


i 
 



ii 
 



iii 
 



iv 
 

 



v 
 



vi 
 



vii 
 



1 
 



2 
 

 

Automobi le Rai lway

Airplane 

Transportat ion distance  [km]

Sh
ar

e 
[%

] 

[ Sh in k an se n  passeng ers  f l ow  inv es t ig a t i on  in  1995]  

Fig .1 .1  Share o f  rai lway in  the transportat ion f ie ld [12]  
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Fig .1 .2  Transport  share o f  rai lway in Tokyo Osaka and Nagoya  

2009 f iscal  year  
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Fig .1 .3  Schematic  o f  contact  between rai l  and wheel  
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X:  Vibrat ion in  the  l ongitudinal  d irect ion  

Y:  Vibrat ion in  the  t ransverse  d irect ion  

Z :  Vibrat ion in  the  vert ica l  d i rect ion

 :  Rol l ing

:  Pi tching

:  Yawing

Fig.1 .4  Schematic  diagram of  a  vehic le  motion [14]  
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Fig .1 .5  Name of  each part  o f  the  rai l  and wheel  
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Fig .1 .6  Rai l  sect ion of  the nominal  shape o f  50kgN rai l  and 60kg rai l [15]

 50kgN rai l  60kg rai l

Fig .1 .7  An example  of  wheel  pro f i le  in  nominal  shape o f  conventional  l ine  

and Shinkansen l ine  [18]  

(2  Modi f ied arc  wheel  prof i le  

 o f  conventional  l ine .  

(1  Arc  wheel  pro f i le  o f  shinkansen

l ine.  
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Table  1 .2  Mechanical  propert ies  o f  rai l  used in  this  s tudy  

Item Tensile strength Elongation Hardness

Unit N/mm2 % HB

Range min. min. min.

Rail (50kgN 60kg) 800 10 235

Table  1 .1  Chemical  composit ions  o f  ra i l  used in  this  study  

Elments C Si Mn P S

Range(weight%) Rainge (%) Rainge (%) Rainge (%) Max.(%) Max.(%)

Rail (50kgN 60kg) 0.63 0.75 0.15 0.30 0.70 1.10 0.030 0.025
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Fig .1 .8  Observation of  the metal  s tructure of  pearl i te  steel  rai l  used in

this  s tudy.  Note  the  measurement  results  o f  the  hardness  and 

p e a r l i t e  l a m e l l a r  s p a c i n g .  O b s e r v a t i o n  a n d  m e a s u r e m e n t  

posit ions  were  1  mm under  the  running surface  at  the  rai l  center

HV256 Lamellar  spac ing=0.226 m  
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Table  1 .3  Criter ia  o f  considerat ion value of  the  rai l  replacement  [21] .

Classification of rail 60kg 50T 50N

Section modulus [cm3] 397.1 311.2 273.9

Criteria of exchange [MGT] 6.89 5.40 4.75
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Fig .  1 .9  Cause of  rai l  replacement [29] .  
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Fig .1 .10 Dominant  cause  o f  damage l i fe  [29] .  

GC GC

Fig.1 .11 Appearance  of  Shel l ing damage in the case  of  c lassi f icat ion in  the  

generat ing type.  

Train running direct ion  Train running direct ion

(1  Dispersed type (2  Swarming type 
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Fig .1 .12 Examples  of  the appearance of  the shel l ing damage c lassi f ied by 

cause o f  generat ing.  

GC 

Train running direct ion  

GC 

Train running direct ion

(1)  Appearance of  Shel l ing damage 

caused by  white  phase  

(2)  Appearance of  Shel l ing damage  

caused by wheel  burn 
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Fig .1 .13 Appearance of  head checking formed in  the gauge corner  o f  the  

standard carbon rai l  [30] .  

GC

Train running direct ion

Train running direct ion  

Fig .1 .14 Appearance of  the  rai l  damage caused by the wheel  burn o f

locomotive .  
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Train running direct ion

GC

Fig.1 .15 Appearance of  f laking damage in  the running surface  of  rai l  end.
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Fig .1 .16 Appearance of  s tar  cracking of  f ishbolt  ho le  in  rai l  end.  

Tr a in  ru nn ing  d i rec t i on  i s  un known However,  the  t r a in  run n ing  d i r ec t i on  se ems  

  may  be  f r om th e  r ig ht  s ide  t o  the  l e f t  s ide  f ro m the  f o rmat ion  o f  th e  c r ack  
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(2)  Appearance  of  the  surface  damage observed from the longitudinal

direct ion of  the  rai l  [39] .  

Fig .  1 .17 Appearance of  sur face  damage of  rai l  cal led Kokuletsu in  Japan,

Kokuletsu are  s imilar  to  damage cal led Black spot  in  united  

states  o f  Amerika.  

GC 

(1 )  Appe arance  o f  the  sur face  dam a ge  observed  f r om the  t ransverse

direct ion of  the  rai l  [38] .  

