /7 ¥R 2 AT PR e 3 o, 78 BR800 F v
Z RN B VIR J7, U = AR T AR B B k),
A —J5 %2 FPALS PTRELLGi&E h, P [ 7 3%



460 BE ¥ F R 41 &

3D morphology Contour curve of cross-section SEM morhology
b
®  or
5\ V.
E 0
Sl \,\,&_/
> -10 +
-15 t . . . . . . .
0.0 020 040 060 080 100 120 140
x/mm
®) 10
5¢E /“—-"\L__,
IS 0
g ST k\/—f—/
> _10 L
-15 t . . . . . . .
00 020 040 060 080 1.00 120 140
x/mm
() 10Ff
5 S
c 0
E 5f w
= -10
-15 . . . . . . .
0.0 020 040 060 080 1.00 120 1.40
x/mm
K 10f
5 .\—"\—\_\ /——’A'
IS 0
S ol \\,\,_J
> _10 L
-15 t . . . . . . .
0.0 020 040 060 080 1.00 120 1.40
x/mm

Fig. 5 The three-dimension morphology, cross-section profiles and interior micrographs of wear marks of the composite coatings
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Fig. 6 Wear marks of the balls (a) LO (b) L3 (c) L5 (d) L6
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Fig. 7 Bode impedance modulus curves and Dynamic Nyquist curves of composite coatings (a) and (b)L0, (c) and (d) L3, (e) and (f)
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Fig. 9 The variation of the electrochemical parameters (a) R, and (b) R, obtained from EIS results at various time intervals; (c) Tafel
polarization curves of coatings immersing in 3.5% NacCl solution for 240 h
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Analysis of 3D Morphology and Scratch Hardness of
Copper under Large Constant Load

LIU Ming’, LI Guoxiang, ZHOU Chao, GAO Chenghui

(School of Mechanical Engineering and Automation, Fuzhou University, Fujian Fuzhou 350108, China)
Abstract: Scratch tests were conducted on copper with a conical indenter. 3D morphologies of the scratches were
obtained by a 3D Surface Profilometer, and the influence of normal force on the scratch groove was studied. The results
show that width and depth of the scratches increase linearly with the increase in the applied normal force. When the
normal force is high, the periodic fluctuation of scratch depth appears due to the formation of the dislocation walls. At
the same time, the scratching process is accompanied by pile-up on both sides and in front of the indenter. It is found that
height and thickness of the pile-up at the end of the scratch and the height and width of the pile-up on both sides of the
scratch increase linearly with the increase of the applied normal load. The ratio of cutting to plasticity shows two
deformation mechanisms: micro-ploughing and micro-cutting, and micro cutting mechanism plays the dominant role in
the scratching process, resulting in a linear increase of wear rate with the increase of normal load. The scratch hardness

does not change with the variation of normal load, and can be regarded to be a constant about 0.77 GPa.
Key words: copper; 3D morphology; large constant load; cutting-to-plastic ratio; deformation mechanism; scratch
hardness
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Fig. 1 3D morphologies of scratches under different loads
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Fig. 2 Cross-sectional profile of scratches under different loads
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Fig. 3 Longitudinal profile of scratches under different loads
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Fig. 4 Depth and width of scratches vs normal loads and depth of scratches vs scratch distance
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Wear Characteristics between Aramture and Rails under the
Action of Lorentz Force and Temperature Field

LU Tonggang, LIU Feng', GAO Xiang, LI Shuai, ZHANG Huihui

(Key Laboratory of Mechanical Reliability for Heavy Equipments and Large Structures of Hebei Province,
Yanshan University, Hebei Qinhuangdao 066004, China)
Abstract: The friction and wear directly affect the contact state between the armature and rails, which in turn affect the
service life and launch efficiency of the electromagnetic launcher. Therefore, considering the longitudinal diffusion
characteristics of the contact surface temperature under the action of Joule heat and friction heat, the Archard wear
model was established under the action of temperature to analyze the influence of temperature on the wear between the
armature and rails. The results showed that the amount of wear between the armature and rails mainly occurred on the
surface of the armature, and the maximum amount of wear was concentrated on the edge of the armature tail. As the
armature moved, the temperature of the contact surface gradually increased, the elastic modulus and hardness of the
material decreased, and the amount of wear between the armature and rails increased. The increased wear on the contact

surface also reflected that the increase in the temperature of the contact surface accelerated the ablation of the armature
surface.

Key words: electromagnetic launch; armature; electrical contact; temperature field; wear
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Fig. 4 Contact pressure and contact resistance between armature and rails with time
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Fig. 7 Friction heat flow after discretization
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Fig. 8 Temperature distribution of the rail surface
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Fig. 10 Temperature distribution and temperature curve in the longitudinal section of the rail
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Fig. 13 Thickness curve of melted layer on armature surface
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alloy with temperature

Linear expansion Young’s modulus/GPa

Parameter . .
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Aluminum alloy 2.3x10° 71 654 586
Copper alloy 1.8x10~ 110 1037 954 79
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Table 2 The hardness of aluminum alloy
with temperature
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Hardness 92 80 75 70 50 40

BEAER THREENTUX ERAF

FLAK L i i 422 i R T AR T B 00 A 1 DL W 1B 16T
. B GO DL, KR T AR T B AN Sk ¥ 28 R o i
WK, BB 290.220 9 mm. FUMX b R AL T & 2
ANEIE oA, AR T B d /N DX SR A LKA, A2 T
K DA b 7 UK R B 25 X I A AR R T AR
TR R DL, A8 B A PR R T i 7 S 2 1k 3
RARA a5 X 2 T o i 0 I 40 2 A e 3 LA A
5E» BTG R AAE AR I Gty . K % Ak % T
B R BRI X0 A A F X R 38 R i (X3, 32 2R A

3.2

T RS R R HAK R S AR 2% 70 R SR AR R, AR ) 4
fisk T AR 38 K, R T e KA T X 3 e Jre 3 v 1) Y
PR, BT X R S Mises B 41 43 A 2 . HLAK
HEAR N 3 /IN, TR A B R N S R, KA
J9131.31 MPa. H EI1773 #T v 50, HURKAE K5 25 R s
B K ) RO AETER T B/ oy X 4k, Bz ik 44
o1 JeE PR 5 B, Aot HL X i ol ™ EE A AR

B: Transient structural

Directional deformation

Type: Directional deformation (Y Axis)
Unit: mm
Coordinate system
Time: 1.001 9

15 30 mm

Fig. 16 Deformation of the armature surface after launching
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Fig. 19 Deformation of the armature surface after launching

K19 RIAX H i Jn R AL T

B: Transient structural

Equivalent stress 3

Type: Equivalent (von-mises) stress
Unit: MPa
Time: 1.001 9

241.23 Max
214.5

187.76
161.03
134.29
107.56
80.824
54.089
27.353
0.618 44 Min

0 15 30 mm

Fig. 20 The Mises stress distribution of the armature
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Fig. 21 Wear volume and wear depth with time
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Structural Evolution of the Transfer Film of a-C:H

NING Kexin'’, WANG Peng’, JIANG Haixia’, WANG Yi'", CHAI Ligiang™

(1. College of Petrochemical Technology, Lanzhou University of Technology, Gansu Lanzhou 730050, China
2. State Key Laboratory of Solid Lubrication, Lanzhou Institute of Chemical Physics, Chinese
Academy of Sciences, Gansu Lanzhou 730000, China)
Abstract: In this study, a-C:H film was prepared by midfrequency reactive magnetron sputtering system, and a ball-on-
disk reciprocating tribometer was used to investigate the friction behaviors of a-C:H film in air and dry nitrogen (N,)
atmospheres. The influence of structural changes of wear tracks and transfer films on Al,O53 counterpart balls between
sliding interfaces on friction behaviors were discussed. The results showed that the a-C:H film had lower friction
coefficient and longer wear life in nitrogen than in air. The microstructure analysis showed that the transfer film reduces
friction. In dry nitrogen, a stable carbon transfer film with typical DLC characteristic formed on Al,O5 counterpart balls,
which further improved the friction performance. In addition, in dry nitrogen, the structure of the wear track and the
transfer film tended to be “graphitized”. Therefore, it is the combined action of the above two that resulted in lower

friction and wear of a-C:H film in N, atmosphere than in air.
Key words: a-C:H film; transfer film; evolution; friction and wear; graphitization
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Fig. 3 Raman spectra of the wear tracks in ambient air (a) after 10~120 min friction;
(b) Ip/I; and G peaks position; (c) after 174 min friction
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Fig. 4 Micrographs of wear scars of Al,O5 counterpart in ambient air: (a~e) respectively shows the morphology of the scat at
10 min, 30 min, 60 min, 90 min and 120 min, and (f) shows the morphology of the worn out scar

K 4 255 BEEALO KT B ER B B AR - (a~e) 20 1) 9 BEHEE 10, 304 60, 901120 mink FTBEBEIES, ()M B % 5 i S BT 50

T IR R R AR T B AT, A e RS R A M e VB 7 I, D AR P Ramaniih 181, G B Ak L4 A A
BREIR, 0 SR 2% 36 ™ E P 5. TS (b) T 7 T A FERR FRRS ALV AN LB RE6 45 ROR T, BE 8 L 774



488 BE OO OR 4%
(b) i

» SIO; —— White

——Black

. . ———Side
3 3
3 g
2 2
2 2
[} [
E E

500 1000 1500 2000 2500 3000 3500 4000
Raman shift/cm™

1000 1500 2000

Raman shift/cm™

500

Fig. 5 Raman spectra of the wear scars of Al,O3 counterpart in ambient air: (a) after 10~120 min friction; (b) after 174 min friction

K s

S L B AR PR R B B 1

NHE—ID T R A E SR BE AR R R PR, Xt
FEN PRI o B 2 I 1) BB R L P B EAT T S 4 0 T
B 6N, I 855 o AN (] JBE 5 I [ T 5 IR FX Raman i
LI/ IR GUE A ARG L. 7T LWL SE 3], N, BE 4
JR (I Raman i B R B -5 78 251 rh BEER L L,
In/IGHEN, G [ e Kr% 3, X i3t B VR 1 24k
R LRGN, A A R AR T A .
PEEIL R AR (2, J5 27 I I R T 3 B ) A ¥

25 BE R AL O X B ER BE PR 2 1 - (2) BEH10~120 min5 A BE 575 (b)EEE174 min)5 BB 5

SHAE B P ity K o B o, (L R R A SR U
HARBORT AR, 0 &l 6(b)H K s, BRIk B 2 77
REAE BE IR AN BBV IAZAE. IX AR UTHUARRE T EI3(b)
HILR, TEN, SR P B 27 I, R ) Ak S R
IEE] 71150 nm, {HAEE 27 XIS B4R U200 nm,
W 2(a) 4 B TR B B XA o A BB R X35k
/N GY K B R AR B A e S ma AR /)N, R I G
PR 142510 mm’/(N-m).

P17 it 7 D AE N 20 BRI PB4 A [ B ] 2 J3E 114 S22

(@ (b) —— 225 min
—10 min
—30 min
. ——60 min .
g —90 min i
I —120 min °
2 —180 min 2
f —Surface 2
[} [
= £
2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
Ramsn shift/10? cm™ Ramsn shift/10? cm™
1575
0.90 -
41570 TE
o
084 | S
o 11565 g
= o
- X
3
0.78 o
11560 ¢
-m- ly/lg
-@- G peak
0.72 . . . . . 1555
0 50 100 150 200 250
Time/min
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Fig. 7 Micrographs of wear scars of Al,O; counterpart in dry Nj: (a~f) respectively shows the morphology of the scat at 10 min,

30 min, 60 min, 90 min, 120 min and 180 min, and (g) shows the morphology of the worn out scar

B 7 Ny BRI AL O EER BE B AUE A : (a~f) 73 70l A EE#£ 105 304 60, 90. 12071180 minf 7 BEBE 54,
(@) 9 B 57 i F B BT TS

B, T DU 281 B i gk 5 w8 3R 3R T 2 S T
F8 H A %% P 7 (a~ ) PO 35 8 0o R S 3O S O 5 00 M A 1
Y52 WG 2, U B AE BE O R b R A R AN IR T
Fi T JBE F 5 R AN W DO AR 3R TR 25 B 1) fe X
FELHY B 28 I, BEBEPIANEARR TR E MBS, 4l 7(g)Fr
. B8 5 BT N7 B BiE 147 2 e 1 W R I/ I R Gl
R ARAK. BT DL BILE BEHE 1041225 minfht, $7 261
A HBLDIE 5 G, 1 AE410. 3 620, 3 860413 980 cm '
W BURRAE UG, T IX B0 5 a- AL O5 L 2 5 fE I ——1)
B TE LAt JBE S AR 160 (10 55 BAF Kb 357 4G 00 81 17 Bk PR R A1 Ve
FIAEAE, B/ LGN, BEEE60 minftf, GUEIEAI7E] 580 cm ',
JEF£90 min 5 GUA I A7 7] =y 9% 57 17 % 252 000 em '
B, SRR, G ERE1 595 cm ' BL_E X}
TR B JE rp T RS P 2 0 2% i RO R R 4R K

