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Wear and Shelling Behavior in Pearlitic and Bainitic Rail Steels with Various Tensile Strengths

Hiroyasu YOKOYAMA, Shinji MITAO, Junichi SAKAI and Sadahiro YAMAMOTO

Synopsis : Resistance to wear and surface damaging (shelling) in pearlitic and bainitic steel rails with various tensile strengths ranging from 850 to

1400 MPa were examined by wear and rotating contact fatigue tests. The pearlitic steels showed better wear resistance than the bainitic steels

for all the test conditions tested, although the amount of wear varied according to the strength range and contact pressure used in the wear

tests. The wear behavior of the pearlitic steels was roughly described by a Holm’s-type equation (W=kP/H; where W: amount of wear, P:

contact pressure, H: hardness and k: constant), while that of the bainitic steels showed complex dependencies on the strength and contact

pressure. The bainitic steels, however, showed superior damage resistance to the pearlitic steels for all the test conditions tested: at a fixed

tensile strength of 850 MPa, significant shelling was observed in the pearlitic steel after 200h testing, while no damage was detected in the

bainitic steel even after 500 h. The resistance to shelling of the pearlitic steels was improved by strengthening, but the opposite trend was ob-

tained in the bainitic steels. These results were analyzed taking work hardening on the sample surface into consideration. Additionally, the

formation behavior of the “white phase”, which was the martensite phase formed on the rail-head surface by friction between rails and

wheels, was compared in pearlitic and bainitic steels and discussed metallurgically.

Key words : wear; fatigue; shelling; pearlitic steel; bainitic steel.
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Fig. 1. Formation mechanism of shelling. (a) Shelling (b) White layer

Table 1. Chemical composition ranges of the steels used in
this investigation. (mass %)

Steel C Si Mn Cr Mo Nb \'
Bainitic | 020 | 0.15 | 040 0 0 0 0
rail ~ ~ ~ ~ ~ ~ ~
steels 0.55 0.45 2.10 2.0 2.0 0.15 0.1
Pearlitic | 0.65 0.25 0.75 0 0
rail ~ ~ ~ ~ 0 0 ~
steels 0.80 0.95 1.45 0.50 0.10
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Fig. 2. Sample dimensions and configuration in wear and
rolling contact fatigue tests.
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Fig. 3. Sample dimensions and configuration in the white
layer test.
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(a) Contact pressure: 0.91GPa, Slip ratio: —10% 2hr (D) , . Contact pressure: 1.4GPa, Slip ratio: —10% 2hr
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Fig. 4. Relationships between tensile strength and weight loss in the pearlitic and bainitic rail steels.
(a) Contact pressure: 0.91 GPa. (b) Contact pressure: 1.4 GPa.
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Fig. 5. Relationship between contact pressure and weight
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Fig. 6. Relationship between C content and thickness of

the white layer.
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Fig. 7. Relationship between C content and hardness of the
white layer.
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10mm
Fig. 9. Appearance of specimens after contact rolling fa-
tigue test.
(a) Bainitic rail steel (850 MPa TS level)
(b) Pearlitic rail steel (850 MPa TS level)

Fig. 10. Optical micrographs near surface after the contact rolling fatigue test.
(a) Bainitic rail steel (850 MPa TS level) (b) Pearlitic rail steel (850 MPa TS level)
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Fig. 11. Optical micrographs near surface after the contact rolling fatigue test with the white layer.
(a) Bainitic rail steel (850 MPa TS level) (b) Pearlitic rail steel (850 MPa TS level)

L, X4 F4 FMAOBAIZ0hRIZHB VT EABBHNE,
B EDRADOOTIIZE ZHBRD L 572,

4, BE
4.1 I/ONEE EMEgCHdERBOT{EORIF

Fig. SIZRERA TV B &Sz, /S— 54 B K UBE
X 1300MPaffk N4 F 4 DB AT, BMELO LR
IZPEOCERERE ML =012 L, 850 MPaffk~N4 4 b
WTix, BMEHO LRICHFOERENBA L, 20X
HITHERE, WL L, B K UEBAE IS S BREEED
ZALIZ DWW T, HolmDERAVERIZERT S,

HolmiZ &k 3 &, BEEw(=EEAMXEE) &, XX
TRENS,

WA X L=Pp, XL+ veweeenneenneessnressneenniisiisis (1)

