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ABSTRACT 
 

 
Development of a Scan Type Magnetic Camera and Intellectual 

Nondestructive Evaluation for Health Monitoring of Express Train 
Wheels 

 
 
 
 
 Jiseong Hwang 

Advisor: Prof. Jinyi Lee, Ph.D. 
Dept. of Information and Communications Eng.
Graduate School of Chosun University 

 

As the global climate changes, green growth has emerged as a new value so that railroad is 

considered to be the technology that leads the green growth in the transportation sector. 

Railroad is an optimal and environmentally friendly means that consumes less energy and emits 

less carbon. However, railroad train that weighs in thousands tons has enormous kinetic energy 

when moving at the speed of hundreds kilometers per hour. In addition, some damages may 

have been caused to train axle, train wheel and rail due to many operating hours, quick braking 

and other problems. Unfortunately, railroad train can stay only for less than two hours in a 

maintenance depot for maintenance and management. Consequently, it is really necessary to 

adopt a technology for measuring damages in a high speed, a high precision and a real time. In 

the meantime, the existing nondestructive testing technology indicates that there can be some 

changes in capability of detecting defects due to internal factors such as operation mistake, 

involuntary action, misunderstanding, nervousness, and loss of motivation and to external 

factors such as work intensity, unsafe environment, natural disaster, defects in machinery 

equipment, and insufficient supervision. There is an error or risk when a worker determines 

whether or not damage has been caused due to internal and external causes. 

The testing method by using electromagnetic phenomenon is useful to detect defects on 



 
 

the surface of or in the vicinity of the surface of ferromagnetic structure such as train wheel. 

For this study, we developed the scan type magnetic camera to resolve issues on shortcomings 

and restrictions of the magnetic particle testing (MT), the magnetic flux leakage testing (MFLT) 

and the eddy current testing (ECT) among nondestructive examination methods for train wheel 

that utilize electromagnetic phenomenon. In addition, we suggested the algorithm to detect 

defects automatically, locate them and make an estimate to quantify their shape, size and 

volume with a view to reducing man-made error and risk. 

 

First of all, we conducted the researches as below to examine express train wheel that 

rotated at the speed of approximately 30km/h, which was equivalent to the speed of railroad 

train entering into a maintenance depot. 

(1) We explained magnetic source useful for ferromagnetic materials such as train wheel 

and verified the usefulness of magnetic source type and magnetizing method by making 

numerical analysis. 

(2) We compared the existing magnetic sensor arrangement method and the improved 

arrangement method that is, sensors are arranged according to wheel profile and flange shape. 

(3) We developed the amplification circuit with the high signal-to-noise ratio and the filter 

circuit for removing noise. And we also developed the high-speed signal process circuit that 

included parallel comparison type A/D converter. 

(4) We analyzed magnetic images from the scan type magnetic camera by using the dipole 

model. And we compared the experiment results with the numerical analysis results to compare 

and analyze the effects of length, width and height of defects on magnetic field distribution.  

In addition, we developed the intelligent damage evaluation algorithm as below to 

minimize man-made errors such as worker's misunderstanding and operation mistake due to 

inexperience. 

(5) We analyzed the relation between signal and noise by making frequency spectrum 



 
 

analysis. And we performed the histogram analysis to examine the relation between existence 

or non-existence of defects and size distribution of the defects. Based on such analysis of the 

relations, we suggested the algorithm that could readily and quickly acquire the coordinate, 

length, shape, direction, and volume of defects. In addition, we proposed the method to express 

location of defects in measured object in a three-dimensional way. The method can improve 

worker’s understanding of damage analysis. 

If the scan type magnetic camera technology developed in this study is used, it is possible 

to make an estimate to quantify in a high speed and a higher precision defects that existed on 

the surface or in the vicinity of the surface of ferromagnetic materials used for large equipment 

and various structures in petrochemical plant, iron and steel manufacturing plant, heavy 

industry, and vessel as well as nuclear and thermal power plant. In addition, the suggested 

algorithm and the three-dimension tangible software can help a worker make a more precise 

judgment. 
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Magnetic Source 
Type Abbreviation Specimen 

Material Character Application 

Cross type 
magnetic flux 

leakage 
C-MFL Ferromagnetic

Crack inspection 
regardless of crack 

direction 

ISI of streel and iron 
structure 

Direct current 
magnetic flux 

leakage 
DC-MFL Ferromagnetic

Small size NDT 
system. Suitable in 
scan type mangetic 

camera 

PSI in the steel-iron 
production line. ISI in 

train wheel 

Plate type magnetic 
flux leakage P-MFL Ferromagnetic NDT of pipe. 