WikL, A fe4s S EGHEIEE S, Nl B R R A
JBE P — 5 (R I 5, 3 B ISR TH AP IR S 4 A T 7%
A4, BT M S A R AR TS R A S AR B
TR, 1K HERE TR 2544 (1 T2 BB TT DA RN, S
ST R R A T0.01 ) ELAL eAh, XTEEIE3(b)s El6(c)s
FEI8(b) HH B 7E 23 AR5 T R U P BE T )5 B R B I
T W% 19 I/ I RN G W A7 AR Ak, R BILYE 25 P B JR 1)
Iy/IGIUMN0.75 £ TF 520.79, Gl A1 560 cm ' [id) 5 47 fi
B A1 565 em ' 7EN, HEEHE BE IR 111/ 11X M0.75 E FF
£0.9, G M1 565 em [ = AR B %51 570 em . 7E
N, P BE SR B RS R IR I/ L 50 AN0.75 b T 223 53, HE
SEAE R FE T, R R e K AR A SRR, B
PEHEHEAT, B IR A0 IR0 5 AN W 4 7% 210)
R, HAEMER R, FHEER 2A F 0y



490 BE Ok & 41 %
- - - 4.0 2200
(a) —10min —30min 60 min (b) °
—90 min 120 min  — 180 min 35 | / —~— ® 5100
225 min — Al O, reference /0 -

] £
. ;G peak 3.0 2000 5
] D peak 5
s - 25 11900 2
= = 8
g 20 | 11800 =
= 1]
- (<5
15} 11700 &
________ u- 1/l o

10 'n.‘:l*-"'u @ Gpeak ] 1600

— 05— 1500

4 8 12 16 20 24 28 32 36 40 0 30 60 90 120 150 180

Raman shift/10?2 cm™

Time/min
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Simulated Polar Ice-Breaking Environment

SUN Shibin', WANG Xin', KANG Jian’, HU Xiong', WANG Dongsheng’,
CHANG Xueting”, YIN Yansheng'

(1. School of Logistics Engineering, Shanghai Maritime University, Shanghai 201306, China
2. State Key Laboratory of Rolling and Automation, Northeastern University, Liaoning Shenyang 110819, China
3. School of Ocean Science and Engineering, Shanghai Maritime University, Shanghai 201306, China
4. School of Ocean Science and Engineering, Guangzhou Maritime University, Guangdong Guangzhou 510725, China)
Abstract: The anti-ice erosion-wear resistance of the DH32 ship steel at different ship speeds under simulated polar ice-

breaking environment was investigated on a self-designed and processed testing machine. The weight loss rate of the
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DH32 steel under different simulated speeds was studied using the weight loss method. The microstructure and 3D

surface profile of the DH32 steel after erosion-wear tests were characterized by scanning electron microscopy and white

light interference microscopy, respectively. The erosion-wear and corrosion mechanisms of the DH32 steel under

different testing conditions were discussed. Results showed that the weight loss rate of the DH32 steel increased with the

increase of both the erosion-wear speed and ice-water ratio, and the largest weight loss rate occurred when the simulated

speed was 6 knots and the ice/water ratio was 1:2. The erosion-wear mechanism of the DH32 steel under the ice-water

environment was dominated by abrasion pits, plowing, furrows, and sliding pits. In addition, the anti-sand erosion-wear

resistance of the DH32 steel under sand-water environment at room temperature was examined. It was found that the

tests conducted in the sand-water mixture with 43% sand amounted to those conducted in the ice-water mixture with an

ice/ratio of 2:1.

Key words: low temperature steel; polar ice-breaking environment; ice load; erosion wear; ice/water ratio
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Table 1 Chemical compositions (weight fraction) of DH32 low temperature steel
Sample Ww(C)/% Ww(Si)/% w(Mn)/% w(P)/% Ww(S)/% Ww(Cr)/% Ww(Mo)/% W(AL)/%
DH32 0.125 0.280 1.10 0.015 0.010 0.120 0.023 0.030
&2 DHRAREMHINFEEE
Table 2 Mechanical properties of DH32 low temperature steel
2 2 W/I(-40 C)
Sample Rep/(N-mm”) Ry/(N/mm’) Al% Hardness/HV —
Longitudinal Transverse
DH32 355 490 29.5 370 155 116
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(b) Internal structure of testing equipment

Fig. 1 Schematic diagram of erosion-wear testing equipment
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Fig. 2 Metallographic microstructure of DH32 steel
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Table3 Weight loss of DH32 steel at different speeds
22

Rotation rate/(m/s) 1.1 33 4.4 5.5

Weight loss/g 0.0036 0.0039 0.0045 0.0050 0.0054
60
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Fig. 3 Plots of wear loss rate of DH32 steel as a function of
wear speed at room temperature
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Fig. 5 Electrochemical polarization curves of DH32 steel in
seawater and pure water
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Fig. 4 Surface morphologies of DH32 steel after erosion-wear tests at different speeds
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Fig. 6 3D surface morphologies of DH32 steel after erosion-wear tests at different speeds
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Table 4 Weight loss of DH32 steel at different speeds and under different ice/water ratios

Weight loss of DH32 steel at different rotation rate/g

Ice/water ratio

1.1 m/s 2.2 m/s 33 m/s 4.4 m/s 5.5m/s
1:2 0.001 5 0.001 7 0.002 3 0.002 9 0.003 4
1.1 0.002 1 0.002 3 0.003 0 0.003 5 0.004 1
2:1 0.003 3 0.003 6 0.004 3 0.004 8 0.005 3
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Fig. 8 Worn morphologies of DH32 steel at a speed of 1.1 m/s under different ice/water ratios
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Fig. 9 Worn morphologies of DH32 steel at a speed of 5.5 m/s under different ice/water ratios
B9 5.5 m/se i T AN [l UK A AT R DH3 22 b ok B 4 JE2 351

3115 h, AR M3 P47 R, RS E 10
Fizn. B 10(a) T LA AR AR R T R AR T 8B 08 i,
A B JE v D HE AR, TG B R kR BB 1S S,
A 2 T JE sk m R, S k= A 1 i L R LR .
ok B AR 091.11 g/(m’h)(3 h). 0.41 g/(m’h)(15 h),
4h SLAIF B2 VAT HAD32 (1 65 iy e B iR, i A R T
[F1) S K 3 el o 2 2 i T ALK

R oK, K DH32HMFEAE0 CUKAK (Zl7K) & A
20T AT T F O 1RSS5 my/s PR I o i
e, P R S E W E 1 ETR. WE11(a)
HRRTLLE H, B 1 m/spi il BE R 1S )5 B9 RE R T

TEJE I G, o0 DX ok 2 AR b e B R 505 Ak
NS5 m/sIPIIUEE 3 b, AXRE R B K BT s 5 8
FMZRLE0 IR ot B A5 470 7 AR, DK A ART ok S 457
TER A, i 11(b)Fw.

X 5.5 m/s T AN [F)HE 7K/ UK B 55 v o B 45
JE B RERR A B2 EAT T I (B112) R4 A0 B HL AL
2 S BOIAT A (K 5). 127 AT LLR B, AW EE
TE VY 7K AR UK IR B TR ook B 453 F5 10 1165 ok P A7 35
RS, RS B B A -0.856 V,
FLBf A UKK B 32 S 38, AR AE UK BT T R ke
7 3281 K& HE AR AL, 43 3 8—0.817. —0.835811-0.853 V;



54 1

PN, 5 DH32 M F AR AE AR B b Al DK P 53 o ) DK 3 o o B 453 28 RE AT 7 501

100 pm

(a3h

WY L10041_m ;

b) 15

Fig. 10 SEM micrographs of DH32 steel after immersion in seawater for 3 and 15 h
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Fig. 11 SEM micrographs of DH32 steel after 15 h erosion-wear test at different speed in ice-water mixture
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Table 5 Fitting parameters of polarization curves in Fig. 12
Condition Eon/V B/(mV/dec) BJ/(mV/dec) Lor/(A-cm’) CORgaTE
Room temperature —-0.856 19.0 21.3 0.645 0.538
Ice/water ratio: 2: 1 —0.853 18.0 18.0 0.536 0.447
Ice/water ratio: 1:1 —0.835 17.2 15.9 0.462 0.384
Ice/water ratio: 1:2 -0.817 16.7 14.5 0.373 0.311
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Effect of Gamma Irradiation on Structure and Tribological
Properties of PTFE Composites
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Abstract: In this paper, the tribological behavior of PTFE and its composites after gamma ray irradiation was studied.
The effects of irradiation on the chemical structure, heat resistance and tensile properties of the materials were mainly
investigated, so as to establish the correlation between the structure change and tribological properties of PTFE under
irradiation, and provide guidance for the design of PTFE sealing materials for nuclear power plants. Poly (phenylene
terephthalate) modified polytetrafluoroethylene (PTFE/POB) composites were irradiated by gamma-ray with dose of
1000 Gy, 1500 Gy, 2200 Gy, and 3000 Gy. The chemical composition and crystal structure of the materials before and
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after irradiation were characterized by infrared spectroscopy, X-ray diffraction and differential scanning calorimetry.
The thermal stability, tensile properties and tribological properties of the materials were compared with those of
irradiated pure PTFE. The results show that the chemical composition and thermal stability of PTFE/POB materials are
not significantly changed under irradiation, but the molecular weight of PTFE decreases sharply, and the small molecular
chains spontaneously form crystalline phase, leading to the increase of crystallinity. Compared with pure PTFE, the
addition of POB improves the radiation resistance of PTFE to a certain extent, and delays the decrease of molecular
weight and recrystallization ability of PTFE. The results showed that the tensile strength of PTFE and PTFE/POB
decreased significantly after irradiation, but for PTFE/POB, with the increase of irradiation dose, the decreasing trend of
the tensile strength of PTFE/POB was not significant, but gradually stabilized. The effect of irradiation on the elongation
at break of PTFE and PTFE/POB is complex. The elongation at break of pure PTFE increases first and then decreases
with the increase of irradiation dose, while the elongation at break of PTFE/POB decreases with the increase of
irradiation dose. The effect of irradiation on the wear resistance of PTFE/POB is not significant, but the friction
coefficient decreases to some extent. With the increase of irradiation dose, the friction coefficient first increases and then
decreases. This is mainly because with the continuous increase of irradiation dose, the molecular chain length of PTFE

becomes shorter and the size of crystal band becomes smaller, leading to the obvious increase of the grain boundaries. It

41 3%

results in the increase of shear strength gradually, leading to the increase of friction coefficient.
Key words: polytetrafluoroethylene; y-ray irradiation; crystallinity; molecular weight; friction and wear
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Fig. 1 FT-IR spectra of pristine and irradiated PTFE (a) and PTFE/POB (b)
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Fig. 2 XRD spectra of pristine and irradiated PTFE (a) and PTFE/POB (b)
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Fig. 4 DSC thermograms of pristine and irradiated PTFE and PTFE/POB: (a) PTFE, heating; (b) PTFE, cooling;
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Table 1 Thermal properties of initial and irradiated PTFE
as a function of absorbed dose

frradiation  \ p o AHLJ(lg) ATIC AHJIg) Xysel% M, /(ke/mol)
dose/Gy
Uniradiated 3282 243 3129 2587 2963 1749

1000 330.9 42.08 309.8  44.75 5132 103
1500 330.4 43.97 3103 4395  53.62 114
2200 331.5 41.17 309.7  44.12  50.21 111
3000 333.8 55.29 3082 5419 6743 39

*2 NEFIEyHE iR A /EPTFE/POB
MR RELE R
Table 2 Thermal properties of initial and irradiated
PTFE/POB as a function of absorbed dose

Irradiati
MAQEON AT € AH/(g) ATJC AHJ(/g) Xisc/% My/(kg/mol)
dose/Gy

Unirradiated 328.7 22.5 311.8  25.01 27.44 2082
1000 329.2 3430 310.8 3413  41.82 419

1500 331.1 40.27 3100 41.19  49.11 159
2200 329.9 41.77 3106 4526  50.94 98
3 000 332.0 3856 3093 4284  47.02 130
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Fig. 5 Changes of PTFE molecular weight of PTFE and
PTFE/POB after different doses of irradiation
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Table 3 Tensile properties of initial and irradiated
PTFE/POB as a function of absorbed dose

o Tensile strength/MPa Elongation at break/%
Irradiation dose/Gy
PTFE PTFE/POB PTFE PTFE/POB
Unirradiated 35.22 23.25 373 360
1000 18.31 11.21 407 150
1500 17.79 10.36 393 120
2200 15.85 10.68 363 30
3000 12.83 10.32 283 40
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Fig. 6 Friction coefficient (a) and wear width (b) of irradiated PTFE/POB as a function of absorbed dose
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Fig. 7 SEM micrographs of the wear morphology of irradiated PTFE/POB at different dose: (a, a;) Unirradiated;
(b, by) 1 000 Gy; (¢, ¢;) 1 500 Gys (d, d;) 2 200 Gy; (e, )3 000 Gy
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(bs by) 1 000 Gy; (cs ¢;) 1 500 Gy; (ds d;) 2 200 Gy; (es €;) 3 000 Gy
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Droplet Erosion Behavior of Nickel Foam/Polyurethane
Co-continuous Composite

