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1.1 ARDER

111 BRE®WEAFZRDOEK

BETIEZEENEL, KESLEDE REZICERRET 2REICEL VR ERK
BThol1]. FaMmTid, FIHETZREE LEREOEE R ERFHIT1964
FOMELUBREETHY, BRVLEERRIZA TS, BE, InRhoBRE
(X2827. 2km[2] TH YV, ARAIE ZHE T 2 E, K, HilgE, LW, B X
I F BRI L - CTIMEEE «- AM - WM FBEENLTWD. £, Kz s
ELTHARIEGZBW T 25 EBBIOREEITSRAIFBE LR E TEITINT
WL, ZNOLDOHEBHROP T, RIEFHM T TERLEIFIT2FEbE)
¥ m ol E320km/hiEHE S LT WD . Fo, RIEBEN® CIXARYE O ¥ KR H
JE 73 285km/hiZ#HE — S, R Y72V iR R TISADIENER SN D 2 EmH -
A EAT R R~ E R TV D

— 5, fERBICOVWTHIBEREOR EAKLATED, FAIFEITREKS
D EHES O ¥R EEEIELI30kn/hE oo T WD [3]. — 0, vHEO®EE -

WE RO TR R AR B E E) (4], (Bl o B ARSI B A S T 5 E 5K
firl6], [T]R ko THBMTHEETNZINLTWVD.

Fo, EVWEICBYTHHBEEOH M LTk BIKENS L OHER L
WE B TR Y [8],[9], 1300t EY & FEH L 7226 fi ik © = > 7 F 5l B 5 &
H~MZHCTETINDIREER - REMBERITTOLTWS[10]. &6
R~ KK CIEmARME2EGET 2720, EHFIEE2EENL L ZM2505% H i
B EENE XK EEI30kn/h THEITS AT WS [11].

IO, HEOBERIEOEREN L - SEEZERS L OCED O E
WMz & ERIc R T ESEROmM ENKRIBIZKONATWD Z &R Ghoi



1.1.2 Sk EBMEDEEM L T DK E

[ 1. 11 87w MR & 2 x4 & U 7o b o B FR & W 2k T B8 0 D A& Bk B BE oo B
AR [12] 283, $E O HERE, Wik EERES 100kn R TRME DK 10% L
IR, R OME & L L b ITHNL, 250km~ 750km#y 8 T 1% M o i %
BRIk TREARAEAEZEDO TWVWD. Zhiox L, B B) 5% 3 25 55 A
200kmE CIEHEFMICAWVWEAEREZHEO TN, 2 Eic 2 & aHEENK
AL, Wk EEEA00kn LB T K OI%Z EO S ICBIRW. —J7,

fil 3% 0D 4y =K Wi 2% R BE550km L BEIZ B WV TR & <AL T900kmLk B T I
EREWmIZEWEEGEHED TS,

Automobile Railway
.100w / /

Share [%]

Transportation distance [km]

Fig.1.1 Share of railway in the transportation field [12].

[Shinkansen passengers flow investigation in 1995]

Wiz, HL2ICHE, AR, KK = KEHE O KE#REICB T 5 8E
SR [13] &2 R T, BRE L, AR E 2K DO52% (2X10°A/H) 2 D TE Y,
HTTREH»LIPBEHHEEEL LR EARLZALTVD. TR ET, #iE@E
T o ERE OB ZICL o TRBLEKB O 72, LR LA L SITHHE
DREEMMBREHExORKEHFH L2 LI LY, BLIE CTITHm M P EEHE & %R
FOHEHE oM MR ERAMBEE L CEMEL, HEaFHhe2 X2 o EE LK
HreRl-L s ERHBL K.

ORI mEEmEALZH S EROETIX, -~ HFTCHREHERMICH L TKRE



BMAWMEEZALAZ LIRS, TOFTHLHEBOAMIIRETL, LV biI)HGA
NMLUTCHEETEZEEZXZ TCWVWDLIEERAL — AL ~OAMITHERTIZH N THYIZ
THESAEHLTE TCWD.

2 X 10%peoples
1.8 X 109 peoples

Fig.1.2 Transport share of railway in Tokyo, Osaka and Nagoya.

[2009 fiscal year]

1.2 L—ILO#HE

L — L OfBEICIE, SfEHL—L, Z1L—rB IO LN — X7 E R
DEMELTHEHAINRLZ ORI —TFT L= A EEERALO —WBICE D F
THAxLHABOLOREENDE. TR OITHIR - M - BEOEEZR &N RR
L2&EML, TNHLEFMAEICHOBELTIRLE T OLELROLIEEDRDS. L L
BB, —HRHIZL— A EWIMERRICR L CRESNDE - DS mITEkEN
VL= ThdeEZXL. 22T, AMRETEHBEEH LY — AL ZURIZENT L —
NEMET HZ LI L.

X 1.3 —/ v (Rail) & #@h (Wheelset) DL EMK B L OEHRT 2 0O
AW E AT, ek, EEh & T o O BkE g (Wheel) 28— KO & (Axle)

A INTEREZERTOIHECTHL L. SiEIL, FHBITK CTbh 2 MKITH
HEN7-#E EEZIENETTIWES AT A THY, Bl ICHES 7z HHK
BN ERE X HFTL2L LB ETOETERENT LI LICEI o THRLLTWVS.
Baicid, —REOMETHLIANAT XA MMEOHBREZRT. NF X MLETIER
BIZ WA (Ballast) ZREV EIF THEINDER EIZE HE (Sleeper) N



BlE, E< 6 FHICHRBINRZ L — LH#EE (Rail fastening system) (Z
FoTlr—nAnEEZN, O ELxEHEME (Rolling stock) WEITT H. %
Do, EMOMENEHLZNL CEEL - VARSI L. AR S 76 E
X, VoA RFEORELTOMEICL T RICEFTRMSN D Z &AL Ak
HHMOEL X ICH#END. $ETIX, Sl 1 MmAAHET 5 EE M OMNE
% i ® (Wheel load), ##h 1N AWM T 2 |E S M OMELZ B E (Axle load)
EMES. ZORSRIEND, L VEE OB & BEEEMT D@L, FHE
OMHE - WHEICE DL —NVEFTHMOERS (Traction force) =< H A 28 fix
(Wheel slip) & 2 WX (Wheel slide) L7MFICRAT HEREAL VA
rEh D,

Flo, SEEmIIERVEEZRF 2V Ens, @HHRXKHETIEELNICE
THEH 7 7 Y (Wheel flange) 2 L — /LEAM i (Side face of rail head)
LYo sZ ik T, FIlHOEITFANEBRIND., ZOK, L —
L O BHAMI AW S D KON E LM E (Lateral force) & MW, £ 0D
K& S imfEg, NABL — Lo EKZE (Cant), FIHEO M E - FE, #HigL
VL=l oEMERREECHEBFOHERMFICLI > TIRESND.

Wheel load
¥ f_
Axle load <—Wheel
¢ FWheelset
D ]eAxle

Lateral force

Fig.1.3 Schematic of contact between rail and wheel.

LAWCEmPETPIECL2EHOMSK 2. FIENIE L2 ETT
DB, MLEDOEM (LEEWVWLE bbb D) ZRIK & L TH WA A EH) 4 17



-

D). ZOEBNIIHEMESR & MEE N, A TES 3 MEE, W o s ES) 3 A
OF 6 HE™N AT H[14]. EEHEGHT, WInnr1EBEOATELLLF— A
T, EBETAHAEAENLZWVWEDODL — L ~OAMIZEM L 5.

Z: Vibration in the vertical direction

v - Yawing Z

Y: Vibration in the transverse direction

6 : Pitching

X: Vibration in the longitudinal direction
¢ * Rolling

Fig.1.4 Schematic diagram of a vehicle motion [14].

L, V=il bk XSmRS OER D EAMT D 1 FHHGE D
iz, FIEOHIE - FIlk 2R T 56 5, B2 0HMA T 2720 o By E K
BLOEMKBTEIEMBHHE - —~BE L2 BT 2 HEREK R L
DEXIIMBEEHM &L TCoBELIRAMKL TS,

1.3 L—ILOERKREME

1.3.1 8D AW

V=V DEBMNDOLHBITHAEFIZL o THE - TE6T, HAMICERX
NTWb., 2T, AMRZ2EDI CHEVABEZEREL, UK THAT S
Ll M1 IR OLERT. B, EHIZHOVWTHREEKTH D Z
Erb, MPIZHFLETRTZEICTL L.

L — VL BEE (Rail head), MEH (Web), JE#H (Base) THER I N 5. &
X, E®EH (Upper rail fillet) B X O FEHS (Lower rail fillet) TOR

P, b0 h, L LEHEITEEORE (Tread) & BEfik4 25 W IH A



(Running surface), FAMI M (Side face) ¥ K OVBHTA i & Sl i 2 o 72 < 4 [
i (Corner) THifkEhd. Zoo5b, MBEEHIZHERLEL OHEMAMERKICK-
THOLTPRERS. bbb, #HEmoOMETHE (Throat) & i3 5 A M %
77— ¥ @ —7F (Gauge corner), £ DML~ 4+ —/ F=a—F (Field corner)
EMEEND. Lo T, F—=Ya—F BN, 70— Fa—F XM
AWML ES 22 L2 D.

Throat

EHead Side face side face
e \\/\ Flange

P

Gauge corner

Running surface

Field corner

Surface of Bottom

Fig.1.5 Name of each part of the rail and wheel.

1.3.2 L—ILO B

L— i, B ESHHEVOERICL - CTHRETEND. ZonEITHR
HETHD. BARATEHAK (Japanese Industrial Standard) ICHE I TW
%L — L [165]0%, 30kg L — /L, 37kg L — /b, 40kgN L — /L, 50kgN L — /L
BXOWeokg L= 5 METHDH. X 1.6 [TAMFIE CTHMAT IS L L 7= 50kgN
L= B IO 60kg V=V OEEmEEREZRT. 20955, 60kg L — L ITH
AR [16], 50kgN L — L X fEKBE O @A [17], 40kgN L — L8 L O 37kg L
— VI RBOHERBRA B LI ONBEHREA L LTRSS EL—LTHD. Z
Noo v — v baETTLEmOKEBRIT, S e ERfMEo ZfEN
HDH. HEHMTIE, ETxI% % 60kg L — VT BRE L 72 B %8 & E 1oL fE A
BRI TWD. —F, TERB TILF EEATHE O RV EG RO RST &R



KB T A7 DT BRHBEAO 60kg L — A BFERHINIEERNDD. O,
fERMA O HEffi TlL 60kg L — /L L 50KeNB L O Z b o v — b ETXR L
Li-fERBHE EMINEm 2 I TWD.

:1&1:40\\
R600,

(49)

(9)

174

949

153

74

718

T [738

\
/

30

- ;’}E“‘A T

(1) 50kgN rail (2) 60kg rail

Fig.1.6 Rail section of the nominal shape of 50kgN rail and 60kg raill15].

L= oREHEEGE S GE L THRELZED D LT, Hilg e oMk iz B %
THZEEFEETHD. £22C, EigoEmBRIZOWTHLHAEELIT-. £
DRER, HiOBEHBRIBEFREFBCEA BRI THEVSIITOATHD
TEBRHH L. ML TICEREERERO —F & LT, B s A& E ML E
BEOERBAGTEMINE T2 ~+ (18], H 8o @R R I%, 32 B R X M

1000
—

(1) Arc wheel profile of shinkansen (2) Modified arc wheel profile

line. of conventional line.

Fig.1.7 An example of wheel profile in nominal shape of conventional line

and Shinkansen line [18].



ZEAT T D B O EAT L E VA AR &l B @ 0 R oo ¥ 2R AT O WAL A RIS B
STV ZERbhol.

1.3.3 L—ILOMELHE

V=i, BVHEEREZICALEZ IR NI FiEL — v & B
Mz L CHEMAT 2808 L — LIS ND. @ —iE, Efbd D0
TR RO RE B CTHERAS NS, G, BB L — i BRER SN S
AL — Ll LTHERAESND. MIBFORMMEISKEALEHMTCHY, 2
HANR—F 4 MARICHEIRD., —F, BEOEMMBE LA REFREG M T
Y, B IZE > THEHBEZMM A N—F 4 F, TOMIT/A—T A b H#ICHE
ENbH. X 1L1LEAR=FTA4 MLV — L OFERSS, £ 1L2ICHEMBRAMEE D JIS
BlEME % =3 [15].

Table 1.1 Chemical compositions of rail used in this study.

Elments C Si Mn P S
Range(weight%) Rainge (%) | Rainge (%) | Rainge (%)| Max.(%) | Max.(%)
Rail (5()ng, 60kg) 0.63—0.75 10.15—0.30 10.70—1.10 0.030 0.025

Table 1.2 Mechanical properties of rail used in this study.

Item Tensile strength Elongation Hardness
Unit N/mm” % HB
Range min. min. min.
Rail (50kgN, 60kg) 800 10 235

N—=F 4 ML =T, KOS > LTHREBESNS. T, mFcHESH
SN EFICETIN, BBICKL o TLERLOR L.LICRLEAFRSICHES
nNo. 0%, BBINTZEMTEZERT AL 2R -%, HEHFEmiciy
8 (Bloom) IC#FIAEFN CTIEE LRICELND. EELRICEL M IEHE
M s, BHMELZICE > THEOH EBRICKE SIS . £0%, ®HiRMHiI



FTHHAIN, FERELZR CHEORE I IR ZON TR E D,

Bl 1.8 RX—=F 4 bl L— O BMEMEZ =T . BlEME I, HIE@m O

EOXRBE N Imm L& CTdbH. BLITIE, HFHEME (Optical micro scope) I
FOEEME FHKE (Scanning electron microscope) & Wiz, &7,
HICITEBHMBBENEBICRBT 2y I —AEI =54 8T X T HEENM
L7z, 08, R X TIEHUBICBWCEAERE ML SEMEIRLT 5 2
LT 5.

S (TARBRATE 2.94N & LT 10 il E L, WER RO HMFEHMEEZMNELL L
THWE. =54 DT A THBICOWTIX, FMxOHEFEIRE [19]
ENTVD., AMATEIATHBEHZR MO EE L L TWARWI L LM HIE
WWEXoTHlE LEEEEREEMBEE R 2T 2Ll bbb, LBl EME
BPOWTSEMzZzHAWT I0HBo&REMABzRKkE L, ThZNAOEEIZBWVWTT A
THE P EbENERbLdEA A4 MROFTEZHHE CHRATD, ZOH
MEHEZARER L L THWZ., Bd REM LV — I3 S 2% HV260 (HB250) #2 ¥
ThY, ERMEBIIBA 7 274 PR —MIBET DT 4 FEEET S.
"B, T—AT7 A FPORMBRELNICHUE L LA, HiEBIC X DR EE
X 80um~120um T, FE¥ 100umfE ThH - 7=.

ASORYTZ T mm.x3@Bie="

[HV256, Lamellar spacing=0.226um ]

Fig.1.8 Observation of the metal structure of pearlite steel rail used in
this study. Note the measurement results of the hardness and
pearlite lamellar spacing. Observation and measurement

positions were 1 mm under the running surface at the rail center.



1.4 L—ILDFHF

V=V OERAREBID &, FIHEOME, ME - BORE ORI L O
X CHEMEZREZNTIEOMER KA RHFEIBYVELAKFIND . 72,
L VXS, WEMR, FrxARETHEHIRLDI LD, MBI SAT
DEEOXBEZZ T TCHELEMEZELLI LD D.

Tokd, WEAMPLHEARREORELZ T CEE, EFRBLIOERREN
BELD. ZThHO0FERT, WRHBOBDICILI2MERTREHOELEZ LD
LTl — L azHBEIE20RERDDL. 20, MBRSTFIEXEDO - LE LT
L=V OHBREASL - LVHEORENEREND. ZAHO0FH - A
Lo THONEZHEZTEOXBMEEICRS LADLYE, REXINRL —LOMHH
M SN ESND. HELEBICAK LRV —VITMESN, TOM
MmAEFHML—LICERTCHEMEKZLDL., V=L OEHEFEMIT, LTICENDHE
Fr, BEBIUOCHEHEOKSEEIZLI - THEIS ATV D.

1.4.1 B h>%F

W@ N OB THY, kKoK (1) ko THEZLND.
B g () =dhE (t/A) Xl i i o A () (1)
T, #E (¢/F) CHANMEREFERICERLINZE O RE TR LZMET
D AMEERT, HFILEEOEHEEERE(DICKEHEB CIITEREE &(L),
BHEOLGEIEYORBEERERE (t) Z2MELEZETHD. BN HEMITBT
HLU— VMR EO REEE N O BIE, RO3IEEZEL THEEIN D [20].
OLEEHICHRAET D2WEEFIE ) &G H TR M =265 TMPa™!
@ry 7L —VOREKBITICE T DL — VEHIAR O HIA B
@#HEWH 7 7 v b (Wheel flat) *° o g%
1 W EFTSRMROBEBRXEICEHFLAZL0TL—LDr 7 L — LI RO fif
HRAAMINTEGAEEZEAELHE.
2 HHLIAHZOESIZ 700mm, S IF0.3mmAHEINL TS, ZOHEBLIA

BiE, VA RMEBRETOBEERE (HAZ : Heat affected zone) D

10



WEACILI2ERESIOCEELERICE>TAEL S.

X3 BT T v b liE, MBI HEHBOEEENFIEETHERE LD BIEL R
STEHAEI, o —HPERICE > TR R LIB L LB T.
FPEROOBITC@EF, WFhbEmOWMELB LM, 22T, mELH & IX
V= VBTEHE O M NS 2 WITHE O LN (EEVWE b mDbiLd) LXK
LT, ETHOERNS ETFTHAICEMLULEZBICAL2WEOBMNES 2 HE .

@S N BOREMIT, KokolLTkwbnd. %7, L— LVEHE
HOEHIAALEHGE 7T v FBRFEALEHSEAERKMEEL, MERNEVEAT
bbb — v EEH (Upper rail fillet) DR AEIL ) & K/HE & RKE L TF
BRIRIE N EZRD D, W, ZOMEEG RGN E L THEIRIES O R IRIEIC
B LTk ek, koohiz#BicHMEOREMTH S 16t 2] U CTRE
SND.Z0XoICL TR N BAR@E b B O REMIL, 540M6T & 72 % .
B, 50T L— A PUAND L — Lo TIE, FEEI TN L — Lo W EfFREIC K
el 5 EMRELTRD L. X 1.3 EBROFEICL>sTRDOENTE L — LK
BEEORFMEZ R . BEBEM® % (Accumulated passing tonnage) &

Wk BOREMETHY, HALIXHAAIZ MGT (Million Gross Tonnage)
NHVWbLND.

REEE B AMECKRLCETEERIMEE RS, oD, L—1 %k
WMEMMORZE L TRAELSA, BE@BBE N BIEIR2A2MITER S 2 A MKk
LEICH YT 5. LER- T, @b Haixfmain v— o5y Han
YT 2EBICETLIRFAZMRECEMIND V- AR THY, J#H 2 EAT
TAHRY RA D ZHER CTh 5.

Table 1.3 Criteria of consideration value of the rail replacement [21].

Classification of rail 60kg 50T 50N
Section modulus [cm”] 397.1 | 3112 | 2739
Criteria of exchange [MGT] 6.89 5.40 4.75

DRRMWWRE L IND BREE M T, ERRBRICI-TRKDEATZ L

ﬁv

ey
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—LVOMTFEFEMOHEMEZSZE L CHEBEFERADRETH. 2 0MIT
BEHEEZORTHEICLI-TRRS[21]. RETEHEEAMOENE = XL
T2 RombEzAME L THEBOBRELINED LN TS, £, 50T L—
LA 60kg L — L NICEESBIONATWVWD ZENG, BN EMmERDDIBEICE
BN EBRO~@0EELLEDLD-TETWVWD., 20D, L—LDOFLELT
DHEFMIT, KOXIBFAPOEREFaM~RETHEILNL L. 6l 21F, &
E~AF—HlZ@HA LV —AETFHFMmORF22]0EEH O L — VEATE T IZ
k&Moo ik [23], (24l EF bbb, 1L, VL—VHIEIZ X - T
V= VBETHBEOMMEZRET D EHEHBERBEORELE: N L TL— VED
WHRAET DN PETFTTHEORMBICIH LD THSD. L—JLHIEEIX
MEEAH D VITOH Ty 72 H W - BIHIEE %272 — LV R5FH#
M CTLr—ABHEHOMMZREL TFEFHEELET DI V-—AERTFIEETHDL. B,
AKX TlEERO LV — RSP AEmMEZUETIEILV—VAIERLERZ T LT 5.

1.4.2 B Fm

BEREIC LD L — LA (2503, THEMEYSHEFERILE (MER) ] =25
ZBILTHIEESN 2MHFERICHETIHINEELEERARR LB LA DY
T, RMAEMICET 2R AFRECEBINS WS T 5L, L — LT OE
T EPBRESNTEBEICETOIRRAEZRECERMEINDI L - ALRZHBETH L. L
— IV OEREEIL, VLo VEHBOEENEIER EEREROTEELE L TESR
N BRI TLr—ABEENBD T LL V=V RAER T O R H i~
TN AREEMT DR EEmMPNEERIE L IE T LA RENSE T 5.
BERIZE DV — i, @M FamERBEICHENETINDEY A AE T
HboH. LrL, L LOMESLHMLEOLBIZLDMEREEEON E, 2 Wi
W, EMOBRELBIOCHCHEEAER2REAHEBHROKRBRLHEE L L —
NOEMEOBREEL R EICE s THEREZMH T2 ENARELEEZ LN
5.
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1.4.3 H5F®

HEHEMICEDD L — A ZHB27]F, VL OBBEREICL - THMS X
HPHEOERI B LTI ESIKETLIETCERECEmMENDI L — AL TH
L. L= ORMEBEIISHEFEEICB Y CTHIE SN 25 HEEFE B ICE T 5 Hfr &
EhHhDHDWEEREEBIZCESHTITbNLD. RAEMEN I —BKKRAE L MERAEICS
Fohsd. —BECTER-HE BREFZHRLLERERARTDODLD.
EHLLTIE, BRBLIOMERZM OV — VBT, B5KEGEE
BHLELV— VW REEBIOCFHANBERREH L2V -V REBAENE 1
MU EEEIND. MERETIL—LOMREIRENREESND . MED S B,
WM IBEREERA, TEMABICOVTIEAL PFEK S TWY D HKE K
A LT, BHBIUOREEGERENITOND.

