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Analysis of Self-Cleaning for Self-Pumping Hydrodynamic and
Hydrostatic Mechanical Seal

CHEN Qun, SUN J ianjun*

(College of Mechanical and Electrical Engineering, Nanjing Forestry University, Jiangsu Nanjing 210037, China)
Abstract: In the process of forming hydrodynamic pressure, it is necessary for fluid-wedge and non-contacting
mechanical seal to prepare for an auxiliary systems to provide a clean blocking fluid, which is aimed to prevent damage
to the sealing end face by solid particle in the fluid. For the pump-out self-pumping fluid dynamic mechanical seal, the
self-cleaning characteristics with particle diameter, rotation speed, pressure, liquid film thickness and particle volume
concentration were studied by using the DPM model and the Laminar model in Fluent. The results show that the increase
of volume concentration decreased the particle chip removal rate. As the particle volume concentration was low enough,
the chip removal rate was hiigher than 60%. As the particle diameter increased, the chip removal rate firstly increased
and then decreased. When the diameter was 0.7 pm, the chip removal was up to 79.35%. As the rotation speed
increased, the chip removal rate decreased firstly and then increased significantly. The chip removal rate was 94% in the
calculated range of 0~6 000 r/min. The seal pressure difference and the liquid film thickness had no obvious effect on

particle chip removal rate
Key words: numerical simulation; CFD; mechanical seal; self-cleaning; particle
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Fig. 1 3D structure of self-pumping hydrodynamic and
hydrostatic mechanical seal
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Fig.2 Diagram of the sealing liquid flow
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Dynamic Performance of Dry Gas Seals and Analysis of
Interactions among Its Influencing Factors
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Abstract: The perturbation gas film pressure governing equations and motion equation of spiral groove dry gas seals
with flexibly mounted stator, which took the axial vibration of rotor into consideration, were presented based on gas film
lubrication and kinetic theories. The influences of sealed pressure and spiral angle on dynamic characteristics and
transient responses were researched under the condition of high-speed. It is shown that gas film sharply oscillated along
a certain path when the sealed pressure was relatively low. Saltation peak and period peak of gas film thickness
disturbance were defined, and their minimum values were considered as the optimization objects of seal dynamic
performance. The interactions among spiral angle (typical representative of structure parameters of spiral groove), spring
stiffness, secondary seal damping and stator mass were analyzed under high-speed and high-pressure conditions based
on the method of full factorial design. The results show that there was an obvious interaction between spring stiffness
and stator mass for period peak, and the other factors affecting dynamic performance of dry gas seal systems can be
treated as independent variables to be optimized without affecting the precision of the results of seal dynamic

performance.
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Fig. 4 The influence of sealed pressure on dynamic characteristics coefficients and gas film thickness disturbance peaks
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Fig. 6 Influence of sealing pressure on transient sealing performance
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Fig. 7 Influence of spiral angle on transient sealing performance
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The Corrosion Inhibiting and Tribological Properties of
Novel Benzotriazole Based Ionic Liquids

LI Yi"?, ZHANG Songwei”", DING Qi'", HU Litian'

(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
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3. Qingdao Center of Resource Chemistry & New Materials, Shandong Qingdao 266071, China)
Abstract: In present work, we synthesized three novel benzotriazole based ionic liquids firstly. The corrosion inhibiting
properties were researched by electrochemical measurements using benzotriazole as corrosion inhibitors in 0.5 M H,SO,
aqueous solution. The results concluded from electrochemical impedance spectroscopy and potentiodynamic polarization
curves indicated that three ionic liquids effectively inhibited the corrosion of bronze. Then three ionic liquids were
utilized as additives in PEG base oil to probe the friction reducing and antiwear properties. Results indicate that three
ionic liquids reduced the friction coefficient and wear volume of PEG base oil significantly, which further demonstrate

excellent tribological performances of three ionic liquids. The worn surfaces were analyzed by scanning electron
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microscope and X-ray photoelectron spectrometer to probe the lubrication mechanisms. It was found that boundary

lubricating film consisted of ionic liquids adsorption layer and tribochemical products was responsible for the excellent

tribological properties. In summary, novel benzotriazole based ionic liquids were versatile materials with two

outstanding abilities, i.e. corrosion inhibiting and lubricating properties, which were of considerable significance for

application of ILs in industry.

Key words: benzotriazole; ionic liquids; multifunctional additive; corrosion inhibition; friction-reduction and anti-wear

properties
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5100 ml 30% NaOH/K¥ERIR &, SRS I IEIR T %t
(25.5 g, 0.186 mol) MIAHEL R AHEAL 7 DU T IRAL B (1 @),
FE50 “C NHESIPERE R B 10 hy, SN S5 R G, 1R RN
W2, F 20 R S K AR HUAH 43 T, F 728 08K ok
BN, 285 %A WA T 28 Bk £ 5% BE /K 43 (70 °C),
B IR T H:(23.3 g 0.17 mol) II AN 2] Bk AL, 7E
70 C R [EIAR R B60 hUL_F, J B 45 3R 5, ¥ 51 3 =5,
NG B 1) /R 218, AR AR SR JEUORE, D
25N Lt ug, I HH 28 2B e, R AR
NEZ TR PT#24 h, 159385 7HUA[C,C4,BTA][Br].

HX[C,C4,BTA][Br](9.5 g, 0.03 mol)i# T 2 /K v,
FEIINZE FEZH4(5.76 g, 0.04 mol), 7E60 “C K [ %24 h,
R G, WHIE R, IMANE A, 2 Z K
Jii» WCHE S A NN T 7K Na,SO,BR /K3 hk |, iz
SR IETRZE, PRI B TIRAE T 4812 h, 153
P B AR [C4C4BTA][BZ]([BBTA][Bz)).

0
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) N
pr- 2Bz N O~ R=C_H,, [BBTA|[Bz]
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Fig. 1 Synthetic route of BTA based ionic liquids
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FFH [FFE ) 77 9B i T [C4C6BTA][Bz]((HBTA]
[Bz])M1[C,C,,BTA][Bz] ([TBTA][Bz]), # Fl A%t 3t ¥z
X (INOV A-400MHz) X} 35 B 1A AT 1 3RAE, #hiA
T E TS .

[BBTA][Bz]: 'H NMR (400 MHz, CDCl;) & 8.50
(m, 2H), 7.90 (m, 2H), 7.25 (m, 5H), 5.18 (t, 4H), 2.15
(m, 4H), 1.45 (m, 4H), 0.99 (t, 6H).

[HBTA][Bz]: '"H NMR (400 MHz, CD;0D) & 8.30
(m, 2H), 7.99 (m, 2H), 7.90 (m, 1H), 7.33 (m, 4H), 5.01
(td, 4H), 2.14 (m, 4H), 1.18-1.56 (m, 8H), 1.00 (t, 3H),
0.90 (t, 3H).

[TBTA][Bz]: '"H NMR (400 MHz, CD;0D) & 8.29
(m, 2H), 7.99 (m, 2H), 7.91 (m, 1H), 7.33 (m, 4H), 5.00
(td 4H), 2.14 (m, 4H), 1.21-1.50 (m, 24H), 1.02 (t, 3H),
0.89 (t, 3H).

1.2 BHZFRE

P A, 2572 B 0 R A e 482 1 R 2 SR A B ) =
H AR PR 2R, 3R BUHT BB UT A4 & S REERVE RN TAE |
W, B HL AR AT ot Bh AR, SR - R 7R HUAR A N 2 L
LA, AR SCH P R I F A HIOHE 3 R A X TR IR R
K EAL. 25 AR A WUN0.5 M H,SO, /KA, 17
O 1.0 mMES 731 M4, 75 HL A 2% T AF 35 Gamry
Reference 3000_L 3t 47 H Ak 24 BH T 1 A1 50 B A7 54 #H
LRI 3 3 R T B B AT hy Lk E R R A B e
(IR FEAd 2% BH AT I X2 75 1 VR B T % A g
75 6 I FG) IE 5% 38 W8 A2 5.0 mV, 3 A0 R 3 1
10°~10"" Hz. 3l #0754 h 28 37 4 i o7 (03 BBl A A 6t
F A AT 2% B A7 F9-350 mVE]350 mV, F3# R
0.5 mV/s, TAF AR A8 55 1 A 1.0 em’. 156 15 7
9201 °C. 1E AL 2% 53 BT 3K £ Gamry Echem Analyst
B St AR R R, 45 BIAESC R AL A S AL
1.3 BN

fEOptimol A 7] SRV-IVi ) BE 2 BE iR I AL 1%

ST JUR RS Y A TR R R B B T R I IR 4 R
200(PEG200){E Jy ZE it i1, 85 30 4 (1) 5 & 4 BN
3.0%. MHRZEMH R, #4100 N, 55100 C, 525 Hz,
PR WE 1 mm, iR 56 B 7] 30 min, {36 _F i Bk A AIST
521008XEk(D10 mm), FiFE I & A D24 mmx
8 mm). FEIEIREG 45 R 5, FIH MicroXAMZA =] 4 42 i
S YR TR R SR I B B 1 o0, T A B i
K ISM-5600LV 7314 H 1~ B 4055 (SEM) L 5%
R B S R LB B3R THT O T 5. R ZESEM |- 2%
Bt (I Kevex % X5 2k BE B A (EDS) 434 B BT P 356 (1)
B, A PHI-5702 8 2 Thie X S0 o1 REIGX
(XPS)J3 T B B 3K T FR 1E 0 K AL SR A, B AL
Kal¥ & V8, RBE A/ 0.8 mm x 0.8 mm, BT FERE AN
29.35 eV, 455 REMIEHKE Z =03 eV, LAV Gehik H i)
Cls 45 &k 284.80 eVIE N FE.