WANG Junxian'"?, YANG Xiaoguang', XUE Weihai', DAI Zhixin'’, LI Shu'?, DUAN Deli"*’

(1. Institute of Metal Research, Chinese Academy of Sciences, Liaoning Shenyang 110016, China
2. School of Materials Science and Engineering, University of Science and Technology of China,
Anhui Hefei 230026, China)

Abstract: The Ni foam/polyurethane(PU) co-continuous composites (100PPI 0.8/PU, SOPPI 2.3/PU, 50PPI 1.3/PU,
50PPI 0.5/PU, 25PPI 1.7/PU and 25PPI 0.8/PU) were prepared by vacuum feeding method. The different co-continuous
composites were named after pore size, volume density of the Ni foams with PU. According to ASTM standard G73-98,
the high-speed droplet erosion device was purchased and modified. The plunger pump fed water into the pipeline, and
the nozzle obtained liquid flow of different flow rates by adjusting the diverter valve. When the liquid flow was ejected
from the nozzle, it was constrained by two parallel walls, and it scattered in a fan shape. The three test conditions of
pipeline pressure 6.9 MPa, 8.3 MPa, 10.3 MPa for 30 min were chosen to conduct droplet erosion tests on the
composites and pure PU. The PIV (particle image velocimetry) system was used to measure the velocity and size of the
droplets. The PIV system was mainly composed of a laser generator, a camera, a synchronization controller and a
computer. The laser generator emitted two slender, vertical laser beams, hitting the droplets below the nozzle. The
synchronization controller enabled the camera to capture images and get two photos. Knowing the time interval of the
two lasers and comparing the overall movement distance of the particles in the two photos, the velocity of the droplets
could be calculated by the software Insight 4G. At the same time, the software Insight 4G recognized the droplet
particles in the photo and could measure the droplet size.

Received 7 November 2020, revised 9 February 2021, accepted 10 February 2021, available online 28 July 2021.

*Corresponding author. E-mail: duandl@imr.ac.cn, Tel: 86-24-23971773.

This project was supported by the National Natural Science Foundation of China (51275506) and National Youth Science
Foundation of China (51801207).

B 5% AR B 42 (51275506) R [ 5% 75 4R R 56 42(51801207) 151 H %


http://dx.doi.org/10.16078/j.tribology.2020273
http://dx.doi.org/10.16078/j.tribology.2020273

41

TR, 55 IR TR R VUL SR A AR BGR h AT 9Bk 7T

513

Under 6.9 MPa pipeline pressure, the droplet velocity was about 70 m/s, the flow rate was 5.870 L/min, and the
average droplet diameter was 480 um; under 8.3 MPa pipeline pressure, the droplet velocity was about 90 m/s, the flow
rate was 6.264 L/min, and the average droplet diameter was 512 um; under 10.3 MPa pipeline pressure, the droplet
velocity was about 115 m/s, the flow rate was 6.814 L/min, and the average droplet diameter was 543 pm. The higher
the pipeline pressure was, the higher the flow rate was, the higher the droplet velocity was, and the higher percentage of
large droplets in the total number of droplets was. When the pipeline pressure increased, the speed of the droplets
increased, the size of the droplets increased, the total number of droplets per unit time increased, and the impact
frequency of the droplets also increased. Therefore, as the pipeline pressure increased, the impact energy of the droplets
increased significantly.

Under the condition of 6.9 MPa-30 min, the mass loss of a few composites was less than that of pure PU; under the
condition of 8.3 MPa-30 min, the mass loss of most composites was less than that of pure PU; under the condition of
10.3 MPa-30 min, the mass loss of all composites was less than pure PU. The composites exhibited better droplet
erosion resistance under higher impact energy. Under the condition of 10.3 MPa-30 min, the erosion craters of the
composite 100PPI 0.8/PU were small and shallow, a small piece of resin was peeled off from the surface, and the metal
arris were damaged slightly. The erosion craters of the SOPPI composite were large and deep, the resin phase was peeled
off from the metal skeleton, and the metal arris had a small amount of plastic deformation and fracture. The erosion
craters of the 25PPI composite were very deep with large pieces of resin peeling off from the metal arris, but the metal
arris were damaged slightly. In general, the metal arris damage of all composites was relatively small, and resin peeling
from the metal arris was the main source of damage for all composites. The erosion craters of pure PU were larger and
deeper than that of all the composites.

When the droplets impacted, pure PU cracked under the action of water hammer pressure and stress wave. The crack
widened and deepened under the action of lateral jet and hydraulic penetration. As impact energy of the droplets
increased, the composites' resistance to high-speed droplet erosion was significantly better than pure PU. The Ni foam
metal skeleton could block the impact of droplets, played a good protective role for the resin under the metal arris, which
showed the shadow protection effect. The droplets of the forward and lateral jets rebounded when hitting the metal arris,
and the rebounded droplets blocked the droplets that arrive later, which showed the carpet protective effect. The smaller
the pore size of the Ni foam, the better the erosion resistance of the composite. The metal skeleton in the composite had
strong resistance to the effects of water hammer pressure, stress wave, lateral jet and hydraulic penetration, and had
shadow protection and carpet protection effects on the resin phase, while the resin phase can provide support effects on
Ni foam absorbing the impact energy of droplets. The synergistic effect of the two phases improved the droplet erosion
resistance of the composite. The composite 100PPI 0.8/PU exhibited the best droplet erosion resistance due to its dense
metal skeleton. Application of Ni foam with small pore size and small volume density was beneficial to droplet erosion

resistance of the Ni foam/PU co-continuous composites.
Key words: droplet erosion; co-continuous composite; PIV; polyurethane; nickel foam
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Table 1 Summary of previous experiments on erosion initiation™

Researcher Test method

Initial speed of erosion/(m/s) (Material)

Droplet diameter/pm

Thiruvengadam et al. (1970)
Shinogaya et al. (1987)

Rotating disc

Nozzle jet

52 (Al 1100-0); 104 (Ni B-160); 120 (SUS 316); 120 (Ti 6Al14V)
100 (Pure iron); 80 (Pure Al)

Not tested
150~250 (Laser method)

Tsuruta et al. (2006) Rotating disc 70 (SUS304) 4 000 (Direct observation)
Oka et al. (2007) Nozzle jet 45 (A15083) 150 (Intrusion method)
Hattori-Takinami (2010) Nozzle jet 80 (S15C); 90 (STPA24); 120 (SUS304) Not tested
Hama et al. (2011) Nozzle jet 95 (A1050) 50 (Shadow method)
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Fig. 1 Schematic diagram of droplet erosion experimental
device
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Fig. 2 (a)The picture of nozzle and sample table, (b)Three-dimensional bottom view of the atomizing nozzle
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Fig. 3 (a) Physical diagram of PIV measurement system, (b) Mist spray photo under 6.9 MPa
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Fig. 4 Velocity distribution under different line pressures
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Fig. 5 Droplet size distribution under different line pressures
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Table 2 Droplet size distribution under different line pressures

Different line pressure Average droplet diameter/um

Small droplets(<500 um) percentage

Large droplets(>500 um) percentage

6.9 MPa 480 81.4% 18.6%

8.3 MPa 512 77.1% 22.9%

10.3 MPa 543 69.2% 30.8%
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Fig. 6 The erosion mass loss of pure PU and composites
under different line pressures for 30 min
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Fig. 7 Surface morphologies of samples after droplet erosion test under 10.3 MPa for 30 min

K7 10.3 MPa #4730 minF 7R iR 56 J5 AE i 3R T 3

H AR & JE R 4503 25 LA/, B R A i T A v )
& T B A AR A5 1) 3 BRI, 4 5 =R I v ik
YU TR B AR R i R B K B R,
23 wHRHRAHLE
231 AR

N T RN B g AR b ik ) B A S, A
PR T KRR S RT3 1) SR ANK 771508 S AE
FEATL AR, A R I 7 2 Fig vl v 5 [ o E A 2R T
Tlf g 7 A ) v R Y, T S BRSO AR TR R
ST o 2 7 AR N DU VE 2 N7 2 1E [ A4S A

ARk L8 B PR S 2 R RO AT, &
S AR N 3 R 3 e A ] A A P A N R v
G R A 2 51 R e i, R R
T 2 S s B i B 1 S 0 i K L R
(g 4 ok B R 1O ™. FE RGO B AFE MBI T,
TSR AN K 398 38 A F A R ALY R AR BL 5 B 5
THI 2 AR A,

R PR T AR B, SRR B R /KR I ) AN 7
B MIVE T P AR R AL REHEN A SR AR T35 1E 1
FIR A G0 ARV, W8I . 4 5 S Ik 1) 3% T R AU B



4

TR, 55 IR TR R VUL SR A AR BGR h AT 9Bk 7T 519

TIBARKIREENE R IEEN T, Befs— B AR A &
IR, WnEOR R . 2 i R 2L, MR AR 1 %
FAROUR, SRR LR, it &It WniEl7(g)
B,

1mm

Fig. 8 Pure PU surface morphology after erosion test
under 8.3 MPa for 5 min
P 8 4 ZRZA MR (ES.3 MPa RS min/ (K& 1 E 30

1mm

Fig. 9 Pure PU sectional morphology after erosion test under
6.9 MPa for 30 min
9 ZRANE(EC.9 MPa I BE4T30 minfW I r ik 6 5
R e AT T30

232 HEEMEHEG

T e RO (1 [ B i N, E AR 2K R
FIRIRE A, 22 100 FA R gt IR 2L 4, 4 J b 2k
IR PEAR TR T 2L 00 ) S 3L A A 2 1 i 3
RGP RATRSUE R T i, T K181
TEH, Mol e i 2L 8L A R 3B e, RS 5
fEAR PP AR R, W 107 7.

WUZE B 52 A M Rk Hp I 1 5 A 8 I BA RS AR 4 K
JSL b B CRAP RIS SR AR AP HE AR AE, AT H2 R A Rk
AR e BB 27, R R AR IE A A A
ok G SRR AR 2 = A A MR AR TR = XU
S5 A MR AT DUE R R 22 R ) T AR R G A
G LRER I SRAH, IR AR SRR AT, WK SR

Fig. 10 Sectional morphology of composite 50 PPI 0.5/PU
after erosion test under 6.9 MPa for 30 min

B 10 HE&H850 PPI0.5/PULE6.9 MPa 31730 minft) i
i B S R o AR TR T S5

LR RE NS LR R o, < e R T A i B4R
U ORI AR L, PRI T RIS AR 97 RN . I b AN 1 S
T BUR, 3T B R AR Ja 2 R A R, OB IR =
WP 2 J5 B3 B, KB T MR, B 1152
A PPRNBGR R s O AL 1 — 4R B FLAR
70Ny U S B SR A, SR ) SRR A K i B AR
R BH 855 s <5 o MR I, BA 52 OR4 280 AN 3t 5 fR 37
B ANEIN TS

@ High-speed droplet @

Lateral jetting Lateral jetting

— —

PU

Hydraulic penetration Metal arris

Fig. 11 Two-dimensional diagram of droplet erosion damage
mechanism of composites

B 11 RERPRRER s it DL () = 4ER & 18

HH AT SCRT R, K 22 0800 1 B4R 7E250 pmbh L,
R AL KT 100 PPIVE KRR A%, Rk, 100 PPI
TR R 4 R 2 B AR R BEL RS0 v ke, S0 1 S
K F1BF A CIERIR N ARG P, A s
AT R A . DR AR kR 4 S b R A N, BT
PLE A FEH00 PPT 0.8/PUR S & 8 B 28, — B AFE
TS5 G MBI, FH$4 2 VR e ot v DO o ek 2%
TR B — 2D 07 . S JE AR E e B 5 OR A AR s D
TR AR B VE AR P e i S AR B 6 S b MR A
O B T B RE, SErRCE B . A4 8100 PPI
0.8/PUR I 1 45 J8 1 73 A 5 4, Wi i o & JB M e I



520 BE ¥ F R

41 3%

HATTLER, TE R B R N 5. 25 BRI, B A
FHEHEL100 PPI 0.8/PUTE6.9 MPa-30 min. 8.3 MPa-30 min
A110.3 MPa-30 minzk {4 T i & 41 k3520 T H AL &
G R R, SRHNLE AT EIRENEER, 5
REAT 52 A 4 BERAR 4 () O3B i il P g

3 i

a. K HPIVR S, I 7 ¥ ik i 46 B i 1)
HREERVE AR, 2 e e 77 38 K, AN T R 1K,
RIS A G0, 7 Hm R 2, 1F e s oK.

b. 4l 5 R AE s R el T, R R AL
ROAERE R AN [ AW e, & BOM RE R 2 R0V Bl
FCR P BE RN, AR A O i A
BRSO T 2 SR R, YRR 1 FLAR BN A K,
A MBI BT v RE R LT

c. EAMREb I 4 8 i B0 KB e T B 77K
A 173 SFH IR AT 7K 73533 DU R A FAG 2 AR BRI BE 7, XA
JEAEA B 52 R4 A0 B ORAP 508 5 T 4 T A e 12 A1 5
RS, WO B T B ae. R R AR T
SAEMENI BT PR RE.

d. £ & 8100 PPL0.S/PUH T HAEEN &R
HAE, R T B AR R BRI Pk v RE L IX 3R R
ANFLAR /IR 35 FE (R IR R, BE IR A AR SRIS I 1Y
PO PR RE.