Suitable in area type 
magnetic camera 

ISI of steel structure. 
ISI of wire production 

In-side solenoid 
magnetic flux 

leakage 
IS-MFL Ferromagnetic ISI of steel pipe 

Vertical type 
magnetic flux 

leakage 
V-MFL 

Ferromagnetic, 
Paramagnetic 

and Mixed 
ferromagnetic & 

paramagnetic 

NDT of metal. 
Suitable both of 

scan- and area-type 
magentic camera. 

ISI of aircraft and 
nuclear power plant Sheet type induced 

current STIC 

Improved sheet 
type induced 

current 
I-STIC Suitable in scan type 

mangetic camera 
ISI of aircraft and 

nuclear power plant 

Combined induced 
current-magentic 

flux leakage 
CIC-MFL 

NDT of metal 
regardless of kinds. 

Suitable in 
scan-type magnetic 

camera 

PSI in steel 
manufacturing line.  
ISI of aircraft and 

nuclear power plant 

Magnetic fluid 
penetration testing MFPT All material Opened surface 

crack 
ISI of aircraft and 

nuclear power plant 
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Table 2-2     

Shape Crack size, [mm] Volume, [mm3] Radius Depth width 

Hole type 

0.25 
0.4  0.08  
1.0  0.19  
1.5  0.29  

0.5 
0.4  0.31  
1.0  0.79  
1.5  1.17  

1 
0.4  1.25  
1.0  3.14  
1.5  4.71  

1.5 
0.4  2.83  
1.0  7.06  
1.5  10.60  

2.5 
0.4  7.85  
1.0  19.63  
1.5  29.45  

Shape Crack size, [mm] Volume, [mm3] Length Depth width 

Slit type 
0°, 45°, 90° 

5 0.2 
0.2 0.2  
0.4 0.4  
1.0 1.0  

10 0.4 
0.2 0.8  
0.4 1.6  
1.0 4.0  

15 
0.6 0.2 1.8  

1.0 0.4 6  
1.0 15  

 



 
 

Fig. 2-5     

 
 

1.     

    yoke-type   ,  

 250mm , 4000   0.7A    .   

    Fig. 2-6(b)      

 . , Fig. 2-6(a)      

4mm    ,     

1mm         .   

(lift-off)  1.2mm . 

Fig. 2-7(a)    (VH) , Fig. 2-7(b)  VH   

(x )    �VH/�x  . , Fig. 2-7(c)    

  y   VH   �VH/�y  . 
 



 
 

Fig. 2-6    

 

        VH  

y     .      

 VH     ,      

      .  Fig. 2-7(b)  

       �VH/�x     

   . Fig. 2-8(a)  [A][B][C]   2~5mm   0.4, 1.0, 1.5mm

   1.0mm   1.0mm     .   

       ,    

�VH/�x     .   (x )    

 �VH/�x   ,      .  

[D][E][F]   10, 15mm   1.0, 0.4, 0.2mm  1.0, 0.4, 0.2mm  

     .      90°    

    .  [G][H][I]     45°  

  0.4, 1.0mm,  15mm      .  [J][K][L]

      0°        

, Fig. 2-9(a),(b)  �VH/�y      .   



 
 

 VH   y   offset   .  

       (B-VH) ,   PCB  

  , Packaging      package

       .  PCB   

          

.         Fig. 2-10   

 PCB     .    1.96°  

,     0.192mm  .   �VH/�y  

         .[24-25] 
 

Fig. 2-7  PCB      
 



 
 

Fig. 2-8  �VH/�x   
 

Fig. 2-9  �VH/�y   
 

Fig. 2-10  3        



 
 

2.     

  Packaging    PCB    

         .   

 NiZn      InSb  PCB  

  (Wire ball bonding)   .    

  Fig. 2-11(a)     0.52mm    64  LIHaS

 . Fig. 2-11(b)  LIHaS        

    .    12mm , 

1110turn   250mA    . lift-off  0.5mm .  

Fig. 2-12  Fig. 2-13   �VH/�x  �VH/�y   Fig. 2-6(b)  

   0.5mm      

. Fig. 2-12(a)   [A][B][C]     �VH/�x   

    .  0.25mm,  0.4mm    LIHaS  

   .  
 

 

Fig. 2-11       



 
 

�VH/�x          90 (Fig. 

2-12(a), [D][E][F])  45 (Fig. 2-12(b)  , [G][H][I])     

  .  Fig. 2-12(b)   [J][K][L]     

    0° (�MAG = 0)        

  �VH/�x   .  Fig. 2-12(a)    �MAG 

of 0°       Fig. 2-6(a)   

     , LIHaS       

.  