2 GRS

2.1 EEFMEEE

N HEE3FIBTAR &+ 2 Be Ak B I A4 I B iS
PERE, % T 0.5 M H,SO, /K& WRAE 8 h i1k &,
BT E R ), S8 A SR T R A T %
WA AT N,

P12 2 A 45 & o 1 T TR A 2R v 1) L A 2 B 0
K, 7ENyquist& [ E2(a)] AT LR BL, I T 1.0 mM
e RN =R S VST e R S v WS R R RS it
JE& b 3= TBE I 57 PR/ R THT (1 Ay s s i R P
85 £ 4 3 THI PR REL RS 38 BRAN 38 — P T R A2 HH BAS B
) 75 oA A iR PR 2 IR S A B R K, 3 P
BTAES ¥R INE] T 80485 & 4 108 k. 7EBodeAR 7
[FE2(b)]HH, BN T 350 5 - A (1 foe R AH 7 A #R 12
T F90°, LI B TR TE R ET B T BN 5E 51
TR, 7EBodets & F[ &2 ()], AIAN T 3R B T

12 000 _ 90
-
% i 75 +
& 9000 J 63 7
s S0 150 300 45 60 |
2 6000 - oo Pl S45F e
R A N I \
N 3000 | £ H05MHSO M, 30t TEMES0, &
«1.0mM [BBTA][Bz] Towmso, 5
+1.0 mM [HBTA|[Bz] 15 M,
0 +1.0 mM [TBTA][Bz]

%

A~
%
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Fig. 2 Electrochemical impedance spectroscopy for bronze in 0.5 M H,SO, with and without 1.0 mM BTA based ionic liquids
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I P 3 i 25 ALK, 7E BT 20 B 31 Gamry
Echem Analyst X 46 FH TS B AT &, BLE15
BB AL S EA TR R N T 3RAE B A R
R, 7050 s R R A AL A o CPEARE XU )2 L
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1
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Fig. 3 Equivalent circuits models for tested solutions
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Table 1 Fitted EIS parameters for mild steel in tested solutions

Solution  RJ(Qem’) Yo /(107°S:s™em®)  p;  R/(Qem’) R(Qem’)  Yp/(10°S-s™em®)  p,  WA107Ssem?)  Ry/(Qem’) g%
0.5 M H,S0, 3.59 6.95 0.9 76.39 494.8 178 0.62 14.4 571.2 -
[BBTA][Bz] 3.60 2.38 0.88 845.6 11370 0.226 0.95 1.33 12215.6 95.32
[HBTA][Bz] 3.68 0.95 0.88 9.66 18 700 1.19 0.91 50.2 18 709.7 96.95
[TBTA][Bz] 3.73 1.7 0.94 1949 13 620 0.651 0.83 2.23 15111.0 96.22
TEE g RAGRIE W B H, CPE, 5 = M i) 5t 10°
HOTRA 3%, REUR A (rBRIE T 1), R R I
R4 Je8 Fi T 5 ek s 2 ) HE fef % A% L BHL, CPE AR A 43 102 1.0mM [HBTAJ|[BZ]
T T JV B O B PR 25, 15 5T 7 LB 2 T B g | MOmTTEIAE
MBS T 6, Ry S R M B PR B W B A
BH, AR S = A 1 &R B T BOd 2. @il o4 10+
A3 B AL S, 1T DR A A FE B R,
(R.=R\+Ry), 18T Q) THEAE IR BRI I B 1 10 - - - -
R B e ™, e e T

Te1s= (1—1;%0
Forr: R, o3 VAR HEL AT e A% LR, R ARFR 2001
TNT.0 mM TR i 4 2% HA) AT 7% FELRH.

FE B 2 BT S B 005 0 oy, W DR I3 g
TRV LA A A% B K T VAR, I HAR EIHY
R INAEIS% LA b, B IR R I it A T
FEAR, 3 IR FE TR IR 7R R TP X85 & & 5 B
IR 2 b R
2.2 mRERAIREZ

A I P Bl R T A A 2k, FT LASRAS B BH B S B
HI8h 71545 B B B AE UM B WA R ) 3h
HL A A A i 2t 1 4 BT, AT R AR A g B
Gamry Echem. Analyst# {4 X} A A4 il 28 2547 73 #fr vl LA

) x 100% @)

ct

Fig.4 Potentiodynamic polarization curves for mild steel in
tested solutions
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Table 2 Fitted potentiodynamic polarization curve parameters for mild steel in tested solutions

Solution B./(mV/dec) —B/(mV/dec) fcor (RA/c’) E on/mV NTafel/ %o
0.5M H,S0, 34.6 105.8 5.42 —481 -
BBTA 114.0 285.0 1.56 —588 71.22
HBTA 102 229.9 1.13 —605 79.15
TBTA 88.8 206.4 1.23 —597 77.31

PH S 7 ThREAL S8 TR 2 ) T8 ot i 82 229 1) BH AW 7
¥ 5l 3F HAL R K T-85 mV, 1t W3 B8 AR 7E 7 R
T & — R PR B G b ), = Sl i 4 1) BA AR T
SRR BRAR AR R B0 8 el . 3 S 1 Ak F) 3
ALk 2640 B P47, BH BH AR Tafelfh2 A, Ui
B 3 B Y A TE B R VA VR PP R B 4 B AR T (1
SR, TER 2, A 30 B T A VA R R Tk
T FE R A T2 O, TR A B 22 kR A
B, RIS T AR (R JE e 4
2.3 REEIEMERE

BTAPRH & ¥ Dh BB A6 1 85 7 W 4k B A B4 I PLE
T, AT 0 R P R AT S R VT S DD ). FRATT IR
FIPEG2001E ALt ¥ 3FBTARH & 7 T BEAL 2
THARAE I, A A G BEER %% T
ATTPRIIRCBE L S A R

V] 5 i 0 et 9 £ B i % 00ty 20 A s 457 B T L
15 0L, 75 B 5(a)H v DL H PEGIE it i fr B8 82 22 5 il
LR AN LI, I HOEE ¥ R L, BE IS A
(B R BAE0.6 245 INANBTAZKE ik 2 J&, 3%
MBI BA — N EA B, K300 s b f 2 #8215
FUACT AR 3 A 1D R 5 AR 4 BAIK T PEG & filt v,
ROUH T BT (O JRBE R 3P BS T Ak 2 18], N gt
K [TBTA][Bz] 2 A S AR BEE 1 4k, XAl Re 2 T

1.0

——PEG200
——PEG200+3%|BBTA|[Bz]
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(a) Friction coefficient curves

BT R T BT VR B EE, A 757 R 4 it v L
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EIEI5(0)]H, BT PEGIE Al HL A 55K 1l B 2 R 5
HE SRR ZE, RinAFEEKHIBHRE. 4N
PEGH:fith i = 43 51 N 3FFBTARH & 7 Th BB AL 25 17K
W2 S5 THRE ) B A5 ) S 08N, BRAIR T £995%, 1t B
3FBTAPH B 1 D fie fb B 1 i fE PEGEE Attt 7 B A
e 5 BB 1. 3 AS [R)E  1 Th R Ak B8 T VR R 2 1]
140 B 453 R 22 S /)

24 BEimFZEoH

T 3 R R = G R B AN B U AT R
i, 25 B 61 7, PEGHRE Rt i f) BE B A K, BE 4
M LGB RS, A KT AR ) 3% 9 T 52, it BA 7 R 4 0k
TR R AR T ™ E IR R B 4. (W PEGEAM I 7 43 51l
A T3MBTARHE FIh e R B TR 2 )5, 25 B B
SRRV, BRI RS N, A B
PR, R R ST, 3FBTAR Tk
TEPEGHE At o 45 FAT BT B S 4 .

T EDSX BEBE N IR oG 3R B AT T a0, 4
BHF 3, T LA L, PEGHR: Al BE 45 % 00 e
NIGE, 115 30 B -0 M 1 e B B 43 3 T R A
F/DREMINICER, AT AR TR FR v, B Ak
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(b) Wear volumes

Fig. 5 Evolution of friction coefficient with time and wear volumes for different oil samples
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Fig. 6 SEM micrographs and 3D morphologies of worn surfaces lubricated by different oil samples
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Table 3 Elements contents in the worn surfaces lubricated by different oil samples

Elements C N (6] Cu Zn Sn Pb
PEG 7.05 0 4.67 75.27 3.69 3.8 5.52

3.0% [BBTA][Bz] 5.38 0.5 0.73 92.18 0.36 0.42 0.43
3.0% [HBTA][Bz] 6.17 0.55 1.15 88.96 1.31 1.63 0.23
3.0% [TBTA][Bz] 5.56 0.2 0.74 92.78 0.33 0.24 0.15

BT &R AL S B . PEGHRE Rt BE 17 £ TH O C &
MG 4705 Zn, Sn. Po & & RS, 1X 2 T PEGHE:
Tl PR v ME R 22, (A R T R AN IR ™ &,
T T8 B B F AR R, BRI LR T B+
TR R o B 5 1 B AN 2 P ), X R ) 7 R A
R LA 0 FR 1 & A B 3 BRI T B T
RE gt 2 3P B A B S DR BE e B 1 e 11