& Z ik

[1] Budinski K G, Budinski M K. Engineering materials-properties and
selection[M]. New York: Prentice Hall Press, 2010.

[2] Zhang Zheyuan, Zhang Di, Xie Yonghui. Experimental study on
water droplet erosion resistance of coatings (Ni60 and WC-17Co)
sprayed by APS and HVOF[J]. Wear, 2019, 432-433: 202950. doi:
10.1016/j.wear.2019.202950.

[3] Venturini P, Andreoli M, Borello D, et al. Modeling of water
droplets erosion on a subsonic compressor cascade[J]. Flow,
Turbulence and Combustion, 2019, 103(4): 1109-1125. doi:
10.1007/310494-019-00086-0.

[4] DilJuan, Wang Shunsen, Yan Xiaojiang, et al. Experimental research
on water droplet erosion resistance characteristics of turbine blade
substrate and strengthened layers materials[J]. Materials, 2020,
13(19): 4286. doi: 10.3390/ma13194286.

[5] Fujisawa N, Komatsu M, Yamagata T. Experimental study on
erosion initiation via liquid droplet impingement on smooth and
rough walls[J]. Wear, 2020, 452-453: 203316. doi: 10.1016/j.wear.
2020.203316.

[6] Heyman F J. Liquid impingement erosion[J]. Wear, 1992, 18:
221-232.

[71]

[8]

[91]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

Springer G S. Liquid droplet erosion[M]. New York: John Wiley &
Sons Press, 1976.

Mann B S, Arya V. HVOF coating and surface treatment for
enhancing droplet erosion resistance of steam turbine blades[J].
Wear, 2003, 254(7-8): 652-667. doi: 10.1016/S0043-1648(03)
00253-9.

ASTM G73-10, Standard test method for liquid impingement
erosion using rotating apparatus[S]. ASTM International, West
Consho hocken, 2010.

Luan Daocheng, Ding Wucheng, Li Maohua. Erosion-wear
resistance of polyurethane-SizN, composite[J]. Tribology, 2004,
24(3): 268-271 (in Chinese) [Z838 &, T 20, R . K2 B -
SisN P B 2 &R RHR i il B A5 L RET FC (D). B 2254, 2004,
24(3): 268-271]. doi: 10.16078/j.tribology.2004.03.017.

Zhong Ping, Peng Engao, Li Jian, et al. Study of erosion behavior of
polyurethane-urea coating[J]. Tribology, 2007, 27(5): 447-450
(in Chinese) [#13%, 3285, 20, 5. EBR(IR)IR )= i i B4 1
BEW L[], BEHE S 23, 2007, 27(5): 447-450]. doi: 10.3321/j.issn:
1004-0595.2007.05.010.

Dong Mengyao, Wang Chuan, Liu Hu, et al. Enhanced solid particle
erosion properties of thermoplastic polyurethane-carbon nanotube
nanocomposites[J]. Macromolecular Materials and Engineering,
2019, 304(5): 1900010. doi: 10.1002/mame.201900010.

Qiao Xingnian, Chen Rongrong, Zhang Hongsen, et al. Outstanding
cavitation erosion resistance of hydrophobic polydimethylsiloxane-
based polyurethane coatings[J]. Journal of Applied Polymer Science,
2019, 136(25): 47668. doi: 10.1002/app.47668.

Bahramnia H, Mohammadian Semnani H, Habibolahzadeh A, et al.
Epoxy/polyurethane nanocomposite coatings for anti-erosion/wear
applications: a review[J]. Journal of Composite Materials, 2020,
54(22): 3189-3203. doi: 10.1177/0021998320908299.

Avar G, Meier-Westhues U, Casselmann H, et al. 10.24-
Polyurethanes[M]. Polymer Science: A Comprehensive Reference.
Amsterdam: Elsevier, 2012, 10: 411-441. doi: 10.1016/b978-0-444-
53349-4.00275-2.

Jiang Shuai, Li Qifeng, Zhao Yuhua, et al. Effect of surface
silanization of carbon fiber on mechanical properties of carbon fiber
reinforced polyurethane composites[J]. Composites Science and
Technology, 2015, 110: 87-94. doi: 10.1016/j.compscitech.2015.
01.022.

Hatamie A, Rezvani E, Rasouli A S, et al. Electrocatalytic oxidation
of ethanol on flexible three-dimensional interconnected nickel/gold
composite foams in alkaline media[J]. Electroanalysis, 2019, 31(3):
504-511. doi: 10.1002/elan.201800490.

Wang J X, Duan D L, Yang X G, et al. Tensile behavior of nickel
foam/polyurethane co-continuous composites[J]. Materials Research
Express, 2019, 6(9): 095103. doi: 10.1088/2053-1591/ab2{9d.
Heymann, F.

International:Materials Park, 1992, 18: 221-232.

Liquid Impingement  Erosion[J]. ASM


http://dx.doi.org/10.1016/j.wear.2019.202950
http://dx.doi.org/10.1007/s10494-019-00086-0
http://dx.doi.org/10.3390/ma13194286
http://dx.doi.org/10.1016/j.wear.2020.203316
http://dx.doi.org/10.1016/j.wear.2020.203316
http://dx.doi.org/10.1016/S0043-1648(03)00253-9
http://dx.doi.org/10.1016/S0043-1648(03)00253-9
http://dx.doi.org/10.16078/j.tribology.2004.03.017
http://dx.doi.org/10.3321/j.issn:%3Clinebreak/%3E1004-0595.2007.05.010
http://dx.doi.org/10.3321/j.issn:%3Clinebreak/%3E1004-0595.2007.05.010
http://dx.doi.org/10.1002/mame.201900010
http://dx.doi.org/10.1002/app.47668
http://dx.doi.org/10.1177/0021998320908299
http://dx.doi.org/10.1016/b978-0-444-53349-4.00275-2
http://dx.doi.org/10.1016/b978-0-444-53349-4.00275-2
http://dx.doi.org/10.1016/j.compscitech.2015.01.022
http://dx.doi.org/10.1016/j.compscitech.2015.01.022
http://dx.doi.org/10.1002/elan.201800490
http://dx.doi.org/10.1088/2053-1591/ab2f9d
http://dx.doi.org/10.1016/j.wear.2019.202950
http://dx.doi.org/10.1007/s10494-019-00086-0
http://dx.doi.org/10.3390/ma13194286
http://dx.doi.org/10.1016/j.wear.2020.203316
http://dx.doi.org/10.1016/j.wear.2020.203316
http://dx.doi.org/10.1016/S0043-1648(03)00253-9
http://dx.doi.org/10.1016/S0043-1648(03)00253-9
http://dx.doi.org/10.16078/j.tribology.2004.03.017
http://dx.doi.org/10.3321/j.issn:%3Clinebreak/%3E1004-0595.2007.05.010
http://dx.doi.org/10.3321/j.issn:%3Clinebreak/%3E1004-0595.2007.05.010
http://dx.doi.org/10.1002/mame.201900010
http://dx.doi.org/10.1002/app.47668
http://dx.doi.org/10.1177/0021998320908299
http://dx.doi.org/10.1016/b978-0-444-53349-4.00275-2
http://dx.doi.org/10.1016/b978-0-444-53349-4.00275-2
http://dx.doi.org/10.1016/j.compscitech.2015.01.022
http://dx.doi.org/10.1016/j.compscitech.2015.01.022
http://dx.doi.org/10.1002/elan.201800490
http://dx.doi.org/10.1088/2053-1591/ab2f9d

4 1

TR, 55 IR TR R VUL SR A AR BGR h AT 9Bk 7T 521

[20]

(21]

[22]

(23]

[24]

[25]

Unified empirical relations for cavitation and liquid impingement
erosion processes[J]. Wear, 1984, 120(3): 253-288.

Kong M C, Axinte D, Voice W. Aspects of material removal
mechanism in plain waterjet milling on gamma titanium
aluminide[J]. Journal of Materials Processing Technology, 2010,
210(3): 573-584. doi: 10.1016/j.jmatprotec.2009.11.009.

Hammitt F G, Heymann F J. Liquid-erosion failures, failure analysis
and prevention[J]. ASM International:Materials Park, 1986, 11:
163-171.

Adler W F. The Mechanics of Liquid Impact{M]. London:
Academic Press, 1979.

Field J E, Lesser M B, Dear J P. Studies of two-dimensional liquid-
wedge impact and their relevance to liquid-drop impact problems[J].
Proceedings of the Royal Society of London A Mathematical and
Physical Sciences, 1985, 401(1821): 225-249. doi: 10.1098/rspa.
1985.0096.

Ren Z H, Zheng Y G, Jiang C H, et al. Erosive behaviors of SiC

[26]

[27]

(28]

foam/epoxy co-continuous phase composites[J]. Wear, 2015, 336-
337:21-28. doi: 10.1016/j.wear.2015.04.019.

Ren Z H, Jin P, Cao X M, et al. Mechanical properties and slurry
erosion resistance of SiC ceramic foam/epoxy co-continuous phase
composite[J]. Composites Science and Technology, 2015, 107:
129-136. doi: 10.1016/j.compscitech.2014.12.012.

Wan Wei, Cao Xiaoming, Zhang Jinsong. Erosion performance for
Co-continuous phase composite of SiC foam ceramic/ductile iron[J].
Chinese Journal of Materials Research, 2020, 34(5): 361-367
(in Chinese) [J3 1, B /N, SKENHA. SICHLIA P Be /R 25 55 B 0%
SEAR S G HRHE I AR A R B (D], B ORHIE SS9, 2020,
34(5): 361-367]. doi: 10.11901/1005.3093.2019.167.

D. L. Duan, R. L. Zhang, X. J. Ding, S. Li. Calculation of specific
surface area of foam metals using a dodecahedron model[J].
Material Science and Technology, 2006, 22(11): 1364-1367. doi:
10.1179/174328406X111138.


http://dx.doi.org/10.1016/j.jmatprotec.2009.11.009
http://dx.doi.org/10.1098/rspa.1985.0096
http://dx.doi.org/10.1098/rspa.1985.0096
http://dx.doi.org/10.1016/j.wear.2015.04.019
http://dx.doi.org/10.1016/j.compscitech.2014.12.012
http://dx.doi.org/10.11901/1005.3093.2019.167
http://dx.doi.org/10.1179/174328406X111138
http://dx.doi.org/10.1016/j.jmatprotec.2009.11.009
http://dx.doi.org/10.1098/rspa.1985.0096
http://dx.doi.org/10.1098/rspa.1985.0096
http://dx.doi.org/10.1016/j.wear.2015.04.019
http://dx.doi.org/10.1016/j.compscitech.2014.12.012
http://dx.doi.org/10.11901/1005.3093.2019.167
http://dx.doi.org/10.1179/174328406X111138
http://dx.doi.org/10.1016/j.jmatprotec.2009.11.009
http://dx.doi.org/10.1098/rspa.1985.0096
http://dx.doi.org/10.1098/rspa.1985.0096
http://dx.doi.org/10.1016/j.jmatprotec.2009.11.009
http://dx.doi.org/10.1098/rspa.1985.0096
http://dx.doi.org/10.1098/rspa.1985.0096
http://dx.doi.org/10.1016/j.wear.2015.04.019
http://dx.doi.org/10.1016/j.compscitech.2014.12.012
http://dx.doi.org/10.11901/1005.3093.2019.167
http://dx.doi.org/10.1179/174328406X111138
http://dx.doi.org/10.1016/j.wear.2015.04.019
http://dx.doi.org/10.1016/j.compscitech.2014.12.012
http://dx.doi.org/10.11901/1005.3093.2019.167
http://dx.doi.org/10.1179/174328406X111138

Ea% Haw JE A A iR Vol 41 No4
2021 7 H Tribology Jul, 2021

DOI: 10.16078/j.tribology.2020193

PTFE@SiO,#% 7= B 7R M5 £ A [E) 3L 5w
M TRIRYKEB AL

I ZRA AR B R, BA R R EA I, TAE
(1. R ERHERE 22 M AT ST AT T AR [ 5 S st ==, HR 221 730000,
2. HERFF B R MPRREE S BRI B, 65 100049;
3. T ERFERE MOk S B E s SIe =, HOR 22 730000)