ZZT, Arid, EEBEMEETH D, BEFEP)EM
BORBRIETI(p, )P TERENS, LIZBERETDH 55,
AEBRIZEVWTEINDEE-EELTHWEIDTEREL
TS, BRI )R RMBEZEHWERIBTSE LT,
(DHRB2HRDEHIICEZ|AON D,

e o 2 ST E R T (2)

()RS KIS EHATE X BR—EDF A, AT EO M
IZPEOERR MY 5, Fig SIREh T3 K5I,
28— 4 F#F K UBIEM £ 1300MPafk~X 4 F 4 FEED
2803 (2RO A RTDIZH L, 53R & 850 MPa#l
N4 F 4 MAOEBT, BOMERAERL TS,

¥, BEOfE LT, REAMOBMBEE LD, Bk
BOEMBEX 2HWZABROEBEAEO RS LI WG
NbHBW, 2ZT(2H)RITETE, BEEIIRITTHEAME
HESURBRBERBIHOHEL X LB DA Fig.12
Thd, 8—F4 FRAICBWTIZ, BEFEDICEREST
(DHRDBERELTZDIZHL, 4 74 bOHE, BEME
R L CRE ZEHGBERAB LN, bk, SEME
HIZH LT, "4+ 4 RO ESHEERIOMIL, [ UEATE
ot 5/8—5 4 FMADBE L IZIT KT 5720, BEE
Mo TIRR#ET E, BEHE X OHBICELS TE
BREARMEOL L T 5,

g:ﬁ

59

3.0 after wear test
O : 0.54GPa
A : 0.91GPa
2.5 O : 1.46Pa
open : Pearlite
— solid: Bainite
2 2. 0F
R
r 1.5F
0 Aol
£ 1.0} A E.é;
0.5} i
e .
0. 0005 0. 001 0.0015 0. 002
P/H
Fig. 12. Relationship between P/H and weight loss. (after
wear test)
ZOESIT, N4 F A4 MRICHT AEREEEN, BT

TNRAF L CHMEICE LT 5, ZhiER4 4 FE#OMT
WL ASBME 1, X 6 I RMEEE (BMEL L) 1
RELTENTEZEARELBETEIEDEEAON
5,

Fig 1212 REh T3 k510, /8—J 4 MADOERRI,
B kZ(2)RIHE, PHO—XBEAKE LTRATE A
bhb,

W=413XP/H=413XPI(Hy+ AH) +++++++++rsreeensanennnnns (3)

ZZTCHy BM#EE, Ax ZEOMIELIZL 38 & LR
RBTH5,

Zhizxl, XM F4 rMEOBERERIR, 3HRBIY,
BMEHDOBKTH 3R> 5B I EEDS b KE
WHDEELTEZ6h 3,

W=(PI(Hy+ AH)X Q,(P)))— 1/Qy(P)
ZZT,

0,(P)=6.24X107*XP—3.29X 1076
O,(P)=0.515XP+0.175

X5, AHDKR X3, BMEX(H)BHIZIKFT 5,
Fig.131Z, Hy& AHOBRER T, /S— 74 FHDBAE,
MIWELEUDIE, BMBIHE)INL, bbbk ZTHEZ
—075% 3 ->TRAT 3, ZOBAEDAHIZ, BB &K ZX

421 N



B 422 $4 L8 Tetsuto-Hagané  Vol. 86 (2000) No. 6

600 , " @ 3.0
50 K o 2 g . St )
s00 | = i 25 gt i)
450 |
400 | o 20fF
5350 E
300 - 515-
250 5
200 L 2 1.0f
150 0.5F
100
200 250 300 350 400 450 500 L .
fo ° 100 150 200 250 300 350 400 450 500 550 600
Fig. 13. Relationship between the initiation hardness (H,) Ho
and the hardness increase (AH). () 3.0
8 Paari oo e
—:Bainite (cal.)
ﬁ—*@%i 6h50 2.5¢F -(]__é?t?;;”te (cal.)
AH=688—0.T5XHy w++++evrrserssernsernecnaneninntin. (5) - 20fF
THIZHL, 4 F4 MADBA, RS, BRITEIAEL, g .l
B & AMEORBICINT, AHZHJIZHL, k&7 P
M2 075 £ LITRIMT 3. Zhid, BREEDAR BT 3 10f
X, B X MBS 4 MEIEE, +a ML E
HEChnwEE, BREIZE > TEAMDIERRFEENA TN Z 0.5F o ~-o--o
IR TEEDLEZLEND, ZORDAHIZ, Hyks & . o
UCPOBKE LT, XA T5416h35, 100 150 200 250 300 3:: 400 450 500 550 600
AH=0.T5XHy+366XP—256+++++rsssssrrreenaesereriannn, (6) (c) 3.0 PP
Q:Pearlite (meas.)
L7tioT, "4 F4 MAOMITELRIZ, B&MHFITHL . TR )
T, (5, () A2 HB/LIABMEDS B, hEWHDE
LLTh5z256h5%, 5 20T
DEoBEEREZEDBE, ¥, S—5 4 FADE @
FEEZ, 3)REHRA»SHBE5NS, Hom& {4 TD(7) f L
RTHEAOND, 2, <44 MAOHEREIE, (3), 2ol
(HRL(5), (6 ) RDHADLE»SLH LN BB-1)~(8-4HR
D35, RERKEWMEE LTEA6NE, 2DH5H, (84) 0.5F
AT NA F 4 MR OM LRI 3E) & B8 4R 438