, Fig. 2-13(a)  , Fig. 2-13(b)        

  �VH/�y        . Fig. 

2-6(a)          LIHaS  �VH/�y

    .  Fig. 2-13(a)   �VH/�y  

   . , Fig. 2-12(a), [A][B][C]  �VH/�x  

 Fig. 2-12(b), [J][K][L]  �MAG of 0°  �VH/�x    

 �VH/�y        .  LIHaS  

�VH/�x  �VH/�y    ,  (�MAG)    

   .[26-27] 

    LIHaS        

   ,         

 ,       .    

    �VH/�x  �VH/�y   ,  

      LIHaS  . 

 
 



 
 

Fig. 2-12  LIHaS  �VH/�x  
 

Fig. 2-13  LIHaS  �VH/�y  
 



 
 

3.      

             

I       B   Lorentz Force   

       .     

         

  .   (VH)     Eq. (1)  . 

 k   ,  ( )    . 

 

cosHV k I B �� � � �                                                       (1) 
 

        ,  

   (  OP-Amp)   .    

  (CMRR, Common Mode Rejection Ratio)   INA128P

  Fig. 2-15    . INA128P     (RG)

    0~80dB     .    

    (A1, A2)       

 . ,   RG       . 

,    Eq. (2)     R5 = R7, R8 = R9   R5

 R8   . 

   ,  ,    , 

          

.  
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: http://content.honeywell.com/sensing/prodinfo/solidstate/technical/hallbook.pdf
Fig. 2-14     

 
 

Fig. 2-15   (INA128P)   



 
 

4.   
 

.   

     R, C, L   

   .       

     .      

    .       

    ,      

       .   

,  ,        

   . ,    ,  

        . 

        

. ,         

(Butterworth)  (   LPF)    

     . ,      Fig. 

2-16     LPF       A/D  . 

[36-37] 
 
 

Fig. 2-16  3     
 
  



 
 

.   

      ,     

          

      .     

         

.    FIR(Finite Impulse Response)  IIR(Infinite Impulse 

Response)  .  

FIR     .  IIR    

  ,     . FIR   , 

         . , 

        . FIR  ck  

 , xn   , yn         . 

 
1

0,1,..., 1
0

k

i i k k for i n
k

y x c
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�

� ��
                                       (3) 

 

FIR   ck     . FIR   

   ,    Convolve  .  

   ,        

. FIR            

  .    (Window Function)  (

  )  . (Attenuation (dB) Transition Bandwidth (fs/n); (1) 

Rectangular 21, 0.9, (2) Triangular 25, 1.18, (3) Hanning 44, 2.5, (4) Hamming 53, 3.13,(5) 

Blackman 74, 4.6).         ,  

   .        

    .        
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    IIR      

  . 
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0 1

n m
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 �� �                                                (4) 

 

 ak  bk   .    yi   

, xi-k   , yi-k   .  yi  0  ,  

           

  .  

IIR      ,    4

    Butterworth filters, Chebyshev filters, Inverse Chebyshev 

filters, Elliptic filters  .  Lowpass, highpass, bandpass, and bandstop filters 

  .  

        

     .    

  , ( )  0 . ,  

 rolloffs  ,        

  .  

,       ,   

   .       rolloffs  

.  

     ,   

,    . 

      , Elliptic  

 . Elliptic         

   rolloffs   .       



 
 

.           

      FIR       

IIR       .  IIR    

    . 

          

      IIR  . FIR  

 ,          

         �VH/�x  

       .  IIR   

           

 ,         . 

           

,      (National Instrument Co. Inc.)

 Measurement Studio Analysis Library     (IIR)  Butterworth 

filters  Lowpass Filter      .  
 
  



 
 

 3 A/D  
 

         , 

 LPF    S/N     .  

  A/D  -processor   ,    .  

 Fig. 2-17     8bit  (Semiflash) A/D  

SONY  CXD1175AM   A/D  . CXD1175AM    

     ,   ,  

.    3       

   .        

  .       (accuracy)  

,       ,  , Gain  

 0.5 LSB  .   (Conversion time)  35MS/S , 

 A/D  18ns  . 

, -processor  A/D         

        .  A/D  

   SRAM(32k 8bit, SAMSUNG, K6T0808C1D)    

,         DMA   

.  

 A/D     1 ~ 4V    11.7mV  

 .  
 