B B AR RSENE T BN 2@  EAE(PTFE@SIO)E AR 1. F 33 i T 85 (SEM). 35 5 v
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Water Lubrication Properties of PTFE@SiO, Particles as Novel
Additive under Different Testing Conditions

WANG Na'?, WANG Honggang'*"", REN Junfang’, GAO Gui’, CHEN Shengsheng’,
ZHAO Gengrui’, YANG Yawen'’, WANG Jinging'’

(1. State Key Laboratory of Solid Lubrication, 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
Sciences, Beijing 100049, China
3. Key Laboratory of Science and Technology on Wear and Protection of Materials, Chinese
Academy of Science, Gansu Lanzhou 730000, China)
Abstract: Novel water lubricating additive of polytetrafluoroethylene@silica (PTFE@SiO,) core-shell composite
particles with submicron size was prepared by in-situ polymerization. The core-shell structure, composition and size
distribution of the composite particles were determined by scanning electron microscope (SEM), transmission electron
microscope (TEM), Fourier transform infrared spectrum (FTIR) and particle size distribution, respectively. The water
dispersion test indicated that the as-synthesized particles had good water dispersibility and stability. The tribological
properties of the particles as water lubricating additive at different testing conditions was investigated by LSR-2M

reciprocating friction and wear testing machine. The results illustrated that the PTFE@SiO, lubricant had the best water
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lubricating properties under the speed of 0.019 m/s and the steel surface roughness of 0.2 pm as well as the ambient

temperature. The friction coefficient was decreased nearly by 80% and the wear volume was reduced by 1~2 order of

magnitude when compared with the lubricants of pure water and water with physically mixed PTFE and SiO,

(PTFE/SiO,). SEM observation demonstrated that the existence of core-shell structure and the formation of high-quality

transfer film during the friction all contributed to the excellent water lubrication performances of PTFE@SiO, lubricant,

and then a possible lubrication mechanism on this basis was also proposed.
Key words: PTFE@SiO,; core-shell structure; water lubrication; additive; tribological performance
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Fig. 1 Schematic diagram on preparation process of PTFE@SiO, core-shell composite particles
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Fig. 2 SEM micrographs of PTFE (a) and PTFE@SiO, (b). TEM micrograph of PTFE@SiO, (c) and the element distribution of
PTFE@SiO, from EDX (d), in which the picture in the upper right corner of Fig.2(c) is a
high magnification image of PTFE@SiO,
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Fig. 3 FTIR spectra (a) and size distribution (b) of PTFE and PTFE@SiO,
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Fig. 4 Photographs of PTFE@SiO, (a) and PTFE/SiO, (b)
lubricants after different standing times
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Fig. 5 The variations of friction coefficient (a) and wear volume (b, ¢, d) for PTFE@SiO,, PTFE/SiO, and pure
water lubricants at different sliding speeds

Bl 5 PTFE@SiOy PTFE/SiO, A K Al /K 77 43 B AEAS [R5 Bl 28 T BRI R B (a) B BB A F(bs ¢0 d)HIAL



54

T, 55 PTFE@SiO 4% 56 B s INFLEAS [F] S 56 2544 T 19 B /K 1 527

I, SR AR FEUE R =, 7£0.049 m/s N 2PTFE@
Si0, T AL 601, MTE0.019 m/s B & ik 10015
DA b % Ttk R, B R IR 5 5% H I T B 2R 1)
TR 3G R, R B AR AR R ) A8 Ak IR AN B 2. JE
X7 EE B 5(cs d)RT LA B, £E 47K o I PTFE/SIO,
AL 2 0 BE R R R B 4. T PTFE S5 /KB % 1)
FHASME, (45 PTFEAE B/ BE i 78 AR 2D 50 )1 °F
AN B 2 T, HE DB A5 I Y AT e R R Bl
Si0, A7 5 13 S 85 B8 i B 45 5.

El67n th T 75 1 31 255 0.019 my/sf T 2% 14
T, PTFE@SiO,« PTFE/SiO, EA S 4 7K I ¥ 741 43 3l % A
[FHEDRE 2B A 1 BE $2 2P e . NEl6(a) T U Hh, BEE
FHRE BT 1014 1, PTFE@SiO, 71 1 751 1 BE 45 AR B 2 il 5k
TN G K HI A, 7E0.2 nm bR FE R, JEEE IR R 5
SR /AME, A 0.12. X T4k 5, FEEE R HbE
ARG FE I I B T — @ R FE DS, ABATS CRAF L
KT T8 PTFE/SIO, M /K I 1 77, HLEE#E &
B RIS NS, ORIE R 10.7, SN
0.52, {H B 152 2 00 A A 1.

K 6(b~d) %> ] N PTFE@SiO,. PTFE/SiO, LA F 4

1.0
€)) —=— PTFE@SIO,
—s— PTFE/SIO,
08 —&— Pure water

5

(=]

£ 06

Q -

8

c

204t

kS

- .

L "
02f \‘_//f.
0.0 L L L L

0.015 0.2 15 4
Roughness, R,/um
200 }(c)
B PTFE/SIO, 172.470
180 +

160

T 18.245 T
18 |
17 +
16 2.327

T 2023 T
2 -
1t
0

Wear volume loss/(102 mm?)

0.015 0.2 15 4
Roughness, R,/pm

ZIEE P 7% A [RDRELRS P A9 25 1) B B A R AR Ak M EI6(b)
TRl U, BE R R 2 B 9 0, FEPTFE@SiO, il T
FIRIAE R, A28 1 B AR AR S e /N g 36 K, o e
0.2 pm3R MRS B T, BE AR IL B 5/, 29281.9%
10 mm’, 17 AR FE 3 K 21,5 pm DA B, BEB AR
IR 55 140, 2% BRHELRS 2 5T PTFE@Si0, 71 ¥ 7] A i
P 1 HLA K, ER A 0.2 um R THHLRE T
R 2 2 H5URI 5 451 PR A ] B s B BRI, 2 B AE 120 RS B2
T, PTFE@SiO, & A & A 1) 7K i iy e g 28 1 xf T
PTFE/SiO, i1 AN 4l /KM 5, S EE4E R A 2 S
IS BEAR R AR AL, H 2 7 8 9 B 4 A R B R T
R R P52 R 19 DR R 0 25 A 19, #E4.0 pe RS 2 1
(B F AR A 43 A B T 1.712.44x10" mm’, 1
PTFE@SiO, 1) % 1 /& F11X }95.58x107 mm’, 4y 5 &
PTFE/SiO, fl1 4t /K 3R (1) 1/30F11/4, F W% 55 PTFE@
Si0, 5 A LT 7K W T8 0 70) 2 A A0 7 1D i 5 453
PERE. 534, 18I X% PTFE/SIO, A1 41 7K i1 ¥ 751 iR iFF 72 v]
DA I, PR R 505 BE AR AR 2 IS B A O, 3
2 EE AT B AR v R o sd s PR T AT B
75, 7£0.019 m/si 338 % L 2 0.2 pm )89 A 22 T AH

8000
6000 L(b) pf,ig,g.. l
T EErTrE@SIO, 700

700
600
500 =

134 +

67

Wear volume loss/(10~° mm?)

0

15 0.2
Roughness, R,/um

272 H(d)

244.00
B Pure water
255 |

m
= 149.60 . =

Wear volume loss/(10* mm?)

156 |
144 |
19l L
A 2 2.23
2
0
0.015 0.2 15 4

Roughness, R,/pm

Fig. 6 The variations of friction coefficient (a) and wear volume (b, ¢, d) for PTFE@SiO,, PTFE/SiO, and pure water
lubricants at different steel surface roughnesses
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Fig. 7 The variations of friction coefficient (a) and wear volume (b) with temperature for lubricants of PTFE@SiO,,
PTFE/SiO, and pure water
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Fig. 8 SEM photographs of wear tracks (upper row) and corresponding wear spots (lower row) under the actions of PTFE@SiO,
(a, d), PTFE/SiO, (b, e) and pure water (¢, f) lubricants, in which the thumbnail in the upper right corner is the
enlarged picture of black frame area
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Fig. 9 Scanning map of element distribution of wear spot with PTFE@SiO, lubricant
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Working Performance of Push Ring’s Spring Energized Seal

WU Jie, CHEN Zhi', ZHAO Peng, JI Hua

(School of Chemical Engineering, Sichuan University, Sichuan Chengdu 610065, China)

Abstract: Seal ring of the push ring in the dry gas seal is related to the floatability and tracing ability of compensated
ring. By establishing a 2-D axisymmetric equivalent model of spring energized seal ring, the sealing characteristics and
friction characteristics of spring energized seal rings with and without a boss were simulated under different working
conditions. The results showed that the maximum contact pressure of two kinds of spring energized seal rings increased
with the increase of medium pressure and precompression rate, and they had good self-tight characteristics. The friction
of the spring energized seal ring was large and not ignorable. When the push ring moved in the axial direction, the spring
energized seal rings with and without a boss structure showed different friction behaviors. When the push ring moved
along +Z direction, the friction characteristic curves of the spring energized seal ring without a boss were similar.
However, the spring energized seal ring with a boss had a larger breakaway distance when the push ring moves in Z
direction. It had smaller maximum static friction, and the difference between sliding friction and maximum static friction
was smaller resulting in a smooth slide when the push ring moved along the -Z direction, which were beneficial for the
compensated ring to return to the designed working position.

Key words: spring energized seal ring; sealing characteristics; friction characteristics; dry gas seal; numerical simulation
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Fig. 3 Dimension parameters of push ring spring energized seal
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Table 1 Material Parameters of Spring"ﬂ

Material Modulus of elasticity Yield strength Tensile strength Poisson’s ratio Relative friction coefficient
S51770 200 GPa 1 320 MPa 1720 MPa 0.3 0.1
%2 PTFEMRI K™Y
Table 2 Parameters of PTFE material™""”
Material Modulus of elasticity Tangent modulus Poisson’s ratio Relative friction coefficient

PTFE (polytetrafluoroethylene) 488.38 MPa

38.348 MPa 0.457 0.1
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Fig. 5 Compression characteristic curves of energized springs
with different circumferential angles
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Table 3 Mesh independence test of lip contact surface

Mesh size of lip contact area Number of grids Number of nodes Maximum contact pressure of inner lip
0.030 0 mm 19 466 60 484 11.996 MPa
0.015 0 mm 22 657 69 956 12.266 MPa
0.007 5 mm 43015 128 596 12.366 MPa
0.003 3 mm 67243 205722 12.371 MPa
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Fig. 7 Grid model of spring energized seal without a boss
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Fig. 8 Simulation calculation model of spring energized seal
in working conditions
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Fig. 9 The stress, displacement and contact penetration nephogram of the spring energized seal ring
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under medium pressure (e=5%)
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T8 o fl A U VURH JE B b = AU S T AR A, BT 50 A % 2 AU R S B L 91 2 B e M T e v 43
ARV, VBT A B (0=0°, 11.25°,22.5°, 33.75°) 5 % 35 R BE (h=2..8 3.3+ 3.8H14.3 mm) X} 5 31 J) etk (1 52
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KT 2.11%. 15 R T2 158 2 s 2% 85 ik /DN T 48K, 5 s R B DM 2.8 mma i 117 25 BHLJB 218943 mm P 11 146%~211%;
B I s R P KT BRI, BB VR B 94,3 mm IR B AR T2.8 mmiB BRI T £93.73%.
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Dynamic Characteristics of Interlaced Scallop Damper Seals

YIN Lu', ZHANG Wanfu"”", ZHANG Shidong’, GU Chengjing', LI Chun'’

(1. School of Energy and Power Engineering, University of Shanghai for Science and Technology,
Shanghai 200093, China
2. Shanghai Key Laboratory of Multiphase Flow and Heat Transfer in Power Engineering, Shanghai 200093, China
3. Shanghai Minghua Electric Power Science &Technology Co Ltd, Shanghai 200090, China)
Abstract: The three-dimensional numerical analysis model of an interlaced scallop damper seal was established. The
dynamic characteristics in the axial direction was studied. Effects of the interlaced angle (a=0°, 11.25°, 22.5°, 33.75°)
and seal cavity depth (A=2.8 mm, 3.3 mm, 3.8 mm, 4.3 mm) on the dynamic characteristics of the scallop damper seal
were analyzed based on dynamic mesh method and multi-frequencies elliptic whirling model. Results showed that the
upstream seal cavity (C1~C4) had a large positive direct stiffness and effective damping, which showed a relatively
greater contribution to suppress the rotor whirling and improved the system stability. Compared with the parallel
structure (a=0°), the interlaced scallop damper seal had lower circumferential velocity, higher turbulence dissipation,
better system stability, and lower seal leakage flow rate. When the interlaced angle was 33.75°, the effective damping
was about 111% to 121% of that at 0°. The leakage flow rate for an interlaced angle of 22.5° was about 2.11% lower
than that at 0°. The effective damping increased with decreasing seal cavity depth. The effective damping of the seal
with cavity depth of 2.8 mm was 146% to 211% that of 4.3 mm. The leakage flow rate of the scallop damper seal
decreased with increasing seal cavity depth. The leakage flow rate for the seal cavity depth of 4.3 mm was reduced by

about 3.73% compared with that of 2.8 mm.
Key words: interlaced scallop damper seal; dynamic characteristics; effective damping; leakage characteristics; stability
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Fig. 1 Two-dimensional geometry model of the scallop damper seal
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(a) Axial view
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Fig. 2 Schematic diagram of the cavity distribution for the interlaced scallop damper seal
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Table 1 Seal dimensions