R B BRI T3R0S IR A S IR i
VEFIMUER, XHA AN T 85— WA R A T s 1 B B 3
T 3E AT T XPSIL & o AT, 45 R E 7R iR, &4
Cu2pHICIsiIiE &, XFO1si) ik B BEAT 1 73 W45, 7l
PLAE H O1sffy I T BL 4y B 531.7H11530.6 eV ANIE, Xt
L= 4 3 ) 2 C-O B A ML & P A Cu,O, IX AT
REJE BT B FRAR/E R R AR T PR AL 25 IR B AR
(i BE A 22 P2 ™ 2 ZENTsHE (8] T, 400 eV ZE A5 (i
XF R WL BAGE W, T RE S A 4 e R T Bt
B T AR

£k Eprik, 3RBTARH & 1 Zh REAL (19 B T AR 7E
B 1A % h VR DR R I, S48 & < B B
BREAE T B 0% 0 40 53 5 <o 3 T 12 RO PRSI, X 4153 45
S RARPEN, TR TR Z AR, 1
VR IR, RS/ B BE R R L, BEE A
RSt o A ik i i 1) B 5 AR ORI S 1 . R T 0 M R
W], RS AN BT WU B A 1 3 I v
i, BB TR EE ST B RCR. IR A SRS &R
A7 SRR B AR Y AR 8 VMR E 0 Sl B S 1) G P R
AT R, R R AT LA e 1k BE AR ek 5 ) 8¢
NS

3 g
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Fig. 7 XPS spectra of Cu 2p,C 1s, O 1s and N 1s on the worn surfaces lubricated by different oil samples
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Elastohydrodynamic Lubrication Study on Multiple Rolling
Elements of Ball Bearing
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Abstract: In order to accurately analyze the lubrication performance for a ball bearing, the elastohydrodynamic
lubrication (EHL) performance for multiple rolling elements (MRES) in the ball bearing was studied. Taking deep
groove ball bearing as an example, an EHL model for the MRES was established and solved with the Fast Fourier
Transform (FFT) technique and low relaxation iteration method. Then, the EHL performance for the central rolling
element among the MRES was analyzed and compared with the EHL characteristics for the single rolling element
(SRE). The numerical results show that, compared with the SRE EHL, the film pressure of the central rolling element
among the MRES decreased, and the secondary pressure peak moved to the inlet region. Moreover, compared with the
SRE EHL, the central film thickness of the central rolling element among the MRES increased, and the load-carrying
capacity of the central rolling element among the MRES decreased by from 5.99% to 9.70% when the radial

displacement of the central rolling element increased from 10 pm to 30 pm.
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Fig. 6 Comparison of dimensionless results between multiple and single rolling elements lubrication (6c=9 pm, u,=14 m/s)
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A Thermohydrodynamic Analysis of Laminated
Gas Foil Thrust Bearing

LI Yinghong, HU Xiaoqiang, ZHANG Kai , FENG Kai

(State Key Laboratory of Advanced Design and Manufacturing for Vehicle Body, Hunan University,
Hunan Changsha 410082, China)
Abstract: Laminated gas foil thrust bearing has the advantages of simple manufacturing process and strong heat
dissipation capability and a thermohydrodynamic model is proposed for this gas foil thrust bearing in this study. The
temperature of the film and each component were obtained through numerical simulation analysis, and the key
parameters were analyzed. The research shows that the higher the velocity of the film at the larger radius, the more
obvious the energy dissipation and the higher the temperature. The high temperature region of the film was distributed
near the circumferential end and the top foil. The temperature of the film, top foil and thrust plate increased with a rise in
the speed of the thrust disk and the bearing load. The temperature of the bearing first droped rapidly and then tended to

be stable with the increase of the cooling airflow inside the foil, and the cooling effect of the airflow was obvious.
Key words: gas foil thrust bearing; non-isothermal reynolds equation; energy equation; thermohy-drodynamic analysis;
thermal management
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Fig. 4 Flow chart of computational scheme
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Table 2 Main parameters of the gas foil thrust bearing

Parameters Specification ~ Unit
Pad number 10

Inner diameter of bearing, R; 254 mm

Outer diameter of bearing, R, 50.8 mm

Top foil thickness, I 0.15 mm

Bump foil 1 thickness, f; 0.2 mm

Bump foil 2 thickness, £, 0.35 mm

Bump foil 3 thickness, 3 0.4 mm

Young’s modulus of foil structure 214 000 N/mm’

Thermal conduction coefficient of foil 16.9 W/(m'K)
Thermal conduction coefficient of housing 16.2 W/(m'K)
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Thermal Effects of Friction on Thermoelastic Contact between
Heterogeneous Materials including Spherical Inclusions
Considering Surface Heat Convection

MA Li, YANG Wanyou, WANG Jiaxu, HUANG Yanyan, ZHOU Qinghua, ZHU Jinxuan

(School of Aeronautics & Astronautics, Sichuan University, Sichuan Chengdu 610065, China)
Abstract: Contact pairs of mechanical transmission parts are usually subjected to coupled effects of both mechanical and
frictional heating loads, which makes it extremely complicated to analyse mechanical behaviours of contact interface. A
thermoelastic contact model considering heat convection of heterogeneous materials was established via equivalent
inclusion method (EIM) and utilized to investigate influences of frictional coefficients, inclusion locations and material
properties on temperature and thermal stress distributions on the surface or subsurface of material. In addition, thermal
effects of friction on contact pairs material with embedded disperse spherical inclusions were analysed. The results show
that surface temperature rise of contact pairs was influnced by coefficient of heat convection. Subsurface temperature
rise and thermal stress of contact pairs increased as an augment of the friction coefficient. Temperature and thermal
stress distributions in contact pairs material involving disperse inclusions were complicated in compared with a single

inclusion case.
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Fig. 1 A thermoelastic contact model considering both
mechanical and thermal loads of material inhomogeneity
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stress and thermal stress

'

Compute the surface displacements
due to surface pressure,
inhomogeneities and frictional heat

Refresh surface
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surface displacements-
stress is convergent?

End, output results.

Fig. 2 Flowchart of solving thermoelastic contact considering
both mechanical and thermal loads
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Fig. 3 2D axisymmetric finite element model of heterogeneous material including a spherical inhomogeneity for
steady state heat conduction
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Table 1 Parameters and material properties in simulation

Parameters and material properties Specification
Young’s moduli of the matrix, ball, E,,, E,/Pa 2.1x10"
Poisson’s ratios of the matrix, ball and inhomogeneity, v, v, v; 0.3
Thermal conductivities of the matrix and ball, K", K /[W/(m-"C)] 50.2
Thermal expansion coefficients of the matrix, ball and inhomogeneity, a,,, a;,0,/[m/(m-C)] 1.17x107
Thermal diffusivities of the matrix, ball and inhomogeneity, Ky, Ky.i/(m’/s) 10"
Convection heat transfer coefficient of the matrix surface, g /[W/(m’-C)] 200
Characteristic length, //m 10°
Sphere radius, R/mm 1.5x107
Friction coefficient, f 10"
Diameter of the inhomogeneity, d/m 10"
Depth of the inhomogeneity, #/m 10"
Sliding velocity, vy/(m/s) 1
Normal load, W/N 10
NT11/C _— T/°C
1.309 . 1.2750
1.091 1.080 0
0.873 0.810 0
0.654 0.540 0
0.436 0.270 0
0.218 0.000 0
-3 2 - 0 1 2 3 .0.000 ’
x/r
(a) K '=4 K"
NT11/C T/C
1.406 . 1.3950
1.172 1.1200
0.937 0.840 0
0.703 0.560 0
0.469 0.280 0
0.234 0.000 0
0.000 :

(b) K ™=1/4 K™
2.0 2.0
—— K*=4K", FEM
--- K'=1/4 K", FEM
@ K"=4 K", The proposed method
® K "=1/4 K™, The proposed method

Homogeneous material

-
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-
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Homogeneous material

Temperature/C
=
>

Surface temperature/°C
L
=)

0.5 0.5 K'=4K", FEM
--- K*=1/4 K™, FEM
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0.0 ) ) ) ) ) 0.0 _® K’'=1/4 K", The proposed method
’ 0.0 0.5 1.0 1.5 2.0 2.5 3.0 .—1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
zr zlr
(c) Subsurface temperature rise (d) Surface temperature rise

Fig. 4 Subsurface and surface temperature rise distribution of heterogeneous material including a spherical inhomogeneity
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4 RE IS JE AR T 2 T WS 2% Von Mises #4 N 77704 . fill
B T4 X FE R Von Mises #4N F1373 i 5, H.
T 2% 5 P4 350 B JE 121 Von Mises 8 77 B 5 K T 5644y
SRR (155 O, 17 6 2% o 5 Bl 2% i 7 A F 45 R A
SRR TN R T, AN [ B 5 RO R AR
1 Von Mises# W 17 73 A 22 55 5K, AR T A T 3K 4

—o—8=0,K'=4 K"

—>—g=0,K'=1/4 K™

e g=100,K'=4 K™ _o g=100, K'=1/4 K™
—A—g=200,K'=4 K™ _A— g=200,K'=1/4 K™
—— g=400, K'=1/4 K™

3

[y g=400, K'=4 K™

Surface Temperature/ C
8

[

S an©
{

-1.5 -1.0 -05 0.0 0.5 1.0 15
x/r

x/r x/r

(b) Subsurface temperature rise distributions

Fig. 5 Surface/subsurface temperature rise distributions with surface heat convection coefficients
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(a) Subsurface temperature rise distributions

6,/ MPa

(b) Subsurface Von Mises thermal stress distributions

Fig. 6 Surface/subsurface temperature rise and thermal stress distributions with frictional coefficients
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Fig. 7 Subsurface thermal stress distributions with different inhomogeneity material properties
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(a) A coupled contact model of heterogeneous material involving 3x3%3 arrayed spherical inclusions
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(c) Subsurface Von Mises thermal stress distributions