 



 
 

 
Fig. 2-17  A/D   

 
  



 
 

 4  

 

 A/D  -processor     USB

   .  Fig. 2-18     710

450 1.6mm  1  Main  295 180 1.6mm  12  Sub 

 . Main board   16       256  

   A/D     , , -processor, PLD 

(Programmable Logic Device),  , Display  .  

    SMPS(Switched Mode Power Supply)  . 

SMPS       , (220V)  

(  290~300V)     (20~50kHz)      

          . 
 

 
Fig. 2-18    



 
 

 ,     /  ,  , 

         

 .    (1% Vp-p), EMI   (Power 

plaza )  ,  -processor      

  .  USB       

LP3871(National Semiconductor )  . 

-processor (80C196KC)    488  RAM     

   ,   256k  EEPROM, 256k  

RAM   .      IO

 .     PLD  LCD DISPLAY , 

    .  

      ALTERA EPM7128S  . 

ALTERA EPM7128S  PLD  ,        

 .  TTL  CMOS     

      PLD     

       .  68  IO  

   ALTERA  Sub board  SRAM   , A/D   

, A/D      pin  ,    USB 

     pin   .  

  EZ-USB FX2  .   24MHz   

8051  , USB 2.0/1.1  ,  USB    

. Sub board  SRAM    , USB    

. 

 



 
 

 
Fig. 2-19  Main board   



 
 

Fig. 2-20  ALTERA EPM7128S (PLD)   
 

-processor  Port 2.2   A/D    Main board (Fig. 2-19, 

20)   .    Rising edge trigger  -processor  

    Port 2.6   PLD(ALTERA) 5  I/O  

A/D   . I/O    ALTERA  16   4  

   .    A/D   Clock , 

  Enable , A/D    SRAM  Address  Write 

Enable .    Sub board   (Max. 256channel)  

A/D    .   ALTERA  A/D   

Clock   . Sub board  SRAM     

    ALTERA    Disable . A/D   

  .  PLD(ALTERA) 81  I/O   

-processor  Port 0.7     .  

Main board  USB       A/D   

   .  1        



 
 

     .  

1          USB  

-processor   I/O  82C55AC  Port PC.0     , 

ALTERA  SRAM  Address  .   ALTERA  Read 

Enable      Sub board   SRAM  . 

  -processor  USB     Port 1.0~7   

, Port 1.0~7     Sub board  GAL      

Enable .  1  SRAM      .   

       USB   SRAM  Address  

  SRAM      ,    

ALTERA  27  I/O   Port 0.6   -processor    

     . 

          USB  

-processor   I/O  82C55AC  Port PC.0     , 

ALTERA  SRAM  Address  .   ALTERA  Read 

Enable      Sub board   SRAM  . 

  -processor  USB      Port 1.0~7   

, Port 1.0~7     Sub board  GAL     

 Enable .          USB

  SRAM  Address    SRAM     

 ,    ALTERA  27  I/O   Port 0.5   

-processor         .  

-processor    Port 1.0~7   , Port 1.0~7   

  Sub board  GAL      Enable . USB  

 SRAM  Address    SRAM      

 .         ALTERA  27  



 
 

I/O   Port 0.5   -processor       

  .  
 

Table 2-3  Main board   
  

PCB SIZE 710 450 1.6mm, FR4,  
Power 5V (for Logic), 3.3V 0.8A(for USB) 
CPU 80C196KC 
PLD ALTERA EPM7128S, ATF22V10B 
CLOCK 100kHz(00MHz ) 
RAM IS61C256(32k 8) 
EEPROM AT28C256(32k 8) 
DISPLAY LCD(16ch 2line), Array LED 
KEY Start SW, Reset SW 

  RS232C 
 82C55AC 

USB CY7C68013 

 

Sub board   (GAL16V8, Generic Array Logic), reference  , 

A/D (CXD1175AM), Latch(74HC541), SRAM  . 16   

A/D   , 1   Fig. 2-21    .  

         . Sub 

board      reference     A/D   

       reference  . 

  Main board  PLD(ALTERA EPM7128S)     

(F_ADC_CLK)   A/D      . A/D

    ,    ,    

 SRAM  . Main board  PLD    Enable 

(F_AD_Write_Buffer_EN)  SRAM   (F_CPLD_WE)    

(F_A0~F_A14)  .  8bit     Enable , 

      A/D   SRAM   

 0000H   .  



 
 

 SRAM        Main board  80C196k(

-processor)           

 GAL16V8     Enable (HS_Channel_00)   

       . , GAL16V8   

     .  Main board    

     Sub board       

.  

, Main board  PLD  SRAM   (F_CPLD_OE)    

(F_A0~F_A14)    SRAM       . 