Parameters Specifications
Seal length, //mm 35.7
Rotor diameter, d/mm 60
Milling cutter diameter, d;/mm 26
Seal radial clearance, C;/mm 0.2
Tooth number, N; 10
Cavity depth, #//mm 2.8,3.3,3.8,43
Circumferential scallop cavity number, N, 8
Tooth width, w;/mm 1.77
Cavity width, w,/mm 2
Interlaced angle of the circumferential scallop cavity, 0,11.25,22.5,
al(®) 33.75
Seal tooth shape Straight tooth

e : Py Fy s 7 20077 K, o858 I B 2 5
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Fig. 3 Elliptical whirling orbits of the rotor
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Table 2 Mesh independent verification

Number of meshes/10* Fyy/N Relative error/% Fyy/N Relative error/%
102 —0.605 22.22 —1.081 21.05
154 —0.584 17.98 —1.042 16.69
183 —0.498 0.61 —0.897 0.45
312 —0.496 0.20 —0.895 0.22
401 (Reference) —0.495 0.00 —0.893 0.00
Number of meshes/10" Fy/N Relative error/% Fyy/N Relative error/%
102 —0.309 28.22 —2.418 29.44
154 —0.290 20.33 —2.306 23.45
183 —0.243 0.83 —1.883 0.80
312 —0.242 0.41 -1.873 0.27
401 (Reference) —0.241 0.00 —1.868 0.00

Number of meshes/10*

Leakage flow rate/(kg/s)

Relative error/%

102 0.022 232
154 0.022 175
183 0.022 122
312 0.022 094
401 (Reference) 0.022 040

0.87
0.61
0.37
0.24
0.00

Fig. 4 Grid distribution of the interlaced scallop damper seal
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Table 3 Calculation parameters

Parameters Specifications
Working fluid air(ideal gas)
Turbulence model k-¢
Wall properties adiabatic smooth wall
Inlet temperature, 7/K 298
Time step, #/s 0.0001
Whirling frequency, f/Hz 20, 40, ..., 240, 260
Inlet pressure, P;,/MPa 0.505
Outlet pressure, P,,/MPa 0.101
Rotational speed, w/(r/min) 5000
Whirling orbit elliptical orbit
Major half axis of the whirling orbit, a/mm 0.012
Minor half axis of the whirling orbit, 5/mm 0.006
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Fig. 5 Comparison on experiments and current CFD results
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Rolling Contact Fatigue Performance of ER8 Wheel Steel with
Non-Uniform Microstructure
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(1. Metals and Chemistry Research Institute, China Academy of Railway Sciences Corporation
Limited, Beijing 100081, China
2. School of Material Science and Engineering, Dalian Jiaotong University, Liaoning Dalian 116028, China
3. Technology Center of Ma’anshan Iron & Steel Co Ltd, Anhui Ma’anshan 243000, China)
Abstract: To resolve the problem of premature rolling contact fatigue (RCF) damage to wheels with non-uniform
microstructure arising in their service, RCF test was conducted to investigate the influence of the wheel tread non-
uniform microstructure on the RCF of wheels. The tensile properties of uniform and non-uniform microstructure were
tested using in-situ tensile test bench, and the crack growth behavior was observed by scanning electron microscope.
Microstructural change at RCF damaged area of specimen with non-uniform microstructure was observed by optical
microscope and transmission electron microscope. The result showed that the RCF limit of non-uniform microstructure

was lower than that of matrix. In addition to the normal pearlite + proeutectoid ferrite (matrix), there were a large amunt
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of upper bainite in the non-uniform microstructure, which interrupted the continuity and uniformity of normal matrix.

RCF cracks mainly initiated and propagated at the boundary between upper bainite and matrix. Both the hardness and

the elasticity of upper bainite were higher than those of the matrix while the plasticity was lower than that of the matrix.

Under the same contact stress, the incongruity of the elastic-plastic deformation resulted in the stress concentration at the

boundary, and thus induced and facilitated initiation and propagation of fatigue cracks in wheel steel and accelerated the

occurrence of RCF damage.

Key words: ER8 wheel steels; RCF; non-uniform microstructure; upper bainite; pearlite and proeutectoid ferrite
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Table1 Chemical composition of the wheel sample (Weight fraction)

w(C)/% w(Si)/% w(Mn)/% w(P)/% w(S)/% w(Cr)/% w(Cu)/% w(Mo)/% w(Ni)/% w(V)/%
0.51 0.34 0.78 0.006 0.002 0.20 0.23 0.03 0.15 0.03
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(a) Schematic diagram of metallographic sampling and observation position

O'p

(b) OM micrograph of matrix area

(e) TEM micrograph of pearlite (f) TEM micrograph of upper bainite
Fig. 1 Microstructure of wheel steel
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Fig. 2 (a) Scheme of the sampling location, (b) dimensions and profile of the wheel sample and its components
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(a) Sampling location for In-situ tensile

(b) Sample dimensions

Fig. 3 Sampling location and dimensions of tensile samples
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Fig. 4 S-N curve and typical failure morphology of the wheel with tread and matrix area
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Plastic deformation

(b) OM micrograph of damaged area of RCF sample with non-uniform microstructure

N

(c) OM micrograph of damaged area of RCF sample with non-uniform microstructure

Fig. 5 OM micrograph of failure area of RCF sample
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(c) Normal microstructure

(b) Diffraction ring of upper bainites

(d) Diffraction ring of normal microstructure

Fig. 6 TEM profile of crack Initiation area on sample surface layer
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Fig. 7 Stress-strain curves, elastic limit, and tensile strength of tread and matrix area
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Fig. 8 In-situ SEM profile in initial stage of crack initiation and propagation in tensile process of non-uniform microstructure sample
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Fig. 9 RCF failure model of wheel steel with non-uniform microstructure

Ko ABSIHAERARCFR R



562 BE ¥ F R

41 3%

JEIl, T A R [ 2T 4L, JLB BRI B )2 [R) PR
BR8N, HLHI T 2R, e A e L B 6(c))s T |
DU AR BB BiAR IS AT 44k, (EATY AR 52 0 IR B R
o HERFMA Frh K, EAREEEA FrsD, SRR
FEPEATAS B E & 4 B[ LI 6(a)). b DURI 256 1E 5
LA T B AN P R 5 B0 3 4 40 R RS F £,
T 5 R R A 9 57 L SL ) AR AN R, 4o B 9(e) AT
7Ns FERCFRLUZ Bk . 734 F FL 0 2 IT 4 H B0 43 32
BUGL, #0y y S BT BIRCF 24 7 i b T )
REE R AL I, URCF LR LY &R R m, B
BT RITE, SEERANHIIRCE 2L, 10 E9(d)Fix.

4 ZEig

a. EREBETI AN SI L Z XS AE i A o IRCFAR
FRA1 074 MPa, KT F 5050 H R AR (BEFEBIIR ) IEH 40
ZUX SHRCFH (1 112 MPa).

b. R BT AN Y S) A I AEE K& B LR
A, b DU AR SR O 2 23 25 ) 5 g R AR X 35 IE
I BROGAR+ 8 I Bk R AR U AE 3 X, BBOA
T ERIE R HLRPELLNE, 51 1 IR HA A5

c. b DU TR (1 Ji ks B 5E o P AR PR v T 1 4
S, WA R /N T TR A 2, TR SR Al N ) (1
T, b DR AR 415 1 20 23 398 A5 F B AS P 1
FEOH A LI AL A N R R R IRk
T AN S H B 57 R AU A AT e, Itk T 4
HRCFA5 4 1) Hi 3.

S & K

[1] Bevan A, Molyneux-Berry P, Eickhoff B, et al. Development and
validation of a wheel wear and rolling contact fatigue damage
model[J]. Wear, 2013, 307(1-2): 100-111. doi: 10.1016/j.wear.2013.
08.004.

[2] LiXia, Jin Xuesong, Wen Zefeng, et al. A new integrated model to
predict wheel profile evolution due to wear[J]. Wear, 2011, 271(1-
2): 227-237. doi: 10.1016/j.wear.2010.10.043.

[3] LiuYingbin, Gong Yanhua, Wang Qiang, et al. Evaluation of rolling
contact fatigue crack of train wheels[J]. Tribology, 2020, 40(3):
305-313 (in Chinese) [XIB3%, B Z 4, T, 5. I FRIRSIE
fili gz 57 ZESOTAN WF 9L [0]. BRI 2 40, 2020, 40(3): 305-313]. doi:
10.16078/j.tribology.2019210.

[4] Cvetkovski K, Ahlstrom J. Characterisation of plastic deformation
and thermal softening of the surface layer of railway passenger
wheel treads[J]. Wear, 2013, 300(1-2): 200-204. doi: 10.1016/j.wear.
2013.01.094.

[5] Sangid M D. The physics of fatigue crack initiation[J]. International
Journal of Fatigue, 2013, 57: 58-72. doi: 10.1016/j.ijfatigue.2012.10.

[6]

[71]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

009.

Ekberg A, Kabo E, Andersson H. An engineering model for
prediction of rolling contact fatigue of railway wheels[J]. Fatigue &
Fracture of Engineering Materials & Structures, 2002, 25(10):
899-909. doi: 10.1046/j.1460-2695.2002.00535 x.

Zhong W, Hu J J, Li Z B, et al. A study of rolling contact fatigue
crack growth in U75V and U71Mn rails[J]. Wear, 2011, 271(1-2):
388-392. doi: 10.1016/j.wear.2010.10.071.

Zhao Xueqin, Wang Wenjian, Zhong Wen, et al. Study on coupling
relation between rolling fatigue crack and wear of rail[J]. Journal of
the China Railway Society, 2009, 31(2): 84-87 (in Chinese) [iX &
Jr, ECHE, BPEE, S5 BRI 5T R B B S R RETAL).
BRIE2E4], 2009, 31(2): 84-87]. doi: 10.3969/j.issn.1001-8360.2009.
02.016.

Liu Chunpeng, Pan Jinzhi, Liu Pengtao, et al. Influence of original
microstructure on rolling contact fatigue property of D2 wheel
steel[J]. Wear, 2020, 456—457: 203380. doi: 10.1016/j.wear.2020.
203380.

Zhang Guanzhen, Liu Chunpeng, Ren Ruiming, et al. Effect of
nonuniform microstructure on wear property of ER8 wheel steel[J].
Wear, 2020, 458-459: 203416. doi: 10.1016/j.wear.2020.203416.
Wang Yanpeng, Ding Haohao, Zou Qiang, et al. Research progress
on rolling contact fatigue of railway wheel treads[J]. Surface
Technology, 2020, 49(5): 120-128 (in Chinese) [F & I, T R %,
ARG, A B D G T VR B Ak 57 W AU R D). R EOAR,
2020, 49(5): 120-128]. doi: 10.16490/j.cnki.issn.1001-3660.2020.
05.015.

Zhong Wen, Dong Lin, Wang Yu, et al. A comparative investigation
between rolling contact fatigue and wear of high-speed and heavy-
haul railway[J]. Tribology, 2012, 32(1): 96-101 (in Chinese) [ 352,
#R, £, 4. il AR R 5T B SR LURIF T[], BEHE
224R, 2012, 32(1): 96-101]. doi: 10.16078/j.tribology.2012.01.016.
He Chenggang, Zhou Guiyuan, Wang Juan, et al. Effect of curve
radius of rail on rolling contact fatigue properties of wheel steel[J].
Tribology, 2014, 34(3): 256-261 (in Chinese) [{T B NI, & Y8, £
IR, A EE AR B R TR B4 i 7 PR RE RS IR (1], B
#, 2014, 34(3): 256-261]. doi: 10.16078/j.tribology.2014.03.016.
Yang Shanjie, Ren Ruiming, Chen Chunhuan, et al. Microstructure
analysis of deformed white etching layer on wheel flange of high
speed train[J]. Tribology, 2016, 36(5): 622-628 (in Chinese) [# 4}
i, ARG, MR, 5. SRR R S MR Y B R AL
[9]. RS, 2016, 36(5): 622-628]. doi: 10.16078/j.tribology.2016.
05.013.

Bower A F. The influence of crack face friction and trapped fluid on
surface initiated rolling contact fatigue cracks[J]. Journal of
Tribology, 1988, 110(4): 704-711. doi: 10.1115/1.3261717.