1

144 L—ILXBEREL—ILFaDER

WhUHFEMELDIL - VERIIAATEETHD. LL, KX OH EAKEK
WAL ZIENDORBMETCOHMBEZITETE L7, FFEMICERST L2 &
MAIRETH L. £/, BEFMIIDIVL-— A ZBROEBBER TCEIATEHRTDH D .
L22L, V= L OBEERITHEGMICHEB L HEE CEN LMEDO R W ET
WMEFTHZ N TEL0D, FHREICETLIETCOHMAZHE L TEEAIZ
TWT DN TEDL. bl LT, HEFEMICI DL — A RHITEIED
EZAFEMIZ AT 2 TERY. FoREBIT, BRATHEGORAENMER
FORARFHZHEFICHRET LI EEPANETCLLIZLIIHDLD. T, EH
I — LV BREBRELER L TCZORRICESVEHEU LB X MET 22 L
NUETHDL. £, VLA BEREICL > THRMLEZXANTS 0 FKIC
Lo TRETIARECHREICLI - TEHOEIRXEI 2@ /Nl 5 7] 68
bARELENRWY., FO, BENCEZHPERL TV AVIFHICELISS
DD EEMELT, V- ARXBWICHIETELIANB EBM A HRFERL TP
ST EBMEITRD.

B 1.9 REAED I B O~ 1THEMICER L7 L — L5028 R E
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AraT (28], HEICEID2 L — A RHBmMN 45%CEL TE Y, b Fm (18%)
BLOBEREMIN)ICEIZMBMICHNTHRECHVEEGEZ 5D TS, 12,
TBILRFBICHEDBETA T A 7 AT EAA LY R (LCA) ETH L — L {RFICH
WP D EABERSTHM O 80%% H0 Db 0REN LI TWND.

Turnout
related, 3%

Fig. 1.9 Cause of rail replacement [29].

VLA RBBERORbEWE AL SO B EHFEMICLD L — LM E I
ToHrZEnTENE, L arxfiEsRECHIBTCES D LA ERETCE L. L
— A ZBEEBEOIMHE T ERTEOHWICERS T 52 & b8EOREICKEL
HBT 22 LN TED. SbHIC, MERRE~OAMS REICEBTE D2 &R
Honel b, KR TEHEHEABIZLILI2 LA ZHWICERLIE.

1.45 BEFGOXREER

VAV DORZRBMERIZOWTHAE LR, BEFmMZzHIH T2 L0k -T
WOERSFE O RKIEREKBEAMETCHL L 2ELEL. 22T, AIEOX 1.9
TR LIEBEGEHFMEZ X T L2ERONRICHOVWTHELIT > X 1,10 ITH R
g (28], RHAOME, REBHECE TSIV 778G, LA, %=
HBILXORIANA Y ZER L - AV ZHBEBERO 80% %2 HDTWDH I ERH LN -
e, TOoHR Ty =)y I7HEDED ZE G T6%E fin o R IT R THEICH
W ltEExEDE. BEEMCIIL—AKTHBEBEELEHHT AT, W
NOXEERIZHFLTHLRAKRZELDIENMLETHD. LrLAarns, HE
L= A RFERE L THWEAEE S0 ERICHLCHD R REZHEL D &
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X, VLA EE RESHBTL2IENTEDLZ 0L, BREERTaI A MO
I I RE<SEMRTE 20D LB 22,

Fig.1.10 Dominant cause of damage life [29].

1.4.5.1 REEF

UTICEHEGEE L OCZoMBEREOHHBIZONTERS.
YU ITEE

L1ticy=V ry7HEHAB L RT. = U Z7HEIT, BEFRENICHK
% (Dispersed type) & BT M CEHREAET 5% EMR (Swarming type) (2
KRalsnz. AiFEHE#R, BEFIERBRCZIBOOND. £, BEKRE
BT 5L, HigE WM EMETICERT 260 L& Hili N EHE - FE
LERICHAET 2EBERICER L -AELEMAMKR (AEM), Him~7 v 7 MK,

a.

Train running direction —> <—Train running direction

(1) Dispersed type (2) Swarming type
Fig.1.11 Appearance of Shelling damage in the case of classification in the

generating type.
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BHOBALEB LI OBRBERTFLERECIZAEGICENT 2 b 0IC Kl S
N5 . BHEFTH LIV RLEERS Y EMETERO Y=V v 778G & WAMHICK
BT B ENAETHD. 20X TO =) vy 7HER, BHETOL — LEHE
HEICEFT2EM2OZORKRZHENTE 25612 V. K 112123 AMHEE
KA TBLOZEBERY A 7o) v ITHEONBERT. 2k, v
YW S BT, W E OB Bk (shell pattern) 235 Z &1
W k4 2.

Train running direction —> <«— Train running direction

(1) Appearance of Shelling damage (2) Appearance of Shelling damage

caused by white phase caused by wheel burn

Fig.1.12 Examples of the appearance of the shelling damage classified by

cause of generating.

b.ZELA#AEN

B 113" —=F 4 ML —NIZHAELEE LAELONB 2R3 [29]. 5 L
HENZ, Voo —va—FRICERETLIREEE TCHDL. Z0oHEGIT,
FICHBREBoOABMICERA IR L —NVICRETDIHENE L, FEOETH
MK L THLIAEEZR-TLHVWEHL LT ZOEAKRTHDL. ELAEN
X, DOBREORICERLEZICEEL DI VT E LARNE LN ERE L TH
HicEV Z0FEERER-ITLILGANZ Y. EL, X ANOERAKNERREDY
MDA HEBE TEALEGAIE, S LAFArb0EHERIZE > TL— 1
NIFBRICEDLZ DD 5D

X LAENIT, ETFORERMOBIEICL > THEEGOW LM (Throat) 2
L= F—Va—FHlmWHEE CTEMTLILATERKXBTLEET DA

16



XD, ok, EERE#&KEES (UIC: International union of railways)
WREATTHLUL—VEEL X2 Z7[30]1121%, ELAEALR Y=Y U THEIZRET
LZHECHFE IR TWND.

Train running direction —>

Fig.1.13 Appearance of head checking formed in the gauge corner of the

standard carbon rail [30].

ZEim
14 EREONBERT. EREGIE, AR AL D ER O LR
Eo TR SN DG L BI 8 o EATH A & BTN LA TR

SND_EYRHL. KL 14EFMETHY BREKEENIELES T 5EOR
HIFICHAEATLOILANZLS AN DO THD. Z OO ZEEEE I, =i
FRomEICX o THRETIFFLAEREELRS Lo TE TS, BIETIE

HHRGEDOIFEALTHRETHY, LI2ICR LIS BEEZEST .

&— Train running direction

Fig.1.14 Appearance of the rail damage caused by the wheel burn of

locomotive.

17



ZEHR M A BTk D b x, B BRI o R Em L, HE L L — L o BB
BrzmbEd 2200807 Iy I F2mE CHEfgE L — VI ~EYH
T2 IV FBILIBR®D. £, BEOLEEIZO OV TIE L —VHIIEIIC X
STHRETZ2REDOHRNDH D . ZHWEITBRATHRAT LIHIFITEL > THY
BaBilbkT 22D AREEEZILND.

d. Ny 215

B 1152y ZGEONBLZ R Ny Z A5 & E, F H s R o 8 6 S
WFEEHBOL— A MBEERICHERY R LAMEIND Z LICL>, TALLZHER
HBThHY, MBHERTHRECHRT (WEand) LFEERD. ZoBEIX, L—
JUSRER O SEE BV BRI K AR E R B, ERE X EDIC K DM E IO %K DA R
HICL2AMOBRBELOCMBEMOBEREONKICE > THY KA IET S
ZEMHBEEEZIOLND.

Train running direction

Fig.1.15 Appearance of flaking damage in the running surface of rail end.

1.4.5.2 Tt DESE
RERGUAO L — A ZRBER I LBO 200CTh 5. ZhbIE, HlfLoH

THEMICEL > THESNRLIEGETE RS, BELEERMLEN L —LOR L
LToOMESILEFESTLIHETH S .
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a. 8B

by XN ORAS L OHERERBRICH T 5 AREOREICE D EREFE
LLEWEBAOCLEREAERRL A, EEEROREEFELTL—
D MRBERB AL THFRCELRETH L. BRI SHBEE, BH
PR R Y ICE DL — L EEHODH(32], WA ERORE, bRk
KB R ERAOHEMIC L > THUEE MBI TS LN TETH .

b BB

L=V SN TV O EEBEORMERSESERRENRTR ST 2L, &
MW D CEXMEEZRIENEL L. TORE, V- BmmBsRBHICHED L
TISNEFRERVEFEHEZFELTIL—LO—HRBSLLGIT L > T
BIZE2HETHL. BT, EXEBEMICI > TER/ICHMET 52 LN T
EHPHETHL. LoL, BEOEACEERAEERILE L END Z LN
HThb., TOD, MEEBEO TARLFEE L TRITS L TW5D[33].

C.BRHEERIEG

WHER ML o BT822 0 LR ZFRK & LTI E RN
AL, L= BRESCHEACE > TRFTBICELIRETHS. Z0HEE T,
Wl T HIEORER, BHEEFOBERESGR AL L OMA LTI odkER LB
ERALTVDIERICE > THAEZIMB T2 LR ATREZZOND.

d. 8% i

B4 1. 16 (M DA BLZz R 37 [34]. ik AE TR T 2L — T, W0
EHIZHMERZ AL N CTHiAET DZOOMBILEFEINDIBBEBLNEITONT
WAL I, MMEALOERE, MERVIMIES IO A@EY 2N TIC X 58ELRE
MBNIRRE 2o TR EHIEAEL, V— L OEEBCESS 2 — 3 KET
LHEETH L. ML, MERAE, RFEMMEEI36], [36]lzBIC LEMALEY
OREGHA, MEIEROE I X OHER OB REEEOEEIC KD A B
e, BERATOIHEMCEL > THAEHEBAD T2 2L ATREZEADND.
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Fig.1.16 Appearance of star cracking of fishbolt hole in rail end.
[ Train running direction is unknown. However, the train running direction seems

may be from the right side to the left side from the formation of the crack]

1.5 RERBELETOBER
1.5.1 ChETOREERS

V= OREHEGICEH T I2MEOMELMAELZHKR, =V 7 HEG LA
CERABELIBEE RN Do [37]. K 11T ICEEBEHEOHNE % R
T OBEBAGIT, EWMEOBRVEMETICI - TCELLIRHBHREDO - TH
5. ZOHER, Vo LHEHEBOF—Ya—FTHICEBETANEEL, O
PHICBBENTER SN 24 BHBMERT L. HEPBEIEEMN THY, HMEH
L= rRICED.

1.5.1.1 ERIEGOREH®

BRBEIT, 19524 10 AW AROW T — v KFHRHE THRAOICE LS L,
BEIZL—ABFHELZ. CNEZHEV L L TCLBARTRABERZ R L 2.
1966 T AW IR ABEEORE L L —LIEE R LIB AR L BEEAKEHKO
) 15%ICH Y 9% 379km 123 L 7.
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(1) Appearance of the surface damage observed from the transverse

direction of the rail [38].

(2) Appearance of the surface damage observed from the longitudinal

direction of the rail [39].

Fig. 1.17 Appearance of surface damage of rail called Kokuletsu in Japan,
Kokuletsu are similar to damage called Black spot in united

states of Amerika.

B 118 IS AMCTRAUBEEABELZ L —NVIER EZOMELHET L —
NOBANEOHBE RS, BREGABEA L L — VIXHSFEE T 100kn 8 2
LR bDThol. My, BEREAELLZL— AL LIZIEFRCEEROHMH L
— AR EANISNTZRRBEBRERIIERD Lo, 22T, 1959 FEH» 5 LA
BL—LOEELZBADIEOHRML—ABEASH, ZHICLVEHHELGL —
NEEE N LB, 22T, V—ALEREESIFIEAL—ALEAEDEREL— L
BEE (m) 2T

1.5.1.2 RREBOMHERE

ITNETHREIBRRLEZIEORVWERENBAO KRB TH 5 1B ABRICKE
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700

i i i P —~A— Length of damaged rail
600 oot E_______,_’:_f _______ in a single fiscal year
T | | ' (km)
= 500 Lo 4: ________ E __________ --A--Length of replaced rail in
TE ! ! a fiscal year (km)
S 400 {------- dmmmee .
< | | —o&— Cumulative number of
g 300 +------- Y SEEEE EEEEEES et damaged rail (km)
B i
E 200 ------Fr--------------- IERREEEEE - - Cumlative number of
: replaced rail (km)
100 |-- e
0 i i ;

1954 1956 1958 1960 1962
Fiscal year (FY)

Fig.1.18 Influence of rail replacement on the number of damaged rail.

FAELEZE, BEINFHBEASARTHb bRV L—LITRKRERELLZ L, #
ERREAEL TCI~4ERBTHLEL— I NEEANICHB T S 2L, B2 E KR
ZhfamzaBEEE L TRV bRLIZ. ZOXEE LT 1955 4 7 A2 [H &85
firaFzepric THRABASRKREZES] PEREIN, BIGHEESCHBEERE N ITD
Wi, 512,198 F 3 HZIE IV — VB LOX A VYERAISKERE S BHlE
S, 19594 3 HICITHMEHZFEMNET 25 >0 RN RE I NWEEG X
KON ED 6T

1.5.1.3 BREGOHMEAR

a. A EICE LI RERREIEE

BERBGORAERLLET IO, MHER 1/20 FHE TREME S L E
RU—NV3I8ARKOHGHER TR, T b OMERE»D BRABE O EIC K
TOHOEEBEREBIORBEREORZEIH LIS NI,

BEREHOEE

REBEGIT, ROEBERMFZMLITHMXTEEST LI EAHLNITS N
- D52 AR HE B B (b B =16.6t) 23 BRI 50km/h BL LTI+ 5 & A HRN S
B CIHEAT S5 M.
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- ETR @G b % 20MGT BL b o> AR X
< RSB B EL s D K S B RFAT o D & BT

nEk, BHBEORERITIBRBDXHE THL RN &, £z, ZAKHEBEHEOM®H
WMHDOZELZ T RN ERPLNZ ST,

BBEREHOEE

BARBAGIT, ROBRBEEZMZTHRETEET 22 LAHLMIT ST,
MmO NTHRICHEREET D,

MR bR EE=800m A T oMM BET D.

ek, BRBAGORAEIT, BREAROEE, BKEMREY, BHEREBIOX A

< E
- IH
T —FPOREIZEEIALRZNI E PN,

b EREGEREL—IILOMHNEY

BABHE L THBRLEL -V OMBFIELZIToLHER, KO Z L BRHEH
BLUOHE L.

BAHAGO T HE ST, ROoRFTREOMBRFIZRD LRV

RABEGORELIOREZICH L THEEBNEDITEEG LW LA ES
.

o, Vo OHHRERICITDON DM ERBREE ORI FHBITICLD KO
e LN EI N,

BHBEOREL V- LVOFERIOMICHBEO® L Z RO LN, T
bbb, BREGABELEZL—-AVIETIHRELEP ST L — L ITH T ER
N 9.8MPa~39.2MPa KW\ 2 L Wb ode. LaL, Z O ofsnEEIC
XENE O LR,

BRBEMNZE L7 1949 £~ 1951 “EHL o 50kg L — L%, L — L H i € B
DHEBEBRBRIZEDTAAHEER S0k ST Yy PR Do
RABERREE Lol b —ALELELELL— /O Cu (Hl), As (EHF),
Sn (&) OEARIZEVLRONT. BIEICET 5 1950 FR_E L — )L T
Cu (0.37%), As (0.13%), Sn (0.05%), BHICE T 2 1957 4 10 H »» 5 1958
FEIAML—NVEAMEOIFTENGEGAETH - 2.
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MEHEEORKE, BHBEAEELEZL— L oMM EICRMAFTEZNATL.
LL, YL — o2 TICRBHAENEAEL TR WD &, M X2 DL EEH
ENEL—ABIXRI63ER L - VLR ABEREEL TCWVWEZENL, L
— VO GEANBRHRBAEREO TR LT ELHLS, AELRESETZHER T O
— O ThdHIERNBLEINT.

cC EREBGREICHITHANFMNAEA, S DRE
BRHAGORLEFEENEBSLIOMBREOH R EZ T T, NENB AN LK

MBIk O ERHEE ST

- RBABEHGEoRERBLHEEINDIELAFRLO AL, VoA REE L OE
J@E O BHEFENIC L > CHBEE SN D .

MR OB AERKIL, EWEMICLIIERDICH D.

cELAENIE, VoL OMBBEICE X TEMENNBRTH D ZDICEAE
T5H. R LAICYREFHRE I N BEME T O % 53 [40].

Table 1.4 Contact pressures of steam locomotive.

Wheel type Diameter of Diameter of trailing
PO.Sli}tliondOf Y driving wheel (mm) wheel (mm)
railhea Contact pressure
and shear stress 1750 1400 910
Prmax (MPa) 981.0 1041.7 1178.0
Running surface

T st.max (MPa) 313.6 345.0 388.1

Prmax (MPa) 1869.8 1972.7 2202.1
Gauge corner

T st.max (MP2a) 624.3 657.6 734.0

- RBABGoREEHOER M T bbby —Ya—F b Rl EHD
SRRIALSBBEEOE —Bmo T X0 FRLkos TRESNS.
IR E RO SN EAET S o Rk, B

—FTICHEM LI EOT R FMICEAICERIND. i, RKINELETH
MO X RIT, BEBMOMMOICEGMAREGE T L5EBO T XY HHEEAICERKS
o, Tk, B/ L — VEMERNOER DM (A ) 4ok
BEHFIHALTWLIbDEEZXLND.

—@EO 7 TN L —LDF —Ta
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d. KD EE

BERBEIME LR L 000, HEORECEEST IR F L L TKDLF
EPIMY EFonTnd. HAESINEKETIAKERBENL OHMKTH L. HOK
ODHMF, Eme L — A HOBERZBAD L THARTLHLI AR EKOENE
EMEH T Lo T

BABEGIE, #HEL THAMITLOATHWERBTEAEALTEY, BKEIT-
TR WK TIREBEEEPIEU THO THRAEBLGEOREITIRDOD LN RN
. 22T, BRBEORLECKETIBKRKORZELHB T D0, IWEARL
W EABICBAKEHMAKIFELELORBRXMARE SN, RBROKR, BOKEIL
KE TS WBRBETIHRERL, PREO L DM/, KRR bDITX DX
FHEATTHDZEDRHONIC R -T2, ZOE»L, BHRBEOWMED 5\ IXHHE
MNOFRIRITEREOHMIC S 2 EHEI L. ZOR, BAKEEXEO L —LE
BEL, BAKKMO2.5{F T2 AR INTWVD.

e REREGOREREDET

V=V BROAYRAMKREZAERIT, —HEORWNE - FEM RO BRAEHBG
DRLEEHZRO LS SICHE L. £, EWEOoEMITEITL—1DsF—
Va—FHIcBEERMEL, ERICEKRLTCELARRARAER SN D KRID,
EFE-—FOIHDIWVWIEE—-FIZ A 7O NHAMITE > TELAE NN LRI &R
NERT D, CORFEHEANL—LVEBEROKI Y A— MLV FXEER L ITIE
FATICRRICER T 2 2 LIk TREHERERIND ., KEADBER L
E OV — VEHTEEICIEE DAL B AL CHigEEMLRL Z L0 b RN
ITLTRERENIER S ND.

1.5, 1.4 BEWMEFHOERICKDIERIBEGDHR
B ERACHE RIS &> T AR THKBMEL? O BRBMEE A~ ® & %2
oo, BRETKMICBNTREZEBOWEABRE Sht. 2o RER

FAEOEOW D EHAKOEILICHD EHESINTZ. £ 2T, 1959 121U
A R EABLOFEEBHARBMICEB W TESHEEELS OB ANEILL I,

25



ZORE, BHABEGEORETINEL, HEL — L OLHMmEME LI LTk -
THRRBGRIHEE T 2ICE- .

1.5.2 REEBEBHFOHRK

fE BB O EALIT L0 AR - R EARR EERRO EEGRHRN O BR

HEIHEBE L., 2ok, RBEFBRICBVWIEXREHRE T2 =V v 7 H
ERnEHELMEALLE. ZOHETIE, Y=V Uy 7HBEBEORERBE B RIZOW
THELEZEREZERD.

1.5.2.1 iIdRICHTH> ) VIS

R EH SR OFMEE, PDHIF, KEBIORHOXRBMFTENICE W T,
19734 1 A 11 H, 21 H, 26 H, 2T HEMRWTL—AHFEIFEALEL. HT
LEV— A OMBHFEEICLY, FRIZLVv—AHEROERBORB TR, E
Wi & OERS VM I LI DHEERG M ESNTL. TP RICHBELE RS
vV ITHREBIZEDDLVL—-AHEOIICLEYD THom[42]. FTEALEZL—LOD
RAEEE N BT VT AL 150MGT TH Y, B E A H TR 9.4x10° [\
EL. R LELV— T, FIRMERFICERIALTEbOTHY, FKHIZ
MR INZLv— L b RBOHBICLI2ITHEABERET IR’ &n
b, MEBEKHEBRAEN N T, TOMER, V- AHRAICE->HE L R OH
HEHEBEEN 60 A I, ZCORETHAINTEHEBEX, RO 3FEHICHH
S .

