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Fig.1 Diffusion of tin atoms to the surface

of carbon steel
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Table 2 The diffusion quantity and diffusion coefficient of tin atoms diffusion into carbon steel surface

AR Bt B T B T AR B/ mol

WbF D

5 min 10 min 15 min 20 min
25%4K 0.1237x1073 0.1608 x10 3 0.1917 x1073 0.216 x10 73 6.6x107°
35%4K 0.0680 x10 3 0.086 6 x10 3 0.1113x107? 0.1299 x10 3 3.446 x10~°

2.4 WMEFEBNKEMNT

FRAE Bk bt 25 TR R T, 1 4 ) A I ik
E V@ el T SRS oy N 1 73 1 9) | 2B A e
S IR B A, SR K 25 7 R B A, Ahmedabadi
SOV 5T e B BR 04 B S T 25 S 1R RS ML T RN R
AT A ARG B 5 ZEAR IR IR B B I HRE ) =
FHAMJF T, Kang F Rivera™ 2 $5 H | Fki 4 Y
IR 2§ 8B i 5, A8 A8 7 6 485 DX Y R
ARS8 PR 2 T Ry b R ) AR B RS 25 5 W5 |

Fir L PAY T P B D 1) 2 T, R 9 2 Tl ik
JE 25 Qi SR8 DX 38K, T AR S ik Ji - R T
SR B RS B R

BRI B B T LUK (5) 18
Al (s)
COM - COm
2 €, I C oy o300 S22 T AR A3 2 i S Ak
WIGER &1, % 5 C, M C o35l R Gid — e IE] (1) 5
T (T PR S, b A B e e J3E 0 ot SR A ) ik ik

exp[ -~ (DVI) ] =



202542 A% 1M

AR ¢ BB TR T SR X 53 B T4 T S . 101 -

s D JRAE—E TR T AP R R RYHUE

% =
<

B

o

R (5) 2T, 1 B B 9 7 FC IR A A
SR BIRR, WK (6),
Ce‘VI B Cm
C()sw - Co ] }

1=th/{w21n [ : (6)

25" A 354K HE AR ) ) Ub Al vk B LT AL I 9
B aRhL T AR IG B & R C,, 5 TES IR T B R
W25 BN 35% 4K A S Ak (4 B vk B (€, ) MRTR], HE
310 C Y HUR N 5 MU , B 25" B4 A 357 ik 4K
L A B ) e/ INBR VR JBE (€ ) ML TR] 5 HAT 25" 40 357
R S TR BE (Cy, (C ) ANTF

B S5 DAL P S 38 25% 9 I 357 49 2% 1H A
TR B B R (7)) ~ (8).

’

ZI:JD]t/{Wzln [CCO”;‘_"CCO]} (7
12=J02t/{7721n [gx__co } (8)

Co F1 Co BIRIIRBIRAC EE SL RGN 0T C, BT JEE
TE—E ML T P BUR 2/, 78 920 C R, ik
TP HARL (D) 1.5 x 107" m*/s,

90

601 PHZE
£
()

3OM MM ’M Mﬁ / \J‘“’W

‘
0 2I0 4IO 60
d/pm
(a) 25*

I, ARSI i DA S F 310 C R D, ¥
K(7)M(8) HAEMFRIA(9), 4R EDS Fif s s>
K25 5 (1 6) , 25" B9 35" 4% 5L 1 Ak i ik 1 B a
ETNE,Cp>C o #(9) Fifk & B, Bk R 1 7E
25* 1 354K T AT HICE 1 EU BV B R A R

R
oc CMZ
G

Cy —-C
D /ln M1 m
ll : [COM CO L ] ~
C
(9)

A Cp-C,
Dz/ln [76041 ZC,, ]

R AN 7] Fsf [ia] | AS ] AR e 0 A% 1A ) Al 7% A
D55, T AR 2 T4 302 A ok 5 ok B ik A v
FIVERE, FE 6 TTLIE Y, 20 min A 2548 K 35%4K
RIEAR & B LB, A8 T 1/, 5