,   RS-232      -processor  

     55.2ms  .   

USB    12Mbps        

.      1:1     S/N    . 

        . , 

-processor      SRAM     , 

  .  
 
 

Table 2-4  Sub board   
  

PCB size 295 180 1.6mm, FR4,  
Power 5V (for Logic) 
Current Max. 750mA 
Decoder GAL16V8 
A/D Converter CXD1175AM (8bit, Max. Conversion speed of 35MS/S) 
SRAM 32k 8bit, SAMSUNG, K6T0808C1D 
Latch  74HC541 
Buffer 74HC07 
ETC Array LED, 2Test Point per Channel,  

 

 



 
 

Fig. 2-21  Sub board   
 
  



 
 

 5    

 

(MFLT)         

      .   

  (FEM, Finite elements method)   

(DPMA, Dipole Model Analysis)  .[38-41] FEM  , , , 

            

 .     ,    

        .  

   ,          

,  3  FEM       .  

DPMA    (magnetic charge)  ,   

  3      ,  

         . FEM

   ,   .    

        FEM  ,   

       DPMA    . 

 
1.   

       

        .    

         

.  

DPMA       .   

    3      



 
 

       . 

   lc,  wc,  dc    . Fig. 

2-22     x    , xy   , 

 z      .   y

 �c   .  �c = 0   y    

. 

   z   Bz  �c = 0  ,    m, 

  μ,     u  ,   

 Eq. (5)    .  u  0 ~ dc   . 
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, xR  yR  XY  �c    XR-YR   

  Eq. (6)    . 
 
 

Fig. 2-22    
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(a)   (SS41, 10 0.7 3mm) (b)   

Fig. 2-23    
 

 
(a)   (b)   

Fig. 2-24     (VH) 



 
 

Fig. 2-24  m/4�μ  10     Fig. 2-23(a)  (lift-off 

3mm)  Eqs. (5)~(7)     . Fig. 2-24(a)  

  180mm,  150mm,  200mm     

  .  

  ,       

 ,          

.     (VH)     

.         Fig. 2-25   

    �VH/�x      . 

,      Eq. (8)    ,  

     Eq. (9)    .  

 
/ 2

2 2 2 3/ 20 / 2 0

/ 2

2 2 2 3/ 2/ 2 0

4 {( / 2) ( ) }

4 {( / 2) ( ) }

c c

C c

c c

c

l y d

yoke l y
c

l y d

l y
c

m z uB dudy
x w y z u

m z u dudy
x w y z u

� ��

��




� 
 






 


�
�

� � � �

�




 � � �

� �

� �
                     (8) 
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Fig. 2-25    �VH/�x  
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     Eq. (10)    .  

      Constant  ,  Constant  ‘0’

    �VH/�x        

    . ,   Back ground data  

     �VH/�x       

  . 

DPMA     ,  ,   

     .    , 

�VH/�x      . 
  



 
 

2.    
 

Fig. 2-26     

 

,   ,    

         . 

        .  

 Fig. 2-22   , ,   lc, dc, wc    

.   x ,   xy  . z  xy  

  .    P(x, y, z)  ( 1PH
�����
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  Eq. (11)     .  m, μ0, u   
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, Fig. 2-27          
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Fig. 2-31  �VH/�x   
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Fig. 2-32  �VH/�x      
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  . 
 

Fig. 2-33  �VH/�x      
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 Eq. (18)     �VH/�x     
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Fig. 3-2(a)      1  (VH)  
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       ,   
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Fig. 3-3        VH, �VH/�x 
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       Fig. 3-2(a), (b), (c)  Fig. 

3-3(e)         . , 

 (VN)      .  
 



 
 

 2 2       

 

 1         . 

,          

      .      

  2   . 2  (Fig. 3-4(a))   
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Fig. 3-4  2     

 

1      ,   

,  ,  (VS)  . ,     

    ,     . 

,  (VS)  ,    (N)   



 
 

         . , 
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Fig. 3-6    
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Fig. 3-7  3   
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Fig. 3-8     
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cos , sin ,x r u y r u z v� � �                                            (22) 

 

       p(x, y, z)     

  .  u   p  x-y    x   . 
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   , u  0  2    ,   
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 . 
 