(D#EW 7 7y A EREE LeREHEG

(2)ImAKKMIZR T2 EEEE

(3) #5280 BZ Ml 57 (C IR L 7= & w1815
I L, Q)OEEGITILBARTEZE LEEREABEHELRBEOHEG & HE S
iz, L»rL, WHhABRTRERAELEZBERAGIERA CTH D 0 ICx L T HRIMEHE
HHEMTRELEREBGEIREE TCHLIZ LD, BERAEARBRBIZEAENR
Doz, £, RFEFHR AL LREBEGCIIREARBEORHE L END
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BN N LD, HEOHABNREHRICLERELNZBDLNLTL. ZhAbD I L&
nH, RBEFS®R CHERAIL-HERHRGIBRARAG LR 2EHOHE L
HESN, ey I7HEEML IR,

B 119 IR EFR B R EMICB T DEENO LV — T HEOHER [43], [44]
Y. 1964 FOBEND 1972 HFEEE T, L— AW HEKIE 1~6 oM TH
BLTWSD., L2AL, 1973 ELLIHELN A L T 1976 4F 21X 59 & 7
S, TOREEEZEEY—Z7 LT, BELMLBWBML TWVWD. FHEENWEL K
Kix, REEFSRAL — AL E L TRHFINEZTL—ABZTO®HME L TH
FICEHENTZ60kg L— L ~EBEXHBEIONATEZZLITH D

60

% 1: Rail replacement(50T—60kg)

| %1 |

DO @Y S a
(e} ) o) )
T

Number of rail breakage

—
(e

0 :
1960 V 1970 1980 1990

Operation started Fi 1
(1963) iscal year
Fig.1.19 Transition in the number of rail breakage by shelling damage in

Tokaido Shinkansen line.

60kg L — /L i3 [l B 8 R R O B 3 2 AR I, R - WG BRI BT D A
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WEE BT e MR T, 1972 FEHMN S 60kg L — N ~DZWPITOIIED TNVDH. L
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W& ER L CHRBRIFEEDNEB SN, ZOME, 1981 FEIC L — b &2 ) 5%
TLM6], ZoFEEZ2 VY ITHEICER LEZ LV — AL OHHEITEAEZ LR
ST L L, 19824FEE NS ITH Y= U v 7HEICE D L — LI ENEAE L,
ke, £FE 10U TORETHBL WD,

TOXO P, KEEHSRTCEI Y=V VIJHENKELTL - VIRERE
AW EFT 570, 1992 EIC L — LB O ZHEMFEBRIEICKDBE K
REmRENEASHT., £72, 1993FFEITIFT V- VHIIEEZ 2k & L TR
~HRBEHMICBNTAROBREZFE IR LV —-AVHIET2EHPIMEELL. S5
I, 194 FEC -V REEOREMERKEON EAKLOA TS, KEOD L
—VIHEEBRI AT E L TAXRINR TRV ENLFEMITHOVTAHT
O, BEEPLOBMEBMYMAEICLINIET, 194 FEFEURKE, =V v 7HE
CERLEZV—AHAEIEEL TN EDZ L THD.

1.2012 1997 4 10 A5 19984 3 A EF TORWBEH BRI T L =V
VIHBORAEEEBRERE L R T 46]. LA BREFEICL VRSN KE
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BAEEZREICHWH TE TRV ENHBAL L.

Fig.1.20 Ratio of damage factor of rail from October 1997 to March 1998 in

Tokaido Shinkansen line [46].
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£/, K121 \CHWEEFT SRR O KA 436kn~518km B ICB T 5 v = U~
TG OREAEMS 2R T [47]. L — L HIIE B3 2 f7 R IS 72 o 72 1993 4R FE A
by VUV THEBOREENPRELSBALALEZERT —F ETHL PRI LD
WRTED., ZTOWRENRBXHE LY==V v Z7HEMEBICRHLTL—LHIED

BRHERENL TS, —J5 T, 1998 4 £ LI 2002 4 £ T 10 4 Rk T
BLTWLZE2b, Y2l 7HEZZE2CHMHTLIETICE>TRNVE
WoHZEbbiholt.

V= HIEE VL= VHEEKOEBICOWTEHITMICHE LR L KiEE
FramoeRfzfMAEL LEERPRCEmZRT, § 205 L —VHEZIT -
T2 brrbbT =0y 7HEZZRICHMH TE TRV EAHBL
e, 20y, BATOHRIERMIZ LK 2 =) » Z7H G O Ml £ R >0 TH B
FHB R LD OMAENLE L F 2 7.

1 p..N -~
500 \\/\ / Y4 \/ 1120

100 //W \\ — 160

Number of Shelling damage

Distance of rail grainding [km]

1987 1992 1997 2002

Fiscal year

Fig.1.21 Distance of rail grinding and Transition in the number of rail
breakage by shelling damage in Tokaido Shinkansen line

483km-518km from Tokyo [48].
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X 1.2212 J R6 4D 1994 FE v b 2008 4E EIC BT HERMB O L — L 4 i
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Fig.1.22 Transitions in the number of rail breakage in JR 6 companies [49].
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HARRZMITH T 2 1998 F - 1999 FF I L O 2006 FE - 2007 FE O HEE L
— NV EZBOFKANRERT 0. NROBBEEIZTNZETNOEEOLHHETH 5.
mEZLEETLSE, BEVv— L oZBERICED L= v 7HEOE ST
LML TWD. 2 LTAy ZEITREICHED L, &6 I2HImICOWNT
X 1%% o 212 & 720,

B 1.24 12 2006 FJE N6 L — L HIIEBE RS K BEM L7z ] RHEB AR AHE
NICBE T 2L — VHEEGEREOFKNREZ R T [60]. 1998 £« 1999 FE B L O
2006 “F L - 2007 FEOME XL T DL, ZOXETIHBEHEL - LV ZHEFTRKIC
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Eo o=V THREOEEN 12% LTS, —F, AR OR 1.23 1275/ L
ERBEHO JRERAASIMO L —VEERKH X, Y=V vy 7HEBICXS L
=V EN 1IMEM L TS, MELAZEETL LV AVHIER Y =) T
BEHEomMEICHRERBELEZEREESND. L L, b — VHIE®EIC
FoTH, Y2V U 7HEP V- ALZHBFEKRO 2602 5D TWVWTWVWDL. ZIT
LU LVHIEORBERNREPHERTCEIN, Y2V Y7 HEZER2CHET 5
FTICELSTWVARWY., 2026, EXBRICBIT LV —VHIEIZLERDOR
MRS TWD A EEREWI & 2HEL L.
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Fig.1.23 Ratio of damage caused by rail in all branch offices of East Japan

Railway Company.
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Fig.1.24 Ratio of damage caused by rail in Tokyo branch offices of East

Japan Railway Company.
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Fig.1.25 Transition of Shelling damage.
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Fig.1.26 Transition in the number of generates of shelling damage.
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SND. TnboREFREZLV-—AHEGOFEHEEICHRL LADYE, THDOE
BERIHDLDWVWIEIRINVTORESNLREICET D ATICEEAYICH ML — LI
TEIND., ZOoOXoZ b —nEFFPlhkECLs Thy - BFHIRLTWD D,
EBRICEBEEHICMOPOFRRKRIZCE > TL—ARHETLIHAERH D .
L=V, ER VAT L20BBRIMBEHMELTOBRELH TS . Z207®

V= VRIS 5 EBImRAER ST, E5EORELT AR L TH ERMIE
ENDH. 20X, BETEL—ARFHELEZXKBICH HEZEANI SRV E
FINCT 2= V=T VRATABRMENLTWD. o, VL—ARFHERLELGEAT

I

AW E OB B &2 T0mm £ TIEHANENSBIR T 2RI R INEET EOLE
HIZCOWTHBEDODRWI LR INETORITICL-THLNIZSHA TWS[53]
[54]. T Dk, L—I LOREH 70mm LL LB 0L A v X9 BB R SF ST
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WIRZIZ, FIEFX A Y2 ECNICHEEI T2 72O EOME & EENBITHLN
D, HIANPL LELLL OMIBFESY A YOILARAELD. TO/RKE, Wk

EMEBIOERERNEF LIBEEFIN, KEOKIATELESCE LT OKY O A
BAPELLDREHDIFHDICZRREZENIES. Dok >22MELEZ T2
EPDHL L= OFBRIETIRACHIELRTAT bR, ZohTh, L—L1A
GBGRMBEBRNOZL 2502y =) v 7HEOEAEAZHIET S22 L1E, V—4
HOV A7 % RBIZEKBT 2. Z0oXoE, V= LrofFEPBIEEIEZE2mITd &
FOVEBHEORBEIZL s THBIZHBIELZXOLLTNERLRVWEERBETH 5.

1.5 A MRDV Y Vv JTHEGRHRIABZLHEE

1.5.41 L—LAIEIZ XK 2K

a. BB E R

[50MGT 412 0.08mm O L — L HIIEIZ X - T, 60kg L — /L O & % 25 ¥ J& #) ©
oo BFHEE N B 800MCT £ THOWERTY =V U Z7HEREELR W] & T
HEBRNFHFHECESSENRBROMER [66] 2Bl LT, EREICBT
HLU—LHERBRZBECHREZER LI ETCY ) v 7HEKEE L THRAS
NTW2 [56]. 72, R EHSBRUBRICHELLZF®BRHR TL L — AL HIENE
i <k Twab [57].

b. £ X #&

TERBMICB T D2 =) Y 7HEHIEXNESE L TO LV — VHIIE ST 2
FEILIoTHREINLTWDE., T22bb, ETHRAXEENABROBERLEH L
TWaHa [50] RHIEMRAOMAE, HIIEOEE, HIIENARKRE X OKA O

WA TENREZNTA—FZ L LEEBRKE TORHERBRIZL > TR RZMEE L
o bETRELTWSH [68], [69] #ETHDH. LML, 1.5.2.2 HTik~T
FolCVv—nHEZERBL T T Y=Y U I7HEOREEZERICHTE T 2 F
TREE- TV RVWHEABAEZT LS.
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1.542 L—ILMEDERIZKSHREK

VU THEOHRAMHEL LT, VA MEEEE L THfEA D 8 kg
FHEEREROM EZBRLEL— L OBRBERITOATE 2. ZOWmMEIT 1977
FEORMBEFHHR TITONTZBERAR [60] THD. ZoRIZRABRIAL L —
MiE, EHSETHEARBROL I EBEMBELSEZCL CRIFINLL4HEOS
EWML—NThbsd. ThbOoRBRL—AVIZRBRT Y=Y v 7HEB LY —
Va—FTHOHMBEENEELLI LD, 18 FICERBRL AR EIN
FERHALIZIETEL RN o7

BMRMESEML —LVOMRPED LI RhoslZ &b, F WAL LT
AR L — VO BRI ZAME L CHESN-RRELEMEZEM L L
EBEMAME L — L (NHH L —)b) DNRABRS S & L T@RR SN, 1983 FE0 D
BB  FEHE S iz [61], [62]. #RE M o ic Bk BB it ~ 51 B3 it AN T
LHEHAOMMEBREBED LENTONTLI &G, AHMETITH 2085 HORLT
HEIMONTE., RBRETPIEOREZHE ST S22 0 ME X FEIZHESE L
e, TOMROHEBOEEHICE o THABMANERL Ty =l v ZHEMNE
FLl., 20, ARKROBBTH DIV H M7 H G MR L2 FMT 2 U
I, AEMERZ A 70 =) 7HREDOLRICE > T 1988 F TR L — b
FMESNEMRICESL 2o T2,

WL, TRNETOREa s P TERb—ommMENRIC X DME
B E BT, BRE-EIT AT UCRICERLEL — LRI LEERR
BRicfits . T0bb, HigE OWMA D HEMICK - TERELZEEICRES S
HIZlllkoTry=V vy 7 HEORAERK & HE S 5180 HMEST O HH
ZFHOCBRET DI HIICERFFINTE., 2oL — L, @Wmn A4+ 4 Mk E
E2ETL5T&EMLX_NAT A ML — L AT B, 1994 F£0 5 2002 F £ TR
ABICB W THBEABRIITON L [63]. 8FEMICHI 2 HBHHEBRIC L - THE
MEanie"N—74 ML — NV IZHAXTH Y=Y v 7HEEEIENLTWND L
DAl & F 4] OB R LR IBE~BEASH>DOH 5[65],[66].

L2L, AP A L=V E2HATIEDICE, AEEHFSA TS L —L
EWMETOLERNDDL. KBMH B LRIV NVEREZIRERTHDIED, XA F
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A P =NV ~DEBICIWRBEELZNICHEI ZEHOBERNZRAT 2 ZENMN
wEEIND., F, YU U THEDNEAET HHIX TIHINEETARAEN LW
e, BBORTFHEXCIHVY ToNIHFHIIEFICEOEAL TS, Z0
XXM G LR IBEICRNATA P — A EZEAL TN ZDITIEH
BoRHMZzET LI b LHEIND.

1.6 x>V JHEEBICETESINETCOMRE

YUy IZ7HREOBIEEZANELEMEITIIAETCHITPATE TS,
ZTIZT, KMEOMNEMNSTEZHAMICT L2 LE2AM0E LT, BIEOHZEIZO
Tl A& E1T o 72,

1.6.1 HIEREERICET IHR

1.601.1 REBEDOEE

K LSIWCHE~HREKBICBT 2 BMOMBHEEY & L —VIER lkn & 72
Wove )y 7HEORAREZRT[67]. Py ARKBIZBITL2Y =Y v 7 #
BORAEARIT, BRBIOELXMICHEXTEEIZA W, £, BEHRSTH
BOBNEMTHIHGHBERIFTENORBILER 49%km 2R L LERFAIC
FoTH, X AVKBE ORAELIT 0,02 /kn & B2 XM O 1.36 4 /km (2

Table 1.5 Relationship between the type of structure and the rate of

occurrence of shelling damage in Tokaido Shinkansen line.

Types of structures Number Rate of ocerence.z of shelling
damage at a rail length of 1 km

Excavation 203 0.78
Embankment 419 0.38

Tunnel 84 0.06
Viaduct-Bridge 751 0.48

Otherwise 1 —

Total amount 1458 —
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NRTHEWIZ/NHA I W [68]. S0, MAMNSEMLZED TRE IknBEEO &~
ANKEZRELLZEHERICEBNTS PRV KEIETIHA2D KBEICHEXTHS RN
= I7HREOERENR DN ERAREINTWNS[69]. 2D XS, &
R, —HBBLORFTLAAKEOBEMZRT &6, HEFEE - ILBHBRO b
ANVEMETIHEHMOBBEBEEDORMICHEITYy 2V Y ITHEORE T DRV E
EZbhD.

e, RLEOICERBO P2 AVKBEHNYVKHIIETLZ2=V v 7#H1E
DRAREZRTLI0]. FERBFICHOVWTH XA XBETIEY= U v 7HEOR
ARPHANPD KBEICHNTIEFIT/NHNE N EBnhol.

Table 1.6 The rate of occurrence of shelling damage in tunnel

section and open section in the conventional line.

Rate of ocerence of shelling

Types of structures damage at a rail length of 1 km

Tunnel section 2.58

Open section 0.04

UEnZ &b, FImMBLUOERREbBICTY=U VY 7HEOREAERIT, &
KMEDOSENLRDLE, PR ARBRELEW. 72, Y=V v 7 #HE
DFEAIZI L THAKFEIZLDZKONENBSEEL TV LEREERSHET
I,

1.6.1.2 L—IILEZEHDODEZE
a. TEHEREFEDOEZE
£ LTICVEHBEEN T Z2bbBMMHR - HHENO > =V v 7 E O HALEBEY -

D OREREZRT[T1]. ERXBEHBEXB =V vy 7HEDRERIZKX
REFEILRD O .

b. it Br R 2 D = &
F1L.SICHMMWBRIET bbb LD « TOHARBIZHZY =V v 7HE®HENR
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BES 720 oRERLZRT(71]. EvARLE TV ARTY =) Y 7HEO AR
CRKEREBWETRD O, LML, A0 ETFTICHFERLS Y=V v I7HE
DREENEHS D, —RICETARTL —VITERT 2R N O @& B8R
5. L2L, LofE»NT DLy =) v I7HEOFREICK LT, BRSNS
DERFTLhbbHEiHOER - HEOHAENEZEZXOND. Tk, BN KEL
BMHIFEEGE - BENEEGVWERET DL, HEN%EE - i E Lo E#E
BIZL-oTARTLIABGHOEELE N EEZEZXDZ ENTED.

Table 1.7 Influence of alignment on the rate of occurrence

of selling damage in Tokaido Shinkansen line.

Alignment Number Rate of ocerence of shelling
damage at a rail length of 1 km
Straight track 738 0.61
Curve track 720 0.76

Table 1.8 Influence of longitudinal cross section on the rate of occurrence

of selling damage in Tokaido Shinkansen line.

Longitudinal cross section Gradient [%o] Number ?:ﬁfa(;iozetrzi:illoliz};ﬂlgfg 1 km
0.00~4.99 200 0.53
Up gradient 5.00~9.99 161 0.72
10.00~ 229 0.81
0.00~4.99 194 0.51
Down gradient 5.00~9.99 142 0.60
10.00~ 257 0.96

1.6.1.3 2RBE LN HOEE

B 1.27 CHRWEFTSHHR B T2y U J7HEORFEEE M & R
AFoEFEzRT 2], 2o, BEER N BEOEMELEBIZY2) T
BEORAENREML TWSHmAERLTEY, TOABUEMROME nik 4 &
Mo TWDH. i, MEHERO RS > U 7GR RE e T
PEAEIM LGB T 2EBEESESY A TICHBHEINDZLZ2R"RT 50 THD.
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Fig.1.27 Rate of generate of shelling damage in Tokaido Shinkansen line.

w2, M 128 ICHERBRICBI 2B HER N Hev=U r7REFRLERD
BRItk &2 3 (73], fESRM TIX, BREEEI

PRSI, BERERIRBER N Komme b icmL R HMERT.
IRETEITbhEMEEZRAELLEHR, =) v 7HEORBEEELITRMH
Wi b CEOBMICEKFEL TWDS Z LEET LI ENTERL. LL, FiH
MEERMTITY =) V7 HEOBEAMT 2 REEER P HICEVRED B
5. TOHEBHIZCOVWTEHEINETOME»PSEFIARTHLDL. 20X 5 RAIC>
WTHBHT 220 EMBZ2NBEEPO0ORMBILETHLIZ LRIk,

W SOMGT B2 E N > = Y v T E

Accumulated passing tonnage [ 100MGT]

Rate of occurrence of shelling damage
at rail length of 10 km[number/km]

Fig.1.28 Relation between the rate of generate of shelling damage

and accumulated passing tonnage in conventional line [74].
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1.6 1.4 IEXREDEE

1.29 ICHERBMICBIT 2FERE L =V V 7HEREROBEKZ R T
[74]. %I 3 K 23

Bl RBICLEN>s Ty v I7HEORAEARITIEL AHEM
ZoR9 . BFIC, B 110km/h DL E Tl o @EERICEXT =2V v 7 HE O

EEABEBICH L. L L, B LSO IC 28 R B S 05 8T &0 R
MR RP o2 LD, Ky =V v 7 RGO REKT 5 58O E BT
HTh 5.
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Fig.1.29 Relation between rate of occurrence of shelling damage and train

speed in conventional line.

1.6.1.5 L—ILETEEMMOZE

X 1.30cv =V v Z7HEOREREKRE LAV OBKEERT[75]. 2 2 TH
DN TWD L — VETHE O ML, 3 O BV 8 8 (Heat affected zone)
DHEBHLIAALTHDL. L—NVEEHT LD InRNICBT 2= v 7 HE O3
ERITEOHBEUAADORERARICHEANTHEERIZIGEWELZ RT. L2rL, TADNE
oV —LHEBMMNIC L THEILIMELDICERT 26 00, B
RipaBEEE LEEZHOEE - KEICLDDDTHDLINITZOHENLIETAH
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Fig.1.30 Relationship between distance from the weld center and the

number of shelling damage.

YU IZHRECHTOIOWMELBD OB OV TIL, BHAEICWHTHENRD
B S HREOERNE L THERBSATWS. L — LEETEG O M Y%, 3R E
OREXRM 7 PIRBEHUADOLEHMICENTHLHFEET L. HRERELIZ, —ED
BEOMMA V- VEHEHOREFHMICHER SN ZREEZET. BIREEOR
AXMTEHINEETHFICHELHNAEALDI2EZEIOLNLID, O LI REFRIC
BOWTry=z V) v 7HEORERBMICESTEWVWE W FELETH LN TV,

1.6.2 S—SAFIL—ILDOL ) VS BEREMEIZEAT
5%

v U7 HEORAERBICETOIMEL, EEALV-— L OBEEREEOMA
LT LTITEONRNTE TS L2L,BEEDOFIEIC OV THRAE L /R,
ZOERFZ V=V 7HEOEEMPICH T LA TWT, BAEMBICET 5%
MH R RILI DN ER gy hotz. TOHMBIL, V—LOIBEEBIET S
ERBBORBELIN, MM SROMENRI KDONTZZ LTk 2 EHE
S5,

LoL, ZOXH72RBETFTICBNTHL Y=Y U I7HEORAMMBEMRI 2 B M
LWL DD ENMTONALTE TV D.
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1.6.2.1 BHRHIIREFIEREMORE

EoHeElix, HBEFGRR Ty V7HEDNEAELEZ LV — L& R4
ELTHMBMELIT-72 [76]. TR, L — VEHTEKEFREIC B W T8GR
ZELCTWD A, Vo VHTEERTOMIET 2L Y = U 7 HEEG O LM E R
mW L77T] LHRE SN TV LOIMEBBICEERBARD O ARWVWI L 2R L
Fh, Vo LHERORRBHICBT D=7 4 MBIIHEHBRIh s 2k
B L. ZOLORBRERNS, HigoBm AR ICERNLZEREICK
LT RN ZNROEDOFRTHL EHEL TWVD.