Coo/Con IRFR (KL T) o 1,/1, W LUAR Fifi B (B] B A
Wl /N, 2% IR ST 1) ik 0 2 T P 7 S0P 8 L ol e
P R )N 5 L /C L,/ Cy, BERS ]38 1T, 2 B
35" Y HUZ b AR IR R B T 25, A,/
L, BE%E /C,,/C,, MBI TR, 55X(9) —5,

( CMZ B Cm )
( CMI - Cm )

300

200+
R —_

Cleps

100+

0 20 4IO 6I0
d/pm

(b) 35*14

Be6 P HUZT CHSEAZM
Fig.6 Content change of C in the diffusion layer

35 AN 1B TR T 257, JF H 35 A
A e R R A A DRI, 35 AR S RO i R
M, MRPEEC(9) B 1 35" B PR R B B
PRES (L) 8 T 25" 4N (1), 5 S Br it 45 R — 2
(Kl7),
2.5 HMEEXNHERFI NG

Tersoff 250 IERE T & i 28 45 1) B g B2 L1
Z IAISEAE A B AT, FIFH Hubertus™ 424t i 2549 2

BORIST- i As  B,  T % B2 R BB R AS SR
2, FIFH Castep ZXAAL AT LATHAR H 54K 75 B 1A 1)
mffl 45 A BB, Fe, C B EERE I - 133 eV/atom, 1]
FeSn Hl Fe,Sn, BYFERE ;AL - 7.4 Fl - 6.9 eV/
atom , TR SR T AR IE T 1945 4 g ) i i i 1 8 i
5, B ABFFE I B SRR R T R 25 A e AR
T A, PRt 85 D X AU B ST 14k 83

a9,



. 102 - T E A & S 4

R &

2.00
- "m
<175 \
n u
1.50 | 1 | 1 ]
2 3 4 5 6
v CMZ/CMl

B|7 [/1,f1 ./C,,/C\ RFR
Fig.7 Relationship of /,/1, and ./C,,/C,,

25BN 35* SN A LA AR ], LR B B B A AN
], ARUGICIRZE SR 35" ML & TP HUZ
25T U= M, SR, 35T IR Y BUZ N
F B T f e T 257 B, B R 2R TR T A B, 5
BRIF 255 T8 Uk an AL P 2 BELAS T8 B 1~ ) Bl
B A, BB B9 HH A v 0 Bk 1% i BELAR 25 D o)
HPE Y, He, 25" Wy # R m T 35"
(FR2)., BRFLE 25" NER W MY B T 35
A8 25 R T R R 4 B2 B i T R
WM R A S EMZRIME S WIE, G BT
1 1 Sh R Y 2 AR ) A E A Ay, R, 257
BNy R —Fh BRAR A R b R, B )T TE 257
FA MY HL 20 min 2247 IR B, S A e 8 R G
B AU A B Bt ]
3 #Eg

EENT I A 4 SRR S5 A T8, AR IR A
PRI T 8% B ) e A0 2R T A HIC L B ik 75 %o 5 I
TY AR AR LT RS,

1) 7E 310 CF 8 I 4 103 fie 4 2% 18 1Y) L 5
i 5 Rk FsF ) 1% 388 T 484 m >4 £ TR [ 384 i )
20 min B, 25" 40 10 11 B R B Y ST R B L B )
2, BB AR AN 55 R T4 )2 R RS R
HIZR, SR, 7 35" #X R T B iRy 2k 8 16 & W i)
JELJE AR, PO ARG LIRS

2)EDS K45 B 0, 25" 40 A1 35™ 40 % 1 77 AE
WD IR ARG, AR R A BRI RS 8] R, B D7 1)
25N 35 N R T AP HCRE 5 HL - H A T AR VAR R Y
R L, Fe, C HIEERE A — 133 eV/atom, 1M
FeSn Fl Fe,Sn, FHERE 3 AL - 7.4 F1 - 6.9 eV/
atom, PR-KEF LA RRRTHR-BR TS E
g, PUL, iR LR T S8R T A G4

e B B R ITTRD  R HEASE m B A T
By r BN P A, DR, 25T Y R B
T 35",

3) BT 1) 25" AN R T TR, B LT RLUR
TR Rl A I GG R A9 BRARRE B, B D 1)
25" SNFRTH AT 20 min P, A7 I ICA 4 il
FLA A B ]