BTHO, BERICIERME) (KBMEDOBAETH

100 150 200 250 300 350 400 450 500 550 600

5., B-DRIF(7NHAEFE—DHolm & A FTHD, /83— Ho
4 MR CE#RERS 2R T, BEMEH -SEHMEXD Fig. 14. Relationship between the initiation hardness (H,)
PN and weight loss. (a) Contact pressure: 0.54 GPa
BEICHYT 5, (b) Contact pressure: 0.91 GPa (¢) Contact pres-
sure: 1.4 GPa.

(S=7 4 L 8) 1 W=413XP/(H,+688—0.75X Hy)
=413XP/(0.25X Hy+688) ++++vv+ (7)

ZZT,

(R4 F4 M) B-D~B-HRASBONBEDS 5,
0,(P)=6.24X107*XP—3.29%107°

BADME ;
Q,(P)=0.515XP+0.175
W=413XP/(0.25X Hy+688) ++++++rvrreresessnuurerieeeinnuns 8-1)
W=413XP/(1.T5XHy+366XP—256) +++-+recereesrranenens (8-2) Fig.14(a)~()lZ, HEMEN BT 2/5—5 4 ik &
W=(P/(0.25XH0+688)XQ1(P))—I/QZ(P) .................. (8_3) 'C]{‘, AL F4 b ﬁﬂ@a*jﬁﬁ X (HO)& gﬁ%b@sﬁ%(:jb \

W=(PI(1.75X Hy+366 X P—256)X Q,(P))— 1/Q,(P) *+-++- (8-4) THEMEEAEAEKL TRYT, MERBV—HER

60



600
O:Pearlite
®:Bainite Iover 500hr
500

TS:850MPa

400 -
T5:1350MPa
2

-
-

300 -
TS:1300MPa

200 -
TS:850MPa

100 |-

Initiation time for shelling (hr)

0 ] ] 1 ! J J
300 400 500 600 700 800 900 1000

Fatigue limit (MPa)
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Table 2. Wear rates of the steels in the rolling contact fa-
tigue test.
Microstructure Bainite Pearlite
Tensile 850MPa 1400MPa 850MPa 1300MPa
strength
Wearrate | 0.32mm/100hr | 0.12mm/100hr | 0.17mm/100hr | 0.11mm/100hr
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EHUNREL L LTEERII L > TRESIhEER, &
UL Bh -8 BEREFGICBE 28 DEFELD
ha,

EEEYICHIT B X HORE, EEEHIT, STLE—
HEERICK I A EYRRICB TS 2HORE, EEEXHL
=LAV, LALARMS, FiglSiZiRLA&S S, &
BENREBR Ik AERERNIZER L LALTHAIL, H
BERAEHG L —E5IREA ORI & OMIZIZIEDOMHBI A
Boohi, MEOHBEIZBAL T, 64837 —2D&E
T, RIEEBDBETDH S,

4.3 ABEERICRITTEENATF

L — LRIz W THEG L OIS ILT V34 MR
RET % 7=, BAELS A — 27 F 4 b () TEL
X, ZTOBRBEAHEINDEZLXDBETHS, Lizho
TAHBRERICEDH S FTELREMNREF L L TT, ek
D yERER(Ac3), BXUBHNCI BT 3BANE (BEAK
HRBOD) HETFoh5, 2T, KRBETHO-H
AMORSBEEATHRBZIZIT—-ETHD, BEIZK-T
£H» 6 RBH NI TR ENBEEFAIZHTHh
DOFBNTEIFFEELVWERELT, Ac3izfb 3 EHE
i 2c SR{Hi 2L #E - U C Thermo-Cale. 2% FIWVTEIEIZ L DK
B 7= FHEDERE S (Aed3)E VS, £ 72 DHI DWW TIEREk
RPEHOV,