GCFC 
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Fig .1 .18 Inf luence of  rai l  replacement  on the number o f  damaged rai l .
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Table  1 .4  Contact  pressures  o f  steam locomotive .  

Diameter of trailing
wheel (mm)

1750 1400 910

P max  (MPa) 981.0 1041.7 1178.0

st.max (MPa) 313.6 345.0 388.1

P max  (MPa) 1869.8 1972.7 2202.1

st.max (MPa) 624.3 657.6 734.0

Running surface

Gauge corner

Diameter of
driving wheel (mm)Position of  

rail head
Wheel type

Contact pressure
and shear stress
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Fig .1 .19 Transit ion in  the number o f  rai l  breakage by shel l ing damage in  

Tokaido Shinkansen l ine .  
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Shelling, 
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check, 25%

Weld 
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22%

Fig.1.20 Ratio  o f  damage factor  o f  rai l  f rom October  1997 to  March 1998 in  

Tokaido Shinkansen l ine  [46] .  
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Fig .1 .21 Distance of  rai l  gr inding and Transit ion in  the number  of  rai l  

breakage  by shel l ing damage in  Tokaido Shinkansen l ine  

483km-518km from Tokyo [48] .  
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Fig .1 .22 Transit ions  in  the number o f  rai l  breakage in  JR 6 companies  [49] .
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Fig .1 .23 Ratio  o f  damage caused by rai l  in  al l  branch of f ices  o f  East  Japan 
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Fig .1 .24 Ratio  o f  damage caused by rai l  in  Tokyo branch of f ices  o f  East  

Japan Rai lway Company.  
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Fig .1 .25 Transit ion of  Shel l ing damage.  
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Fig .1 .26 Transit ion in  the number o f  generates  o f  shel l ing damage.  
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Table  1 .5  Relat ionship  between the  type  o f  s tructure  and the  rate  o f  

occurrence  o f  shel l ing  damage in  Tokaido  Shinkansen l ine .  

Types of structures Number Rate of ocerence 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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Table  1 .6  The  rate  o f  occurrence  o f  shel l ing  damage in  tunne l   

sect ion  and open sect ion  in  the  convent ional  l ine .  

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

Tunnel section 2.58
Open section 0.04
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Table  1 .8  Inf luence of  longitudinal  cross  sect ion on the rate  o f  occurrence  

of  se l l ing damage  in  Tokaido  Shinkansen l ine .  

Longitudinal cross section Gradient ‰ Number Rate of ocerence of shelling
damage  at a rail length of 1 km

0.00 4.99 200 0.53
5.00 9.99 161 0.72

      10.00 229 0.81
0.00 4.99 194 0.51
5.00 9.99 142 0.60

      10.00 257 0.96

Up gradient

Down gradient

Table  1 .7  Inf luence of  a l ignment on the  rate  o f  occurrence  

of  se l l ing damage in  Tokaido  Shinkansen l ine .  

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
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Fig .1 .27 Rate  o f  generate  o f  shel l ing  damage in  Tokaido Shinkansen l ine .
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Fig .1 .29  Relat ion  between rate  o f  occurrence  o f  shel l ing  damage and tra in  

speed in  convent ional  l ine .  
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Distance  f rom center  o f  weld m

Fig .1 .30 Re lat ionship  between d is tance  f rom the  weld  center  and the

number o f  shel l ing damage.  
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(1  Shel l ing (2  Squat 

Fig .1 .31 Appearance  o f  damage caused by repeated ro l l ing  contact  with 

wheels .  
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Fig .1 .32 Construct ion o f  this  study 
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Table  2 ..1  Background o f  rai l  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 R=8000m
High rail Straight Straight R=4000m

High rail

 Gradient Level Up (2‰) Up (15‰) Down (15‰)

 Array Outbound, Left rail Outbound,Right rail Inbound,Left rail Inbound,Left rail
 Chemical composition
(weight %) 0.66C%, 0.86Mn% 0.66C%, 0.90Mn% 0.73C%, 0.87Mn% 0.70C%, 0.82Mn%

MGT (Million Gross Tonage), R (Curve Radius)
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Fig .2 .2  The sample  pos i t ion  in  the  train  running direct ion .

Sample 
Position

Damage

Side
approaching
to damage
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running 
direction

Side
Leaving
from 
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Fig.2 .1  Schematic  diagrams on the surface  and cross -sect ional  o f  shel l ing .  
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GC15

FC10
FC15

Fig.2 .3  Posit ions o f  the vert ical  sect ions paral le l  to  the RD direct ion on  

which opt ical  microscopic  observat ion and hardness  distr ibution  

measurement .  
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Fig.2 .4  Schematic  diagram of  wear measurement .  
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Table  2 .2  Measurement condit ions o f  hal f  value breadth .  