1.6.2.2 >z ) VI EGEOREIZRETEAMDOEE
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EHiEy=) 7 8E0RERBE RO XIS IcHim L7al78]. = TS,
GBS X OEREIC N R EDOEANEN D BEAICE D BB o, HD
IEABIW N ¢ e WRKETHDEMAROOEND. LAL, vl v Z7HEDX
HAFEAMBIZBEERBILIRDONL R VWEFTOREICH D LOREMENLO, 5
Wi ot D WiE e IWXBEhZR W LICHER L. — o, i3
DFHRRIZ L > TEB Y EMBTCEBEMMPIAELL RV L 2R L THERIR
LD, BEALEREELCRY. ZTOED, ¢, HD5WVIE 0, OEIF
MOSHAFTHEAFRICELLAENDN, L=V TEERICELE T, D5 0IE 0,
DRSS HFHDOZMPEALT D EVWIEHER -T2, 2ok s iic, v
—LVOBEREEN—-ETHLLEREL, THIZHE> T, DWVIX 5 OO
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Fig.1.32 Construction of this study
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TERLAE., LR L — X, JIS 60kg H@ L —/LTdH 5 (As rolled standard
carbon rail specified in JIS). Z O L — /L OEMMMAEIL, RESHE 0.66

~0.76wteD /X —F 4 "Ml 2 FomRF\BL B TH 5.

Table 2.1 Background of rail used in this study.

Test specimen number 8801 8802 8803 8804

Rail section JIS 60kg rail JIS 60kg rail JIS 60kg rail JIS 60kg rail
Accumulated passing tonnage 199 MGT 178 MGT 130 MGT 151 MGT
Geometrical of track 1;_;:}?(12?} Straight Straight %ng(i‘(;ﬁ
Gradient Level Up (2%o) Up (15%o) Down (15%o)
Array Outbound, Left rail |Outbound,Right rail| Inbound,Left rail Inbound, Left rail
(Sv}e‘f;itcﬁi)composmon 0.66C%, 0.86Mn% | 0.66C%, 0.90Mn% | 0.73C%, 0.87Mn% | 0.70C%, 0.82Mn%

¥MGT (Million Gross Tonage), R (Curve Radius)

2.3 B
2.3.1 BHORMAE

Molicv=)r7HEocRHERREBEABORBMEBEANWIIRT. v =
Vo 7HENEAE LRSI, KFEH (Horizontal crack) & MEIXN 25 9% 97 =
KBV — VHIEmICIFFIETICERST LS. 20kd, KEHROERER I b
FETIEVEHO L — LVEEEmAERE OBA Y EMIc L > THEbB AL, L—
BRTE I 28 R B0 B0 A ¥ B 0A A 72 R T A LR AN @R 3 2 W, ERERIX BN 7 s AL
L, TR bR o CTHBICHMEHNAELC L. ZOBG %2 EEO DY Tl
HEBHLEFATHWD., LT, EWMAELALTEPOEHEI LM T b b
Hf £ Dl (Side leaving from damage) T % o> 58 T8 i (Z (% 8 % ff 8 23 A& fif &

HEITHMER RS TAMEMHLERDIAEELD L. 20D, HigH L —
JVEATHH O % H A B ~it 5 < # Al (Side approaching to damage) & £
MTE LV ~ODAMEHENRE AR LB EIND.

ZIT, AR TIE, HWMARLIALTEABRTOBICALL L EMEEL T

ELOMVEERT 72D, MEBIUOBERIZHWERBIZY =) V I7HEH D
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HimE A A~FTFEHALMZE»SRRT S 2 &2 L. K22 28 oK R
& Z R Y.

2.3.2 IR FUBEAIE

OB, L— LVEEE ORI EEREE, L LVEEmO @R, L—1
EFHMMEICBTA2ERBMAME, BRI FHOM I oA, Fabiliks L OX
g O & JE - Bl A2 1T - 7.

2.3.2.1 L—I)LEETEE O RE 4R

V— VB THEBE O REEREZEET 2720, E&BE B MEE (Scanning
electron microscope) Z W7o #5725 ¥ $Efili i o Bl 2%, Ml UM S W B EIC X
ZLV— NV EFHFMOEBMHIWUWEL IOy I — A IRABRELH L — L
R W 1 07 18] O 88 & 53 A O [ E &2 AT o T2

2.3.2.2

Mo2.3lcaBHoBlgE@8s "y, @AM, fEHZ2E50L—VETFH
MBAEICB W T, @B FBEME (Metal optical microscope) B kX OV EHE A E
THEHELZH O TCBELE. £/, EARE THEMBE AT 2R B A EE
ZAHLTC-HEANCTL— LEHER E V— 2V E T HFAWmzZ xS L
. R MEBoBEICAHVWERENE, V- L EETEm P RAME MAE)BS LM
A2 & 7> & B N (Gauge Side) 8 & O #L A (Field Side) ~Z £ 4 5mm &
v F T 1bmm L& £ THE TEr S EREL 2.

GREMBITSERB OB R R E a2 S B, a7 — Vg RK (3%
Tha—LVRK) ZAVWTHERZ2ITo CBEICHLE., S0, 4RMEKOHE
BERTH, REmAEBEMEBL CEIFTRICBT 2@ I 0MA0E %17 7.
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Crack initiation point

Horizontal crack

Vertical crack

Fig.2.1 Schematic diagrams on the surface and cross-sectional of shelling.

Side
approaching
to damage

Train
running

directior/

Side Sample
Leaving Position
from

damage

Fig.2.2 The sample position in the train running direction.
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Fig.2.3 Positions of the vertical sections parallel to the RD direction on
which optical microscopic observation and hardness distribution

measurement.

2.3.2.3 BEER M@ MR

B 2. 4 ICERENEOHMSKERT. SEICBIT DL — LOEREHRIT, ERE
Wrm R EOSTEEZRETLIZ LRI THTbR D, AR TIX, =
YEa—ZHIEERkoe B EEBEE AR L — Lo E R 2 E L,
WIZARTEBEICL s TEREELZRD . £, Ml XL — 1 o WBrms
A2 = HICTORMYAALATBWEREERE G OERLGLY . iz HA
AoELREOEYE T, WP L., DB, RFETIEIONMBEEZ L — Lih
BEMEZ LTS, ki, EEREO EETICH-> TREREZIERE L TL —
LEE L RET AMNMBEERDEZ. TOMERAE LT 29 KO ME EMRE I X,
B bR T BN RN EOTIEEFEREEER L. B, A
HTCTIEMMEBOEMEZ KFEMBL OGN EOBEEL 45 EEE L S 2
izl 7.
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(Position”15”)
FC M GC

/‘~\ 45 deg. wear (Position”9”)
N % Position”1”

Fig.2.4 Schematic diagram of wear measurement.

Position”29

2.3.2. 4 THERAE

THHBOBEICH R, MACE, GSITEB X RFSHAEO L — LIHTE
HOFRHREGOLSMENPSOBHER L., BEERLUEZRENT, EMUFFELZIT-> THE
MR EHICRE Lz, FTHEMESOB I IMV & &EiEE A E - B SE (TEM:

Transmission electron microscope) & W7~ .

2.3.2.5 F{lig

flidE O EIC AW RENL, FlmAE RS OB R R 2L A E
BB XD FSALENSHIL 2. Mg o HE L,
FATE— 2O XHIEHMEREEZ AW TIT- 2.

K2 2CWMERMTEZRT. FMEOHEIEX, RKOFIEIZLVIT-o7Z. FLD
WLr—2LVEHEROXRBAMEL, RICEMRMEBICL - TEHHEKRET L2 &1
FoTHEDODHWISETRY T, MEELIT-. UK, EMFIEICLILS2EY T
FEXMBMEZMYVIRST Z LIk - T, BEFMITB T D MMide o &1k % JE K

HE L 7.

OBEIFTICBIT D MALE, GS A
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Table 2.2 Measurement conditions of half value breadth.

X-ray apparatus X-ray stress measurement device
X-ray Parallel beam, Cr - Ka
Diffraction line Fe |211]

Tube Voltage 30kV

Tube current 8mA

Irradiate area 2 mmX2 mm

Filter \Y

Time const. 0.5 sec.

Scanning method y-constant method

w-angle 12 degree

2.4 AIERER
241 L—LEETEE

X 2.5V — VEHHEBOBEME 22T, EERE FrHEMSEICL 2B EE21T
SR, Vo VEHEREICEZEOMME A Micro crack), A RO L
(Flap like scaly formed by plastic deformation) 3 XL ONE v bk (Pit) ®fF
ET 252 EMHB Lo, M ACEICIEM B R OB & &2 a8 & ik R Bl
SN, MEORE ST 20~50unmBBETH-72. —FH, GHlFE IO FS Ml TIx

Train running direction —

Fig. 2.5 Observation result of the rolling contact surface.
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ZHEOBEFROEVH LOGFERER SN, Zhbo kot LK
%, GS TRANEHEAT T W, FSM TEAMHBEEAT T M THY, MZEZEICL
THBMMAKET 5. £72, Vv b EZLBESHL, vy PABIZA—F A b
TAITZHRHBIZABOOND b DD R o T,

L — L o@EEROXmKEIX, ERokr>icnFhR bR UHEHEZ 2
T5. kB, L VEHEBICIEZERELIZSREBEMEIC L DRGSR ELE THII
SNHZREIOHAMHIEIRODONR o7, A& ITHEfENZEE - BELL
REOBBEBBIZL > CTALLI2ALZRHBCTHY, RAEGEHEKT I MU H -1
BHZEbHDH. ABHOLRIE, TAX— NV EDERIKICE > Ta B MR
RBEHENT, MECKEICAGCOHMMME LTBEshdZLichkT 5.

B 2.6 &ALV — L OFETHERE O S B ERRE2 7T . X o m
S M (Ra) ToH Y BALIT 1pum/div, EBEITAERE S TH Y BHALIX Inn/div T
Ho., FHERL— VOV —LBHEGOXREMH I, WEMBEOENICE>TK
L EbLbRVWZIERHALNC R, WThoftR L —ricBWTEH L — LA

- FS10

e

Roughness

8804

Roughness

Measurement length Measurement length

Fig. 2.6 Surface roughness (Ra) on running surface of rail head.
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THlOREMH S IE, R=0.2~0.3unBETHD.

Wi, R2ICEREBREOVERREL Y. SREL -V OEREELIINMES
FOGMBIZBNTITTDORL TSI b, B2 X512, RFFE TIEM
MLEICE T DEAELKVEERE, GCHOBEMEZ 45 EEME LRI ICLE. &
FIESKEONHF TCL—LOBEERZLBERFTT2BICEMAMNICHY O T
R FEE b 100MGT 72V OEFEMELZNRL LEL. 22T, BiE %2 0 LA
MREEOFHEE 16t LRET DL, BEEE N 100MGT 3 5 il @ i [|] B iz
BETL2LH6.6X10°BICHYT L. FHERA L -V bmEETRKE CHEAS
NTERLL—ALThHY, ZHREOEH#MEZR T LT 22D LT, BEER
FRPICARLELIICHAR W 45 FERIZOWVWTHKFEERIZEITH T NI
LZVWRETHDL. Zhid, FHR L — L O GCEICHER 7 7 > ¥ N Ef+ 5K
MWhlepholZl baxzrTbotfEEIND.

Table 2.3 Wear amount of rail head.

Corresponding value per
No Position M | 45deg.wear 100MGT
' (mm) (mm) Position M |45deg.wear
(mm) (mm)
8801 1.0 1.7 0.5 0.8
8802 1.6 2.1 0.9 1.2
8803 0.8 1.1 0.6 0.8
8804 1.0 1.8 0.6 1.2

SHIL, W27 v—VEHEHROV—VEFLHFMEMSRH (£ 6 EJ0)
CEBUAHESMERT. BEHEICIIE y b — A S RKBREE AV, W E R
BT 2.94N & L /2.

BlEORER, SR L — Lo 33 ol EAMEICS W TSR
V— VO S Th 2D 250HV REICHETHIMLTEY, oM {EREITM
AL bELFESNH (GS) EEm< k2 mE Ry, 2L, —Hoftilr—
THEHHFPICELND XS (FS) BWTHIRNHEML TSI HDH
A=z ohi.
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S 3801 o 8802

= GS FS = GS FS

~, H00F ° = 500F e,

S 4o0F e, 2 400F  ****e.. |,

° *%"* oo . °® 'g *° * 0 0 e

& 300F 8000, 000", "0 'o.'n.. s 300 00,0 0" *%etesen, o

< <

» 200F o 200

§ 1 1 1 ! ] ] ] ) _92 | ] ] ) 1 1 L )

§ 15 10 5 0 5 10 15 20 § 15 10 5 0 5 10 15 20
Distance from rail center (mm) Distance from rail center (mm)

) s 8804 . o) 8803

o o

2 500 Z 5001 5 S

B 4001 *%teaqe . eee *o®, ? 40[}_..‘°"’0

o * tetieeee . " ® o *e% e e0® o

-§ 300" *Te %0 o -§ 300"‘ 0 sssee® ° ®ee

£ 200F & 200F

@ ! 1 I L 1 | J o 1 1 y | ! | i

_% 15 10 5 0 5 10 15 _% 15 10 5 0 5 10 15

> Distance from rail center (mm) > Distance from rail center (mm)

Fig.2.7 Hardness distribution along the transverse direction on running

surface.

2.4.2 W

M2 8ic&BMMoB g Ersrnt. FHA LV - NVOBHEGXRBICERT S
VA RFHMOERNOEELTH NI T DL, 72, %R T 2 XU E
CRTHI2RABAOBRBMEZRET S -DIC L — LVEBEREZRIHEICE T4
B OBEEIToTo. TOMKRE, MALEZRWE GS 3 L O FS il o % ik
o RBMEBEICHEERAAEL TWDZ LA MERLL. PE i B o 5 m ik, A
L — & b GSMTIERINFETG M, FSHMTEIMELZMTHY, £DIHMH
WMALE ZEICKEL TWD.
SEMABEOBHERBIIRBELICROATEY, K2 4120 HEIZRT. 2
T, MHERERBORSIEER LEEI A BEEREBHERS & L.
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Train running direction —>

(3) FS &

Fig.2.8 Optical micrographs under the surface in the vertical sections

parallel to the train running direction.

Table 2.4 Depth of plastic deformation layer.

No.

Measurement position

FS15 FS10 FS5 C GS5 GS10 GS15
8801 50 37 0 0 20 57 81
8802 25 11 0 31 31 47
8803 25 20 0 18 40 73
8804 33 17 0 7 20 48
Unit: mm
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Sbhi, EAMEFHMELZM VWL — VETE®E O X @I G T 58 MR
HEOBELITo72. M2 9ICEAREFrfEMEANTHBZEMNIETL—1
HIEm e Wma R —HENTBHELEARZRT. GSHLE, FSALE TIX, WT
NHERENPOLHES 2pum FTAR=F 4 MEMBBAIE X 2 A4 bR M
<HmMranzB) —HRICFET DI EEERA L. Z0EIX, 5O BB
(771 S b LFAFEObD EBbitd. 6Slds KO FS Ml TIXMES O TE
CERLEFmM~OE&BHEKEOTB AR 550, MALEICIZED LRz,
RIFFE T, BAELIYV TEBOBMERBEZ KERB LR LT L.

<€— Train running direction

Fig. 2.9 Observation results of the plastic flow by SEM.

B 2.10 IV — VEHEBORBEIZHRDONTLE y FB L ORI ICER L
AR OEOVH LOBEBREEZ Y. BRICEIEEME FHEHEELZH V.,
DRAB AN —ZEPMSE T —LVEEREWHRZ SIS ST TBELITo 2.
V— )LEATHE O GS I, FSHIICA 6N LR ROoFEVHLO FIZE/ N—F 4
FIZATZIZHTEWMMEAPNRES I0pnBEETHERLTVWD Z L 2MHEREL L.
ZEL, TOWMMERNLO~Y I/ n EROERTIBEOHMMANITIE WV THE S
nWiginole., —JF, MOV — )VEHEmBEIEIHEIFROEDHLEIRD AR
oo, 20~b50umBEOREIOMAROMMEADOHFENER I N,
BB, 24 1HTERAZ LS, V- AEEGHIEHEEEZ B0 B

66



AAVWEERGEEOBECIAAHOFELHRETE ol L L, BEM
HEZEF-EZA, No.8B8OLICR &4 20um, 1§ 20um, X 10umdDKE XD
AEMA ITEFTFTBEILE. COaAHORBICAEEEOHFEIIRD b
inole. VL VHEBICZER DALY Yy M, b Yy MERET
DEEDR VTS 20umBETHL. Uy bormERIZLZIERZEL TH
20, BHEICHBELTWDLI DD R, 72, By PEDOEmND
N=FZAFNTATZTHR>THMEAPERLTVDLIHDHLELL RO LN,
TRERBEITIWVWTABE Yy FELD 10umfBETH - 2.

< Train running direction

8801 FS 8801 GS

Surface

Cross-

10y m, section

Cross-
section

Pit Pit

Fig.2.10 SEM observation result of the surface and sub-surface.
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B 2,11 KR L -V OBHTHEHREOERS FMIZE T 2WEE I 5MmE R
Tk, MPOERS Onn L& O SEIXEER CME L 2R S E M
M., BiEhixm S EMBEORE DL OBRBL RS, 22T, Opmn~100pgm
F I EREA 0.245N, 100 p m S U ORS TIEHMEMEN 2.94NTH 5.
HWEDREK, WO EDRWLNITR o7, GSALE T, MALE B KT FS M~
THIEOFELWEMARD 4L, TOMALELEN & 2EER L. MALE
T, ST MO S pMICEERE(ITRDO LR W, £, FSAEIZHOW
THLMMEEIFEREOMEM Z RT N, L — LVEETAE X E O 4 8 8 5%E R
HARO LN LIRBRMEICONTIE, EhiTxis L TREEGEIZH W THALRE
MRENZ ENGhoilz.

5001
n 500 0:GS @ \ 0:GS
3 \ Hv (0.025) J—» Hv (0.3) A:M 3 Hv (0.025) ¢-L> Hv (0.3) A:M
g ® Fs 5 ao0f | ® FS
~ ~
3 <
< <
n wn
~ ~
[«5) [¢h)]
4 4
'S 200 S l
> PR SR S T N | 1 1 ! 1 N > T R M 1 1 1 L )
020406080100 10 20 30 40 50 020406080100 1.0 20 30 40 50
(um) Depth from running surface (mm) (um) Depth from running surface (mm)
w500 | 2 500
4 Hv (0.025) Hv (0.3) 3 [ O:GS
s = ok s B (0.025) <—'—- Hv (0.3) AM
= = ® FS
< <
n 2 300t
3 g %«2&&_&#
.= 200} | i 200F
> 1 1 1 1 1 l 1 1 1 1 1 > 1 1
0 20406080100 1.0 20 30 40 50 0 20 40 60 80 100 1. 0 2 0 3. 0 4.0 5.0
(um) Depth from running surface (mm) (um) Depth from running surface (mm)

Fig.2.11 Vickers hardness distribution on cross-section.

2.5 BE
2.5.1 MTHERH 5 RI-E & 0 EAMKA

V— VERTEHE O BUEELTFRETHICHO W T U520 iid, £ 37 8w o8 MR

68



MEBEONICTAIVLENRLDL. ANETIToRHEBLIOBEFHERICE ST
L— b -« Hilg O MR WIZ OV TEREIT - 2.

2.5.1.1 XY DRKRR

L—Jb - BHilgOEAEREEIL, WAREEICI2KBEIBEREOMITWVD WD D
Whe, BB IZIImAbEDOKY, My, BIEKERED T AR I DIV RHE
RREICH D [102]. 2O XD REMBE FICEWT, IO L —LidmEE
ITT 28l LA EMAEKEY KT, L2rL, AifHioBlE - HEKFR»LHL
Mg X O, VL VEHTHEICIT ER S S - WELCE TR b b EEAIC X
STALL2HABHSCEBBRER ST LEAERD OV, £, V- LVHEERK
DEFBELD R, REMS T LEOMEICENTS R,=0.2~0.3umn & FREET
HDH., o, L BEHERPRFEICEBEERBI LB Y. KILLD=E
NER [103] Ik 2L, WHRRBICBT 28 EEB TCOMEBERE T b b H#K
NBRBEFHRROFEEEREONI0FERELLI ZENRINTVND. 20O
LE, AMMETHLONTEMITHERPOBET L, MERENEZETITEBNT

SERINTWVWL EHET LI LI REEERXLOND. LR - T, Wk
KBIZCBWTmEETTOEmAEHRN T D (26 - BE) 24 L 5 e
FTEWEEZOLND.

— 5, WARKZRENMELLELAEOKBEERMEICK T 2H#EMTIE, L—2 - &
W OKE NP LERE W Z TEDY ZHE - BEREOBERAT XKD AE
THZENH L. THIE, EHL 2RI X o THE AR S v 70 KIS B2 fil 7 82 % 40 18
L, @B ERLOBEMBEN DRI R o TEBEID NS R LITE-T
AT % [104], [105]. 2O X H> 2ERBEBEREBICEBVWTERN T XD RENS
L CER O#EMPKRBICNRT 2B (BRETCHEB-EE L)), BBEIAH LD
L ThHDNEAMMEE NS kn/h/s & RERMEEZIMD & IR > THERNIK
BRBUIBE DS WKEHIZEDL Z LR HDHE WD [86]. EFRMT XD REND
EHBmBDIRE~OBITRIC LR ORICEH VERDBIERT 2 L, #Hilg, L —
N O CEBANEAEL CTHMIIEAEL TWI2eBREEETISIEICRD &
ExbNbd., ZTOXHIRTENREZDE, HigLBEMLTWD L — Lo E
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WCABEZRABNAELD., L2rL, V= LVAHFORRENRKEI WV LD HIEH
FTREICHAIND. TOME, BRERBHAK LI AGM [106] BER I D
CHEEIND. LER-oT, HI#MRICBONTERNT RV RERELCL TS Z
LR ETCERVWEEZZIOND. L LARNL, KRR CTHRETTS E LR
L—biE, R - WRREKARERE T CTRFICDIE > THE L OER Y H il
EHROVELTETWVDS., TOLOIRBBETTHEHNIATELERABRL — L OH
FHICHEERMBNTRVICEL>sTAELLIZERBESRIMEIISE ORERE, #i 2
FREBICBTH2RBAMEOBMPLHHECTCHI TEL LI RREIOABHDF
FEEmEon Ty, 2720, ABRL —/1 No.8803 D MLEIZCE W T L — L E
FHBACESHN20umOM/N 2 ABRHEIBEINTZZ EPLMBENT X R4
CoHhAErdoEBZ20N20, HAMEZERE LESANBEIA TR
WZEHBHFEETHDL., 20D, mEETTOKRKBEHFZETTOT D T L —
NBITERmIC G XD ERN PR nwWEHESIND. B, 26 - BEILHER & L —
VS~ OM B R B O M, FIEEST EICB W T H ISR E IS X B I R
LM BB OEM A COMBEAEALD. TORLYD, BICEEEITHEHBZ S L
T2 - EZIET 2200 ELITHOATE TS [107].