Zhao Xiangji, Ma Lei, Guo Jun, et al. The effect of round defects on
rolling contact fatigue characteristics of rail materials under dry-wet

conditions[J]. Tribology, 2017, 37(4): 544-550 (in Chinese) [#X #fl


http://dx.doi.org/10.1016/j.wear.2013.08.004
http://dx.doi.org/10.1016/j.wear.2013.08.004
http://dx.doi.org/10.1016/j.wear.2010.10.043
http://dx.doi.org/10.16078/j.tribology.2019210
http://dx.doi.org/10.1016/j.wear.2013.01.094
http://dx.doi.org/10.1016/j.wear.2013.01.094
http://dx.doi.org/10.1016/j.ijfatigue.2012.10.009
http://dx.doi.org/10.1016/j.ijfatigue.2012.10.009
http://dx.doi.org/10.1046/j.1460-2695.2002.00535.x
http://dx.doi.org/10.1016/j.wear.2010.10.071
http://dx.doi.org/10.3969/j.issn.1001-8360.2009.%3Clinebreak/%3E02.016
http://dx.doi.org/10.3969/j.issn.1001-8360.2009.%3Clinebreak/%3E02.016
http://dx.doi.org/10.1016/j.wear.2020.203380
http://dx.doi.org/10.1016/j.wear.2020.203380
http://dx.doi.org/10.1016/j.wear.2020.203416
http://dx.doi.org/10.16490/j.cnki.issn.1001-3660.2020.%3Clinebreak/%3E05.015
http://dx.doi.org/10.16490/j.cnki.issn.1001-3660.2020.%3Clinebreak/%3E05.015
http://dx.doi.org/10.16078/j.tribology.2012.01.016
http://dx.doi.org/10.16078/j.tribology.2014.03.016
http://dx.doi.org/10.16078/j.tribology.2016.%3Clinebreak/%3E05.013
http://dx.doi.org/10.16078/j.tribology.2016.%3Clinebreak/%3E05.013
http://dx.doi.org/10.1115/1.3261717
http://dx.doi.org/10.1016/j.wear.2013.08.004
http://dx.doi.org/10.1016/j.wear.2013.08.004
http://dx.doi.org/10.1016/j.wear.2010.10.043
http://dx.doi.org/10.16078/j.tribology.2019210
http://dx.doi.org/10.1016/j.wear.2013.01.094
http://dx.doi.org/10.1016/j.wear.2013.01.094
http://dx.doi.org/10.1016/j.ijfatigue.2012.10.009
http://dx.doi.org/10.1016/j.ijfatigue.2012.10.009
http://dx.doi.org/10.1046/j.1460-2695.2002.00535.x
http://dx.doi.org/10.1016/j.wear.2010.10.071
http://dx.doi.org/10.3969/j.issn.1001-8360.2009.%3Clinebreak/%3E02.016
http://dx.doi.org/10.3969/j.issn.1001-8360.2009.%3Clinebreak/%3E02.016
http://dx.doi.org/10.1016/j.wear.2020.203380
http://dx.doi.org/10.1016/j.wear.2020.203380
http://dx.doi.org/10.1016/j.wear.2020.203416
http://dx.doi.org/10.16490/j.cnki.issn.1001-3660.2020.%3Clinebreak/%3E05.015
http://dx.doi.org/10.16490/j.cnki.issn.1001-3660.2020.%3Clinebreak/%3E05.015
http://dx.doi.org/10.16078/j.tribology.2012.01.016
http://dx.doi.org/10.16078/j.tribology.2014.03.016
http://dx.doi.org/10.16078/j.tribology.2016.%3Clinebreak/%3E05.013
http://dx.doi.org/10.16078/j.tribology.2016.%3Clinebreak/%3E05.013
http://dx.doi.org/10.1115/1.3261717

%4

KRR, 85 AN SIH L ERS G HE TR B4l 57 ML RERIT 7T 563

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

w, L, SR, &5 K T RS G NSV EHR B Fe il 55
R RS (7). BEHE 2 23R, 2017, 37(4): 544-550]. doi: 10.16078/
j.tribology.2017.04.017.

Makino T, Kato T, Hirakawa K. The effect of slip ratio on the
steel[J].
International Journal of Fatigue, 2012, 36(1): 68-79. doi: 10.1016/

rolling contact fatigue property of railway wheel
j-ijfatigue.2011.08.014.

Ekberg A, Kabo E. Fatigue of railway wheels and rails under rolling
contact and thermal loading-an overview[J]. Wear, 2005, 258(7-8):
1288-1300. doi: 10.1016/j.wear.2004.03.039..

Huang Yubin, He Chenggang, Ma Lei, et al. Experimental study on
initiation of surface fatigue crack of wheel material under dry
condition[J]. Tribology, 2016, 36(2): 194-200 (in Chinese) [# & %k,
TR, D35, & T2 N ER AR 9 57 R SUH A I 0T 7
[J]. FEHE 2 4, 2016, 36(2): 194-200]. doi: 10.16078/j.tribology.
2016.02.008.

Bogdanski S, Lewicki P. 3D model of liquid entrapment mechanism
for rolling contact fatigue cracks in rails[J]. Wear, 2008, 265(9-10):
1356-1362. doi: 10.1016/j.wear.2008.03.014.

Zhou Tingwei, Zhao Hai, Zhou Hongwei, et al. Influences of
microstructure on rolling-slip contact fatigue wear properties of
high-speed wheel steel[J]. Transactions of Materials and Heat
Treatment, 2020, 41(11): 110-117 (in Chinese) [J8 225, X, H20
3, 85, JRAGZH SO0 v T 2R AE AN TR e 57 IS 3 1k RE AR SR ).
PR 2EA]R, 2020, 41(11): 110-117]. doi: 10.13289/j.issn.1009-
6264.2020-0176.

Chen Shuiyou, Liu Jihua, Guo Jun, et al. Effect of wheel material
characteristics on wear and fatigue property of wheel-rail[J].
Tribology, 2015, 35(5): 531-537 (in Chinese) [ 7K A&, X% 4, 8
R, 5. R VEXT S UB R 5 55 1 RE RS M RO BT L[], BEE
22 22 4R 2015, 35(5): 531-537]. doi: 10.16078/j.tribology.2015.
05.003.
Li Gen, Hong Zhiyuan, Yan Qingzhi. The influence of
microstructure on the rolling contact fatigue of steel for high-speed-
train wheel[J]. Wear, 2015, 342-343: 349-355. doi: 10.1016/j.wear.
2015.10.002.

Liu Chunpeng, Liu Pengtao, Pan Jinzhi, et al. Effect of pre-wear on
the rolling contact fatigue property of D2 wheel steel[J]. Wear,
2020, 442-443: 203154. doi: 10.1016/j.wear.2019.203154.

Zhang Guanzhen, Ren Ruiming, Yin Hongxiang, et al
Characteristics and causes of abnormal microstructure in EMU
wheels[J]. China 2020, 41(4): 108-115
(in Chinese) [TKRRE, (EHiA, THOHE, 4. IR AR R WAL
fiE R B[], i [ Bt A, 2020, 41(4): 108-115]. doi: 10.3969/
j.issn.1001-4632.2020.04.13.

Railway Science,

Gao Bo, Tan Zhunli, Liu Zinan, et al. Influence of non-uniform
microstructure on rolling contact fatigue behavior of high-speed
wheel steels[J]. Engineering Failure Analysis, 2019, 100: 485-491.
doi: 10.1016/j.engfailanal.2019.03.002.

(27]

(28]

[29]

[30]

(311

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Zhang Guanzhen, Ren Ruiming, Wu Si, et al. Influence of non-
uniform microstructure on shelling damage of wheel tread for high
speed EMU[J]. China Railway Science, 2019, 40(5): 80-86
(in Chinese) [Tk K=, tEH 4, M, 55 T HIUS w441
RGBT IO SE R[], P E BRI R, 2019, 40(5): 80-86].
doi: 10.3969/j.issn.1001-4632.2019.05.11.

Suresh S. Fatigue of materials{M]. Beijing: National Defense of
Industry Press, 1999.

Liu Chunpeng, Ren Ruiming, Liu Deyi, et al. An EBSD
investigation on the evolution of the surface microstructure of D2
wheel steel during rolling contact fatigue[J]. Tribology Letters,
2020, 68: 47(1-11). doi: 10.1007/s11249-020-1277-1.

Wang Shuaishuai, Zhao Xiujuan, Liu Pengtao, et al. Investigation of
the relation between rolling contact fatigue property and
microstructure on the surface layer of D2 wheel steel[J]. Materials
Sciences and Applications, 2019, 10(8): 509-526. doi: 10.4236/
msa.2019.108037.

Franklin F J, Kapoor A. Modelling wear and crack initiation in
rails[J]. Proceedings of the Institution of Mechanical Engineers, Part
F:Journal of Rail and Rapid Transit, 2007, 221(1): 23-33. doi:
10.1243/0954409jrrt60.

Chen Hu, Zhang Chi, Liu Wenbo, et al. Microstructure evolution of
a hypereutectoid pearlite steel under rolling-sliding contact
loading[J]. Materials Science and Engineering:A, 2016, 655: 50-59.
doi: 10.1016/j.msea.2015.12.082.

Xie Y J, Hu X Z, Wang X H, et al. A theoretical note on mode-I
crack branching and kinking[J]. Engineering Fracture Mechanics,
2011, 78(6): 919-9292011.01.023. doi: 10.1016/j.engfracmech.
Hamada S, Sasaki D, Ueda M, et al. Fatigue limit evaluation
considering crack initiation for lamellar pearlitic steel[J]. Procedia
Engineering, 2011, 10: 1467-147204.245. doi: 10.1016/j.proeng.
2011.

Guan Mingfei, Yu Hao. Fatigue crack growth behaviors in hot-rolled
low carbon steels: a comparison between ferrite-pearlite and ferrite-
bainite microstructures[J]. Materials Science and Engineering:A,
2013, 559: 875-881. doi: 10.1016/j.msea.2012.09.036.

Suresh S. Fatigue of MaterialsfM]. New York: Cambridge
University Press, 1991.

Knothe K, Liebelt S. Determination of temperatures for sliding
contact with applications for wheel-rail systems[J]. Wear, 1995,
189(1-2): 91-99. doi: 10.1016/0043-1648(95)06666-7.
Dakshinamurthy M, Ma A. Crack propagation in TRIP assisted
steels modeled by crystal plasticity and cohesive zone method[J].
Theoretical and Applied Fracture Mechanics, 2018, 96: 545-555.
doi: 10.1016/j.tafmec.2018.06.005.

Avramovic-Cingara G, Ososkov Y, Jain M K, et al. Effect of
martensite distribution on damage behaviour in DP600 dual phase
steels[J]. Materials Science and Engineering:A, 2009, 516(1-2):
7-16. doi: 10.1016/j.msea.2009.03.055.