 X-ray apparatus X-ray stress measurement device
X-ray Parallel beam, Cr -Kα
Diffraction line Fe |211|
Tube Voltage 30kV
Tube current 8mA
Irradiate area 2 mm×2 mm
Filter V
Time const. 0.5 sec.
Scanning method ψ -constant method
ψ -angle 12 degree

Fig. 2.5  Observation result of the rolling contact surface. 
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Fig .  2 .6  Surface  roughness  (Ra)  on running surface  of  rai l  head.  
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Table  2 .3  Wear amount o f  rai l  head .  

Position M
(mm)

45deg.wear
(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

No. Position M
(mm)

45deg.wear
(mm)

Corresponding value per
100MGT
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Fig .2 .7  Hardness  distr ibut ion along the transverse direct ion on running  

surface .  
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Table  2 .4  Depth of  plast ic  de formation layer.  

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

No.
Measurement position

Fig.2 .8  Optical  micrographs under the  surface  in  the vert ical  sect ions  

paral le l  to  the train running direct ion .  
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Fig .  2 .9  Observat ion results  o f  the plast ic  f low by SEM .  
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Fig .2 .10 SEM observation result  o f  the surface  and sub -surface .  
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Fig .2 .11 Vickers  hardness  distr ibution on cross -sect ion.  
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Table  2 .5  Hertz  contact  pressure of  worn wheel  and worn rai l .  

No.
Radius of curvature
on  running surface

(mm)

a
(mm)

b
(mm)

P max

(MPa)
yτ xy.max

(mm)
τ xy.max

(MPa)
yτ st .max

(mm)
τ st .max

(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



73 
 

 

 

Micro cracks
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Train running direction

Fig.2.12 Schematic  diagram of  f lap formation.  

(F lap  f o r med  by  p las t i c  de for mat ion  whic h  o c curs  by  r o l l ing  c on tac t  w i th  wh ee l )  
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Fig .2 .13 X-ray hal f  value breadth,  Vickers  hardness  and Texture under  

the running  surface  of  rai l  used in  Shinkansen l ine .  
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Fig .2 .14 Substructure under  running sur face  observed with 100MV TEM. 

(110)  Se lected-area electron di f fract ion images  

Bright  f ie ld images  
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Fig .3 .1  Typical  damage observed on the  running surface  o f  the rai l  used in  

this  study.  The upper  s ide  is  the  f ie ld  corner  s ide  and the lower  

s ide  is  the  gauge corner  s ide .  

Table  3 .1 .  Chemical  composit ions  o f  rai ls  
(we ig h t% )  
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Fig .3 .2  The symbols  for  the three axes  of  a  coordinate  system used in  this  

study are  ND for  the direct ion normal  to  the running surface  o f  the  

ra i l .  RD for  the  ro l l ing  d irect ion  (chosen as  the  tra in  running 

direct ion) ,  and TD for  the  transverse  direct ion.  
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F ig .3 .3  The  sample  po s i t i on  in  the  RD d i rec t i o n  cho sen  on  the  s ide  

approaching to  the damage in  order  to  prevent  the extra ef fects  

generated by wheels  passing over  the damage.
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Fig .3 .4  Posit ions o f  the vert ical  sect ions paral le l  to  the RD direct ion on 

which opt ical  microscopic  observat ion o f  the  p last ic  f low was 

performed.  
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Fig .3 .5  Optical  micrographs for  the  sect ions  at  5mm to  the f ie ld corner  

s ide  (FC5mm) from the center,  at  the center  (C)  and at  5mm to  the  

gauge corner  s ide .  

FC5mm

GC5mm

C
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Fig .  3 .6  Vickers  hardness  [HV 0.3]  in  the TD direct ion of  the  running 

surface  o f  the  rai l  used in  service  ( f i l led c irc les)  and the new rai l  

(open c irc les ) .  FC,  C and GC in the f igure denotes  the  f ie ld  

corner  s ide ,  center  and gauge  corner  s ide  o f  rai l ,  respect ively.  
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Fig .3 .7  Schematic  diagram of  the axis  density  o f  a  certain crystal lographic

plane measured by X-ray di f fract ion:  I 0 ,  intensity  of  inc ident  X-ray;  

IR ,  intensity  of  d i f fracted X-ray from random sample ;  IT ,  intensity  

o f  d i f fracted X-ray from test  ra i l .  Axis  density  is  def ined by the  

rat io ,  IT / I R .  
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Fig .  3 .8  Appearance  o f  X-ray di f fract ion apparatus .  

Diffracted X-ray

Sample

Incident X-ray

Multi axis sample stage

Fig.  3 .9  Measurement part  o f  X-ray di f fract ion apparatus.  
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F ig .  3 .10 Schematic  d iagram of  x -ray measurement system.  

Table  3 .2  X-ray measurement condit ions.  
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Fig .3 .11 Sample  posit ion (CC,  Contact  Center)  and the symbol  for  ND axis  

used in  this  study.  
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Fig .3 .12 Sample  posi t ion (CC) and procedure  to  prepare  faces  for  the  

inverse  pole  f igure  measurement at  several  depths from the  

running  sur face  o f  ra i l .  CC pos i t ion  means  contact  center.  