2.51.2 BRELV—IECEREHGOEMME

1/40 o Wi 2 Fd % £ D AR W W m ok o e Bl & 1/40 A R S e AR
W i TR D 60kg L — L & O EBL A TIE, L — LM OB SII ML EC D D .
CORBIEBVWTHBBAERNZRT R 2 EbF TRV EMT 5 ERET D
ELMALE TIXMERZ D IRAE, GSMlF LY FS Il Tk &g oo Bm A fd 2 55 < H
O EAROEWVWICER LZ2ZB T X0 BZEHAT S. 20 FHIE 6S M|l T4 i
TH M, FSMICIXFEETHFMTHY, MUELRICZOFMRKET LS. L
L, EBEEEXL—ABIO0HEGHE BICERICL > THEERIELT S, £
MITEE A MERET 2EmICHY, BEBRAM#ERIR TR 2D, £z, &
TP OHEMEBHICE > THEHmAMBET 252 &b, HICIERSEMIKEZ 2R
AREERH Y, HigE L — L OEMBAIIMME» OB GFTICRD Z &ENHE
EESN D . H B R BRIC X o T/ DL BE R R i o 2 fil 7 & R A1 [ 108]
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kDL, EEmITMEREL CLEERmBROBmANR & FMTH DA B E
AL E ko TWDZ &, WA EBE L b Eilm oM I8+ 252081
— NV DHEMAITMAEENSIFZLALEBHLRVLEWVWIFERRIELA TS, K
MRICE T 2E&ERBMBOBEME RO, L — VI TE G O %GS5 M ML E
FRICKBELTWLZEEHLLTHDL. COMBET, EH o 0B 2R [76]
BIOEROERBEMREBICBWTRAET D EZHT D &b LIXET D, L
TeMoT, EEALV— VOV — LVEIAGICE T 2 #HlgE OBEMMENT v 7 A
ThdLEEBZH N LD, EEL—/L L EHEIER L o8k E T M E]
borZenESHEEIND.

2513 ERELV—ILECEREROEME N

EHRBECTHER SN L — L OB E KL, #Him L O EAliC XD E
ko THEEHEERER R LIRS ICHEIND. Z07d, BREL
— L EHEBOEMENERD D0 ICE, i L— AN EMT LMEEZ DD
VERH D, ZORICHONTIE, ERo 2.5.1.2 TR L HIC, BEREL—IL

BEAEH R & OBMMBEIIMME CHD EHEIND. 22T, L VEER
D M AL EZ BT D R AW E BEAE L — v L BEREH R & OBl E ) & R
DI, BMENERDDICHE->T, L=t EROEMmE R =R T
flh & L CHR D Z L E2AIRE Lz, 22 Tk, L — b & Hify o8k r B A
RIS D Z L, BEMBEICITEBERIR LTV EREL TALYHBIZEK > THRK
Bt E S P, 2RO [109]. L— ABETER O M R LEREIZHO W TIE, A% T
Tol=ZREERMNELEICL LI RZ A, V- VEHTEE O M AL E 2 K&
WL CL— g moORERHAE £omm EED TCHEBMIC L > TRDZ. —
T, HEm b ETHBEOMRICHEI BRI o CHEBRAENLT L. £ 2T,
oM oOBHERBRBERELSBIC LT, Skl o B 2R ITETEMS 12 5
km FF S B W CTHIIE & 72 1200mm, e B A2 1L 909mm & L7z [110]. X 72,
H & T8.4kN, HEfihMAIT 0 E L L.

K25 ICHEEMENDOHAERRE L RT. BFORZTEIKRDOLEBY THD. a: #
ik 72 OB O, b: HEAMTZH OO, ¢ 0l P 2 DIFE I
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DEF IR RE AW T, oy wax (X L — LV EETA [ AT 22 B K A WS A7,
Vgimax BEDR® Vo gy i, TNENDRRKREL EL2RKE2O OHEEE L TR
L7z, BPROMRE, BEL - LV EEREROEMENIZ, BERRE L O
il E JIZH N THK 40%1IER T3 252 LR L NIRRT,

Table 2.5 Hertz contact pressure of worn wheel and worn rail.

Radius of curvature
: a b Pmax ,y’[f_xy'max 7:x .max .yTst‘max Ist‘max
No. on running surface v
() (mm) (mm) | MPa) | (mm) | (MPa) | (mm) | (MPa)
New rail 600.00 7.10 5.90 894 2.95 223 4.66 269
8801 831.53 14.37 4.46 584 2.23 146 3.52 175
8802 1087.88 27.17 3.29 419 1.65 105 2.60 126
8803 1018.30 21.55 3.70 469 1.85 117 2.92 141
8804 867.18 15.35 4.37 558 2.19 139 3.45 168

2.5.1.4 BERHDOA D =X LA

V—VEHTEH R E O B O MR E 1L, Hamimaidic ko< EH TR

CERNLEERNDICEIsTELEbDODEHEIND. T bbb, 5.1l 1
TEZH LI Lo, EHEMERELEZS S, L—Jb s BHigH O T X0 O
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(Flap formed by plastic deformation which occurs by rolling contact with wheel)

Fig.2.12 Schematic diagram of flap formation.
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Fig.2.13 X-ray half value breadth, Vickers hardness and Texture under

the running surface of rail used in Shinkansen line.

M 2. 14 IC TEMBEOR R 2 rm$. FTHMKICIT, BANBR S NWEN O Z
TIAMBDLEND. MBEBICIE, A2 A4 PROUENRLEZAICEVRD S
No», "= FPoRBRMBEIIREZALTHD., BEBFREFTORMBICK D L GS
L, FSMNEBEBICHETOMBOEELARBDONS. LAL, Wb T N ABIC
EBRTHIELCOLEFERDLAL . TEM ICX VR ERELEEBETE RN -
M LAEROERRENE S AT A WA, SEM BRI I IEMkE o’
AR INLTEY, V- VEHTHEEBORENETHEFLROBZIT TWVWD EHE
Ih%.

2.5 4 FFRENRELELV—IIHEEHOEREMMBMFEN
Blmh o DR

RKETIT>TEEBMEBZHB AL OMITICL > T, HigHEdofhv ik L

76



FS M GS

(110) Selected-area electron diffraction images.

Fig.2.14 Substructure under running surface observed with 100MV TEM.
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Fig.3.1 Typical damage observed on the running surface of the rail used in

this study. The upper side is the field corner side and the lower

side 1is the gauge corner side.

WIZ, R3IVIIWCHEMEH L —LBIXOHM L — VDAL O o iR E2RT.
L — OIS IT TS BAR LB (JIS: Japanese Industrial
Standard) [15] ICHE SN mk o &EZME L TW5D.

Table 3.1. Chemical compositions of rails.

(weight%)
Chemical component
Rail
C Si Mn P S
Used in service 0.69 0.24 0.85 0.013 0.008
New 0.71 0.23 0.92 0.023 0.007
JIS specification 0.63~0.75 0.15~0.30 0.70~1.10 <0.03 <0.025

AR TIERHBRAOFTNBLOXBROMEFMETET L0, L—VITHE
WREzHRELL., K32 CRELELEERZ RS, FEEMET, V- VEBEIERIC
W 72 J5 [ & ND (Normal Direction), L — /LR FH M+ 2b bl EET T %
RD(Rolling Direction) B KOV — v & FHIAICE A 72 J5 a3 72 o b A Wil )7
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M % TD (Transverse Direction) & L 7=.

Train ND
Running
Directioy \
TD
RD

Fig.3.2 The symbols for the three axes of a coordinate system used in this
study are ND for the direction normal to the running surface of the
rail. RD for the rolling direction (chosen as the train running

direction), and TD for the transverse direction.
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Position

Fig.3.3 The sample position in the RD direction chosen on the side
approaching to the damage in order to prevent the extra effects

generated by wheels passing over the damage.
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(FC) Ml ~ 5mm {7 {& (FChmm) B X OV — LEETE®E B OALE S Z — P 22— F (60)
Ml ~ 5mm {2 & (GCbmm) O L — V& FJ5 W I AT 72 FE W@ T17 - 72

B35l rHEMEELZHNTHELT e BM#Z =~ . BLE/N R
ROLBY THD., V- AVHEHHEHEBEERE CIEBERBLAALTCTEBY, 20 HAIE
FComm T HL AT J5 1A, GComm TIISNHEEAT M TH L. —J7, L — /LEHTEE P
DA EICITBERBABD N2, EEALV - L OBHEERBELICE T 24
BALM O MY E F L, VoA EHEEHPLOMEEZREICL TRKEBELTWS 2L
PWHERBTETZ., ZOMRIE, AMEOE 2B TR HBEMRL — L OBLERR

BLOEHFoOHRSE [76] & —HT 5.
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Fig.3.4 Positions of the vertical sections parallel to the RD direction on
which optical microscopic observation of the plastic flow was

performed.

MW EHBERO HlR L L — A ZREEE L CTEREMSE25GE, Wiho
MBENDH > THLHE 77 VN L — L0 GCITHE LW TIE, L
— VEHERICBT 2 HmOBEMEITIEEAEBH LN ENREDS [110] 1
FoTHRBINTVDE., ZOMREEHE 2T, ERORT Y 2 fbFIC#HR
EL— BN BEMT S EEE LSS, L — VEETEEIC T B O
DAL B IZIE MBS D RBIC R EHESND . 2 0K, o R E 4RI
BEELEEZBT XONRNERT L, L= EFTHNOERD O 5E R
OFLMEZREICLTZOFMAARET LS. ZOHEMRE LR3I 4ITRLES
B OB R BT D, LR T, AMETCHMITEIT > = EMEMAL —
JU > Lo— b E TE DAL BT IE A B S L — L BE TE o> B 5 il 51 A
LMD LHEESN, ZOEMREZIFIEIMELR) ThbotEXLRSL. — 7,
L — XV — VEETEE O RW i 7 O W T RO EICEB W T AR
WCHMHERE IR O R ho7c. ThiX, Hime OHEMBREN W LITHEK
T 5.
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<=— Train Funning Direction

Fig.3.5 Optical micrographs for the sections at 5mm to the field corner
side (FC5mm) from the center, at the center (C) and at 5mm to the

gauge corner side.

b.L—I/IETEEDESZH

4 3.6 ICFEMMAL — A X OF &L — Lo 5E TE o R W E 5 R E L7
ENMOFERERT. BEOWEICIE, BRSNS G a2 A
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NVERTHmE P DALE D GCHlB X FCMA~EEN DI LTI » T < 72 5\ %
AL I, EWmoBEmARICERNLEEZBTRYRERT LI LICL o T
FRINDMTEANFEREHEETIND. —F, HihL—IiZo0n TEAME
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Fig. 3.6 Vickers hardness [HV 0.3] in the TD direction of the running
surface of the rail used in service (filled circles) and the new rail
(open circles). FC, C and GC in the figure denotes the field

corner side, center and gauge corner side of rail, respectively.

CERBBRLAINICZBETHIAHEMEDRTE

SRMEBBEPBIOHESHEICL T, VA EFHFAOBEERERHNITL — 1
HEmSPOME CHRT 228, ELBBETMICK T 2 LV — VEHTER O M S
XV — VEERTOME TR BES R ZLAHEHETET L. 2T 6 DR K2
5, BB HOEEBOE LR WMAEIXL - L EEGTLOMBE LI E R R T L
MTEDLEEZ2, UR, ABMMAETIEIOMEIZE W TS B R O AMNIGE %D
EFRMARLZOOMERLOCBEEITO LI L.

mF, Him e OFEMRKICE o CELT L L — VEHTEE P LA E 2 Bl o
REIZHD LTRSS LW, 22T, ERAVOEZBEOR BEWVALELS LV — VIEHTH
HHOMETERVWEAS, Lo AWER L E R T D0, & O E E
H (7 & (CC: Contact Center) EMESRZ &L, —F, il — L —
JVEHTHE PO E 2R EME & T 52 &I L.
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3.3.1.1 Al ERHE

WM R K, (001), (011), (111) 7 & DGR Eh 2 LuEd & Lz 2T L
F K BB O R E G, B & 1 E R IE R T O 2 o B S o R E
T L5 ThD [123]. T bbb, FHMAKIIEH LEERMNASZ R
Ml & FATIZ R > TV D s b - ORI X - T, KK s b 7 o B m 1 % 2 &
2 TC<ND. Lieno T, HilgE OIERDHEMIZE > Ta-Fe ODFT XD H D50
FEEEIC I TA LS mEORME LM T 20ICHRGELZRD.
oETIE, o«Fe MO EEN EOMOEE CHIERIZEATICEM L T
WAENEEBMICMD Z ENTES. 272 L, FMAKHEETIE, ol
IR E CERSEREOERTRT LD, RMEFEEIND. E0D

WS Ko LDREEFORMEZRTEFEFIWMBEELTTND. 20
KO E» 5T 2 &, V— VBHTHE ISR L TR AFAT &0 ) RFE
BHIEE OEMRICK L TR B OERDEIT LWV FHETESHZIONLD. 20
Sz TSR MITND Gmy &RT . KUIE TIE, oMo GE SS9 EIX

V=l O =T 4 FEFET O o -Fefidd THY, NDmazsRIGme L7k,
B4 3.7 12 X A B P o f sl W E o R A R . XBRE TS E TR, T v
X A% v 7 (Randomorientation sample) & BE(E U 2 M J5 () 4 42 #E 5k & 3
BRF & 0 {hk1} R &G H O X R E TR E &2 F — O AKX BRI E STl E L, ]
Bk, ZvyHFrt oI robldrmE (;) ERBFoRTERE (7,) OEK
DD ZOMERIE, AR U {akI} RS OERT W H D bkl G EIZ %
TOMBEE LI ND. AAIWMEEIRRXNOLIITRDEND.

hkl Wh&EE = 1,/ 1, (5.1)

HUER ENEBEE=1.0 To L (Akl}H55 E A X AR B0 E m I EIT I » T
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WO AR FOEENRBRA LT X LAY T ATHETH D EMRT 5. @
BHE>1.0 0581, {ak} 5 & 25 X8 B {1 E @2 FATIS 2 - T % i db kL
FOEENT ALY TR EEBRAOTNEL, TOMEMNKEWVIEER
OB LICRD. T bbb, MIBELTTZ L X2h T rns 00X
FREIPT R EE & M ES G L T 5RO O X MEHr ok E 2 F— &40 CTHlE L,

WMEDOENDL T F ATV L TCHBEAOMESE R ENAMGERECTH D
mEWS ZLERTHETH D

Incident <h|.(|> Diffracted Incident <h|.(|> Diffracted
X-ray Axis X-ray X-ray Axis X-ray
XD {hk1}
N Crystallographic
Plane

(a) Random sample | (b) Test rail

Fig.3.7 Schematic diagram of the axis density of a certain crystallographic
plane measured by X-ray diffraction: /fo, intensity of incident X-ray:;
Ir, intensity of diffracted X-ray from random sample; /1, intensity
of diffracted X-ray from test rail. Axis density is defined by the

ratio, I7/1g.

3.3.1.2 BIERFXE

a. X#WAESFH
WA X 0 S, [ S R R RIS K D X MR AR SE i A 0 % 7o XORR A4 i E
BROUmMAKER S ZT 22, K3.8ICHELEONB, X 3.91CH
EFHOMEB LUK 3 10CMEROMEK [124] 23 . £, £3.212X
M E SR AR A R T
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XMBESMEIE, XBRFEICEY 77> (Mo) AV, FIINEE 60kV, FIINE
ft 200mA & U7z, ME RS EE S WX, 110, 100, 211, 310, 111, 321 0 6 #f &
L. XEFFmEKEIZIT o FeE\HRMMERAB (T X2 F T )z M.
B, XMBHEHAGRST282A) v POXHFERPECARLEZEEBY ThD.
Fho, X#ERABoORE S (B ESSE) i3, 10nnX10mm & L7, 22,
WEFAEMICB T, BXREHA O CEEEMICE T D XM R FH S XK
M EKIC DI ED Z L 2R L.

Fig. 3.8 Appearance of X-ray diffraction apparatus.

Fig. 3.9 Measurement part of X-ray diffraction apparatus.
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Counte

Fig. 3.10 Schematic diagram of x-ray measurement system.

Table 3.2 X-ray measurement conditions.

Apparatus system conditions

Measurement system conditions

Parameter Condition Parameter Condition

Apparatus Detection system

Goniometer Wide-angle goniometer Detector type | Scintillation counter

Attachment Multi-purpose sample stage Scan mode Fitting Time

for pole

¥ oscillation No use {110} 0.3sec

Beta rotation 2.00rpm {100} 0.4sec
X-ray source Measurement | {211} 0.4sec

Target Mo time per step | {310} 0.7sec

Voltage 60kV {111} 3.0sec

Current 200mA {321} 0.7sec
Diffractometer Data collection

Divergence slit open angle | 0.5 deg. 20/0

Scattering slit open angle | 1 deg. {110} 18.500~22.000°

Receiving slit width 0.15 mm {100} 27.500~29.500°
Specimen Scan axis {211} 34.000~36.500°

Shape Rectangular (310} 45.000~47.000°

Size 10mm X 10mm X 9mm (11} 50.000~52.000°
Sample holder Cylindrical (3211 54.000~56.500°

Diameter (outside) 40mm ¢

Diameter (intside) 15mm ¢ Step interval in 26 0.02°

Depth 9.0mm
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b. Bl E F IE

4 3. 1142 W A X E BB o SREAL B L S R 2 R 9. BRI, MmO
MOFLE CCAESLE —HIHL., RKEIEF, V—2AEFFHFRBROE X (10mm) X 4
Wrmi a0 S (1omm) XJE S (9mm) & Lz, £/, kAL LTHLL—A 2D
HEBEORBZHRB L. b, KA TIER O LBV W EEERSG W Z ND
ELTCUV— VEBHTHEEMR M %2 ND ITH - 72

Fig.3.11 Sample position (CC, Contact Center) and the symbol for ND axis

used in this study.

MiEEO L — VHEHAEBNDOES FMIZB T 2ZE{bETWRD5720, KIZRT
FIECHEZ Eh Lo RACES OpnT20bb L — VEHTER O LRI WT
R azNELE. 2ok, R—&FTazEBRFEICEI > THEY T THET
52 BRI L. K312 ICHEFEOKAXWIZ RS, Z oW EFIEIZ
EFo T, RICFT 16 HOAHIESITEBWOTHEIEZAT - 2. AFHEEESIX, 10,
30, 50, 70, 100, 250, 500, 750, 1000, 1500, 2000, 2500, 3000, 3500, 4000,
5000 & L7z (HALIZATum. B, BAHES 5000 n 2k 2 81EIE, B
DEE TIT-o7. MERSOMBAEVE AL, BRFEOHRTEHY T3 &
ZRuBMEzEST L L, EMITEBEEGOFEENES RD2ZIE1DL, =AU —
MEHNWCTFNELITo%, TOMLEELZFTHICWMVBRS ETCOEILE
fEAFEIC L > TBRELE. ok, FHEON LEERI IO W T EF [
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HIZB W THREZIT  TMIEENWECKXELES LI RVEIICEEL L

— .

Running Surface

Measurement
Removing Material
Measurement
Removing Material
Depth=5000um Measurement
Removing Material
Measurement
Removing Material

Measurement
Measurement

Fig.3.12 Sample position (CC) and procedure to prepare faces for the
inverse pole figure measurement at several depths from the
running surface of rail. CC position means contact center.
Combined operation of removing material and measurement
were repeated for the nominal depths 0, 10, 30, 50, 70, 100,
250, 500, 750, 1000, 1500, 2000, 2500, 3000, 3500, 4000 and
5000um.