Fig. 8 Subsurface temperature rise and thermal stress distributions with 3x3x3 arrayed spherical inclusions
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(a) Model of heterogeneous material with embedded randomly distributed spherical inclusions
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(c) Subsurface Von Mises thermal stress distribution

Fig. 9 Subsurface temperature rise and thermal stress distributions with randomly distributed spherical inclusions

B9 BERL A1 % 5T TR T A AN o3 A

H 1T A BB AR 4 4% S DU R AT AN 77 37 7 AR I 5
LR

4 i

a. i 2 10 FAONS I 28 B3R, AR RE R T i
THIZ BN i X A X I 2R 2 T T 6 158 2 7 4
K FEHT B3 1) L, $E A XA 7 X3 T T 32 Ao
Ut 2R B R R M S 2 /N R DX R T X

b. i BE 5 R HUIG R, AR PR AR T 2R
T AN T IZHTHE R, HAA Fy o0 A 2 E TR
THo3A.

c. NH BTG BRI 22 SR I, AN A3
FE IR T A g, H A5 T R B IAR S15
A E M. 2075 8% 5T 5 S R A 2 S, el
Z& 5t A 38 1% JE Bl Von Mises #48 fy K - 44 35 S p
LIS R D T 2% Jo D 5 SRAR .

d. 25 RE AR 5 AR ELAE RIS, 20 A7 2% DO 4R
R TH S S s AR I%. iU FEin R
T IS, 5 5 3 PRGN T SR R DT S 700 B4R £ 2 fih
PERE.

& E

[1] Chen W W, Wang Q J. Thermomechanical analysis of elastoplastic

[2]

[3]

[4]

[5]

[6]

bodies in a sliding spherical contact and the effects of sliding speed,
heat partition, and thermal softening[J]. ASME Journal of Tribology,
2008, 130(4): 041402. doi: 10.1115/1.2959110.

Zhou Qinghua, Wang Jiaxu, Yang Yong, et al. Influence of
reinforcements on the contact performance of composites[J]. Acta
Materiae Compositae Sinica, 2017, 34(2): 389-399 (in Chinese) [f
T, EXF, M5, & WA A RHEM GRS mAL]. £
ERIEAR, 2017, 34(2): 389-399].

Zhao Pengfei, Wang Yuhong, Zhang Xinyun, et al. Mechanical
properties of the ZL205A alloy of porosity defect[J]. Equipment
Environmental Engineering, 2017, 14(8): 88-94 (in Chinese) [/&4 )
K, EHL, KHE, . SR ZL205A G G 2R RERT AL
[0]. B &5 TR, 2017, 14(8): 88-94].

Holmberg K, Ronkainen H, Laukkanen A, et al. Tribological
analysis of TiN and DLC coated contacts by 3D FEM modelling and
stress simulation[J]. Wear, 2008, 264(9-10): 877-884. doi:
10.1016/j.wear.2006.12.084.

Liu Y, Liu L, Mahadevan S. Analysis of subsurface crack
propagation under rolling contact loading in railroad wheels using
FEM[J]. Engineering Fracture Mechanics, 2007, 74(17): 2659-2674.
doi: 10.1016/j.engfracmech.2007.02.012.

Zhao Bo, Dai Xudong, Zhang Zhinan, et al. Single asperity contact
and its use for fractal surface contact[J]. Tribology, 2014, 34(2):
217-224 (in Chinese) [, WLZR, TR, 5. FIEHMHT T K
HAE TR B AR R FA[T]. BEHE = 5%4R, 2014, 34(2):
217-224]. doi: 10.16078/j.tribology.2014.02.001.


http://dx.doi.org/10.1115/1.2959110
http://dx.doi.org/10.1016/j.wear.2006.12.084
http://dx.doi.org/10.1016/j.engfracmech.2007.02.012
http://dx.doi.org/10.16078/j.tribology.2014.02.001
http://dx.doi.org/10.1115/1.2959110
http://dx.doi.org/10.1016/j.wear.2006.12.084
http://dx.doi.org/10.1016/j.engfracmech.2007.02.012
http://dx.doi.org/10.16078/j.tribology.2014.02.001

312 BE ¥ F W 539 %
[7] Yue T, Wahab M A. Finite element analysis of fretting wear under fatigue performance of heterogeneous material[J]. Tribology

[10]

(1]

[12]

[13]

[14]

variable coefficient of friction and different contact regimes[J].
Tribology International, 2017, 107: 274-282. doi: 10.1016/j.triboint.
2016.11.044.

Gao Binchao, Meng Xiangkai, Li Jiyun, et al. Thermal-mechanical
coupled finite element model and seal performance analysis of
mechanical seals[J]. Tribology, 2015, 35(5): 550-556 (in Chinese)
[, i, AR, 55 HUE H ARG H IR o 5 %
B RE S HT[T]. BEHE AR, 2015, 35(5): 550-556]. doi:
10.16078/j.tribology.2015.05.006.

Zhou Q, Jin X, Wang Z, et al. An efficient approximate numerical
method for modeling contact of materials with distributed
inhomogeneities[J]. International Journal of Solids and Structures,
2014, 51(19-20): 3410-3421. doi: 10.1016/j.ijsolstr.2014.06.005.
Jacq C, Nelias D, Lormand G, et al. Development of a three-
dimensional semi-analytical elastic-plastic contact code[J]. Journal
of Tribology, 2002, 124(4): 653—667. doi: 10.1115/1.1467920.

Liu S, Wang Q, Liu G. A versatile method of discrete convolution
and FFT (DC-FFT) for contact analyses[J]. Wear, 2000, 243(1-2):
101-111.

Zhou K, Chen W W, Keer L M, et al. Multiple 3D inhomogeneous
inclusions in a half space under contact loading[J]. Mechanics of
Materials, 2011, 43(8): 444-457. doi: 10.1016/j.mechmat.2011.02.
001.

Zhou Q, Jin X, Wang Z, et al. Numerical EIM with 3D FFT for the
contact with a smooth or rough surface involving complicated and
distributed inhomogeneities[J]. Tribology International, 2016, 93:
91-103. doi: 10.1016/j.triboint.2015.09.001.

Yang W, Huang Y, Zhou Q, et al. Parametric study on stressed

volume and its application to the quantification of rolling contact

[15]

[16]

[17]

(18]

[19]

[20]

(21]

International, 2017, 107: 221-232. doi: 10.1016/j.triboint.2016.
11.034.

Zhou Q, Wang J, Wan Q, et al. Numerical analysis of the influence
of distributed inhomogeneities on tangential fretting[J]. Proceedings
of the Institution of Mechanical Engineers, Part J: Journal of
Engineering Tribology, 2017, 231(10): 1350-1370. doi:
10.1177/1350650117693420.

Yu C, Wang Z, Wang Q J. Analytical frequency response functions
for contact of multilayered materials[J]. Mechanics of Materials,
2014, 76: 102-120. doi: 10.1016/j.mechmat.2014.06.006.

Zhang H, Wang W, Zhang S, et al. Semi-analytical solution of three-
dimensional steady state thermoelastic contact problem of
multilayered material under friction heating[J]. International Journal
of Thermal Sciences, 2018, 127: 384-399. doi: 10.1016/j.ijthermalsci.
2018.02.006.

Liu Y, Wang W, Zhang H, et al. Solution of temperature distribution
under frictional heating with consideration of material
inhomogeneity[J]. Tribology International, 2018, 126: 80-96. doi:
10.1016/j.triboint.2018.04.027.

Yang W, Zhou Q, Huang Y, et al. A thermoelastic contact model
between a sliding ball and a stationary half space distributed with
spherical inhomogeneities[J]. Tribology International, 2019, 131:
33-44. doi: 10.1016/j.triboint.2018.10.023.

Eshelby J D. The elastic field outside an ellipsoidal inclusion[J].
Proceedings of the Royal Society of London, 1959, 252(1271):
561-569.

Carslaw H S, Jaeger J C. Conduction of heat in solids(Second

edition) [M]. London: Oxford University Press, 1959.