Combined operation o f  removing mater ia l  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  

5000 m.
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Fig .3 .13 Inverse  po le  f igures  o f  the  rai l  used in  service  for  the  running 

sur face  and  the  depths  o f  10 ,  100  and  1000  m.  Three -d ig i t  

number hkl  in  the  inverse  po le  f igure  is  the crystal lographic  

index of  the  axis  for  the  cubic  c lass ,  and the numerical  value in  

parentheses  near  the crystal lographic  index gives  the value of  

the axis  density.  

Depth = 1000 m Depth = 100 m 

Depth = 10 m Running Surface  
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111 axis density 321 axis density 

211 axis density 310 axis density 

110 axis density 100 axis density 

F ig .3 .14  Var iat ion  o f  ax is  dens i ty  o f  the  ra i l  used  in  serv ice  ( f i l l ed

squares )  and the  new ra i l  ( open  squares )  wi th  the  depth  o f  

measurement  for  each of  the  crystal lographic  axes  110,  100,  211,  

310,  111 and 321.  
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Fig .3 .15 Princ iple  o f  EBSD measurement and the sample  pos i t ion re lat ive  

to  the  detect ion screen.  
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Fig .3 .16 Vert ical  sect ion at  the contact  center  (CC)  in  the TD direct ion  

and paral le l  to  the RD direct ion on which EBSD measurement 

was carr ied out .  
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Color key 

Orientation image map (ND)

Rail used in service

Inverse pole figure (ND)

Inverse pole figure (ND)Orientation image map (ND)

New rail

F i g . 3 . 1 7  O r i e n t a t i o n  i m a g e  m a p s  a n d  c o r r e s p o n d i n g  c o n v e n t i o n a l  

presentat ion o f  inverse  po le  f igures  o f  the  rai l  used in  service  and 

the new rai l  taking the ND direct ion as  the re ference direct ion.  A 

color  key is  g iven to  identi fy  the crystal lographic  axis  paral le l  to  

the reference direct ion at  each point  in  the or ientat ion image  

map.  
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Fig .3 .18 Image  qual i ty  maps o f  the rai l  used in  service  and the new rai l  at

the depth of  100 m. Low image qual i ty  represented by  the low 

br ightness  impl ies  the existence of  any imperfect ions ,  d istort ions  

and dis locat ions.  
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Fig .3 .19 Orientat ion image maps and image qual i ty  map of  the rai l  used 

i n  To k a i d o  S h i n k a n s e n  l i n e ,  T h e  a r r o w  i n  f i g u r e  s h o w s  t h e  

surface  level .  Note  the color  key in  f igure , .  Color  key is  re ference  

o f  the  crystal  or ientat ion.  

(3)  Enlarged view of  the  running surface  layer.  

Color  key 

(2)  Image  qual i ty  map.

(1)  Orientat ion image map 

2 0 m  

2 0 m  Inverse  pole  f igure  
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The sample  thickness  is  about  under  100nm  

Fig.3 .20 Schematic  o f  sample  and process ing method using by the FIB device .
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Fig .3 .21 TEM br ight  f ie ld  images of  the rai l  used in  service  at  the running 

sur face  and  the  depth  o f  100 m.  The  dark  and  br ight  par t s

correspond to  cementite  and ferr ite ,  respect ive ly.  
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Fig .3 .22 TEM br ight  f ie ld  images and electron beam di f fracted image o f  the  

rai l  used in  service  at  the  running subsurface  and the depth o f  

10 m.  

(1)  Surface  and Subsurface (2)  10 m depth under the running surface
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Fig .4 .1  Schematic  diagram of  the test ing machine .  



112 
 

S (%)=[(V 1 V 2) V 1]×100

Table  4 .1  Outl ine o f  test ing 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%

Without lubrication

Lubricating environment (water and oil)

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

Width of contact surface :5mm

Lubrication condition

Test piece shape and dimension
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Table  4 .2  Chemical  composit ion .  

C Si Mn P S

% % % % %

Test material 0.72 0.30 0.74 0.014 0.006

JIS E1101-2001 0.63-0.75 0.15-0.30 0.70-1.10 0.030max. 0.025max.

Elements
Sample and 
Standard

Table  4 .3  Mechanical  property .  

0.2% proof
stress

Tensile
strength Elongation Reduction of

area

N/mm2 N/mm2 % %

Test material 495 938 12 23

JIS E1101-2001 Not specified 800min. 10min. Not specified

Sample and 
Standard

Test value
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Fig .4 .2  Sampling posit ion of  the mater ial  for  the test  piece .  

5m
m

15
m

m
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Fig .4 .3  Shape and dimensions of  the test  piece  and posit ional  re lat ionship  

of  the two test  pieces .  