ARBE S # Ae3lic K DB L 2-# R % Fig.16 1278
T, AERBE X IO I 7 olOBNIZ X 57 Ae3 R
CRVWHBEZELTED, A3RDETICHEVABREE X
3NS5, HEEO XY 9 FICKD—EDOEENL — LI
Ezoh, V- L ARISBEANENECZBAIC, AR
DEVEIZE X OB E ToasyBEMLEL, yHEEHE
X B33DLMRIN5, KEAMORSTEHE T, Mn,
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Fig. 16. Relationship between Ae3 and thickness of the

white layer.

Cr, MOIRIMEIZ & % Ae3 D ZEALIZE 4 10°CLIATH b |
A3 RIIBBEZCRDAIZKE I N TET S, ZDZ
EH, ABRBEX L CRED—ENEBERF 6)DERT
HHLEIZOND,

—%, MEEED yRiZE—FL LTDILHBRERE D
BIfRAFNAER, MEFITIEHL »2MEBEIXED S
Mol TR, yEICBE X W72 8E um OFEEA, N
BhE T ko KT OEBRE OBFEEIZID AW
h57:%, DUIEDL ST yDEA BT XTIILT Y H4 b
127272 ThbLHRENS,

ZO&SIT, ABRBRE X IEFIZyISWERE L 2 {EBO T
TITIRFFL, DICIEEAEIRTFL AW, X4 T4 M
DODHBREE X237 4 ML IRL T/hEnwoid, ¢&
AEB/MENZDI, MEO asyERREBESEL, RS
N7ZEBO ARy HICERETE I ERELBRTH S 5
iAbhs,

5. &8

BELNXILDRLEBZIN—-F4 MBIV NA 1 M
Hw, Y2 ) Vv FOREXETIEARARMTHELER
5N 5 BERERE, BEETRE, BXUABBOIEKRED
IZD0WT, BMEHORE+ZR L R %iT-7. BT
D& @I/ EN,

(1) XA4F+A4 MgiE, BUEIEEMEDIN—F 4 FIC
RTEMINCEREENZ W, 7270, MEDEIZ, BE
LARLDERS 5T HMENOBKRIZHESTHEL A
5,

(2) 785—F 4 b, BI5RAM X 1400MPaD X1 + 14 4§
Tid, BAMENOBKICHECEEELHEML 20U,
515R58 & 850 MPa DX A F A b §RIZ BT EO I
WAL 72,

(3) 75— 74 FMDOEFERIL, B &K% HolmDEGH
RICHEIDIZH L, N4 F4 FROBA L, BEEEH M

62

THLOEE LM< 2, ZOMLIELE 1 HBMMET,
BHAARE X I2IRTF L TE L $ 5729, BiliZHolm & 4 7D
ROATIREER I G,

(4) EREEFABROGE, FI5EME L ~NJL 850MPaic
BWT, 5—54 FADEAEIZ200h THELY 2 Y VT
BREELEZOIZHL, "4 4 FHDOBAIZ500hE TS
WorhRmMERL, ELLBALMBEEEERL, &
728—F 4 P TIZE(5EM & % 850MPa» 5 1300 MPalZ
EREEZZEICED, Yo v RARBS BRI
Y7 bLZDIZHL, X4 F+4 FMEADBAITEREIZ X
DHICHEL o7z,

(5) =V rrREFMITITEEET RN & RIRICE
ML RE<EE5T 3, 850MPaDXA F 4 ME#AFEL
BNV 2) U IrREFRMERLZOEX, BREICKDE
i DEERB AR L IBREIN TS0 THEEEL
5h3,

(6) ABRBOEXELIUZOM XX I 7 o0&,
IZ&5F, CROKRICKDFLIKT LA, HBRBEX
3, ASHTEKBMTEXSZL25, HiglL — LD
Uy TEORBIZK D yHICHEREST 3HEBOESICE -
THEIhBEEDELELIOIhS, Lizd->THBRBEEMN
ET BB LTI CEREDENRA T4 FLBEF]
Tdhb,
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