http://dx.doi.org/10.1016/j.triboint.2016.11.044
http://dx.doi.org/10.1016/j.triboint.2016.11.044
http://dx.doi.org/10.16078/j.tribology.2015.05.006
http://dx.doi.org/10.1016/j.ijsolstr.2014.06.005
http://dx.doi.org/10.1115/1.1467920
http://dx.doi.org/10.1016/j.mechmat.2011.02.001
http://dx.doi.org/10.1016/j.mechmat.2011.02.001
http://dx.doi.org/10.1016/j.triboint.2015.09.001
http://dx.doi.org/10.1016/j.triboint.2016.11.034
http://dx.doi.org/10.1016/j.triboint.2016.11.034
http://dx.doi.org/10.1177/1350650117693420
http://dx.doi.org/10.1016/j.mechmat.2014.06.006
http://dx.doi.org/10.1016/j.ijthermalsci.2018.02.006
http://dx.doi.org/10.1016/j.ijthermalsci.2018.02.006
http://dx.doi.org/10.1016/j.triboint.2018.04.027
http://dx.doi.org/10.1016/j.triboint.2018.10.023
http://dx.doi.org/10.1016/j.triboint.2016.11.044
http://dx.doi.org/10.1016/j.triboint.2016.11.044
http://dx.doi.org/10.16078/j.tribology.2015.05.006
http://dx.doi.org/10.1016/j.ijsolstr.2014.06.005
http://dx.doi.org/10.1115/1.1467920
http://dx.doi.org/10.1016/j.mechmat.2011.02.001
http://dx.doi.org/10.1016/j.mechmat.2011.02.001
http://dx.doi.org/10.1016/j.triboint.2015.09.001
http://dx.doi.org/10.1016/j.triboint.2016.11.044
http://dx.doi.org/10.1016/j.triboint.2016.11.044
http://dx.doi.org/10.16078/j.tribology.2015.05.006
http://dx.doi.org/10.1016/j.ijsolstr.2014.06.005
http://dx.doi.org/10.1115/1.1467920
http://dx.doi.org/10.1016/j.mechmat.2011.02.001
http://dx.doi.org/10.1016/j.mechmat.2011.02.001
http://dx.doi.org/10.1016/j.triboint.2015.09.001
http://dx.doi.org/10.1016/j.triboint.2016.11.034
http://dx.doi.org/10.1016/j.triboint.2016.11.034
http://dx.doi.org/10.1177/1350650117693420
http://dx.doi.org/10.1016/j.mechmat.2014.06.006
http://dx.doi.org/10.1016/j.ijthermalsci.2018.02.006
http://dx.doi.org/10.1016/j.ijthermalsci.2018.02.006
http://dx.doi.org/10.1016/j.triboint.2018.04.027
http://dx.doi.org/10.1016/j.triboint.2018.10.023
http://dx.doi.org/10.1016/j.triboint.2016.11.034
http://dx.doi.org/10.1016/j.triboint.2016.11.034
http://dx.doi.org/10.1177/1350650117693420
http://dx.doi.org/10.1016/j.mechmat.2014.06.006
http://dx.doi.org/10.1016/j.ijthermalsci.2018.02.006
http://dx.doi.org/10.1016/j.ijthermalsci.2018.02.006
http://dx.doi.org/10.1016/j.triboint.2018.04.027
http://dx.doi.org/10.1016/j.triboint.2018.10.023

%39% H3W BE ¥ 2 2 R Vol 39 No3
2019 4£5 H Tribology May, 2019

DOI: 10.16078/;.tribology.2018095

SRR AL SRATL R £ um LR E T UM R

A A AL E g mben” aae” 2"
(1. WL Tl K= HUBE AR5 Fe, Wil Hitl 310032;
2. WL TR 2 W PR3 4 T H A& 20 E 3 AR FC oGy, WL AL 310032)

B O it AU B AR AR, CALSE AR IG A BT, 5 FEIE RS BN & #5d. A FUE /) LKA
JEE P I W X6 45 TR 2R, SR P AT 8 B w2 6 5 B i T 5 B AR AL A T 7. 45 SRR W ) T il L 2
dab, TR R] 3 8y X i T U 77 A S, S i T D 0 AR R P G R, A A A 40 S i TR (1 5
FAAE— A BRME, 8IS BB T I E B AL 1D 120%, A5 R 7 5% s T L3 7= AR B2 K, (B RS R I P2 B S G ks AR
AT R AGHIG 1 dr TR P2 ARLSR WT, FRAE i PR IR S I o L I 3250, R VRSB AL RELLAR & & 8.
FHEIR): IR AT, WU =t ST IR R R W I

FE S S: THILT7.3 XHRFRAERD: A XEHS: 1004-0595(2019)03-0313-06

Analysis of Face Temperature in Mechanical Seal Applied in
the High Speed Turbo pump

PENG Xudong'”', JIN Jie', LI Ding', JIANG Jinbo'*, MENG Xiangkai'?, LI Jiyun'

(1. College of Mechanical Engineering, Zhejiang University of Technology, Zhejiang Hangzhou 310000, China
2. The MOE Engineering Research Center of Process Equipment and Its Remanufacture, Zhejiang University of
Technology, Zhejiang Hangzhou 310032, China)

Abstract: For the mechanical seal applied in the high speed turbo pump and taking 15" hydraulic oil as sealing medium,
the experimental research on thermal change was carried out by a high speed seal test rig considering the factors (e.g.
circulation cooling quantity, rotational speed, media pressure and friction pairs). The results show that the face
temperature of mechanical seal was sensitive to all of above-mentioned factors. The face temperature increased linearly
with increasing rotation speed. There was a threshold value of circulation cooling quantity for the face temperature and it
is recommended that the circulation cooling quantity took a 120% of the threshold on practice works. Medium pressure
had obvious influence on the face temperature, but was not as much as the rotational speed. To obtain low face
temperature as far as possible, it is advisable to use impregnated resin graphite as stator instead of ordinary graphite and

to use silicon carbide as rotor rather than molybdenum alloy.
Key words: high speed turbo pump; mechanical seal; face temperature; friction pair; hydraulic oil
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Fig. 1 Schematic diagram of the mechanical seal applied in
the high speed turbo pump
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Table 1 Properties of sealing medium and friction pair

Material Density/(kg/m’) Specific heat capacity/[J/(kg-"C)] ~ Heat conductivity Coefficient/[W/(m-'C)]  Dynamic viscosity/(MPa-s)
15" Hydraulic oil 833 2 040 0.121 0.010 995
Silicon carbide 3100 783 118 -
Molybdenum alloy 10 200 279 130
Impregnated resin graphite 1930 710 61
Graphite 1825 670 14
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Fig. 2 Flow chart of experimental system and photography of seal test rig
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Fig. 3 Variation of face temperature with time under
different speeds

B3 AN [ T s i P PO 22 2k

th, EFFHUINE B8 32 47 I AN A2 v, s 0 L
SR T i I — U, SNSRI B BT /N i
FE Uk 5. ££10 000 r/min &, S W f = i 1 i a2
67.5 'C, ANk BEA AW 22 2RI R, 1E ML 2E, St
R LB B[ 5 (a)). BE A B A BT, IR
IF) il 2 1 S AR R B i HLR T E
K, 3810 000 r/minkH L T-9 000 /min, % 35 1) 55t i i
THI UL B 2938 07,1 °C, &5 & oAt % 38T S 1D Ui P2 ) 52
DR, W7 LA H i 1 I 52 B 2 T T v LT S I
R+ G J55t [R] 2 i TR R B oy T 6 1 B 0] 7 AR K
BT RN B IR 2, bk vy, VRIS 380 1 B D) A ARl
o B K, 5 i T R RO TR
BB B3 A% 2535100 000 r/min®™, H A FE A SR/ Gkt
R RIS R B, DRSS 4R T AR 45 A U AL 4y
T R

Time/s

Fig. 4 Variation of face temperature with time under different
media pressures

B4 AR o s 70 i T i P PO 22 i 2k

2.1.2 AJRIE I

Pl 47 T i I B 1 AR I i SR X 4H S 4
(AL % 358 72 AS 8] A J5E s 717 i T S R A it 28,
Hor A BRE 743 99009 1.00 1.3F11.5 MPa, 724 [F A Jii
JE 3R, e i B v i 3 3 910 000 r/min; 7530 &
¥199125 mL/s, HAth 25 A ORFF— S0 7T RLE H, 7ETFAL
I 2R 8 IE AT BRI R i T A 5
AR A0S R b 5 IS P 3 s 8L g A, BT RO
W BT, S5 T AR/ INIE T B B (R, B R
JE 700 BT, s TR 0 BE S S 218 BT, BE S THIE
BOK. Hod, M4 FUE 71 1.0 MPadt £ 1.3 MPa(IE#
AR i B, B THX80.75 °C i 47 5 s )
1.3 MPaFt i 2] 1.5 MPa(#i B & 778, i@ FHik 2 1
245 C. IR TEMUR my IR 50 32 U 2 5 1
1EH TAE I J37E B A (1.2~1.4 MPa), WiTHUR S & )



316 [

539 %

SR FH 09 i T LU — M Bl A i A AT F U %
H 51 HH0.15~0.35 MPa. [Fl I, BT #7541 i & 70 A 34
RN i THT B s 28 0 A1 A X AN K, 5 4 0 S £ i 1T VL
FE RV A MR AE R 08 B AN K (H 2 90 R 1 R U
P Bl L A AR I i T R e b T .

K57~ 1 T 53 10 000 r/min. /5 771.6 MPa.

[ 37 B 160 mL/sf RS T oL T, 238130 minig 47 )5
1 FH 412 [ 457 & 50 Dektak- XTHY 6 B X345 1R 56 7 5
Vi T B 38 0 1 0 T 2 50, o 1 5(a) (12 /2 1.4 MPaisk
By 5 5 S T 1 1S (b) 43 S A A e B PR T L U

s T T 300, 1S (c) N B 5(d) 73 50 D e 0 M A S 2
BRIG T J B4 S T 7R 35 5 6 30 1) i T i P e i LA
7755 C.A LA, EEHE & RNE 2
IR R EEIC, A R AR B T B R
PR AR, LI A 2 T LR R LE B3R S B A2
RIPR. FUELIR PR, T e RSl Py SERR BRI T e 7 5.5 °C,s
A FRIR D AR 3 BAL, AT TR RS 125 PR AR Xt A i
PRRIVEH 6 < sh PR P S T A = AR R B 5%, (]I A
1o i 7 L L A P B A s Bl 3% 4% 2 H 5 R I
TR R EL A

(c) Impregnated resin graphite before test

(d) Impregnated resin graphite after experiment

Fig. 5 Face morphology of friction pair (molybdenum alloy vs impregnated resin graphite) before and after experiment
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Comparative Study on the Theory of Creeping Theory Applied
to High Speed Wheel-Rail Rolling Contact

QI Zhuang", LIANG Yu', WANG Xiaolei', ZHANG Qianji’