10
5

25 49 50

25 49 50

The upper test piece 
assumes the wheel

Lower test piece 
assumes the rail
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Fig .4 .4  The symbols  for  the three axes of  a  coordinate  system used in  this  

s tudy  are  ND f o r  the  d i re c t i o n  no r mal  t o  the  r o l l ing  c ontac t  

surface  o f  the  test  piece .  RD for  the ro l l ing direct ion,  and TD for  

the transverse direct ion.  
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max.        

Table  4 .4  Exper imental  condit ion .  

Maximam hertzian
contact pressure

Slip ratio
(nominal) Test speed Acumulated

revolution number

(MPa) (%) (rpm) (Number of times)

06R 0.6 0 860 2.50×107

09R 0.9 0 860 2.50×107

12R 1.2 0 860 2.50×107

14R 1.4 0 860 1.78×107

Without
liburication

in the
atmosphere

Test piece
No.

Lubrication
condition
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Fig .4 .5  Appearance  of  the ro l l ing contact  surface  in  each test  piece Left  

s ide  o f  the each photograph is  a  test  piece  corresponding to  wheel  

and r ight  s ide o f  the each photograph  is  test  piece  correspond ing to  

rai l .  

(1)P m a x . =0.6GPa (2)P m a x . =0.9GPa 

(3)P m a x . =1.2GPa (4)P m a x . =1.4GPa 
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F i g . 4 . 6  O b s e r v a t i o n  r e s u l t  o f  r o l l i n g  c o n t a c t  s u r f a c e  o f  s p e c i m e n   

c o r r e s p o n d i n g  t o  r a i l  b y  s c a n n i n g  e l e c t r o n  m i c r o s c o p e .  
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Measurement posit ion  

Roughness  

Ra=0.19μm 

(1)  Appearance  of  contact  surface  

(2)  Roughness curve  

Fig .4 .7  Appearance  and surface  roughness  on cross -sect ion of  the rol l ing 

contact  surface  o f  the  unused test  spec imen.  The  surface  roughness  

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

0.2mm

2.
0

m

0.2mm

2.
0

m

2.
0

m

0.2mm

2.
0

m

0.2mm

06R (0.6GPa,Ra:0.27) 09R (0.9GPa, Ra:0.10)

12R (1.2GPa, Ra:0.25) 14R (1.4GPa, Ra:0.58)

Fig.4 .8  Surface  roughness  on cross -sect ion o f  the  ro l l ing  contact  surface  

of  each test  piece  after  test .  
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Fig .4 .9  Effect  o f  Hertz  contact  pressure on the  surface  roughness  o f  the  

rol l ing contact  surface  in  cross -sect ion of  the test  pieces .  
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Fig .4 .10 Observation posit ion of  the m etal lographic  structure  in each test  

piece .  
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{ }

Rol l ing direct ion  

Fig .  4 .11 Metal lographic  observation in  each test  piece . The arrows in  

f igure show the surface  level .  
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Fig .4 .12  Sampling posi t ion of  the test  spec imen with  X-ray di f fract ion  

inverse  pole  f igure  measurement.  
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(1)  Unused test  spec imen 

Fig .4 .13  Changes  in  the  depth  d i rec t ion  o f  the  ax is  dens i ty  in  each  

s a m p l e  w i t h  t h e  d e p t h  o f  m e a s u r e m e n t  f o r  e a c h  o f  t h e   

c r y s t a l l o g r a p h i c  a x e s  11 0 ,  1 0 0 ,  2 11 ,  3 1 0 ,  111  a n d  3 2 1 .  
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Fig .  4 .14 Comparison of  changes in  the depth direct ion of  111 the axi s  

density  measured in  each specimen.  
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Fig.4 .15 Vickers  hardness var iat ion with depth below rol l ing contact  

surface  of  each test  piece  
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Fig .4 .16  Maximum shear  stress  (τ s t . m a x . )  var iat ion  with  depth be low ro l l ing   

contact  surface  
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Fig .4 .17 Measurement  posi t ion of  the  EBSD in each test  piece .  The arrow  

in  f igure indicates  the direct ion of  observat ion.
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Fig .4 .18 Orientation image maps o f  each speci men.  The arrow in  f igure   

shows the  surface  level .  Note  the co lor  key in  f igure.  

17 . 5μm 

17 . 5μm 

17 . 5μm 

17 . 5μm 

(1)  Rai l  unused in service  after  production  

(2)  09R 

(3)  12R 

(4)  14R 

ND

RD
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(2)  09R (3)  12R (4)  14R (1 )  Unu sed  rai l  
a f t e r  pr oduc t ion  

Fig .4 .19 Comparison of  the inverse  po le  f igure  in  each o f  the test  spec imen.  
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Fig .  4 .20  Image qual i ty  maps  of  each specimen.  The arrow in  f igure shows  

the surface  leve l .  

(1)  Unused rai l  a fter  product ion  

(2)  09R 

(3)  12R 

(4)  14R 

117 . 5μm 

17 . 5μm 

17 . 5μm 

17 . 5μm 
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 Table  4 .5  Measurement result s  in  the surface  layer.  