2 ,u s v t�� �                                                         (23) 

cos2 , sin 2 ,x r s y r s z t� �� � �                                        (24) 
 

    Eq. (23)  , Eq. (22)  Eq. (24)    
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Fig. 4-1      
 



 
 

Fig. 4-2       



 
 

 



 
 

 



 
 

 
Fig. 4-3    3     



 
 

Table 4-1     [unit: mm] 
Hole shape Slit shape 

No. depth diameter volume No. depth width length volume 
 1 1.84 2.7927 1 2.28 20.83 14.6756 

 1.39 2.97 10.8603 0.65 2.03 17.03 12.9521 

 1.74 4.93 26.9878 0.4 2.01 19.6 17.0803 

 1.34 3.92 16.2416 1.06 2.07 19.77 19.4298 

 1.2 2.86 9.0370 0.74 2.26 18.5 15.9182 

 1 1.97 2.6424 0.47 2.48 17.26 10.8371 

 1.16 2.98 9.7858 1 2.35 19.04 19.4484 

 1.45 3.96 17.8009 0.7 1.93 17.7 13.7351 

 1.23 4.56 15.3518 0.5 1.87 16.27 11.6455 
 

Table 4-2     [unit: mm] 
No. shape width length depth Volume 

1 Scratch 2.85 3.6 0.23 0.6067 
2 Shelling 2.96 3.36 0.49 6.2657 
3 Shelling 3.34 3.18 0.55 7.3579 
4 Scratch 4.2 9.15 0.23 0.2236 
5 Thermal crack 4.0 3.9 0.35 1.6045 
6 Disintegration 12.63 8.52 0.74 75.8766 
7 Thermal crack 2.8 1.81 0.32 0.8716 
8 Thermal crack 5.8 2.84 0.33 3.9449 
9 Scratch 1.54 3.54 0.27 0.1273 
10 Shelling 3.31 5.3 0.62 21.4397 
11 Shelling 7.02 10.18 0.63 17.0656 
12 Scratch 7.89 14.35 0.34 2.6417 
13 Scratch 4.5 7.86 0.26 3.7284 
14 Scratch 1.25 4.83 0.18 0.1465 
15 Shelling 4.01 7.46 0.3 2.8142 
16 Shelling 4.6 6.5 0.47 3.5885 
17 Chop 8.7 6.2 0.26 6.8589 
18 The early Shelling 5.57 2.1 0.14 0.7181 
19 The early Shelling 2.74 4.2 0.24 0.7873 
20 Chop 3.73 6.98 0.22 0.4679 
21 Scratch 5.3 25.31 0.31 1.7543 
22 Thermal crack 1.73 4.41 0.21 0.2986 
23 Protuberance 2.5 7.43 0.39 1.7675 
24 Shelling 2.75 5.47 0.3 7.9978 
25 Scratch 21.98 33.12 0.22 0.1537 
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Table 4-3        2, 7, 10, 15, 22, 25   

   . 2, 10, 15     

Shelling   x     .  

  Shelling         

   Shelling     .  

          

 .  2   6mm, 10   24mm, 15   y

  3.86mm   . 7, 22   Thermal crack  

 y     .       

            

 .   6.66mm, 4.96mm    . 25   

Scratch         y  9.33mm  

   .  VC     

  x  99.01%, y  96.74%   .  

            . 
  



 
 

Table 4-3    [unit: mm] 

No. 
X   Y   

   
VC = 6 VC = 8 VC = 10 VC = 6 VC = 8 VC = 10

 0 0.00  0.00  0.00  45 45.24 45.24  45.24  
1 6    133    
2 50 43.81  43.90  43.81  80 80.73 80.73  80.73  

 81 80.12  80.16  80.16  49 48.36 48.36  49.14  
3 145 146.12  145.52 146.08 80 82.68 82.68  82.29  
4 146    136    

 168 167.19  167.19 167.28 25 24.57 24.96  24.96  
 168 165.09  165.13 165.13 48 47.58 47.58  47.97  
 168 165.43  165.43 165.39 67 67.47 67.86  67.47  

5 198 195.99  195.60 195.86 49 49.53 48.36  49.14  
6 243 238.00  237.96 238.34 76 78.39 78.78  78.78  
7 307 299.97  299.92 299.79 48 41.34 42.51  42.51  

 392 389.70  389.70 389.70 29 29.25 28.86  28.47  
8 396 394.85  394.76 394.85 52 51.87 51.87  51.48  
9 394    143    

10 617 592.94  592.64 592.77 83 81.90 81.12  81.90  
11 646 645.46  645.51 645.55 77 77.22 77.22  77.61  

 691 686.45  686.40 686.45 41 41.34 41.34  41.34  
12 706    143    
13 861    133    