http://dx.doi.org/10.16078/%3Clinebreak/%3Ej.tribology.2017.04.017
http://dx.doi.org/10.16078/%3Clinebreak/%3Ej.tribology.2017.04.017
http://dx.doi.org/10.1016/j.ijfatigue.2011.08.014
http://dx.doi.org/10.1016/j.ijfatigue.2011.08.014
http://dx.doi.org/10.1016/j.wear.2004.03.039.
http://dx.doi.org/10.16078/j.tribology.%3Clinebreak/%3E2016.02.008
http://dx.doi.org/10.16078/j.tribology.%3Clinebreak/%3E2016.02.008
http://dx.doi.org/10.1016/j.wear.2008.03.014
http://dx.doi.org/10.13289/j.issn.1009-%3Clinebreak/%3E6264.2020-0176
http://dx.doi.org/10.13289/j.issn.1009-%3Clinebreak/%3E6264.2020-0176
http://dx.doi.org/10.16078/j.tribology.2015.%3Clinebreak/%3E05.003
http://dx.doi.org/10.16078/j.tribology.2015.%3Clinebreak/%3E05.003
http://dx.doi.org/10.1016/j.wear.2015.10.002
http://dx.doi.org/10.1016/j.wear.2015.10.002
http://dx.doi.org/10.1016/j.wear.2019.203154
http://dx.doi.org/10.3969/%3Clinebreak/%3Ej.issn.1001-4632.2020.04.13
http://dx.doi.org/10.3969/%3Clinebreak/%3Ej.issn.1001-4632.2020.04.13
http://dx.doi.org/10.1016/j.engfailanal.2019.03.002
http://dx.doi.org/10.3969/j.issn.1001-4632.2019.05.11
http://dx.doi.org/10.1007/s11249-020-1277-1
http://dx.doi.org/10.4236/msa.2019.108037
http://dx.doi.org/10.4236/msa.2019.108037
http://dx.doi.org/10.1243/0954409jrrt60
http://dx.doi.org/10.1016/j.msea.2015.12.082
http://dx.doi.org/10.1016/j.engfracmech
http://dx.doi.org/10.1016/j.proeng.2011
http://dx.doi.org/10.1016/j.proeng.2011
http://dx.doi.org/10.1016/j.msea.2012.09.036
http://dx.doi.org/10.1016/0043-1648(95)06666-7
http://dx.doi.org/10.1016/j.tafmec.2018.06.005
http://dx.doi.org/10.1016/j.msea.2009.03.055
http://dx.doi.org/10.16078/%3Clinebreak/%3Ej.tribology.2017.04.017
http://dx.doi.org/10.16078/%3Clinebreak/%3Ej.tribology.2017.04.017
http://dx.doi.org/10.1016/j.ijfatigue.2011.08.014
http://dx.doi.org/10.1016/j.ijfatigue.2011.08.014
http://dx.doi.org/10.1016/j.wear.2004.03.039.
http://dx.doi.org/10.16078/j.tribology.%3Clinebreak/%3E2016.02.008
http://dx.doi.org/10.16078/j.tribology.%3Clinebreak/%3E2016.02.008
http://dx.doi.org/10.1016/j.wear.2008.03.014
http://dx.doi.org/10.13289/j.issn.1009-%3Clinebreak/%3E6264.2020-0176
http://dx.doi.org/10.13289/j.issn.1009-%3Clinebreak/%3E6264.2020-0176
http://dx.doi.org/10.16078/j.tribology.2015.%3Clinebreak/%3E05.003
http://dx.doi.org/10.16078/j.tribology.2015.%3Clinebreak/%3E05.003
http://dx.doi.org/10.1016/j.wear.2015.10.002
http://dx.doi.org/10.1016/j.wear.2015.10.002
http://dx.doi.org/10.1016/j.wear.2019.203154
http://dx.doi.org/10.3969/%3Clinebreak/%3Ej.issn.1001-4632.2020.04.13
http://dx.doi.org/10.3969/%3Clinebreak/%3Ej.issn.1001-4632.2020.04.13
http://dx.doi.org/10.1016/j.engfailanal.2019.03.002
http://dx.doi.org/10.16078/%3Clinebreak/%3Ej.tribology.2017.04.017
http://dx.doi.org/10.16078/%3Clinebreak/%3Ej.tribology.2017.04.017
http://dx.doi.org/10.1016/j.ijfatigue.2011.08.014
http://dx.doi.org/10.1016/j.ijfatigue.2011.08.014
http://dx.doi.org/10.1016/j.wear.2004.03.039.
http://dx.doi.org/10.16078/j.tribology.%3Clinebreak/%3E2016.02.008
http://dx.doi.org/10.16078/j.tribology.%3Clinebreak/%3E2016.02.008
http://dx.doi.org/10.1016/j.wear.2008.03.014
http://dx.doi.org/10.13289/j.issn.1009-%3Clinebreak/%3E6264.2020-0176
http://dx.doi.org/10.13289/j.issn.1009-%3Clinebreak/%3E6264.2020-0176
http://dx.doi.org/10.16078/j.tribology.2015.%3Clinebreak/%3E05.003
http://dx.doi.org/10.16078/j.tribology.2015.%3Clinebreak/%3E05.003
http://dx.doi.org/10.1016/j.wear.2015.10.002
http://dx.doi.org/10.1016/j.wear.2015.10.002
http://dx.doi.org/10.1016/j.wear.2019.203154
http://dx.doi.org/10.3969/%3Clinebreak/%3Ej.issn.1001-4632.2020.04.13
http://dx.doi.org/10.3969/%3Clinebreak/%3Ej.issn.1001-4632.2020.04.13
http://dx.doi.org/10.1016/j.engfailanal.2019.03.002
http://dx.doi.org/10.3969/j.issn.1001-4632.2019.05.11
http://dx.doi.org/10.1007/s11249-020-1277-1
http://dx.doi.org/10.4236/msa.2019.108037
http://dx.doi.org/10.4236/msa.2019.108037
http://dx.doi.org/10.1243/0954409jrrt60
http://dx.doi.org/10.1016/j.msea.2015.12.082
http://dx.doi.org/10.1016/j.engfracmech
http://dx.doi.org/10.1016/j.proeng.2011
http://dx.doi.org/10.1016/j.proeng.2011
http://dx.doi.org/10.1016/j.msea.2012.09.036
http://dx.doi.org/10.1016/0043-1648(95)06666-7
http://dx.doi.org/10.1016/j.tafmec.2018.06.005
http://dx.doi.org/10.1016/j.msea.2009.03.055
http://dx.doi.org/10.3969/j.issn.1001-4632.2019.05.11
http://dx.doi.org/10.1007/s11249-020-1277-1
http://dx.doi.org/10.4236/msa.2019.108037
http://dx.doi.org/10.4236/msa.2019.108037
http://dx.doi.org/10.1243/0954409jrrt60
http://dx.doi.org/10.1016/j.msea.2015.12.082
http://dx.doi.org/10.1016/j.engfracmech
http://dx.doi.org/10.1016/j.proeng.2011
http://dx.doi.org/10.1016/j.proeng.2011
http://dx.doi.org/10.1016/j.msea.2012.09.036
http://dx.doi.org/10.1016/0043-1648(95)06666-7
http://dx.doi.org/10.1016/j.tafmec.2018.06.005
http://dx.doi.org/10.1016/j.msea.2009.03.055

Ea% Haw JE A A iR Vol 41 No4
2021 7 H Tribology Jul, 2021

DOI: 10.16078/j.tribology.2020196

b7k TR R 4K B NBRAR S

FIATEE, AR, & A, 3w
(1L RO TR I 5309 TR, ik T 430063,
2. T TR F5OKIE %4 TRBAT R0, WL 2T 430063)

tRE

O TEBRBNBR)Z — R R (0 K 5 BE i B ARk, LT 5 ROAE 1) A N0 P AR ORI AR 2. R R ek
Jt A5 B A TESP TR M 44 K SiO Bk, I 3H 78 Z=ENBREE (&, 3815 2t 992K SiO/NBRAR it JINBR-1. 2014 Ji5 HI 44K
SO, AL LENBRIE 1 71 341 5 43 L. K 44 K Si0, BRI HK SiO Uk 3 78 2 NBRIE AR A7 1t ANBR-2, NBR-31E J % |
H. =P E AW EE R TR B H111SSB-1002Y R BEHR I8 WL HEAT VD /KR a0 T B R H S 450 il 25 2R
T =P E S ARHE YD /K L0 B8 2R H0 50 I 5 0 8 P 38 T T . 7 A ) ) 4807 A A% T8 2% 14 T, NBR-1#)
FEREVE RE BN . X b =R AR A TR oD BE 35 1 B, PR NBRZR 1] 0 B 151 35 BN A4 94 BE 351, NBR-2FINBR-344
JEH R K FNBR-1, NBR-1A R} 5 38 T4 77K [X 5.

XHEIR): T IEARIR AKIETE RAA, GRS, YR R B 4

FE 525 U668.1 XEkFRRETS: A XEHS: 1004-0595(2021)04-0564-08

Tribological Behavior of Nano-Modified NBR Materials in
Sand Water-Lubricated Conditions

YANG Chaozhen"’, ZHOU Xincongl“z, HUANG Jianl’z*, LIU Xueshen'"”

(1. School of Energy and Power Engineering, Wuhan University of Technology, Hubei Wuhan 430063, China
2. National Engineering Research Center for Water Transportation Safety, Wuhan University of Technology, Hubei
Wuhan 430063, China)
Abstract: Nitrile butadiene rubber (NBR) is widely used in water-lubricated material because of its excellent anti-
friction and wear-resistant performance. NBR is severely worn in water containing sand particles. Nano-SiO, particles
were modified by the silane coupling agent TESPT and filled into the NBR matrix, labeled as NBR-1. The modified
nano-SiO, particles were uniformly dispersed in the NBR matrix. The nano-SiO, particles and micron SiO, particles
were filled into the NBR matrix, labeled NBR-2 and NBR-3 as the control group. The three composite materials were
subjected to friction and wear tests under sand water-lubricated conditions on the SSB-100 tribo-tester made by Wuhan
University of Technology. The results showed that the friction coefficient of the three composite materials decreased as
the load and sliding velocity increased under sand water-lubricated conditions. NBR-1 had the best friction performance
under the same working conditions. Comparing to the sand water-lubricated wear of the three materials, the wear of
composite materials was mainly furrow wear. The material loss of NBR-2 and NBR-3 was much greater than that of

NBR-1, and NBR-1 material was more suitable for sandy water areas.
Key words: nitrile butadiene rubber (NBR); water-lubricated stern tube bearings; nano-modification; sand; friction and
wear
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Table 1 Important mechanical properties of composites

Material Hardness (Shore A) Tensile strength/MPa Elongation at break Permanent set at break
NBR-1 78 253 316% 8%
NBR-2 79 24.0 360% 11%
NBR-3 78 25.0 372% 12%
o e
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Fig. 3 The SSB-100 block-on-ring tribo-tester
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Table 2 Scheme of friction test

Variables Values
Velocity/(m/s) 0.05.0.07.0.10, 0.15. 0.26- 0.39, 0.65. 0.91
Applied load/MPa 0.4.0.8.1.2
Water temperature/ °C 23+1
Sand size/pum 48
Mass sediment content/% 8
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Research Status of Tribology of Hydrogen-Related
Mechanical Components
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(1. State Key Laboratory of Solid Lubrication, Lanzhou Institute of Chemical Physics, Chinese Academy of Sciences,
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Abstract: Hydrogen as a clean, efficient and sustainable energy carrier plays a central role in future energy supply as
well as mechanical systems. The research focus is on hydrogen as a fuel for vehicle and aircraft dynamics system in the
present. Chemical and tribo-chemical reactions occur in the processes at the contacting surface, which causes a set of
damage to machine parts. The hydrogen induced fatigue, wear and corrosion failure have been proven to strongly affect
the stability, reliability and safety of mechanical power components. A number of projects dealing with the influence of
hydrogen on the tribological properties of friction couples have been carried out. This paper reports the tribological
properties and failing mechanism of polymer-based materials, ceramic-based materials, metal-based materials, and low
dimensional nanomaterials in hydrogen. Tribological behavior of materials under the synergistic effect of hydrogen and
other factors has been explained. Key technologies and protective materials for hydrogen damage suppression are

proposed in terms of Tribology. Furthermore, the safety of mechanical components related to hydrogen has prospected.
Key words: hydrogen; friction; wear; lubrication; protective
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Table1 Polymer material compositions

Groups Matrix Fibers Fills and lubricants
A PEEK 10% CF 10% PTFE + 10% MoS ol e e N "
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C PEEK 13% CF 10% PTFE RUFI B, RAEM MG A M B EE S+
D PTFE  18.2%CF 13.5% PEEK BABIRHI G 77, (RMEAE BEYE R 2 18] 3R 47 ¥
E PTFE 6.7% CF 9.2%b N . . -
A _ s ors B, B LA RIG 1 BE R M. TE 20 WS A TR IO A
G PAG.6 ; 30% PTFE T5BE R A o, PTFEFIPEEK & & k|26 T 1) ¥4 S i
HoTEEKI0%CEIPTRES 0%guphic fyfR IS T HOBIYIRE ), HISS TR A UIROEE RS, )
I PEEK 15% CF 5% PTFE + 5% graphite N N .
) b umCE T2+ 15% st Pt ARG SEL LAV A1 8 1T LA 2 4 s X 1 P
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boundary near the interface in the sample before H, annealing,

respectively; G2 and 12 represent the point after H, annealing)
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Rolling-Sliding Mechanism in Achieving Solid Superlubricity of
Amorphous Carbon Films

LI Ruiyun"’, YANG Xing', WANG Yongfu', ZHANG Junyan'~

(1. State Key Laboratory of Solid Lubrication, Lanzhou Institute of Chemical Physics,
Chinese Academy of Sciences, Gansu Lanzhou 730000, China
2. Department of Materials Science, School of Physical Science and Technology,
Lanzhou University, Gansu Lanzhou 730000, China)
Abstract: Solid superlubricity describes the state that coefficient of friction is lower than 10~ between two sliding
interfaces. The development of solid superlubricity mechanism and superlubricity technology are of great significance.
Diamond-like carbon films (DLC) superlubricity is heavily relied on the passivation of the introduced heteroatoms
(hydrogen), especially when the content of hydrogen is higher than 40%. However, carbon films with high hydrogen
content are just a fraction according to ternary phase diagram of DLC films. A large number of passivated or less
passivated carbon films are lack of theoretical guidance in achieving superlubricity. Under the basic of latest progress at
home and abroad, this review proposed the rolling-sliding mechanism towards disordered and unpassivated or less
passivated carbon films, which includes sliding mechanism, rolling mechanism and rolling-sliding mechanism.
Furthermore, the possible development tendency and design principles and programs of solid superlubricity were

discussed.
Key words: diamond-like carbon film; superlubricity; sliding mechanism; rolling mechanism; graphene; onion-like
carbon
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contact interface of hydrogen terminated a-C: H surfaces
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