Misorientation angle 12-S1 12-S2 12-S3 12-S4 12-S5 12-S6 Ave.
(degree) μm μm μm μm μm μm μm

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) μm μm μm μm μm μm μm

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

Fig .4 .21 Schematic  o f  grain boundary length measurement area .  

Measurement  area  o f  surfa ce  layer   width  34 .9μm × depth  30μm, 6  p laces  

Measurement  area  o f  internal  layer  [width 34 .9μm × depth  40μm, 6  p laces ]  
12 -U5  12 -U6  



138 
 

(1)  Surface  layer  (2)  Internal  layer  
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Fig.4 .22 Effect  o f  Hertz  contact  pressure on the grain boundary  length o f   

each test  specimen.  



139 
 

Fig .4 .23 Comparison of  the axis  density  in  the test  piece  and the  rai l  used  

in  service .  Note  the  results  o f  the new rai l  as  re ference Notat ion  

new rai l  in  the f igure is  the meaning of  the rai l  unused in service   

after  product ion.  
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(1)  Surface  layer  (2)  Internal  layer  

Fig .4 .24 Comparison of  the axis  density  and grain  boundary length in  

each o f  the Hertz  contact  pressure .  
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Table  4 .7  Exper imental  condit ions  

Maximam Hertz
contact pressure

Slip
ratio(nominal) Test speed Acumulated

revolution number

GPa % rpm Number of times

S00 1.2 0.0 860 1×105

S02 1.2 0.2 860 1×105

S06 1.2 0.6 860 1×105

Without
lubrication in
the
atmosphere

Test
piece
No.

Lubrication
condition
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Number of rolling contact [ 104cycls]

S=0%
S=0.2%
S=0.6%

Slip ratio[%] f Rtc

F ig .4 .25 Inf luence  o f  s l ip  rate  on the t ime course o f  tract ion coef f ic ient .

fR t c  in  the  f igure  was a representat ive  value  o f  the  fr ict ion  

coef f ic ient .  fR t c  o f  S00 and S02 was average in  the number of   

contact  that  was repeated after  the 2×104  t imes.  f R t c  o f  S06 was 

average in  the  number o f  contacts  that  was repeated after  the   

4×104  t imes.  
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Fig .4 .26 Appearance of  the rol l ing contact  surface  o f  the  test  pieces

Note  the wear amount o f  each test  specimen  
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(4) Wear amount of each specimen. 

Slip ratio Wear amount
[%] [g]

S00 0 Nearly  0

S02 0.2 0.017

S06 0.6 0.580

TP.No

( 4 )  W e a r  a m o u n t  o f  e a c h  t e s t  p i e c e  
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Fig .4 .27 Result  o f  roughness  measurement.  

 

(a) S00 

TP. No. Ra [ m] Ry [ m]
S00 0.28 0.28
S02 0.13 0.13
S06 0.80 0.80
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0.1mm / 1 unit interval 

0.1mm / 1 unit interval 
(b) S06 

(2) Result of roughness analysis. 

Item Content
Cutoff 0.8mm
Filyer Gausuian ilter
E..length 4.000mm
S.length 0.800mm
Levelling Straight line (the entire area)
Portarity Normal
Srart-up Cuttoff ×0
Data 7500 points
Drive speed 0.5mm/s

(3) Measurement conditions. (1) Roughness and waviness curve 
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Fig .4 .28 Metal lographic  observation in  each test  piece .  

(1) S00 (S=0%) (2) S02 (S=0.2%) (3) S06 (S=0.6%) 

50 m 50 m 50 m

Rolling direction 

Fig .4 .29  Vickers  hardness  var iat ion  wi th  depth  be low ro l l ing  contact

sur face  o f  each  tes t  p iece Dot ted  l ine  o f  gray  in  the  f igure  

indicate  the leve l  o f  hardness  values  in  the unused test  piece .
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Fig .4 .30 Changes  in  the  depth direct ion of  the  axis  density  in  each test  

piece  in  the depth of  measurement for  each o f  the   

crystal lographic  axes  110,  211,  111 and 321.  Note  the  

comparison of  the  change in  the depth direct ion of  the  axis   

density  in  the each test  piece  and rai l  used in  service  to  (4)  in  

f igure .  
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(3)  S06 (S=0.6%) (4)  Comparison of  the test  piece  and  

rai l  used in  service .  
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(3 )  S06 (S=0.6%)  (4 )  Comparison o f  the  axis  densi ty  and 

shear  stress  in  the  surface  layer  

Fig .4 .31 Inf luence of  shear  stress  to  the change  in  the depth direct ion o f

the  111 axis  density.  
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Rol l ing direct ion

(1)  Image qual i ty  maps.

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

Fig .4 .32 Results  o f  EBSD analysis  in  the surface  layer  o f  each test  piece .

Image qual i ty  map in the upper  part ,  Grain boundary map in the 

lower part .  

(2)  Grain boundary maps.  