 888 882.05  882.00 882.00 43 42.51 42.51  42.51  
14 943    135    

 1108 1100.13  1100.13 1100.13 44 44.07 44.07  44.85  
15 1226 1227.33  1227.37 1226.17 53 49.14 49.92  48.75  
16 1388 1377.74  1377.36 1377.14 73 75.27 74.88  74.88  

 1486 1480.05  1480.05 1479.83 24 23.40 23.40  23.40  
17 1538 1535.28  1536.01 1536.35 138 137.25 137.72  137.25 

 1592 1586.26  1586.30 1586.22 21 19.89 20.28  20.28  
18 1604 1604.20  1604.24 1604.16 38 39.00 38.61  38.61  

 1719 1713.59  1713.41 1713.16 22 22.62 22.62  21.84  
 1859 1852.02  1852.07 1851.90 18 17.16 17.55  16.77  
 1871 1870.82  1870.69 1870.65 18 17.55 17.94  18.33  
 1884 1888.93  1888.80 1888.76 19 19.11 19.50  19.50  

19 1947 1960.60  1960.60 1960.60 35 35.88 35.88  35.88  
20 1987    133    

 2034 2037.84  2037.88 2037.84 45 44.85 44.85  44.46  
 2165 2167.78  2167.74 2167.70 48 47.58 47.97  47.58  

21 2360 2354.20  2354.33 2354.16 136 147.48 142.83  146.09 
 2355 2357.29  2357.25 2357.25 47 46.80 46.41  46.41  

22 2453   2456.94 58   53.04  
23 2465    119    
24 2520 2521.82  2521.56 2521.43 83 84.63 84.24  84.24  
25 2555  2545.04 2545.29 30  20.67  19.89  
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Table 4-4    [unit: mm] 

No. 
  

 
 

VC = 4 VC = 6 VC = 8 VC = 10 VC = 8   
 Hole 0.32  0.29  0.55  0.55   
 Hole 0.39  0.47  0.44  0.66   

 Hole 0.72  0.76  0.83  0.83   

 Hole 0.78  0.70  0.66  1.00   

 Hole 4.54  0.52  0.62  0.45    
 Hole 0.17  0.44  0.54  0.68   

 Hole 0.52  0.48  0.47  0.70   

 Hole 0.52  0.66  0.63  0.63   

 Hole 0.58  0.63  0.79  1.14   

 Slit 1.01  1.02  0.96  1.07   
 Slit 0.96  1.06  1.08  1.08   
 Slit 1.00  1.00  0.96  0.92   
 Slit 0.61  0.64  0.66  0.65   
 Slit 0.54  0.62  0.64  0.68   
 Slit 0.55  0.50  0.53  0.53   
 Slit 2.33  2.27  2.22  2.45    
 Slit 2.11  2.15  2.16  2.02    
 Slit 2.00  1.96  2.03  2.03    

1  Scratch      
2  Shelling 0.79  0.81  0.70  0.72    
3  Shelling 0.99  1.35  1.02  1.41    
4  Scratch      
5  Thermal crack 0.53  0.33  0.53  0.45    
6  Disintegration 1.25  1.19  1.34  1.27    
7  Thermal crack 1.14  0.87  1.45  1.39   
8  Thermal crack 1.82  1.78  1.60  1.65    
9  Scratch      
10  Shelling 2.02  1.01  1.09  0.81    
11  Shelling  0.63  0.73  0.86    
12  Scratch      
13  Scratch      
14  Scratch      
15  Shelling 0.22  0.82  0.80  0.72    
16  Shelling 1.01  0.60  0.61  0.57   
17  Chop  1.51  1.01  1.16    
18  The early Shelling  0.81  1.37  1.37   
19  The early Shelling 0.43  0.50  0.71  0.71   
20  Chop      
21  Scratch 0.49  0.58  1.08  0.74    
22  Thermal crack    1.40   
23  Protuberance      
24  Shelling  3.18  2.51  2.84    
25  Scratch   1.51  1.67   
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Table 4-5    [unit: mm] 

No. 
  