[ 27 3CHk ]

[1] CUL'Y, HUANG Y, YANG G, et al. Cusp modelling of oil-film
instability for a rotor-bearing system based on dynamic response
[J]. Mechanical Systems and Signal Processing, 2024, 212.
111289.

(2] Egeffy, BEIESC, SKHAH, 45, CLIRA 4 SuSbl1Cu6 BFAEJ12%
PERERTSE[ 1], WfS R AR5 TR, 2015, 44(6) : 1432 -
1438.

WANG Jianmei, XUE Yawen, ZHANG Yanjuan, et al. Creep

mechanical properties of Babbitt Sn Sh11Cu6 [ J]. Rare Metal

Materials and Engineering, 2015, 44(6) . 1432 —1438.

[3] WANGJ, LIY, BAOM, et al. An accurate measurement method
for center oil film thickness in high-speed roller bearing using
ultrasound[ J]. Tribology International, 2024, 196 109726.

[4] WITHERS R L, WELBERRY T R, PRING A, et al. ' Soft’
phonon modes, structured diffuse scattering and the crystal
chemistry of Fe — bearing sphalerites[ J]. Journal of Solid State
Chemistry, 2005, 178(3) : 655 — 660.

[5] ki, PN, Bl 4. ARG 4 B SRR MR L ol
ALULAERELT]. VI T Re41,2017, 53(4) : 43 -48.

DU Bo, SUN Zhuanping, YANG Xinqi, et al. Microstructure and

properties of dissimilar aluminum alloy friction plug Joint [ J].

Journal of Mechanical Engineering, 2017, 53(4) . 43 -48.

(6] F¥Hg, sk—Mk, Wi, 5. GMA 5 i 5l 7 1 g 52 30
[J]. fizsshJroedi, 2021, 36(10) ; 2072 -2079.

YIN Xuemei, ZHANG Yikui, JI Shuaicheng, et al. Performance

experiment of GMA elliptical oil film bearing [ J ]. Journal of

Aerospace Power, 2021,36(10) : 2072 -2079.

[7] MAREY N A, EL MAGHLANY W M, FAYED M, et al.
Experimental study on hydro-thermal behavior of journal bearing oil
film profile in a slow speed diesel engine [ J]. Alexandria
Engineering Journal,, 2023, 81, 532 —547.

[8] ®H#%, fFERH, X7, % B - BHR RN 2N
FAFRIFTLT]. PR S TRAR, 2021, 18(2) ; 494 -
501.

ZENG Xuyan, FU Yuging, LIU Jun, et al. Global dynamics study

on friction rotor-oil film bearing system[ J]. Journal of Railway

Science and Engineering, 2021, 18(2) . 494 -501.

[9] WANG J, MENG F, ZHANG X, et al. Mathematical model and
algorithm of interface singular stress field of oil-film bearing[ J].

Tribology International, 2017, 116 351 —-361.



2025 4£2 J155 1 1) YA« R 2 TRl J5E 1 Ot SRS B0 D A I 52 - 103 -
[10] Fitg, Hek, EB, % EE4MESS R mEs bushings in large gyratory crusher [ J]. Engineering Failure
PERE[T]. HLBUT RE2A4R, 2019, 55(18) ; 36 —42. Analysis, 2023, 153 107630.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[19]

[22]

WANG  Jianmei, XIA Quanzhi,
Interfacial bonding properties of composite structure bushing
alloys[ J]. Journal of Mechanical Engineering, 2019, 55(18) :
36 —-42.