Misorientat ion >15deg:red,  5 15deg green 2 5deg blue)  
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Fig .4 .33 Effect  o f  s l ip  rat io  to  the grain boundary length changes in  the 

depth direct ion in  the surface  layer  and e f fect  o f  tract ion  

coef f ic ient  on the grain boundary length o f  the  surface  layer.  
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Table  4 .8  Exper imental  condit ions  

Maximam Hertz
contact pressure

Slip ratio
(nominal) Test speed Acumulated revolution

number

GPpa % rpm times

SW00 1.2 0 860 1×105

SW02 1.2 0.2 860 1×105

Continuous
water

lubrication

Test
piece
No.

Lubrication
condition
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SW00(Water)
SW02(Water)
SS00(Dry)
SS02(Dry)

Water lub. Dry
0 0.011 0.02

0.2 0.055 0.19

f Rtc
slip ratio %

Fig .4 .35 Inf luence  o f  lubricat ion condit ions  on the  t ime course  o f  tract ion 

coef f ic ient .  fR t c  in  the  f igure  was a  representat ive  value o f  the   

fr ict ion coef f ic ient .  f R t c  o f  SW00 and SW02 was average in  the  

number o f  contacts  that  was repeated after  the 3 .5×104  t imes.   

And note  the results  o f  the  case  of  the  without  lubr icat ion in  the  

atmosphere in  the same load condit ions.  
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Fig .4 .35 Appearance  of  the rol l ing contact  surface  of  the test  pieces Note  

the wear amount o f  each test  piece  

Slip ratio Wear amount
[%] [g]

SW00 0 0.002

SW02 0.2 0.003

TP.No

(3)  Wear  amount  o f  each test  spec imen.S=0% S=0.2% 

(2)  SW02(1)  SW00 

5mm

5mm

Ro
lli

ng
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ir
ec

tio
n 
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TP. No. Ra [μm] Ry [μm]
SW00 0.23 0.49
SW02 0.08 1.81

Water lubrication  

TP. No. Ra [μm] Ry [μm]
S00 0.28 0.28
S02 0.13 0.13

Without lubrication  

(2) Result of roughness analysis 

(a) SW00 

1μ
m

 / 
1 

un
it 

in
te

rv
al

 

(b) SW02 
(1) Roughness and waviness curve 

0.1mm / 1 unit interval 

0.1mm / 1 unit interval 

Fig .4 .36 Result  o f  roughness  measurement .  Note  the  results  o f  the  case  o f  

the atmosphere  without  lubr icat ion in  the same load condit ions .  

(1)Roughness  and waviness  curve  (2)Result  o f  roughness  analysis  
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Rol l ing direct ion  

(1)  SW00 (S=0%) (2)  SW02 (S=0.2%)  

Fig .4 .37 Metal lographic  observat ion below the surface  in a  cross  sect ion 

paral le l  to  the RD direct ion of  each test  piece  was tested with 

water  lubricat ion condit ion .  
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Fig .  4 .38 Vickers  hardness var iat ion with depth be low contact  surface  o f   

each test  piece  in  the water  lubr icat ion co ndit ion  
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Fig.4 .39 Inf luence of  lubr icat ion condit ions on the hardness  distr ibut ion  

of  a  cross  sect ion paral le l  to  the RD direct ion .  
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(1)  Sl ip rat io  S = 0% (2)  Sl ip rat io  S = 0 .2% 
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F ig .4 . 40  Ef fe c t s  o f  lubr i ca t i on  cond i t i ons  on  the  change  o f  the  ax i s   

densi ty  in  the depth direct ion of  each s l ip  rat io . "Dry condit ion"   

notat ion  in  the  f igure  i s  the  meaning  o f  wi thout  lubr icat ion   

condit ion in  the atmosphere .  
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(4)  S02 (S=0.2%)  

(2)  S00 (S=0%)  (1)  SW00 (S=0%)  
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Lu b .  

Dry  

Dry  

Lu b .  

Fig .4 .41 Inf luence of  lubricat ion on the local  or ientat ion o f  the crystal .   

“Dry condit ion”  notat ion  in  the f igure is  the meaning of  without   

lubricat ion condit ion in  the  atmosphere.  Arrows indicate  the  

direct ion of  rotat ion of  the test  piece .  

S=0% Note  Water  lubricat ion  Dry condit ion  

OIM 

IQM 

S=0.2% Note  Water  lubricat ion  Dry  

OIM 

IQM 
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(2)  Comparison of  the grain boundary len gth caused by the di f ference in  

lubricat ing environment  

Fig .4 .42 Inf luence of  lubr icat ion on the grain boundary length.  Note  the  

comparison result  o f  grain boundary length.  Grain boundary  

length(GBL) shown in f igure .  