3.3.1.3 HREEE

a. T 1B = X

BI3. 13 EMMA L — v O i S KB E RO — 6l 283, Ko xR T
Bhk T BET 255NN O E T8 E 42 RS, PMAKTIE, s E=128 8
M Z . UBARKLLIE, WTFNLOEIICEBWTH IO MHE FALAHEBE LT
WL ZERBODLND., EHIZ, 1NIEEETIERIICHEIIKFELLZELEZRT.
TAviE, (111 A bo— v B TE [ 0O B B il S P AT IS B A L 72 o —Fefl 0 17
EHEREHEVWI ERBIUOZOHEEGERERSTMIZKRELI AL {LLTWVWD Z L a2RT
L DO TH D.
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AL

1.857) (2.151)
211

(0.890)

411 321 411 321

(0.700)  (1.047) {0.746)  (1.035)

310 210 310 210

100 (0.379)(0.366) 110 100 8 110
(0.385) (1.125) (0.258) (0:286)(0.370) (1.317)

Running Surface

Depth = 10 pm

111

(1.749)
211
11.229)
411 321 411 321
(0524) (0.669) (0.881) (0.814)
310 210 310 210
100 (0.478)(0.257) 110 100 (0.785)(0.570 110
(1.166) (0.283) (1.101) (0570) (0.643)

Depth = 100 pm Depth = 1000 pum

Fig.3.13 Inverse pole figures of the rail used in service for the running
surface and the depths of 10, 100 and 1000 gm. Three-digit
number Ak/ in the inverse pole figure is the crystallographic
index of the axis for the cubic class, and the numerical value in

parentheses near the crystallographic index gives the value of

the axis density.

b BHEEORIAREL
314 ITHER R 2R T
Mz 222 FEMIClE Lz
WTFhOFMbES FTMIZE N TEITRLS, TOMEITERME NS 5000 m DE
SETHRL.OT bbb IEEFMMETHLIZ EEZRLTWSD. L, BHAT
FRLEEFEHL - LOEBMEETINThoO M bRELHES FWITZE{L TV
. TNOLOWRSHFMOEAT ZObLMEE 1.0200 ORMZET L, H{LEIC
FELWERRBOOLNLD. TOoPTH, ROFEMREH L RZT HAMIE 111 T
Y REMNORS HRICHE D> THEHEML T,M 100pm DES TE — 7 (1T

MEOMEBEEZZ T CEEHIMNOWMBE ORI )
I E A TR L H A L — L O E T,
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Fig.3.14 Variation of axis density
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squares) and the new rail (open squares) with the depth of

measurement for each of the crystallographic axes 110, 100, 211,

310, 111 and 321.
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BT 5. —FH, MOHFMITHOWTIE 1L I THENEE O LB IE L/ &V,
RS HMIZE xR ZELE R LTS,

W G E 2T oo R, BAVEMABRYRLZ T EEEHL — LD
THHEEBMO o -Fe fidh O EEH O EIL, RS FMICEIT 580 5L
BICEZRY, TOHRPTH IILEHEELIMICHEXTRESLILT L ERHERT
T, THhHLORBICESTIE, 111 BiEmETEMEN L - L ORBEMICER S
NEER Y EMEGORELFMT 2B RATA—FZO—2L A3 2 LR
TE 5.

3.3.2 EBSDBEF VAT LICK 5B A AN

AR B E T T, B 10mm F2E o Il E SO 1T D Y 2R RS R o Bl )
REEZHEL WD, Z0kH57% Inm) VLRADOEREEDLET Tpn LV
T2 OFENEDEIIICERL, FEOFMEZRMWOTWVWDLINEWIIFRIGED
NNIBENVEMOEBEEZRFNTI22DD0T XL LTAHNTHDL. TD LD
IO -2 L LT, A, $%IGTHELE FREIY Y — g fr (EBSD) & MEIE
WO FENE R L TETWD., Zofr BFiEE, ErMzRABICHRELZ
WEICHAET MM EMFITN 2R KRB OAME, Jin, 78E KON E
BREEMHTHZLITEY, Tunl VRATHBER T —D2— 2D HMRLELD
BEZRET D LNTES. £ 2T, EBSD Ml & E % fif 2 7= £ & M E T B K
#i (SEM-EBSD) MW TV — VEHATHE O JRET GRS 247 9 Z LT L 7.

3.3.2.1 Al ERHE

B 3.15 (2 W & JT B % sk 9. SEM-EBSD (Scanning Electron Microscope
equipped with EBSD measurement device) & (X, SEM $E{KWN T K & & 1 4 i
MREN T2 DT LA O Z L Td S [125]. EBSD o & /E JHE 1% 0% i A B
THEME-HHBROGAELEALELTHL. R THLIE, BETRAABICEH S L
EE, REBREVWHAICEGA CE R e DI MR ELE O A 7w R L
EEPFRBIZEL > THELDLINNFY = ThD.
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Incident Electron Beam

Diffraction

Pattern
Diffraction Center

Sample Detection Screen

Fig.3.15 Principle of EBSD measurement and the sample position relative

to the detection screen.

3.3.2.2 BAIEFGXE

EBSD ] & 12 1%, # A o B B A F B 8% (FE-SEM: Field Emission electron
gun type Scanning Electron Microscope)Z HH W7 . F 7=, EBSDIE & D Hi Iz
) a3 X — 4w b (Silicon Intensifier Target)fff& B A T % FH Wi,
— 5, K& ALEEAT 21X TexSEM Lab. #E# Y 7 F 7 = 7 0IM™ (Orientation
Imaging Microscope) [126] Z H W 7=.

EBSD Ml E 13, BF E— LD MEBEEZ 25kV, EFROEAERAT v T %

0.5umé& L7, .16 Itk M o Mah J7 1w & EBSD I E il & o1 4. AW T

I, V— VEHTEmER M A2 ND, S EBELT M & RD, S EAMEAITE A FH &2 TD
L. E-,EBSDMIEMEIZY = U » VG O B A2 I8y T,

GCRABOBHERBERINARDENVMNETCHo 7L — LVEIAEE®O CC fii@E & L
7o. EBSD Wl E O #tmi X TDWrmi& L, =AU —MAHWTHELLZE, ML
EHEERETDEDICEMINTEZIT > CTHIEICH L. EBSD M &E @ 88 ik 1%
80um (L— VIREHM) X3650pum (L— /b RFIHm) & L. EBSD#HllE DR
Fix, Eddo oIM™ Y 7 v =T A WTHATEZIT o 72, 723, 0IM fE 4TI

DA AL E, FEAOTFRAEGME T bbb, FiAR—#
£ (Miss orientation angle) LK T 2B AR EE T, WEICL->THLBHI
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CC

EBSP
Measurement

Fig.3.16 Vertical section at the contact center (CC) in the TD direction
and parallel to the RD direction on which EBSD measurement

was carried out.

3.3.2.3 HREEE

a.fEmAMBTHHE

M 3. 17TICHEMEHA L — L HML—LDO N Faa2sBImE LT gSE
NN ERT. bbb, Wb L — AV EFHFMICEATREER @ TORE
WWEDHDNHAFMNERLIZBDODTHD. £72, 77 —F— (Color key) & 5
T oA » o FER LM a (IPF: Inverse Pole Figure) & 5 T
AL BT —F— T, gl o @ s Ao IEEz R LS OT
IhEZELTLZILTHEEORARCEBVW ISR MICEIT RMEMEERET 5
TERTED.

EFEAL—LVORREGMNBIAKIL, ZHOMTFAEADL L ZHREFATH
DO TWD., AT —F =X EHFAIX IILENICHS L TEY, WA
brRENDEOIIC {111} EAOBWEFEEEZRLTWD., ZOoBEM/KERIT, <
7 (mm) LRV TOXBHEMAKEICX > T, EEHL—)LOHEIEGEHE

WicHER I {11 ESmomaEmn 272 (pmn) X)) TO EBSD fig
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Rail used in service
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Color key

oot 101

Fig.3.17 Orientation image maps and corresponding conventional
presentation of inverse pole figures of the rail used in service and
the new rail taking the ND direction as the reference direction. A
color key is given to identify the crystallographic axis parallel to
the reference direction at each point in the orientation image

map.
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MR CHERR S LT WD . T, Fidh L o— b O RE T AL o A X D B o HLRL 2
bfisnTWwWD., EfALV—AEHRLML— VOB TGS AN E KT S
CLETUToZLERHEESND WMESHERBRFORIER X O LS,
B L=V TIEYHRE TH T bod, RHEOMMATPICHERIND Hig &
DERPN Y FEMIZ L > TEZHOMMTHE LEER FICMBEftenD. £, £O
R TR L 72 s R 0 {111 G Al 28 L — OV ERTH f 12 AT ISR M L T <.

b.EHFBREEBRS A E

EEH L — L OfESE TN BEARICB YT, %500 5%»IEFICHH
RCThd. b OEBIE, £ < OMMZR R THRSILTWS . EBSD fiEHT @ 4
BT, fmOARATEERLESL, MMPICEBMNOEBERENOLILE, TOH
SORERTMBERAPRIC AR 2 ERMbNL TS, =0 X5 72 KB PR 72 HEk
OREFIIE, B RS E GRS MK (Image Quality Map) OEMAN A TH 5
E R mEBRSAARIE, WEISNZE2WMESICBTH2ETRLEE Z O RO
ETRT. RFHAELMEEIRE SN ZHMBOMAELZRE TCERT LD, &
MR EE R B ERIZER L, REPRALRAESRZEHRIEKRRIND . BEHH
mENERWES, AaPCMororZE2ET bbb ERL L ITEN O LM
ERFEIET DA RREN & .

M 3. 18ICHEMAL — L BLOHFMLML— LVOHEEmNOLES 100y n AL EIZE T
DRSS E G S AN E RS, EHEH L — Lo PR E S AT IS &
STHRRHY, FEFICHI o TV HMHEORKRVEHBKNS &> L HFEMET 5. W
WHEIE TIERS AR OB R A BB T v, i, R L — v o RS E G
AT B S <, BIRFOZN Z I &R < AR IR Rz ko
TWMYVHEEATWD., ZALOBEMEENS T, EMEHA L — L OB THEKRKEH
DFERAL FITHERE OV R LENVEMOEELZ I CMBILLTWVWD Z &
WZMAT, BEARBMOEEP RBEIND. ZHICHLT, HFdalb—IZIiTE
HREBENRIFEALEEEL T AW EBRHERERIND.
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Rail used in service New Rail

Fig.3.18 Image quality maps of the rail used in service and the new rail at
the depth of 100ugm. Low image quality represented by the low
brightness implies the existence of any imperfections, distortions

and dislocations.

3.3.3 HMHMEDULERK

B 3. 191 2EmTHRAL—ALLE L THMYBoHBML— 105 b, HhEKF
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BomK ETIHMEMEN A TCRRIND. £, ABOEFEEL R WEM
Moy ThH MRA LV —NLBEERO EHFIZOWTHREKICHETERIND. K%

IR T RAT I A CREOEREFBROBEBRIZOVWTERHFTT 2720
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L., £, aFigofmikor —2 %R L TCHMEELZEMAN S K H
W OFFe L7
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001 101
Inverse pole figure

Color key

(3) Enlarged view of the running surface layer.

Fig.3.19 Orientation image maps and image quality map of the rail used
in Tokaido Shinkansen line, The arrow in figure shows the
surface level. Note the color key in figure,. Color key is reference

of the crystal orientation.
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LTINS, EHIIC, Vo LHEGOREmMIEL2EMBRERTHEL .
ZORER, MR A L — VEHEBIZFITICHREVWHEICZR> TS ZE, £h
CABRICERA>TWVWDHZL2MHRLE. ZORWIIERBRO R KB ORI
EESETVD., MREAMESERICR > TV D #EEO K L O &R O
— X, MALEDLDNIZGMICEANFELTEBY, TRITIRETHAOLT
W5, MFIICALND ZORSEHN, Yo Y IHEEORERLE 2D A EME
WhdHEEZDLND.

3.3.4 THHEB OB

3.3.4.1 BEA X

L— VHBHTEE B L OHEEHE FTHEO THMABEOREZH S NICT D2 &%
Heg & LT, 2006V B WA FBEMSBE 2 H W CBIZE 2T o7, BRI o
BHEFHLVIZ0.5umé L, BEMEBIZEBIAXBEMNBEOBE L & L T-.

a REBERAHMZAVEZEHE

P VBHTEm RS L OERE T 100pm fLEO FHMAKEBRET D0 L — L
EHEE»PORABRBREZITo72, BRI LKL, Z@AE THMKE CBE%
TOTD, ROEXIBFAELZIToL. B LB 2SN TI2X > ToO0.5mm
BEEomRRARZOOHL, =2V —Z2HAWEFHREIZL > TEZK 60umn
W ETFe. To®%, N2 F T 3mmd (T B W THEMIN T o282 Ry Br<
D EBMREZIT 72, 20955, RmBEN ORI ER & o 86k E R
WEICL > THERTLIZZLEHIET D20, BAEE CHE#EL - b <TEWFE %2
Tole. BAALHMIERIL, REICESL THEMBREL TBEICHW .

b. R A A VE—LMIEBIZCE>THERLEREBBOERE

Bl 3. 2012 A A E— L2 EETHEHRLLEABOBMNEZRT IR A4 8
— LB AEARHWEINLEIZ, Y7 3700 F—F—0O5 W28/ 45 i EE <% oiE A
BELHEHMERZER 22>, Zo®E X, SEME (30kV) THHE
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LiGaA A D —LAzRBETICMASE, ChEEAELANLRB R Z
ANy BT HILIEoTH T I/ v EOFEBIE2F2 2N TE S,
L
Ga ion

<50um

=50um

/

0.7mm

3.0mm

0.5mm
[The sample thickness is about under 100nm]

Fig.3.20 Schematic of sample and processing method using by the FIB device.

3.3.4.2 HREEE

a. REEEAHMOEERER

B 3. 21 1 FEME M v — b o M im #REERCE 2 W 7o o A BE B R R R
T . VL VBHEBERE CTIEASA—J A4 PP oOE X Z A MO — 2
L TWDZEICMx TMAMICHE L TWaEL B0, %< 0NN EE
END. ZOLIRRIF, ZOEBEPRREREEEZZ T TCNWLIZLEERLT
WoHboLEZOLND., —F, NNIWMEEOE -7 EICHY T 5SS 100umn
WESTIE, "= PEBKICKREREMITRD SR W, Lo L, #RFR 28
HINhELHEBEAERLIN TS, REEETEHRVWABMOFEITELL,
DESWZENWTHObMEORBLBRIZT TVDLIERMERERIND.
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Running Surface

Fig.3.21 TEM bright field images of the rail used in service at the running
surface and the depth of 100pm. The dark and bright parts

correspond to cementite and ferrite, respectively.

b IRERAAVE—LMIEICE>THERLEZAHOBEERER
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FTHE, BEA VA MHREEDODNIHRRBAHOELNES NoFH W, S
0.3umEX VW bELS DAV Z A PREB LN DZ2HRKREBEAHAHFAELJE
WIZEHFI L TV LIHEFDPHARICBD LD LSRR D. LarL, 74 THBEIE
FllpoTWD., BFHREFZT MBI EINET, TS RICETITER L
TWZaWnsb DD, BRIZEWSRZ—rZRLTWLS., 20206, N"—74
MG OEGFPRBOON Db DO, HiHEMOEELZZ T TRELLEREX T
TWhZlp#ftEaND. ZOMPEIT, HEBEBEREBZHE/HERE D L —
TFLTWD.

—J, RETF 10punfiETIE, RKOBLIOCZOHE FTOMMICELIT =T 4
FEBOFFEPABHBICR O LN, EA XA FOoERBELEmICHNTKEL 2
STW2. ZORSICBTL2EFHREFTOMBICITAR Yy PBAHEICHED L
LW, BEAUEZALA PP RELSERBLTVWDLIE AR D LD .
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Surface level

ulml

Olum

(1) Surface and Subsurface (2) 10pm depth under the running surface

Fig.3.22 TEM bright field images and electron beam diffracted image of the
rail used in service at the running subsurface and the depth of

10pm.

3.4 KEDFED

EkRkMoOBEREMCCHEATICYY Y 7HENMEAL, BFEER MK
160MGT, fEJH#R4FE 16 F CHEFEMZMINTZEMEN L — L ORBEHIZ OV T,
U A= PO XBEHICE DRSNS A — FVSE O % E R
BIHEMEICLIIMEMERBAEL LOEFHREIT &S & 512 SEM-EBSD % A
WTF A= FMLVEBENPLDOHEROINEICLD I 7 1 XA — FLHEIKTOR &
TTNEFRAT & OF B ol E 24T - 7.

ZTORE, HigL OBV BELEMIZEI--TbEbENLEEZ LN KER
WEE L VHERORBRREHB IO CHERERBE L. §2bb, XYM
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T2 S AR 7 O (111} Ak &b A B TH E I FEATICE M L TW D88 d 2 5k ik
ThodZ La2R L. Z0O 1I1HMEEICL > THMI LD EMETRE»D
DIWSIZ Lo TEILL, M 100un THRREZRT. £/, KEBHICE T 5 HMH
KL ORI I KOV TD H i~ & & v 5 BBk 2S SEM-EBSD f# 41 22 & Bl &
Mo, ZTHUHLDORENS, KRB THEHIALL LV — VT HE S O IK
LEEMICLs TR I V=) v 7HEERE R I2BRVBEMEERE T2 b
LA —VREN DR EDL 100um TVEWVWHDICEKINLTWD Z &%
RLE. LERST, ZO0HSELV—LVHIIEERZETRET D2 EI2E-T
VU ITHREORAEE T T LI ENTE DL L 2MRL .
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FA4E EARRICEDSNA—FA4A FHL—LOH#H
HICEEPDOLE

4.1 FLC&HIC

N—=F A4 MLV — NV OBEHTEEHICEBA T I2MBISEEZH LWL NICT L &0,
HEBBIIESWTHANR G REMET LI L CEARLRIERFRHELEZ X 2.
ARHFEDHE 2ETHBH, FIETEERRCEBNTY=V vy Z7HEICLVHA
GHEMIE L —LEINRL L TC2BMBYHNBANLMTEITo. 20
FER, i L OBEMRNILS X OEN D BEME T ORBERLEE X bN D BEE
EREZRZEWVWS OO RICHOWVWTHLNIZT A2 ENTERL. b ORI
BEFBBIC OV TIE L — VEETER TR 20 m, FERB T 100um X0 EVED
CHEFEPEREINTVWDZ Ea2MELE. SHIC, V- L Z2HERT 5 4E8H
RO AMIGEICER LEMTEZERBRL —LIZHOWTHEELE. Z ORHFTF
BIZEoTHLORIMERIT, MEOBEERD D W ILER 0 BEilE 77 % BT
L ETAKERNREREZEATINDEBRZENLTHD. ZORMAE, o -Feifl
i BRI O 111 W8 BE AN o0 5 AT R T H g & O D IR LB A Y Bl o BB & i
I Db xTWhHZ EaEE L. 72, SEM-EBSD EHTIC L » T L — LEHATEH T
DIREBICBW T/ N—F 4 FHEBFT O o -FefidbBAMALT D E L HIT, H
bifb Lok d R o {111 S 28 b — VB TH R EATICER M L TWwW b 2 & % B
B L. ZZTHLNERTEHERIT, WME, TX0DBICHEEREELLS
DERNMMEHEICHAGEDI > TIEHALEER2bEH AN O THL. LR o
T, REALV—ILVOMTERELPOL T TRV VICERTBEZEE ST S XE
BEROEBEBLIVIRICABELTEZEALOEELHLNCITH I LEFHELNEED
nNiz., 22T, ZHRHE@ER ) E#MRBREL A WEH@S I &M T TRBR 2T
YLk, MBACEATIMBISE~OHEMEIIEOREL SN - LET
LI ENBEELEZER TS LITLE.

HBAFETE, HaREAOS—=F 4 MLV —A2bRBRFZHREL, —HfE
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B8 ) AR AR K o 0 EAMABR A R L, SR O D Bk
KEICBIT /M GBI EZ EERELEMBEAPOOMELITO 2 LITK - T,
MEBAICERIATL2AMECEZRZHICH T L2EMED, T X0 BLTHIBORZEC
DWW THRE 1T - 72

4.2 HERH

4.1 CRELEERBREOERE T, /0, R4 1TICHBREOERERETE
AT R A OBEEN 2 X, 200V IR A M L2 H ) 1. 5kW 0 = &2 R E B &
AW, Bihix, E#obixs ¥ 4 I 7L Mok C— HF#HERICK
EIhbd., 20%, —HERBREy FAIICEE S Z#ZICLs TXRHFSh
ZRBRICEESIN, b)) —FEAHB T —2lloRBRAICBEIND. L—1
YRR A TRy M, @A SRR A&7 — 2 M wmY 1T,

Timing bel
Bearing cas

Ayl

Gear case

Le]]
Joint

Torque detector
Joint. Test specimen

Fig.4.1 Schematic diagram of the testing machine.

BB N OREEBEOPICERBRAICT R 265957200 th HEE DML
AENTWD, BE TRV EHEXZL285451F, BEERBICHOLNL TS X T O
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BEZCHEEITRRDVZEH52 2558 L 7=
WHEOMAGDLEIZL > THBRAFBRY M TE A2 RIS, 20720,
ARBR R B ST gl oo A k(B i R

B, T ER=0% (AWMHE) OB EDH
Iﬂu+J:

FEIZ 0.01%D #ENAE L 5.

Table 4.1 Outline of testing machine.

Type of testing machine

Two cylindrical rolling - sliding contact type

Model of the electric motor

Three-phase AC motor (Moter power 1.5Kw)

Speed control system

AC inverter control

Test speed range

0~2000rpm (Stepless variable control )

Maximum applied load

4.9kN

Slip control mechanism

Gear combination

Slip ratio (nominal)

0%,0.2%,0.6%,0.8%,1.0%,2.0%

Lubrication condition

Without lubrication

Lubricating environment (water and oil)

Test piece shape and dimension

Cylindrical type, Diameter:50mm,Width:10mm

Width of contact surface :5mm

AR TIE, T FE
S (%)=[(V1—
I T,

S SEIRD XD
V2),/ V11x100
v, o H WA Y R B Ao (] s

CEEL .
(4.1)

& (rpm),

Voo VL= VA SRR A O |5 E £ (rpm)

Y WANREIR ST

FEIL, A N — ZHEIHIC X > T 0~2000rpm @ #i PHIC 3\ T M B

BEICEERECEOMEL L. £, WEOAMBKEIL, AL bafioiT
L2k oTaariEnznLTA#BhTy —22M2HT5FHHFKNLE L.
= FoTHRMEL, va—Ficisk Lz, RBREKIX, X

MMFE T — FE i
|

e
S R L e e Lo S L BR B
KEHEEE CTRBRATE D X9
Eo, HWEBETERZITOLHEEIREY 4 V¥ —

fEMRLEMEERTANE L.

Fyr oo N—ZWOMHITFDHZ LI THEB LY
W L7, KEWEETECTERTDILEITAKEKE

LEZMCWTEERSEZRETDOW/ET AL L.

BRI, T E,

MEBRARY AT br s,

AR A Ml B, B o R
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BREIER B I OCAE Y — 2B X OF M O RS MNEE 2 #E L.
%,

2R i RCIE % g

5B A ER Y AT W TAT o 72

4.3 AB R

4.3.1 EZRTE X VHEBA

EN 7 e

JISE 1101 [15]

Z

tH

4.2 B AR LEL — L OISR %2 RT.

Table 4.2 Chemical composition.