(1. Schoolof Mechanical Engineering, Shijiazhuang Tiedao University, Hebei Shijiazhuang 050043, China
2. Shijiazhuang Tiedao University Sifang College, Hebei Shijiazhuang 051132, China)
Abstract: The multi-body dynamics simulation software UM was used to establish the vehicle-orbit multi-body
dynamics model. Based on the wheel-rail rolling creep theory, the dynamics of the wheel-rail dynamics between the
FASTSIM algorithm and the CONTACT algorithm in steady state and transient rolling state were analyzed the
difference between forces. The calculation results show that the difference between the horizontal and vertical wheel-rail
creeping force and the calculated value of the CONTACT algorithm by the FASTSIM algorithm when the train was
traveling in a steady-state rolling state on a linear or curved track was low (10% to 15%).The calculated horizontal and
vertical creep force and the calculation value of the CONTACT algorithm were large when driving in transient rolling
conditions, especially in the case of large creep, air resistance and other severe working conditions, the difference
reached 25%, and with the increase of the speed, the maximum difference reached 30%. It shows that the CONTACT
algorithm was more accurate in calculating the creep force under transient rolling conditions than the FASTSIM

algorithm, and was more suitable for making safety evaluations on train operation.
Key words: multibody dynamics; creep force; large creep; wheel/rail contact; transient rolling
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Table 1 Comparison of the calculation results of the creep force between FASTSIM and CONTACT

(Steady state) creep force/N

(Transient) creep force/N

Working Lateral/longitudinal force
FASTSIM CONTACT FASTSIM CONTACT

F 0 0 1419 1415
200 km/h

F, 1186 1187 793 1170

F, 0 0 2018 2026
250 km/h

F, 1190 1190 718 1039

F, 0 0 2733 2733
300 km/h

F, 1190 1190 713 1110

F, 0 0 3571 3574
350 km/h

F, 1205 1206 353 578
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(a) FASTSIM algorithm wheel and rail contact spot

(b) CONTACT algorithm wheel and rail contact spot

Fig. 13 300 km/h steady-state rolling contact spot contrast
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(a) FASTSIM algorithm wheel and rail contact spot

(b) CONTACT algorithm wheel and rail contact spot

Fig. 14 300 km/h transient rolling contact spot contrast
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Fig. 16 Comparison chart under transient rolling
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Table 2 Comparison of the calculation results of the creep force between FASTSIM and CONTACT

. o (Transient)creep force/N (Transient)creep force/N
Working Lateral/Longitudinal Force
FASTSIM CONTACT FASTSIM CONTACT
F, 2 000 2200 4033 4995
200 km/h
F, 4 800 5100 5241 6236
F, 1845 2200 4238 5260
250 km/h
F, 4000 4300 4300 5300
F, 1700 2000 4450 5440
300 km/h
F, 2900 3300 3200 4050
F, 1027 1172 4571 5610
350 km/h
F, 1500 1 800 2206 2939
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Fig. 17 Time-domain comparison chartundersteady-state rolling
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Fig. 18 Time-domain comparison chart under transient rolling

7000
z —FASTSIM
S —CONTACT
:_:3 6000 | co C
<
2
g 5000
5
=
£ 4000
=
£
2 3000
=]
=

2000

0 2 4 6 8 10 12 14
Time/s
(a) Longitudinal creep force steady-state
rolling comparison chart
K18
10 000

—FASTSIM
—CONTACT

8000 |

6000

4000

2000

Longitudinal creep force/N

0 2 4 6 8 10 12 14
Time/s

W AR B B ot EE

—FASTSIM
—CONTACT

10 000
8000
6000
4000
2000

Lateral creep force/N

-2 000

-4.000 —

Time/s

Fig. 19 Incentive time domain comparison chart under transient rolling
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Fretting Wear Damage Characteristics of Carbon Fiber

WANG Mengjie', PENG Jinfang'*", ZHUANG Wenhua’, ZHANG Xiaoyu’,
CAI Zhenbing’, ZHU Minhao”

(1. School of Materials Science and Engineering, Southwest Jiaotong University, Sichuan Chengdu 610031, China
2. Key Laboratory of Fiber Material Modification, Donghua University, Shanghai 201620, China
3. Tribology Research Institute, Traction Power State Key Laboratory, Southwest Jiaotong University,
Sichuan Chengdu 610031, China)
Abstract: The fretting of carbon fiber was produced on the self-made multi-function fretting corrosion tester, by
changing the normal load and the displacement amplitude. The running condition fretting map, F;-D curve and friction
coefficient curve were established. The fretting wear operation characteristics of carbon fiber were explored; combined
with optical microscope, scanning electron microscope, white light interferometer and X-ray photoelectron spectroscopy.
The fretting wear mechanism of carbon fiber was explored by the investigating wear morphology and wear components.
The results show the transition of fretting wear regime from partial slip regime or mixed regime to slip regime was
observed by decreasing normal load and increasing displacement amplitude. Increasing normal load and decreasing
displacement amplitude decreased the friction coefficient. Wear volume increased with increasing normal load and
displacement amplitude. In the partial slip regime and the mixed regime, the wear rate decreased with the increase of the

normal load. In the slip regime, the wear rate fluctuated and increased with normal load. The wear mechanisms of the
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mixed regime and the slip regime were abrasive wear, delamination and oxidative wear, while the oxidation wear in the

mixed regime was more severe. The displacement amplitude and normal load had a great influence on the fretting wear

of carbon fiber, friction coefficient and wear volume. The fretting wear mechanisms of the mixed regime and the slip

regime were mainly represented by abrasive wear, delamination and oxidative wear.

Key words: carbon fiber; fretting wear; friction coefficient; wear volume; wear mechanism
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Fig. 1 Schematic of the multifunctional fretting corrosion
testing machine

K1 ZoaEslE il &

FRIE—NEONTEE P FRAFT . BEE )R B3R I 2
PR S AR IR A, @ g 5 B, e BRI e g
A FB, DI 7 A% SRS P 52 (R DT BE HE T,
SEIC A B I AR B ) AR .

6 SR F R -~ T 4 S 2, 76 PR BT R = Ui
AT, IR =4 Hz, W56 8] 7=20 min, {7 F2 15
fE.D=1. 10. 20. 40, 60H180 pm, 2% [f1 17 F,=100. 150.
2001250 N. KAt 21 4k 2 G W1, 8 1 HERR 47 4
B e s e, 75 SRS R, CRAE D) R Ak B 75
) 5 2F 4 75 1) O RF P47 . 58 J5 SR FH OLYMPUS-
BX60M A 24 1 4455 (OM). JSM-6610LV A 4 # -1
BT (SEM) WL 4% B JR 4R THI T 3015 K F 284524 Contour
GT X3 = 4E TS O BE TS0 B 1 R AR S B 4
OMAEHEAT IR ; SR FHESCALAB 250Xi 70 X 28 ' v 1
REVI 73 BT B 450 ) ZHL R

2 FER5THE

2.1 EBITLAMENE

57 % i (LR 92 170 1T A2 52 10 19 00 1 3R Tk )
PR A e AR R R, G I 3 B AT R B
()P ] R AT B MR 5 925 1 AT T A4S 3 Bk 41 4
132 AT TOLE, Q2R FERET 4 1 fash B ik s
H, BREFHERIZ AT TOLRAE th i A2 XL IR A X A
LM XK. AR MR — € I, VA R B e =
A5 5 T 42 A 7 3 B -2 AR 32 ) 8T 1 0l 2 5 P 45
fih 24 THT (¥ 13 i 2 3 22 /I, DG T RS 39 0, ki shis 471X
SR FE T A XL VR A XA (X e A2 s 243K 1 48T
—RE I, ALAS MEAE ARG et 1 R T A A R R AT X
R, MMEhE T K a8 X R A X 5 4

o %539 %
250 4 A e ® f ] =
! .Jr'
I ,.r'
."/.
200 & @ ® e/ ] ]
Z. | Fid
] i A
] !
= { 4
=150 4 | @ ® [ = ™
E
100 ‘."I ® ® / [ ] ] [ ]
AParital slip regime ® Mixed regime ®Slip regime

50
0 20 40 60 80
Displacement amplitude/pm
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Fig. 3 The F-D curve of carbon fiber under different load conditions
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Fig. 4 The friction coefficient curve under different displacement amplitude and different load
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Fig. 9 Wear volume and wear rate under different
displacement amplitude and different load
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Table 3 The XPS analysis in different regimes

Regime Name Peak BE FWHM/eV Area (P) CPS/eV Atomic fraction/%
. Ols 531.96 3.17 534 706.82 16.24
Matrix
Cls 284.47 2.00 1028 988.82 83.76
. . Ols 531.98 3.16 591 033.26 17.48
Slip Regime
Cls 284.85 3.55 1 040 884.26 82.52
. . Ols 531.42 2.98 843 782.69 28.77
Mixed Regime
Cls 284.12 3.09 779 410.44 71.23
F4 TRIXFGIRGRERXPSIEE MM SIEEMN. FESRELEENSE

Table 4 Peak positions and FWHM of the XPS spectra in different zones of the worn surface.