Water  lubricat ion  Dry condit ion  

S=0% 

S=0.2% 

(1)  SW00 (2)  S00  

(3)  SW02 (4)  S02  

Comparison of GBL

(1)  Grain boundary map  

Arrows shown in the f igure  indicate  the direct ion o f  rotat ion  
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Table  5 .1  Background o f  test  s i te  
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Fig .5 .1 .  An example  of  the  rai l  gr inding operat ion 

Table  5 .2  Accumulated passing tonnage from the  f inal  gr inding for  each 

test  rai l .  
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Fig .  5 .2  Schematic  diagram of  re lat ive  posit ions of  test  rai l  segments  

with thickness  o f  rai l  gr inding.  

NN NG GG GN Test rail code

Rail grinding area        
of the 1st. operation

Rail grinding area        
of the 2nd. operation

0.0 300 500 200

Amount of rail grinding ( m)
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Fig .5 .3  Appearance  of  test  rai ls .  

(1)NN (2)NG 

(3)GN (4)GG 
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Fig .5 .4  Posit ions  o f  the vert ical  sect ions  paral le l  to  the train direct ion on 

which opt ical  microscopic  observation o f  the  plast ic  f low was  

per formed.  
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Train running direct ion 

Fig .5 .5  Metal lographic  structures  of  test  rai ls  (NN,  NG) observed on the

vert ical  sect ions  from FC 10mm to  GS 10mm.
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Fig .5 .6  Metal lographic  structures  o f  test  rai ls  (GN,  GG) observed on the

vert ical  sect ions  from FC 10mm to  GS 10mm.

Train running direct ion 

 



178 
 

Train running direct ion  

Fig .5 .7  Metal lographic  structures  o f  test  rai ls  observed on the  vert ical

sect ions  center ,  FS 10mm and GS 20mm. 
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Fig .5 .8  The posit ion of  the area exposed to  X-ray in  the measurement o f  

axis  density .  
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Fig .5 .9  Variat ion o f  axis  density  o f  the test  rai ls  in  the direct ion of  depth 

from the running surface .  The crystal lographic  axes  are  110,100,  

211,  310,  111 and 321.  
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F ig .5 .10 Variat ion o f  axis  density  o f  the  test  rai ls  in  the  direct ion o f  

depth from the running surface .  The crystal lographic  axes  are  

111.

(1) New
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Fig .5 .11  Comparison o f  the  111 axis  densi ty  measurement  results  o f  the  NN

and NG.  
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Fig .  5 .12  Comparison o f  the  111 axis  densi ty  measurement  results  o f  the  NN 

and GN.  
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Fig .  5 .13  Comparison o f  the  111 axis  densi ty  measurement  results  o f  the  GN 

and NG.  
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Fig .5 .14  Comparison o f  the  111 axis  densi ty  measurement  results  o f  the  NG

and GG.  
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Fig .5 .15  Comparison o f  the  111  axis  densi ty  measurement  resul ts  o f  the  

GN and GG.  
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C pos i t ion  

GS 

FS

Measuring surface  in  EBSD
TD 

(Train running direct ion)  

Fig .5 .16 The posit ion of  the  vert ical  sect ion paral le l  to  train  

direct ion on which EBSD measurement.   



191 
 



192 
 

Fig .5 .17 Orientat ion image map (OIM) o f  NN with color  key to  represent  

crystal  or ientat ion direct ion taking ND direct ion as  the reference  

direct ion.  

Fig .5 .18 Orientat ion image map (OIM) of  NG with color  key to  represent  

crystal  or ientat ion direct ion taking ND direct ion as  the  

reference  direct ion.
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ND direct ion  

Running  surface  

o f  rai l  

Fig .5 .19 Orientat ion image map (OIM) o f  New with color  key to  represent  

crystal  or ientat ion direct ion taking ND direct ion as  the reference  

direct ion.  
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Fig .5 .20 Comparison of  HAGB variat ion curves  of  NN and GG.  The curve 

for  GG is  g iven in  the  f igure  with a  displacement  o f  300 m 

taking the thickness  o f  removed layer  in  the second gr inding 

into  account .  
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Fig .5 .21 Compact  tension specimen.  

(2)  Shape and dimensions o f  CT specimen

(1)  Sample  posi t ion 

Table  5 .3  Mechanical  propert ies .  



197 
 

 

 

 



198 
 

K K e f f .  ’ MPa m 1 / 2  K K e f f .  ’ MPa m 1 / 2  

K K e f f .  ’ MPa m 1 / 2  
(1)  Rai l  unused in  service

K K e f f .  ’ MPa m 1 / 2  
(2)  100MGT 

Fig.5 .22 Relat ionship o f  the  crack growth rate  and the stress  intensity  

factor  range of  each test  piece .  

(3)  200MGT (4)  600MGT 
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Fig .5 .23 Inf luence of  the accumulated passing tonnage to  stress   

intensity  factor  range.  
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(3)600MGT 

(Ra=3.06)  

(Ra=3.16)  

Fatigue fracture surface Britt le  fracture surface  
(Near  crack t ip)  

Fig .5 .24 Comparison of  fat igue surface  and br itt le  fracture  surface  of

each test  piece .  
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