ARSI

HESHZ 60kgrmL— L2 BEERRL .

Elements C Si Mn P S
Sample and™~ [T
Standard % % % % %
Test material 0.72 0.30 0.74 0.014 0.006
JISE1101-2001 0.63-0.75 0.15-0.30 0.70-1.10 | 0.030max. | 0.025max.

E
v —Inb g
E1101

W5

FA3ITHEERAMEE 2RI,

FnbHor— X

Table 4.3 Mechanical property.

, Wb

o, : .
Tost value 0.2% proof Tensile Elongation Reduction of
stress strength area
Sample and 5 >
Standard N/mm N/mm % %
Test material 495 938 12 23
JISE1101-2001 Not specified 800min. 10min. Not specified
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4.3.2 ABRARIWME

B 4.2 1R A OBRBAMBE S 3. L— MY AT, L—/ F§ &
WHEET A RIS 2T A0, EM L — AL OBEBEBICEITHrORBIZTE S
WAL E N LRI 72

Fig.4.2 Sampling position of the material for the test piece.

4.3.3 ABA DMK & TIE

M43 B RAROBRBLIOFTEEZRT. HBRAIE, VLA 2o HEHMEHER
L7ctk, BEHIFB XOCAFHIIN T2 X » THRROBIR - TECHE BT 2. 8y 8
il DM S 1E, AFREOE 2ETHA SR E LT BRL -V OEHHEGHS &
M L Ra=0.2pumiZ7225 X512, =AY —fEZHWTHENIIZXK > THELIL.

—F, MEMTHIrERHEYRBRAIICONTH, ME, @FMAMKS L 0@ S
DRBEBODBT D0, VLSRR EH LU JIS 60kg i@ L — /L @
MO L., £, RBAOBR, TEBLOCEBER Y EfmoM iz o0 T
blL— A MEBRArEFLECICL .
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e (o)) o .
1L L N | o The upper test piece
B & © assumes the wheel
\
/]
0 | D .
N X o <: Lower test piece
| & © assumes the rail

Fig.4.3 Shape and dimensions of the test piece and positional relationship

of the two test pieces.

4.3.4 ABRRICKELEERZRR

A4 ICHRBRACHRELEZEEREZ AT, RECTE, XRENBLOE K
oK EICBT D FNEERT L0, ABAICHEEREZHEL . S
ik, HWEBRA OHSA D B (C FEE R SR &2 ND(Normal Direction), #ERf @
[2] 2 J5 17] 2 RD (Rolling Direction) 3 K OV B i @ B Wr i /57 1 % TD(Transverse
Direction) & L 7=.
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| eonaiend

Fig.4.4 The symbols for the three axes of a coordinate system used in this
study are ND for the direction normal to the rolling contact
surface of the test piece. RD for the rolling direction, and TD for

the transverse direction.

4.4 EMEHLOEE
441 BEREH OB
4.4.1.1 $ Y KRR EH

BMEDORZBEZAOLNZT LD, T X0DRFIRO[ICERL THRET D
ZrC L. HeETHRARNEHBRLY L OB S, BB IS K o T i
NHBE LSS CTOLPEMELS t6on UN ThIiZ L — L0 HEfl& L —
JVHE AL E S DAL LA L NHEE S e E 7o, Hdm S A MR (T B R
Li-ddy (MEERH) Tho THLMmBoOMBB RS H EABENS =5mm LN T
HE, HEHiEmOEERmEBIRO AR Em AR ¥ .=0.025 1T IEkO I LA GHE
bickoTHLENMZERTWS [111]. ZORE® L &I, #Hdh2 P IE N & 2
5 bmn MBE L LRELLEFOMSME CORBEEEIZAES I T D R
(HxHREHLE. ZoR, SS0.014%83 G bz, —F, RELERBRED T
DHREHEOMAEGDLHEILL s THBRAMYV S THMOBGREREED. TOR
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W, ANHT RO R S=09DH A ITRT L 0.01%DT XRYVENRIEHT S, =2 T,
COEBRTIEHEEMFEHL— AL LT R BERIFIERUEAKBEL 2D 0% (AKHME) %
nﬁ%ﬁ?ﬁﬁzk L/T /T:szy

4.4.1.2 #MEHDOETEEHRE

Hertz 2 JE /) (P, IO WTIE, L FORFICE SV TR 4 KL LT
a. P, =0.6GPa

COfEIX, BELEL L ERELCER A M IS REO Hertz $2 il £ 7
525 EEMELTRHRELE. ZOEMENERDDICHE> TEMAL
TTEEL—LORBRIE, B2ECHELIToLHHM L — o WmE kIR EZ2EH
L., =7, BREEGOBRITHSHRICIS T 2HmETRBRIIIITHE S
Higm A MEBERELZTSRHNERERROBREZEA L. 20 X5 EHERE
ZBWT, BEZ F=78.4kN L REL Tli#F % EB MM I & CHM L7 Hertz
BEfiE DI WE & LT P, =0.6GPa M L /2.
b. P, =0. 9GPa

ZOfEE, BEEKmIEIRDO L — L By & E A S S 2O Hertz £ fif £
hEehbzxnbZ tx2HMWELTHRELLE., V= W EBRIIERER IO JIS 60kg L —
Jv, B R ITAE YE W o0 B we pt F M E e (BS A RD - 1/40, E A : 910mm) %
BEHLE. 2OX REFMHEREITHEWT, WEE /=78 4kN L {RE L Tl # & 1E
WS CHMB L Hertz B2l E Wi W & L TP, =0.9GPaZ £ A L 7=.
C. P, =1.2GPa

FIHEATH, Mrx 0B+ T CWEILHZALD. LlLUblokiid, #H
HROBEHERLZBR T 2BOMELITHIEWMED 2 FREOHEMM LA E N,
HOBREOHE TCEATLILEDODZ L THDH127]. £/, Hertz #AlE ) O in &
K+ 248X, KATRENDZLEZRLTWVD.

Prax.oc W3 (4.2)
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UEkoZ b bilaBTHRELZME MWD 2HEHEMT DL LT, Z0HEAD
Hertz #8fil)E H 2 X (4. 2) bR D L& P,=1.136Pa &7 D . 6 ZHwE ()N
SEETHMT 2 ERET D E P =1.296Pa & 72 5. U5 Il EE A Wi
IREVWHAGEIHRGREEE CHN T LI bR LTS [127]. 2
DX E IS, K TIEEND O FEYEICE W £, =1.206Pa T T 5 2 &
Ll 2B, 22 CHRALEZEZ. MEMN 2. 4FEMLESGICHYT 5.
d. P, =1.4GPa

951 TE R M B EEN KR ET LRI HEAE L LRFICRHEINLLWEOF
2 B B O(F)=294kN O FE KRim E NGB O 65 [128], [129] I KX, fw &
(W) =294kN O Ff D Hertz BEfillJE 11T (4. 2) 5 P, =1.42G6Pa LR I N 5.
T, KTV P, =1.40GPa Z R H T 5 Z LT L7z

4.4.2 REBREH

T A4 IWCERSFMEEZTRT. T X0 KRB LW Hertz #20E HI1X, LR 4.4.1
HCTHRHAMLEZERER2Z2EHL -

Table 4.4 Experimental condition.

) Maximam hertzian Slip ratio Test speed Acumulated o
Test piece | ntact pressure (nominal) P revolution number | Lubrication
No. condition
a o rpm umber of times
(MPa) (%) (rpm) (Number of times)
06R 0.6 0 860 2.50x107
Without
09R 0.9 0 860 2.50x10" liburication
12R 1.2 0 860 2.50x107 in the
atmosphere
14R 1.4 0 860 1.78x107

Hertz #2 i E W2 5 2 572 O EIE, X 4.3) [130] Tk -Tkdiz.

=5 (4.3)

Pmax. =
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2T, PifgE, [HERA D EEMEE, F=£=F REWEgK), N=(1/r)+(1/r,),
ECH R S R BR A O fE M MELR S, B L — L AH Y R BR A o fE B R AR 2L
reBEAE YRR A OER, L — VYRR A O FR
FTRYF 0% (AFE) T, 44 1HTEREZ LY, RBREOHE LD
S=0.01%BftHE&END. D, BT —AICEY F1F 6 R O®#E R
RSNy FMCImY AT onzlBh X b 0.01%E< s, £2T, B
AOBY AT EE, HmASRBRAT 287 — 20, L— A YRR 2R
Bt~y RO T2 EosickELRL. ZoHBIEIRICELD. Y=V 7
HEL, F1IETCERLL)CHERIREE CETTIRMICEZL AT 2 M
MmN &H 5. 20K D R KMHETHE T EZ MRS D20, FE I BB )
EHZIERETEITL TS, ZAESEOSH TIEATIRELES. 20X
MR AME T Do, B Y REB T O REEE R L — VMY R BRI
LTEMCHELSRDEIICBMOVMAIT S22 Ic L. RBRETHO®REY K LKIX,
Rl W Tyr=U y7HENBEEART 2 BBEE M A4 200M6T T
HD[131] 2 enn, TNEHHHREREOFLHEE 156. 8kN & K E L T # fil 4
VIR LEICHAE ST 2 & 1.26X10°'H & 7D, £ 2T, KPR TIEHABROKTH
DK LA 2.6X107 M %2 BAEE LowBESGEET DT,

RO X > ICHABREFZRELLE, ROFIETHBREZIT o 72, BB HE
BoRBMAEORFOLY 203 2720, HEBRABIHICHE W TR U A EEZ AT
STz, TOHFEFRDOEBY THD. KT, ABREIIFEIEL TV 5 IR T 490N
ODEBE*AMLIEE, RREE TH D 860rpm E THLMICHAEL . ®kiT, B
FEEER A 2XI0P I E LR THELREMED 1/2F THML, 61T,
RREE RS IXI0'EICE LA TRAACRLEREMELMN G L. L
e, BB 2.6 XI0THICE LKA TRRAEK TE L., 20X 2 #E
fE% Hertz e E DI EM L. RBULX, RBA MRERVWTTELZRHE
M4 2.5 X107 TR T Lz, B 4RO W T, REBEAEY 1 dic >
Ly T4y 7 nRELERZD, KBARY N T#HoOFHEZIEST 572010 1.8
X10Tm THREBR MK T L.
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4.4.3 REBRBER

4.4.3.1 ABRH D5 E

4.5 R B oNBEZ RS, AN HEmHE YRR, A28 L — kYR
BACTHL. VLA BLXOHEBHYRBRTO®EN Y Eimz, W osEE
NEZEBNWTHAEBACEAL TS, ZAORBE X, BAHRBZNLIETIRE RE
WIRR® bR,

(S)Pmax.:1.2GPa (4)Pmax.:1.4GPa

Fig.4.5 Appearance of the rolling contact surface in each test piece. Left
side of the each photograph is a test piece corresponding to wheel
and right side of the each photograph is test piece corresponding to

rail.
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4.4.3.2 EAYEMREOXRENRE

X 4.6 \CAEERE FHMKSE (SEM) I 2 b — VMY T O6iz2d 0 8 il k&
DBERMKZTRT. WIFhORBRACORBREDETH 22, MEL MO Groove
(EROMA) BLTORBEAHAPFT A IZR OO D, Fiz, RBA 4R ITIETE
EHL—VICHET D LB =) v 7HEOHABICHUZEEREHEPIRBO L.

=] =]
o )
B 3
Q (5}
1) )
H H
] o]
a0 o0
=] =]
o= or
= =
Q Q
o' M
=] =]
3] )
B 3
Q (S}
) )
H .5
o °
o o0
=] =]
o= or-
= =
Q Q
/A ~
(4) 14R

Fig.4.6 Observation result of rolling contact surface of specimen

corresponding to rail by scanning electron microscope.

4.4.3.3 REMS

a. 3 E& A
B 4. T IR BRAT OB R Oz 2y 0 St o A8 & sz 2y v 8 Ak o S E R
B —flzErd. B -HECE, V—VT7r— D 2AHAIFHE2HAVE. FEH
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ST, BYIH WD Ra=0.2umEfE L TWVWDHZ & aER Lz,

Roughness

28065 2m

(2) Roughness curve

Fig.4.7 Appearance and surface roughness on cross-section of the rolling

contact surface of the unused test specimen. The surface roughness

of the test piece was measured by a laser measurement system.

b. & B& %
K 4.8 CARB A O 0 Efikmodh FmicsiF 2 Ihfiadg RT . Hertz
E N -'m,-\f‘-‘“ E ‘
A~ AN At A oy Py :
g_ ™ - g_ =S¢ \—v-——vv»\/\_,ﬁm_‘_v\/
~ ~
I HO.2mm I HO0O.2mm
06R (0.6GPa.Ra:0.27) 09R (0.9GPa,Ra:0.10)
== T
S‘ g '\/
(V] (V]
I FHO.2mm | 1 HO2mm
12R (1.2GPa, Ra:0.25) 14R (1.4GPa, Ra:0.58)

Fig.4.8 Surface roughness on cross-section of the rolling contact surface

of each test piece after test.
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Fig.4.9 Effect of Hertz contact pressure on the surface roughness of the

rolling contact surface in cross-section of the test pieces.

123



4434 AN YEMEREBSOEREBE

a. BIEME

M4 10 c@BEBOoBEMEL RT. @BMAMBEIT, RO X SITIT- 7.
R OB BB 2 R L, e P RS 0 B R R O A7 & o RD T W & 85 W IS AT
BEL 7. WIT, 3%AHEE T Lo — VIR (3% T A X — VIEK) XV EBR AT
TeBMEMEZBEHL, @BLFTHMELH VB ELITo. UBEBIZEBW TR
BAOSRBMMEBEZITO AT, KRR E, WE#HE, B8 FHL IV
BEHFELEBICZIZITCRLEFELRLE L.

|
AT

=l

/

e
Fig.4.10 Observation position of the metallographic structure in each test

piece.
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Fig. 4.11 Metallographic observation in each test piece. The arrows in

figure show the surface level.
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Fig.4.12 Sampling position of the test specimen with X-ray diffraction

inverse pole figure measurement.
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Fig.4.13 Changes in the depth direction of the axis density in each
sample with the depth of measurement for each of the

crystallographic axes 110, 100, 211, 310, 111 and 321.
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Fig. 4.14 Comparison of changes in the depth direction of 111 the axis

density measured in each specimen.
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Fig.4.15 Vickers hardness variation with depth below rolling contact

surface of each test piece.
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Fig.4.16 Maximum shear stress (Zst.max.) variation with depth below rolling

contact surface.
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Fig.4.17 Measurement position of the EBSD in each test piece. The arrow

in figure indicates the direction of observation.
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Fig.4.18 Orientation image maps of each specimen. The arrow in figure

shows the surface level. Note the color key in figure.
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Fig.4.19 Comparison of the inverse pole figure in each of the test specimen.
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Fig. 4.20 Image quality maps of each specimen. The arrow in figure shows

the surface level.

135



No TS,

E i m E R AMOMHERLS L OCHEOKE®RN D, Hertz $ME T OV
BLAFICE > TOFHLORY ~REREMNEL D &L I &R o f kAL 23 47
RENDHZEVPTAL NIRRT

f.4 5% K& & (Boundary length)

s 23 0 fik o AR D LAM A% T TR 2N Meit3d 252 &R 6Tk
. £ T, MRBALOREZEEMICRTZD, MaKAFERO > Lo AR
SICHEH L., ~BRBICHBRRERIBEBEREORMPERBRL S VI LD HME
O REFTEIND. OO, KRR I DR OMAALE 2 E®&ICRT
B LC . EAMBECHTTIHEEELTLEATELIZOTEARAYILEE X 2.

ERmERIZ, BRAMEIAKNERODIBICERLAEZT — % 2HHAL T
Misorientation angle # 2~5 B LT 15 ELL LD 2 KBEITHRE L TR R~ v
7 (Boundary map) & F A4 L 7o, AR#F % CTiL, Ai#H 2 KA K (Low angle grain
boundary), % # % & f4 ki & (High angle grain boundary) &9 5% Z &2 L /2.
AMIZENET, MMFBEFEBEINE LTARTINTERRNEORIZET>ED L
cEANLVWZ L, BEOREIFHAOBEMIC IEFEOLZENDEMHMT
KRWELZEZ T OTEmARRTHLL EHEMLTWVWD [134].

KR~y 7OBFBBEITHT > TIE, iy 7 Mo #i S v7z GrainDilation
EERNC ) -0 T v T EToT. 7V =0T v 70O E SR IX

B3WDIIIHETHERLLEHF LA LIC L. ARSI, BAEEYZ VI
BENRDOIRAOEIELELTCERT LA EICLE. AR TCITMHFERERR 2 H
WEEZ ML ROMEOREITHMERLES., 2o, KA K S G0 #H %2 R E
T o0 RBEERNREBEEL TR GREEERICLE. £, BHHHALER
AR ER D ERBENMTRBBTORETIBREIRARY, SHLICHED
GHMICE TR -oTWDS., £2T, EFHroLIICMERMZ ED T, £
NOEOEBICEINIRMAORESEZRD L. KRIC, FHEIBICE WV TR 2R
REZHMEHLEMEZ2ZOMEFEKROMARESOREMHELTHWS Z &I
L7z, K420 cfllEf &L CRBRAN IZRICHRELAEMEEKZ R+, 72, £
4.5 BLORAGICHEMNEE RT.

136



Measurement area of surface layer

12-S1

12-S2

width 34.9pm X depth 30pum, 6 places

12-S3

12-S4

12-5

12-S6

12-U1
Measurement area of internal layer [width 34.9um x depth 40um, 6 places]

12-U2

12-U3

12-U4

12-U5

12-U6

Fig.4.21 Schematic of grain boundary length measurement area.

Table 4.5 Measurement results in the surface layer.

Misorientation angle | 12-S1 12-S2 12-S3 12-S4 12-S5 12-S6 Ave.
(degree) pnm pum um pum nm pum pm
2-5 217.7 261.0 198.3 198.3 166.0 156.8 199.7
over 15 516.7 823.6 831.4 473.4 443.4 199.5 548.0
Total 828.2 1180.0 1100.0 821.3 748.8 510.1 864.7
Table 4.6 Measurement results in internal layer.
Misorientation angle | 12-U1 | 12-U2 | 12-U3 | 12-U4 | 12-U5 | 12-U6 Ave.
(degree) pm pm pm pm pm pm pm
2-5 334.3 476.6 241.0 402.1 376.4 581.1 401.9
over 15 3550.0 1970.0 1450.0 1630.0 993.0 1250.0 1807.2
Total 4000.0 2580.0 1810.0 2220.0 1520.0 2250.0 2396.7
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Fig.4.22 Effect of Hertz contact pressure on the grain boundary length of

each test specimen.
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Fig.4.23 Comparison of the axis density in the test piece and the rail used
in service. Note the results of the new rail as reference. Notation
new rail in the figure is the meaning of the rail unused in service

after production.
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Fig.4.24 Comparison of the axis density and grain boundary length in

each of the Hertz contact pressure.
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Table 4.7 Experimental conditions

Test [Maximam Hertz Slip Test spoed Acumulated o
piece |contact pressure ratio(nominal) p revolution number | Lubrication
No condition

) [GPa] [%] [rpm] [Number of times]
S00 1.2 0.0 860 1x10° Without
S02 1.2 0.2 860 1x10° lubrication in

the

S06 1.2 0.6 860 1x10° atmosphere
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Fig.4.25 Influence of slip rate on the time course of traction coefficient.
frte in the figure was a representative value of the friction
coefficient. frtc of SO0 and S02 was average in the number of
contact that was repeated after the 2x104 times. frRtc of S06 was
average in the number of contacts that was repeated after the

4%x104 times.
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Fig.4.26 Appearance of the rolling contact surface of the test pieces.

Note the wear amount of each test specimen.
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4.5. 3.3 AYEMEOREMES

B 4. 27T 2B A ofi” EMmoH Il EHE2 T HEBEZEL—W
B OA BRI B L

T —HAMEEFHEH V.
FTHIICERXRTEHETFRELS 2o TWND.
Rz X TV,

Ey

HERF S00 o oKL S T,

#ji,

BB A SO TS IT/NHhENL DD,

EMNHLHESERRELS o bDLEEZLND.

1pm / 1 unit interval

B S02 @ M = fE Il o R B
IR N RKE WD

(1) Roughness and waviness curve

Fig.4.27 Result of roughness measurement.
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Drive speed 0.5mm/s

(3) Measurement conditions.
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Fig.4.28 Metallographic observation in each test piece.
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Fig.4.29 Vickers hardness variation with depth below rolling contact
surface of each test piece. Dotted line of gray in the figure

indicate the level of hardness values in the unused test piece.
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Fig.4.30 Changes in the depth direction of the axis density in each test
piece in the depth of measurement for each of the
crystallographic axes 110, 211, 111 and 321. Note the
comparison of the change in the depth direction of the axis
density in the each test piece and rail used in service to (4) in

figure.
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Fig.4.31 Influence of shear stress to the change in the depth direction of

the 111 axis density.

4.5.3. 7T EAYVEMERBHROBAT A LAZN

M 4.32 ICHFHBRAOWER Y EMEOREBORF AT Z5R-d. 22T
FE-SEMD E&E AT v 7l % 100nm & L CHRBR AT OB 0 Hfilm R o ES
45um EFTOEBOT — X E2HBML TMITE21To72. 6T, MmbFEBRY
MENPDLHERELLLA~y 7Z2HTCTEANAREIOERI FMIZBIT 541
N e

TR 25X o B S00 O B £ & O B #oaE G o m K IE, ek
FICHERSS AL TEHEOMBIED &V, MahoFEIX, XmE T oM
Wiz choonTEY, ZORIE KT MAR 10pn ETOHEMT

i,

150



<— Rolling direction

S00 (S=0%) S02 (S5=0.2%) S06 (5=0.6%)

_

Migorientation (>15dreen, 2~ 5deg : blue)
(2) Grain boundary maps.
Fig.4.32 Results of EBSD analysis in the surface layer of each test piece.
Image quality map in the upper part, Grain boundary map in the

lower part.
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Fig.4.33 Effect of slip ratio to the grain boundary length changes in the
depth direction in the surface layer and effect of traction

coefficient on the grain boundary length of the surface layer.
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W= 4 PV —NVDOMBIEELEBNICHEX2HBORELRT T 2700 FE
BRicE AT 2#EAICONTIE, Ko XD BB TkiEsEEL L.