B.E./eV FWHM/eV Area, CPS/eV
Peak Matrix Mipfed Sli'p Matrix Mi)?ed Sli'p Matrix Mi)%ed Sl%p
Regime Regime Regime Regime Regime Regime
C c-C 284.68 284.78 284.65 1.52 1.41 1.62 223761.83 1158220 23171593
c-0 286.48 286.58 286.35 1.42 2.11 223 62301.29 241 188.07 119 075.29
Cc=0 - 289.08 288.98 - 2.16 2.24 - 19 060.91 16 909.09
o Cc-0 532.37 532.66 532.5 1.91 2.25 2.39 293 555.77 169 586.84 133 454.7
Cc=0 - 533.85 533.72 - 2.1 1.85 - 5096290 62 192.39
3 4 Chinese) [JA 5. MBNESHIM]. Jb5i: BH3 A, 2002].
[2] Zhou Zhongrong, Zhu Minhao. Composite fretting
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Correlation between Contact Angle Hysteresis and
Hydrodynamic Lubrication

WANG Qian, HAN Suli’, GUO Feng, LI Chao

(School of Mechanical &Automotive Engineering, Qingdao University of Technology,
Shandong Qingdao 266520, China)
Abstract: Theoretical studies have proved that different solid-liquid affinity surfaces have significant effects on
hydrodynamic lubrication film. In general, contact angle (CA) is used to characterize the wettability of solid-liquid
interface. However a theoretical model derived based on thermodynamic principles shows that the potential energy
barrier of a surface is not only a function of contact angle, but also of another interfacial parameter, contact angle
hysteresis (CAH). By modifying the surface of the slider, different affinity interfaces were obtained. The lubricating film
thickness and the continuity of flow velocity were measured by a fixed-inclined slider bearing system using optical
interference method and fluorescence method respectively. This study thus evaluated the two, CA and CAH, by
conducting thin film hydrodynamic lubrication experiments with surfaces of hydrophilic and hydrophobic. Fundamental
relation between the potential energy barrier and CAH was discussed. The results show that the correlation between CA
and hydrodynamic lubrication oil film thickness was unsatisfactory. But CAH can better characterize the influence of

interface effect on the hydrodynamic lubrication film thickness.
Key words: hydrodynamic lubrication; interfacial wettability; contact angle; contact angle hysteresis; potential energy
barrier
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T EE(PEG, L# L RBG N T AR A R)EEAM, 7
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Table 1 Properties of lubricants used in the test (@22°C)

Lubricant Dynamic viscosity, 7/(mPa-s) Refractive index, N
PEG200 59.7 1.46
PEG400 112.7 1.46
PEG600 160.5 1.47
PAOI10 122.2 1.46

N T AL A AR, 73 50 A 2w R
VBB Yo 3 e ok 6 R DR T A A A R ik
il e BEAT T I 3 L, AR E
T2, PSRN R E. 35 Ak A R % Ak A i
Ja R PR B AR UK, T B R T AT R I U 4
TP JA TRCEAE RS B 2508 1 K rh i A S UES min, SR

2 KPR PEGIHEE M/ B R TR E AR A R IEM 5B
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=
Table 2 CA and CAH of the PEG lubricants on the slider
surfaces
. . Contact Contact angle
Slider Lubricant .
angle, CA/(°) hysteresis, CAH/(°)
50.3+32 28.9+31
Steel PEG400 -23 -63
95.3+32 13.5+19
FAS PEG400 -2l —44
86.7+0:8 28.8+28
AF PEG400 -L7 -3.1
26_7+3.8 33'2+1.7
Sio, PEG400 -7 *2[-15]
+1.4 30.38*%
SiO,+AF PEG400 87571 43
54.6+14 29.4+23
Steel PEG200 -1.6 -27
102.29% 10.8737
FAS PEG200 -l -2
47.5+30 30.5%2]
Steel PEG600 -0 -32
94.1+19 11.2+21
FAS PEG600 16 -26
70.24—3.3 22.54—247
FAS PAO10 -22 -26
AF PAO10 57.6%%0 27523
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Fig. 2 Dynamic viscosity versus time of PEG lubricants
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(a) Steel

Fig. 3 Interferogram of different wettability interfaces (PEG400, Steel/FAS, w=4 N)
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Fig. 4 Film thickness vs speed(PEG400, Steel/FAS, Steel/AF)
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Fig. 9 Relative displacements of bleaching center over time
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The First-Principles Calculations of the Interaction of H,O and
O, Molecules on the Surface of Hydrogen-Free Diamond Films

WANG Shunhua', HUO Lei'?, JU Pengfei’, PU Jibin™

(1. Lanzhou Jiaotong University School, School of Mechanical and Electrical Engineering, Gansu Lanzhou 730070,
China
2. Key Laboratory of Marine Materials and Related Technologies, Ningbo Institute of Materials Technology and
Engineering, Chinese Academy of Sciences, Zhejiang Ningbo 315201, China
3. Shanghai Aerospace Equipments Manufacturer, Shanghai 200245, China)
Abstract: The hydrogen-free diamond-like carbon (DLC) films can produce low coefficient of friction in humid
atmosphere, which mainly due to the passivation of “dangling bonds” on the surface of carbon-based thin films by H,O
and O, active molecules. However, the mechanism of the synergistic effect of the two molecules on the low-friction
behavior of hydrogen-free DLC remains is unclear. The first-principles calculations were performed to investigate the
passivation state of diamond surface when H,O and O, molecules coexisted, and the possible ways of achieving low
friction with hydrogen-free DLC films were inferred. The results show that H,O and O, molecules were decomposed to
form OH, H and O. At the same time, the mutual attraction of O atom and H atom promoted the formation of more OH
groups. When H,O and O, molecules coexisted in the ratio of 2:1, the diamond surface was completely passivated by the

OH group. In contrast, the diamond surface formed a complicated situation in which C-OH, C-H, and C-O coexisted.
Key words: the first-principles calculations; DLC; danging bonds; passivation
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Fig. 1 (a) Diamond (111) surface model; (b) the top view of
diamond (111) surface; red atoms are the adsorption site
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Fig. 2 Molecules placement model on the diamond (111) surface (a) O, molecule; (b) H,O molecule; (c) O, and H,O
molecules; (d) two H,O molecules and one O, molecule (The red atom is oxygen, the white atom is hydrogen)
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Fig. 3 Adsorption of molecules on the diamond (111) surface
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Fig. 4 Molecules placement model and adsorption of molecules on the diamond (111) surface
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Fig. 5 The differential charge density 2D cutaway and Mulliken charge population of optimized structure of O,
and H,O molecules (a)O, and H,O molecules; (b)two H,O molecules and one O, molecule
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Table 1 The Mulliken charge population of optimized structure of O, and H,O molecule[in Fig.5(a)]and two H,O molecules
and one O, molecule[in Fig.5(b)]

Structure Atomic type Before optimization After optimization
0, and H,O molecules (¢} —6.00 e —6.62¢
0, and H,O molecules H +1.00 e +0.53 e
two H,0 molecules and one O, molecule (¢} —6.00 ¢ —6.66 ¢
two H,0 molecules and one O, molecule H +1.00 e +0.52 ¢
——H-s —O-s
=3 —c
— O_p = C-p

Density of states (electrons/eV)

|
N
W

20 -15 -10 -5 0 5 10
Energy/eV

Density of states (electrons/eV)

-25 -20 -15

-10 -5 0 5 10
Energy/eV

Fig. 6 Density analysis of structure optimized of O, and H,O molecule
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Fig. 7 Mechanism of coadsorption of H,O and O, molecules on the diamond (111) surrface (a) adsorption of
O atom on the diamond surface; (b) adsorption of OH group on the diamond surface
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Wear Behavior and Microstructure Evolution of Spheroidized
Annealed Heavy Load Wheel Steel CL.70

WANG Wenyu', LIU Deyi"”’, ZHAO Xiujuan'’, LIU Pengtao'?, REN Ruiming "

(1. Dalian JiaoTong University, School of Material Science and Engineering, Liaoning Dalian 116028, China
2. Dalian JiaoTong University, Key Laboratory of Key Material of Rail Transit in Liaoning Province,
Liaoning Dalian 116028, China)
Abstract: Spheroidized pearlite structure was obtained by spheroidizing annealing of heavy load wheel steel CL70. The
steel CL70 with either lamellar pearlite microstructure or spherical pearlite microstructure, was subjected to dry friction
pure rolling test on a rolling friction and wear tester against rail steel U75V. The wear was determined by the mass loss.
Scanning electron microscope (electron backscattered image) and the micro-hardness tester were used to observe and
analyze the microstructure evolution and hardness variation of the rolling surfaces of steel CL70. The results show that
the wear performance of steel CL70 with spheroidal pearlitic microstructure was poorer than that of steel CL 70 with
lamellar pearlitic structure. The wear mechanism and strengthening mechanism of the two alloys were different. For the
one with lamellar pearlitic microstructure, wear mechanism was mainly fatigue wear by plastic deformation and
subsequent grain refinement (fiber structure at first and then nanocrystal), strengthening effect was attributed by
accumulation of dislocations. Adhesive wear was observed for the one with spherical pearlitic structure. Deformation
and fragmentation of ferrite and cementite were identified. The increase in hardness was mainly due to the concentration

of dislocations around the cementite particles, and therefore the hardening effect was poor.
Key words: heavy load wheel steel CL70; rolling friction wear; spherical pearlite; microstructure evolution; strengthen
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Fig. 1 Microstructure of steel CL70
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Fig. 7 Longitudinal section microstructure of lamellar pearlite sample
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Fig. 9 Grain orientation, grain boundary and misorientation angle distribution histogram of EBSD
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Friction and Wear Properties of MoSi,-MosSi;-MosSiB,
Composite against SiC

YAN Jianhui'*, KANG Rong’, HUANG Jinxin’, WANG Yi'’, KANG Yonghai'’

(1. Hunan Provincial Key Defense Laboratory of High Temperature Wear Resisting Materials and Preparation
Technology, Hunan University of Science and Technology, Hunan Xiangtan 411201, China
2. School of Material Science and Engineering, Hunan University of Science and Technology,
Hunan Xiangtan 411201, China)
Abstract: MoSi,-MosSi;-MosSiB, composite is a promising wear resistance material at elevated temperature. However,
the tribological properties of MoSi,-MosSi;-MosSiB, against SiC were not fully understood. In the present study, the
friction and wear properties of the composite at 25~1 000 ‘C and 2.5~10 N were investigated using a ball-on-disk sliding
tests. The results show that both test temperatures and applied loads had significant effect on the coefficient of friction
(COF), while have insignificant effect on the wear rate. The COFs and wear rates of the MoSi,-MosSi;-MosSiB,
composite at 25~1 000 “C were in the ranges of 0.11~0.43 and 0.540x107~0.547x10" mm’/(N-m), respectively. The
mild oxidation and adhesive wears were main wear mechanisms for the composite tested below 400 ‘C. At 600 ~ 1 000 C,
the wear mechanisms were dominated by severe oxidation wear and adhesive wear. The COFs and wear rates of the
composite, at 1 000 “C under load of 2.5~10 N, were in the ranges of 0.29~0.38 and 0.540x107~0.547x107 mm*/(N-m),
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respectively. The dominant wear mechanisms of the composite at 2.5~10 N were adhesive wear and oxidation wear, and

accompanied with plastic deformation at 7.5~10 N.