GAO F, LIU R, WU X ], et al. Tribological behavior of T-401/

HOU Dingbang, et al.

tin-bronze composite coating deposited by HVOF on the bushing
of planet journals[ J]. Wear, 2010, 269(11 -12) . 724 -732.
MARINKOVIC A, STOJANOVIC B, GACHOT C,
Analysis of Lubrication Reglmeb for porous sliding bearing[ J].
Lubricants, 2024, 12(6) .

TAVAKOLI A, LIU R, WU X J,

and tribological properties of tin-bronze journal bearing materials

et al.

et al. Improved mechanical

with newly developed tribaloy alloy additive [ J]. Materials
Science and Engineering: A, 2008, 489(1 -2) . 389 -402.
ZHANG B, YANG Z Y, FU D X, et al. Preparation of the wire
of ZChSnSb11-6 used for remanufacturing thermal spraying[ J].
Physics Procedia, 2013, 50 231 —237.
CHEN ] J,SONG X P,WANG H, et al. Effect of temperature on
corrosion behavior of 304 stainless steel in liquid Sn[J]. Rare
Metal Materials and Engineering, 2018, 47(9) : 2642 —2646.
WU B, YU W,
wetting of Fe, FeSn2/Fe and Quartz in Sn[J].
Communications, 2023, 37 107246.

GIEFERS H, NICOL M, et al.

SUN X, et al. Effect of ultrasonic vibrations on

Materials Today

High pressure X-ray diffraction
study of all Fe —Sn intermetallic compounds and one Fe —Sn solid
solution[ J]. Journal of Alloys and Compounds, 2006, 422(1 -
2): 132 -144.
FUr, XIS,
AT S G

YU Xin,

MR, S5 B/ /Ry 12 4 S 2
ELJ]. JOE A REEAR ,2009,30(6) 230 —34.
LIU Deyi, CHEN Rushu, et al. Microstructure and
mechanical properties of diffusion bonded joints between carbon
steel and titanium with copper interlayer [ J]. Journal of Dalian

Jiaotong University. 2009, 30(6) : 30 —34.

AR, , Eng %f‘“f. il £ T T R R A A
2 PERE ,-f-/ﬂr][J] 4:J@, 2021,45(3) ;378 —384.

SONG Zhenya, PENG Zi, YAN Ming, et al. Microstructures and
mechanical properties of tin-based babbitt bearings with different
fabrication methods. [ J]. Chinese Journal of Rare Metals, 2021,
45(3) :378 -384.

XU T Z, ZHANG S, WANG Z Y, et al. Wear behavior of
graphite self-lubricating Babbitt alloy composite coating on 20
steel prepared by laser cladding [ J ]. Engineering Failure
Analysis, 2022, 141 106698.

PENG B, HANG Z, JIE ], et al. Evolution of interface and

mechanical performance of Cu-xAl/1010 steel bimetal laminated

composite[ J . Journal of Alloys and Compounds, 2023, 935

168121.

LIU Z, BI Q, GUO J, et al. Failure analysis of eccentric

[24]

[25]

[26]

[27]

[29]

[30]

[31]

[32]

XFE, sk, BAR, % FEr e S R B R

BRI, TP R 24l ( AR BHARR) , 2010,35(5)
841 - 846.
LIU Fei, SU Yunxing, WANG Zhongmin, et al. Application of

Fick’s law in measurement of hydrogen diffusion coefficient by
electrochemical method [ J]. Journal of Guangxi University:
NatSciEd, 2010,35(5) :841 —846.

PRV, i, XIS, 45 fl/ 8 SRy #7513
Ty )], SRR, 2000 (5) - 49 -52.

CHENG Hongtao, YANG Jianguo, LIU Xuesong, et al.
Molecular dynamics simulation of diffusion behavior between the
interface of Cu/ Sn [J].
Institution, 2009 (30)5:49 - 52.
B, FHERBE[ M].
1990: 9 - 11.

Transactions of the China Welding

W IR

M AR Tl RZ AR,
An Geying. Theory of the castings formation[ J]. Harbin Institute
of Technology press, Harbin, 1990: 9 - 11.
AHMEDABADI P, KAIN V, ARORA K, et al. Radiation-
induced segregation in desensitized type 304 austenitic stainless
steel[ J]. 2011, 416(3): 335 -
344.