  
VC = 4 VC = 6 VC = 8 VC = 10 

 1.84  5.13 ( 1.56 ) 5.63 ( 1.56 ) 6.47 ( 3.12 ) 6.47 ( 3.12 ) 
 2.97  6.45 ( 2.34 ) 7.39 ( 3.12 ) 7.70 ( 3.12 ) 8.45 ( 4.68 ) 
 4.93  10.68 ( 6.24 ) 11.56 ( 7.02 ) 12.25 ( 7.80 ) 12.25 ( 7.80 ) 
 3.92  7.62 ( 4.68 ) 8.17 ( 4.68 ) 8.45 ( 4.68 ) 9.94 ( 7.02 ) 
 2.86  1.60 ( 1.56 ) 5.04 ( 2.34 ) 5.95 ( 3.12 ) 5.66 ( 2.34 ) 
 1.97  4.62 ( 0.78 ) 5.81 ( 2.34 ) 6.54 ( 3.12 ) 6.95 ( 3.90 ) 
 2.98  6.77 ( 3.12 ) 7.15 ( 3.12 ) 7.31 ( 3.12 ) 8.17 ( 4.68 ) 
 3.96  8.50 ( 3.90 ) 9.96 ( 5.46 ) 10.24 ( 5.46 ) 10.24 ( 5.46 ) 
 4.56  9.33 ( 4.68 ) 10.24 ( 5.46 ) 11.36 ( 7.02 ) 13.51 ( 10.14 ) 
 20.83  16.47  19.64  20.31  21.36  
 17.03  13.54  16.11  17.03  17.03  
 19.60  17.69  19.88  20.31  20.69  
 19.77  17.99  20.20  21.20  21.49  
 18.50  16.32  19.35  20.34  20.84  
 17.26  14.66  15.73  16.54  16.62  
 19.04  16.98 ( 15.60 ) 17.90 ( 16.38 ) 17.97 ( 16.38 ) 20.22 ( 18.72 ) 
 17.70  13.81 ( 12.48 ) 15.48 ( 14.04 ) 16.33 ( 14.82 ) 15.67 ( 14.04 ) 
 16.27  13.07 ( 11.70 ) 14.00 ( 12.48 ) 14.78 ( 13.26 ) 14.78 ( 13.26 ) 

1  11.20      
2  4.48  5.03  6.19  6.81  6.67  
3  4.61  5.55  7.77  8.72  8.61  
4  4.00      
5  8.74  8.27  17.36  20.01  18.85  
6  15.24  18.97  19.35  21.40  21.87  
7  3.33  1.04 ( 0.78 ) 7.15 ( 4.68 ) 10.43 ( 8.58 ) 10.57 ( 8.58 ) 
8  6.46  6.23  8.05  8.27  9.12  
9  5.90      
10  6.25  1.74  4.39  6.35  4.96  
11  12.37   8.74  10.61  10.76  
12  10.40      
13  8.30      
14  1.40      
15  8.47  10.81  14.76  15.03  17.42  
16  7.96  1.10  7.60  9.03  9.40  
17  10.68   6.69  9.16  9.84  
18  5.95   7.41  10.62  10.62  
19  5.01  5.89 ( 2.34 ) 6.92 ( 3.12 ) 8.10 ( 4.68 ) 8.10 ( 4.68 ) 
20  3.40      
21  25.86  10.60  14.87  22.78  17.12  
22  4.74     1.92 ( 1.56 ) 
23  27.30      
24  6.12   5.72  6.72  8.27  
25  46.40    2.80  6.36  
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Table 4-6    [unit: mm] 

No. 
  

  
VC = 4 VC = 6 VC = 8 VC = 10 

      
      
      
      
  0°  0° 0° 0° 
      
      
      
      
 52° 45.28° 45.63° 43.73° 46.91°  
 55° 43.73° 46.58° 47.13° 47.13°  
 50° 44.88° 44.93° 43.73° 42.74°  
 35° 31.35° 32.72° 33.49° 32.99°  
 35° 28.55° 31.61° 32.46° 34.15°  
 30° 28.60° 26.51° 28.13° 27.99°  
 90° 90° 90° 90° 90° 
 90° 90° 90° 90° 90° 
 90° 90° 90° 90° 90° 

1  -42°     
2  -41° -38.32° -39.06° -34.96° -35.80°  
3  -46° -44.65° -53.40° -45.68° -54.66°  
4  -55°     
5  31° 28.13° 18.33° 27.90° 24.44°  
6  -56° -51.37° -49.98° -53.31° -51.68°  
7  57°     
8  -64° -61.18° -60.65° -58.06° -58.82°  
9  90°     
10  32° 63.66° 45.28° 47.48° 38.93°  
11  -34°  -32.38° -36.02° -40.73°  
12  62°     
13       
14  -56°     
15  -28° 12.50° 39.35° 38.52° 35.60°  
16  -35° -45.28° -30.88° -31.21° -29.85°  
17  54°  -56.52° -45.32° -49.13°  
18  69°  39.14° 53.86° 53.86°  
19  -33°     
20  -45°     
21  12° 26.02° 30.02° 47.30° 36.68°  
22  21°     
23  90°     
24  27°  72.55° 68.25° 70.60°  
25  -56°   -56.57° -59.15°  
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