Key words: MoSi,-MosSi;-MosSiB,; SiC; friction and wear; wear mechanism
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Table 1 Parameters of dry sliding friction and wear test

Number Rotation speed/(r/min) Rotation radius/mm

Sliding time/min

Test temperatures/'C Applied load/N

1 300 3.0
2 300 3.0

25 25, 200, 400, 600, 800, 1 000 5
25 1000 2.5,5,7.5 10
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Fig. 1 Mmicrostructural image (BSE) of the MoSi,-MosSi;-
MosSiB, composite

1 MoSi,-MosSiz-MosSiB, 2 G M KLU ML 41 41(BSE)

X} MoSi,-MosSi;-MosSiB,/SiC2 [a] f] JEE # R U m R
K. MEI2(@)a] &, A 5 E, e gl
295 minff BEEERT B, R RBOUE B — AN AR E I
HAE. F4h IE2b) T LUE H, Bl R0 B 1
AL (V- 35) JBE 45 R 45 2 S 38 I B e 345 25 °C e, JBE
P2 R B /IMYR0.11, 600 °C I BE 182 22 5 i K 9 0.43,
M1 000 “C I S F#AR90.35. 3 Fh R #5 2R 50 A8 Ak J 43
55N [0 T M R A 2 T ) BB RS A IR R DR B
RWGAE J5 SO d i B 40 R TR ST 0 #r.

P13 WMoSi,-MosSis-MosSiB, & & #1 kL FSiC it EE
BRI B30 5 5 0 AR 00 R i 4R BEE TR T
(25~400 °C), EEHIFH10.513x 107 mm’/(N-m) A4 s
0.516x10 " mm’/(N-m); B % i 5 1 4k 22 7t 55 (400~
800 C), BEG I INAY R, 800 °C A i B 2 3 M 0.544
107 mm’/(N-m); 2435 5 4k 4 7 i 221 000 C I, EEH
R MEAKH10.538%10 " mm/(N-m). ¥4k, ME3FiL
AIE H, 7E25~600 CHY, SiICIH BT RIANKE, 25 C
f R R 5 K H0.547%10 7 mm’/(N-m), BT T s

0.50
0.45

]

0.40 | /- -\\\*
Eosst / Tk
1)
£ 030 v
g
3025t
=
£
o020}
= 0.15 | -

: L

010 ¥

0 200 400 600 800 1000
Temperature/C

(b) Average friction coefficients at elevated temperatures

Fig. 2 Friction coefficients of of MoSi,-MosSi3-MosSiB,/SiC at elevated temperatures
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Fig.3 Wear rates of MoSi,-Mo5Si3-MosSiB, and SiC at
elevated temperatures
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Fig. 4 XRD patterns of surface of composites at elevated
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Fig. 5 SEM micrographs of the worn surface for MoSi,-MosSi;-MosSiB, at elevated temperatures
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Table 2 EPMA results of the different zones for the worn surfaces

Atomic fraction/%

Zone
Mo Si (0] C B
Zone 1 in Fig 5 (a) 33.83 56.10 2.56 4.08 343
Zone 2 in Fig 5 (b) 32.08 54.72 4.12 5.96 3.12
Zone 3 in Fig 5 (c) 24.94 42.28 28.20 4.88 1.26
Zone 4 in Fig 5 (d) 15.48 34.85 43.93 4.62 1.12
Zone 5 in Fig 5 (e) 9.55 27.10 58.62 1.37 3.36
Zone 6 in Fig 5 (f) 8.46 22.68 63.80 1.24 3.82
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Fig. 6 Coefficients of friction of MoSi,-MosSi;-MosSiB,/SiC at different loads:
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Fig. 7 Wear rates of MoSi,-MosSi;-MosSiB, composite and
SiC ceramics at different loads
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Fig. 8 SEM micrographs of the worn surface morphologies of the composite at different loads
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Design and Thermal Performance Analysis of an Open Internal
Cold Cutting Tool with Heat Sinks

ZHENG Wei', SUN Jianjun"”", MA Chenbo', YU Qiuping', ZHANG Yuyan', NIU Tao’

(1. School of Mechanical and Electrical Engineering, Nanjing Forestry University,
Jiangsu Nanjing 210037, China
2. Jiangsu Sulida Advanced Technology Co, Ltd, Jiangsu Nanjing 210039, China
3. Nanjing Sulida Intelligent Control Equipment Co, Ltd, Jiangsu Nanjing 210037, China)

Abstract: The turning temperature has an important influence on the surface quality of workpiece and the service life of
cutting tool. An open-type heat sink internal cooling tool was proposed in this study, and its structural strength was
analyzed firstly by calculating the cutting force and heat flux density on the rake face under the practical machining
process parameters. Based on the established thermal-flow-solid coupling temperature field model, the temperature field
distribution of the tool under the heat steady-state condition was then obtained. Furthermore, the influence of the number
of heat sink in the blade coolant flow channel on the thermal conductivity of the tool was studied. Comparisons of the
thermal conductivity between the open-type internal cooling tool with heat sinks and other internal cooling tools under
the same heat source conditions were conducted. The results show that with the blade material of cemented carbide YT5,
the tool had the best cooling effect (maximum cutting temperature was 187.1 ‘C), when 6 heat sinks were applied under
the heat flow density 10 W/mm’. The maximum cutting temperature of the open-type internal cooling tool with 6 heat

sinks was reduced by 12.1 “C by comparing to that of other internal cooling tools.
Key words: internal cold cutting tool; cutting force; heat flux density; thermal fluid-solid coupling; temperature field
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Fig. 1 Structure of the open internal cold tool
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Table 1 Heat sink structure parameter size

Structural parameters L L, W W, W, W [

Specification/mm 28 07 12 06 06 03 68°
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Table 2 Physical properties of the blade material YT5

Density/ Poisson’s Elastic Yield Thermal Conductivity/
(kg/m’) ratio  Modulus/GPa strength/GPa [W/(m-K)]
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Fig. 6 Thermal-flow-solid coupling finite element model
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Effect of Gamma Irradiation on the Properties of
Sintering Materials

ZHENG Wenkai', LIU Ying", WU Guoping’, XIE Fangmin’

(1. State Key Laboratory of Tribology, Tsinghua University, Beijing 100084, China
2. Ningbo Vulcan Mechanical Seal Manufacturing Co Ltd, Zhejiang Ningbo 315104, China)
Abstract: The sintering materials prepared by hot pressing were irradiated by Gamma ray at different dose rates. These
materials were composite ceramics commonly used in mechanical seals equipped in the rotating machineries of nuclear
power plant. The thermal and mechanical properties were measured. The friction experiments were also carried out
under water lubrication at room temperature by a Plint TE-92 tribo-machine. The morphology of the worn surfaces was
observed using scanning electron microscopy and ZYGO. The results show that y irradiation had little effect on the
thermal and mechanical properties of the sintering materials. Mild wear occurred during the friction experiments with
friction coefficients of 0.04~0.06 under water lubrication. Irradiation had little effect on the friction property of the

sintering materials.
Key words: sintering materials; irradiation; frictional performance; surface morphology; mechanical properties
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Table 1 Main chemical component of sintering materials

Material type w(C)/% wN)/% w(O)/% wAD/% w(Si)/%
HWNV2 41.44 0 0 0 58.56
‘WHV2(matrix) 46.62 0 0 0 53.38
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(g) HSIN1 (Unirradiated) (h) HSIN1 (4 450 kGy) (i) HSIN1 (10 000 kGy)

(b) HWNV2 (4 450 kGy)
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Fig. 1 Surface morphology of sintering materials before and after irradiation
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Fig. 2 Density of sintering materials before and
after irradiation
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Fig. 5 Elongation of sintering materials before and after irradiation at elevated temperature
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Fig. 6 Friction coefficient of sintering materials before and after irradiation
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Fig. 7 Wear surface morphology of sintering materials
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Table 2 Average depth of wear track

Irradiation Average depth of
Test mate
dose/kGy wear track /pm
HWNV2-HWNV2 0 0.145
HWNV2-HWNV2 4450 0.190
WHV2-WHV2 0 0.200
WHV2-WHV2 4450 0.205
WHV2-WHV2 10 000 0.185
HSIN1-HSIN1 0 0.063
HSIN1-HSIN1 4450 0.052
HSIN1-HSIN1 10 000 0.065
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