KANG J H, RIVERA-DIAZ-I-DEL-CASTILLO P E J. Carbide

Journal of nuclear materials,

dissolution in bearing steels [ J].
Science, 2013, 67. 364 - 372.
i, MR, ZErpde, 4. fedk
H4:)@, 2008(5) :548 - 551.
FU Jie, ZHENG Xin, LI Zhongkui,

Computational Materials
Ham iR L[], W
et al. Study on high-
temperature strengthening of Nb-based alloy[ J]. Chinese Journal
of Rare Metals,2008,32(5) :548 —551.

W, XHEEL, FIRE, . 45CiNiMoV 16 4 JC R W AT Al
B[] PR AR, 2014,35(1) 146 - 150.

XU Sheng, LIU Yazheng, ZHOU Leyu, et al.
and homogenization of 45CrNiMoV steel [ J ].
Materials and Heat Treatment, 2014, 35(1) :
TERSOFF  J.

Microsegregation

Transactions of
146 - 150.
Modeling solid-state chemistry: Interatomic
potentials for multicomponent systems [ J ].

1990, 39(8) : 5566.
GIEFERS H,NICOL M. High pressure X-ray diffraction study of

Physical review B,

all Fe —Sn intermetallic compounds and one Fe —Sn solid solution
[J]. Journal of Alloys and Compounds,2006,422 (1):132 -
144.

WEAM, Tah, Xk, & R AR AR R SO A 4
WITIRLEGREL )], R SR, 2006, 32(2) : 96 -
100.

DAI Yumei, WANG Xun, LIU Yanxia. Calculation of cohesive
energy of alloyed Austenite by interatomic pair potential [ J]. J.

Dalian Maritime Univ, 2006,32(2) :96 —100.



- 104 - T EH & & A MR

Effects of carbon content in carbon steel on the surface diffusion of tin
LI Haibin', XU Huiting', YAN Yuetao’, CHEN Xuan', SHUAI Meirong', WANG Qiang'
(1. Heavy Machinery Engineering Research Center of Education Ministry, Taiyuan University of Science and Technology,
Taiyuan 030024, China;

2. School of Mechanical Engineering, Taiyuan University of Science and Technology, Taiyuan 030024, China)
Abstract: The close combination of Babbitt alloy and bearings ( carbon steel) is crucial for the efficiency of bearing
operation, and currently iron-tin compounds are mainly used as intermediate materials to improve bearing life. At
present, there is no report in relevant literature on the effect of carbon atom content in carbon steel on the diffusion
of tin atoms into iron. A series of experiments concerning hot-tin plating on the surfaces of 25 and 35 steel matrix
have been carried in this paper. The key indicators involving Fe —Sn equilibrium time diffusion coefficient of Sn
atoms and diffusion thickness have also been analyzed, which could be used to estimate the binding quality during
the reaction process at 310 °C. The results indicate that the distance from tin atoms diffused into the surface of
carbon steel increases with the increasing of holding time, and the diffusion coefficient of tin atoms entering 25 steel
is 6.6 x 10~

inversely proportional to the square root of the carbon concentration quotient in the surfaces of 25 and 35 steel. In

, which is about twice that of 35 steel at 310 °C. The diffusion distance ratio of carbon atoms is
addition, the calculated bonding energy of Fe,C is —133 eV/atom, while the bonding energies of FeSn and Fe,Sn,
are only —7.4 and —6.9 eV/atom, respectively. It is obvious that carbon atoms are easily combined with iron
atoms, that is, the high carbon content would hinder tin atoms to diffuse into the steel. This is the fundamental
reason why tin atoms are easily diffused towards the surface of 25 steel. As a result, the matrix material of 25 steel
is identified as an ideal babbitt alloy bearing material.

Key words: Babbitt alloy; bearing; Iron-tin compounds; carbon steel; tin atom; diffusion distance; diffusion

coefficient ; bonding energy
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