YD U T HREORAEAFERE S LEBIEOMEIZE W T, BHE DI ALK
LTHAKEDOKPOBRSEZEL TWLZ EREMIALTWS [68], [140]. U
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Va—Fhbir20nWE S —va—JFHELECEN)EMESTICERLEZEY Yy F 7
HBhohodWiEr—va—F vz 7 EMHENLIBEOREPRESINLTWVD
[141],[142]. WThoHEG S FiCBRB oSN — L IR ETIHETH Y,
BEREIXIY =) Vv 7HEERRD.

UEkozZthn, AETCEH Y=Y v J7HEORACEEBEZRET EEIND
KEMBMELTEEL L.

4.6.2 REBAH K

4.6.2.1 EBR&EH

KABILEREMHAZZT. B VEMOBY K LAMEMFEIT, RO XD ITHK
E L. BEMENIE, 4.4 HOEMENOEZELZ RS LIEBEICH W &2 &R
ML T Hertz #fi £ J)=1.26Pa & L7z, £/, ¥+ RXVFIZHO>VWTIL 4.5 H DT
R RBOEBERFITLEZEBEICHODZRZEEZHA L TT Y E=0%B X OEED
FIEEATTIEZ U —FHBNTEML WD TSN EnD, T K
=0.2%D 2 K¥EZZRM L. ok, ABRAOWRRERGIEOB 206 4.5 H 0
RO RORF ERERIC IXICPEICE LKA TRARERL T L.

ARSI ORBRAIT, TV ROZELEMHTLLL4SHTHZLALRK
BB L ORBAERAE Yy POL— A2 OHERLAEZFZMEZHAVTRL T - B
Wil Lebozxz M., £, {BARYHITIZONWTS, HigfH YRR
FOBRERHEEN L — A HYHBRAICIV S EL D LT L TE]Y 7.

Table 4.8 Experimental conditions

Test |Maximam Hertz Slip ratio Test q Acumulated revolution o
piece |contact pressure (nominal) | %" SPe¢ number Lubrication
No condition

' [GPpa] [%] [rpm] [times]
SW00 1.2 0 860 1x10° Continuous
water
SW02 1.2 0.2 860 1x10° lubrication
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4.6.2.2 RERFIE

ERIZT, ROFIETITo7. ZTOFERTIE, ABREABEZO R CAHERO FIE
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Mz RDBLORABRF oMK E HmzE TD & L.

4.6.3 EERER

4.6.3.1 EIRABRR
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] ] frie SW00(Water)
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Fig.4.35 Influence of lubrication conditions on the time course of traction
coefficient. fRtc 1n the figure was a representative value of the
friction coefficient. frtc of SW00 and SW02 was average in the
number of contacts that was repeated after the 3.5x104 times.
And note the results of the case of the without lubrication in the

atmosphere in the same load conditions.
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MESHET LI IR0 EBEbR5S.

4.6.3.2 MAYEMEONBEERE

4.35 WRBA OBEPNVHEMEONB LEREL ST, N0 25 L2
o TR SW00 BRI, @B CIRDOE 5 & KB DOHE 5 NIRET
LZ0bw LR MR E D, WA EMEmoORMAIE, MERLORBRER S HU
LTWa A, KOG NEEEDHEED R0 D7,

S5=0.2% (3) Wear amount of each test specimen.

“ TP .No Slip ratio Wear amount
S [%] lg]
2 SW00 0 0.002
~
S - SW02 0.2 0.003
.S il
= il | S5mm
| "

», i 5mm

(1) SWo00 (2) SWo02

Fig.4.35 Appearance of the rolling contact surface of the test pieces. Note

the wear amount of each test piece.
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=, TR0 &AL LB SW02 o gAY 0 BE il 1 A B T JE T I £ 8K
DEENBDOND. F, @AY HEMEOME G WO —FIC 8 IR O HE K
MO LD, EBKREIIKEN Y G (FIEETHMICHYE) ~EK A
REIZR>T WD, ZOKRBEIKOEMS TIE, HEATmMIZHED S5 KEOK
WL DOF Sy LV Dl BEFELTVWLIRELEMYOREBIZHD. 0 L
LEBARMIBEREROKNIHOEREICHI EEZOND. B, TV D
FEICHODLTERERECAEREZIRD LR V.

4.6.3.3 A YEMEOREMES

B 4.36 1L —HV 73— AMIHZHOCTHE L, 200 B fmE oM S M
EREETRT. HIMMESLMHIT, 4.5.3.3 HER U ELE. ok, MFPICERE
—AMEETEBELMBERLOEELZSE L L CRT.

[Water lubrication]
- = TP. No. | Ra [pm] | Ry [uml]
g SWO00 0.23 0.49
‘é 0.1mm / 1 unit interval SW02 0.08 1.81
= (a) SW00
=)
. [Without lubrication]
g L1 | | TP.No. | Ra [pm] | Ry [um]
- — S00 0.28 0.28
01mm / 1 unit interval I 802 0.13 0.13
(b) SW02
(1)Roughness and waviness curve (2)Result of roughness analysis

Fig.4.36 Result of roughness measurement. Note the results of the case of

the atmosphere without lubrication in the same load conditions.

TR EH o B SW00 O fix A 0 Bk A oo F£ oo S %, BB A e
FFICIHEE LM I TH D Ra=0.2um LV ETRELS o TS, B A SW02
X, TR0 AE2H5E 2o B A SWOO I R CTEmRMA I X/ & 0.
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<— Rolling direction

(1) SWO00 (S=0%) (2) SW02 (5=0.2%)

Fig.4.37 Metallographic observation below the surface in a cross section
parallel to the RD direction of each test piece was tested with

water lubrication condition.

4.6.3.5 BEAYEMEREMOMMEES 2
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W EF %, By — A IF A2 MWW E 0.98N THIE L 2.

X 4.38 I EfTo B OIS Maernd .+ X0 OfFEICL > Tl
WP RRD. TRVEZEZRVWEA, S IIRE 2 OES FMIZEWRITHEML,
V=27 %MLk, BB TREAFTH L —LOE~N®&STD. —F,
TRVELGZHA, MITRGEGHE T TR, I OEMEIICHRA
A L TRERFR L —VOE~NHT 5. ESOKRGHEIE, §0 %252
o T2 RER R D J7 A .
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Fig. 4.38 Vickers hardness variation with depth below contact surface of

each test piece in the water lubrication condition.
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A, MERENERL EWEMEIS SOMTENRAELD.
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Fig.4.39 Influence of lubrication conditions on the hardness distribution

of a cross section parallel to the RD direction.
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Fig.4.40 Effects of lubrication conditions on the change of the axis

density in the depth direction of each slip ratio. "Dry condition"

notation in the figure is the meaning of without lubrication

condition in the atmosphere.
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Fig.4.41 Influence of lubrication on the local orientation of the crystal.

“Dry condition” notation in the figure is the meaning of without

lubrication condition in the atmosphere. Arrows indicate the

direction of rotation of the test piece.
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Fig.4.42 Influence of lubrication on the grain boundary length. Note the

comparison result of grain boundary length. Grain boundary

length(GBL) shown in figure.
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INEMRATERASBORMBECTCHY, AW THESN L FIEE RV M
WEoTHIERARTH D EE R D.

—H AERBICOWTIH 1987 FOEBEOREAUEICY =) v 7HEICER
Lz b — v NBEAE L [146], [147). T ORE DO —> & L T 1993 4EE 0
5L — VHIE[148] 23 M S L 72 AERMBITB T 2 L —VHIEZMHFIZ SO W T
T, B ERENREFALRITHE[149]°F @2 xR & L L — L HlIE &8t
L TWHEA160], (15112 Ex Th L2 . HidMaexd i e Loy — 1l
FHEEZERBR~EN T 22L1F, VA ~DAMEHFICECRH DL LD
AEHEMTRVWAIEELEZEZOLND. LR - T, EXBICBTDIV=V V7 H#H
HAaELV—AHEICX s THENICHH T D201001F, ERBMETERESZ L —
LDEEN Y M REEAIERE L ETL—AEELG 2R ETILERD A
I, ZOXEIBRBENOERBTHEAESND L — L OERN Y BEAlE HEE D L
HHEELTCL—VEHEDOREEZHEND D20, e THMEOER SR
TL—/HIERBR M THONLZ [1562].

BHETIE, TOHERBRTHBRINZLV— AL EMITIZRE LT, AFRD
FEIHEFAECTEBLESGBEMESMN FL XLV TOMFTFFELHEHAL T, L —
NEIIED R L ML — VHIE% OEE O IR LN EfitoE®ico
WTHAEZITY, ERBOLV—AHEOH ERER L OEHEFMBICoOWTHREZ

1T - 7=

5.2 HIIEHER

5.2.1 AEREH

5.2.1.1 AIEEGAEBRXME D E T

KL ITICHIERBRKHE O TZ TR Y. E£RBOPT THLIEALN L VHRK %
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MBS SRR ELTEBEL, ABRXBMEZR T TV —VEHIERXRBR? EE S
[152]. HIERBE X B OMBITEMR, 256% O L0 A TH 5. #LEIE N7 2 hH#L
ETHY,PCEL LT LIIRBINTHMMEMBELBEIC LI > TL—ARNIFIN
LHREE LR o TVD HIERBRXMZRTEHEXEZEITT 2 HEEIEL 1Ll HEK D
BEMEETHY, WEIIHNA 10t THDH. £z, R L —0F, JIS 60kg &
WML—LThb.

Table 5.1 Background of test site

Railway line Commuter line
Curve profile Straight
Gradient Up (25 %o)

Ballasted track

Structure of track Prestressed concrete sleeper

Elastic rail fastening

Passing tonnage 43.5MGT/year
Type of rolling stock Commuter train
Axle load Approximately 10t

JMGT (Million Gross Tonage)

5.2.1.2 HIEERE

FE52ICHEBEA RT3, RBRWHEILH0 2FH, BIERZKEZ 2R E L. &
I1EA O TEE, BIERBREXBE O L —/Lo RiE@EE b 148M6T @ B 5 T%E
fi L7z, % 1EIHOHIIE2?2BR 2 F @k, RBE@EE b Bk TAMGT Kf 5 TH
2B BEOHIIEZ T, £ LT, H 2BAEOHIERRICHA L —L2HELT
HIIER B A2 /& T L.

5.2.1.3 HIE A%

L— L OHEIIEIX, B 1EAE, F2MEAEELICHEEAGICKDHEESEZHZ
77 6HHAEMEIEITN AL — ALY EESHWTHEBLE. Y EIX, Y EFEHE 438
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SH, TOOLOREOREAEL—VE — FHICH IEL -.

KHEIZBTH L — VHIIEEX DR T2~ 7.

X 5.1 (2 H E & B

Table 5.2 Accumulated passing tonnage from the final grinding for each

test rail.
Accumulated passing tonnage (MGT)
Code (MGT) NN GN NG GG
Before first grinding 148
Between first and second grinding 74 i
After second grinding 0.1 v v i
;'gzzlinagc;:;rmeu;i‘;es;:srs;iir;g tonnage after the final 9991 741 01 01

sl

1

U

i|

i

T

Fig.5.1. An example of the rail grinding operation

5.2.1.4 HIEE DA E

HIE&E, WEKE 10pn 0 b —H% —3= 0L — v irmfll €% 2 H v THlIE #f #

DL — VEEEREZWEL L.

B SA) o BEME 2 AL L CHIERZ OB E 2 ERA LY,

WEH, VL EHEETZ 4 — LK AR
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POMNEICETOWEBRO TEEPLOH EREZRD 2. WEOHREK, HIIE=E

L 1 EHE 2 200 m, % 2B H2 300um Th o7z,

5.3 L—ILAIEZ R O &

HoBEBAOHEORI, BMEARRKMOMBICHB W TE 1EEEHE28HO
BIIEXBAZERICERALAVWEIICLTHELZE/BLZ. 2Ly, HIIER
BRIXKE OMME A — M ALICBWTHU FICRT 4B0 OB EREEZNG L. H
2 HOHERBROBHICL - A ZHWEIT-> T, AL -2V ZHIL

5.3.1 &L — L

M 5.2 ICHIEBE, RBRAEAMFSBIOHERELZ T, 22T, RBREKF S L
BIEDOMBRIZRICRT LB THS.

(i)% 1\ H->RKHNEN), 2 8 B = RHANE (N) : SUBRKFF 5 NN (BLF, NN)

(il )& 1 | B —RHIE (N), 2B — HIE(G) : BRIERF 5 NG (LLF, NG)

(i )% 1= H—  HIIE (), % 2B H->KHEN  BREF S N (LLF, GN)

(V)& 1EH—> HIE®G), #H2EH—-> HIIE®G  RBREMFS N (BLT, 66)

hE, RBELS S5 L, NiZ No grinding, GIE Grinding # % 7.

7
g

NN NG GG GN  Testrail code

. Rail grinding area
== Pof the Ist. operation

» Rail grinding area
of the 2nd. operation

0.0 300 500 200
_
Y

Amount of rail grinding (pum)

Fig. 5.2 Schematic diagram of relative positions of test rail segments

with thickness of rail grinding.
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5.3/ MA LV — L OBHEEHONB L RrT. GN O L — VETE @ O S8 1T,
NN LB ORMEERZLTWDS., 24, £ 1EEOHEZX %O GN DR
PGB b %A TAMGT, Hh B 10t & L C Bl [ M B I H 5 5 & 7.4X10°
[l e 72 5. HEREMICLDIERICE > THIEERBRES N, HIEZ%Z 0720 o
7NN E@FEALERUSBICRIELEZ D EEXLND. —F, NG, GG D L —
JVERTE M IZ X, HIEENARICEFAL TWD. Zhix, F 2EHOHIEROR
FEEE b2 0. IMGT TH VY, Hilig & OFEMEBEIZL N DR oo 2 &b BRI
LFoTHEEZR2THLEDZ DN TE ol EZLND.

(1)NN (2)NG

(3)GN (4)GG

Fig.5.3 Appearance of test rails.

5.3.2 LI EEEREHNOEMERNE

5.3.2.1 ERMBEHEOLEM
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SRMEMOBIEIT, ROZAZHMELTEmBLE., F KRB, EigeE o
MR LUBEMICEI > TELLEBHERBBEOREDROMBRA L L — VHIIE®R O HE
iy & O IR LEMASBEMEMROBHEIRBIICRETREBLZIERT 22D TH D.
BN BIE, BT S5 XHEST YA KX OE R % T BGELE P (EBSD) @
BMECHEHRTL2RBATORBMELZRET 272D TH L. Hil & OBR 0 B
L2 THREL SN2 EMALV—LVOBHEBRBOE T A V=X L EHMRT 5
TODOEEREHRO — 2L LT, Hifge OO IR LEND EAMIZK > TRE S
DHMBREOHBENLE L E L. 220, AMETEMB 2R T 2 LA
frtbnzxdeBfml Vv ToFRNELITS> ZLICL. LarL, L—
~OAFRITEREOHEMBRREICL > TR L. 21X, BIEMEIC X DBEMER
BREOMETHD. TOLD, FEMALRTHL L=V LTE&BEMS X7
— VL RXALTHEEZTI>SEE, WEMEBOENVICL > THRBICKEREVNE
NWHARBEREWEEBE X, 207D, TOLIREELZTELRETRIMR
Hl®IciE, HFIWTHRARLLLIIE, ZHT RV CERNLEZER IR NS D
WIEHIR T OB T 2MITEREMBT L2 ERLELELL. DX
BAMEERETDHHIELLT, AR TRHEFZEICL s THRESI N L — L
HmEXEBOeRBMMEB S 7L [76] 28 ML 7.

5.3.2.2 s RMBEHE

a AMOBERMEBRAZE

Mo 4lle&BMfoBlRMEzLz Ry, @FMAKOBREICH VLT, V-
NVEHTHE P DAL EO Rz O EmEWEAME (ULT CALE LKL 2), LA
il (5= A4 K UTFGSEWET D)L (74— FV A F
LT FS EFEET 2)ICHT To5mMEETL— &k SHEIZFATRAE» S O H
L7z, wiT, 810 LB o 6S Ml o ki 2 8 miFE L, 3% 7 v a—
BRTHEEL B 2zBHE L, LFHEBEZzH VL TBEZIT- L.

b. EEBHBERER
X 5.5 B L0 5.612, =L — 1O CAEEZFLIC FSI0 miL &5
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C
GS
(Train 1D
Running
Microscopic
Direction)

Observation

Fig.5.4 Positions of the vertical sections parallel to the train direction on
which optical microscopic observation of the plastic flow was

performed.

GS10mm 2 & OBHTEmM X /B ICH T 5 D AmrmoeBHEME =3 . NNB LW
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B, NG B RV G6IFHIEEZICRKRBRHIM I 7 2 &0 5 &8 M kI8 Mk 8
FIFEALERD L.

v — VMBI 2WMEREE L LT 2720, MHERESREBENHBRICH
DONLIBEMEOSEBMEMAE FEHELZ. K572V — L/ O g R
EoT. B LB EE, £HER L — O 6S20mm 7 &, CALE, FS10 mm {7

ETdD.

i . NN & GN o tb 8%

NN & GN OERBEBOEBMAEIT, HEUOWMERIH ¥ - %23+, @iZLtd C
MEICHEERSIERE O R, —F, FS,GS I TIRHEEHRHLARBD LI D.
B O S CEEREICKEL WD, MERE O ik, 3 %ETHE
WL L)ICHERBEHOBEREZCESWEERDOER I Xiahd. ¥
MMBBOREIICOVWTHERE L BIZFERABEECTH L. WHIX O NI ¢
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Train running direction —=>

FS 10

mm

FS 5 mm

ij

i
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Ao eV RN B
I ERETEALTS SRR T XSl TR UL
T T T AN
DT ANERET o bl
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GS 5 mm

GS10 mm

Fig.5.5 Metallographic structures of test rails (NN, NG) observed on the

vertical sections from FC 10mm to GS 10mm.
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Train running direction ——=

FS 10 mm

FS 5 mm

GS 5 mm

GS10 mm

Fig.5.6 Metallographic structures of test rails (GN, GG) observed on the

vertical sections from FC 10mm to GS 10mm.

177



Train running direction —=

GG

Fig.5.7 Metallographic structures of test rails observed on the vertical

sections center, FS 10mm and GS 20mm.
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FEAEE LAV EHTESND.
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NIZR OGN DBHEREEIZ, NCITIEROOR W, 202 LiE, 2EAE OHA
ETCHERBENERCRESNTZILERT. ZOHIEZRRIL, GN, 66 Ok
WICL - THRKICHEBEIND., @BMEAKBZEZORENS, SEOHIERR D

FEPHIC B W T, R @ b o B 222MGT AR L 72 FFR T L — VHIIE 21T o 72

ATCLHEMERBBEBEARETETD LN LEL. £O—F T, L—HIE#
OHEEHE M L > THEMERBEIIHFEREL, REEE S T4M6T f i L
WP CRBEE M 222M6T 2B LV — AV ERUEUBEICRDL Z L 2H
B L.

5.3.3 L—IJLEETEm K B & O #& & B [ 4K B8
5.3.3.1 X E ¥ 1% = A E

AL AENEEEDNDERA

B4 5.8 (2wt S B E B O BRI E & 2 Rgh 2 "9 KUFZE TIik, Hi
OB ALK S ZHT XY OEEL TX DL TR D72 ORI &N
OAE, T2bbBHIKHNARELDRVAED D WIXHE KL A EZHE X4
fifE L LTHRMT 22 &1L .

ND
C position (Contact Center)

4

Fig.5.8 The position of the area exposed to X-ray in the measurement of

axis density.
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Fig.5.9 Variation of axis density of the test rails in the direction of depth

from the running surface. The crystallographic axes are 110,100,

211, 310, 111 and 321.
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Fig.5.10 Variation of axis density of the test rails in the direction of

depth from the running surface. The crystallographic axes are

111
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Fig.5.11 Comparison of the 111 axis density measurement results of the NN

and NG.
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Fig. 5.12 Comparison of the 111 axis density measurement results of the NN

and GN.
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Fig. 5.13 Comparison of the 111 axis density measurement results of the GN

and NG.
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Fig.5.14 Comparison of the 111 axis density measurement results of the NG

and GG.
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Fig.5.15 Comparison of the 111 axis density measurement results of the

GN and GG.
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Fig.5.16 The position of the vertical section parallel to train

direction on which EBSD measurement.
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Train running direction

ND

direction

Fig.5.17 Orientation image map (OIM) of NN with color key to represent
crystal orientation direction taking ND direction as the reference

direction.
Train running direction

ND

direction

Fig.5.18 Orientation image map (OIM) of NG with color key to represent
crystal orientation direction taking ND direction as the

reference direction.
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Fig.5.19 Orientation image map (OIM) of New with color key to represent

crystal orientation direction taking ND direction as the reference

direction.
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Fig.5.20 Comparison of HAGB variation curves of NN and GG. The curve
for GG is given in the figure with a displacement of 300pm
taking the thickness of removed layer in the second grinding

into account.
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Table 5.3 Mechanical properties.
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Fig.5.21 Compact tension specimen.
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Fig.5.22 Relationship of the crack growth rate and the stress intensity
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Fig.5.23 Influence of the accumulated passing tonnage to stress
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Fatigue fracture surface Brittle fracture surface

(Near crack tip)
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(Ra=3.16) (3)600MGT

Fig.5.24 Comparison of fatigue surface and brittle fracture surface of

each test piece.
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