
  

 
 
 
 
 

29  
 
 
 

 
 

 
 
 
 
 
 
 
 

 
30 3  

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



i

1.  --------------------------------------------------------------------------------------- 1

2.  --------------------------------------------------------------------------------------- 2
2.1  ----------------------------------------------------------------------------------------- 2 
2.2  ----------------------------------------------------------------------------- 2 
2.3 29  --------------------------------------------------------------- 3 

3. 29  ------------------------------------------------------------------- 6
3.1  -------------------------------------------------------------- 6 
3.1.1  ------------------------------------------------------------------------- 9 
3.1.2  ------------------------------------------------------------------------------- 133 
3.1.3 PTS  ------------------------------------------------------------------------ 287 
3.1.4 ---------------------------------------- 391 

3.2  -------------------------------------------------- 404 
3.2.1  ------------------------------------------------------- 404 
3.2.2  ------------------------ 498 
3.2.3 ------------------------------------- 586 

3.3  -------------------------------------------------------------------------- 635 
3.3.1 PTS  --------------------------------------- 635 
3.3.2  ---------------------------------------------------- 644 
3.3.3  ---------------------------------------------------------- 672 

4.  --------------------------------------------------------------------------------------- 674



 1 

1.  

 
( 18 31 ( )

)

 
29  

 



 2 

2.  
2.1  

( 29
) ( 28 7 13 )(2.1-1)

( )

 

( )

 
 
2.2  

2.2-1 JEAC-4206(2.2-1) (2.2-2)

( ) (PTS)
( )

2016 (2.2-2)

(WPS)

2.2-2

25
27 28

28 29 31

29  
20 24 PWR (S1 ) Cu

3 (A533B )

25



 3 

26 28
4 mm

(Mini-C(T))
 

25 27
(KIa) KIa

KIa KIa

25 28 (WPS)
JEAC4206-2016

WPS
WPS  

27
( )

PTS 28
PTS

29
PTS C(T)

PTS WPS
PTS

PTS  
28

1/4

29
3

 
 
2.3 29  

  
(1)PTS ( 200 mm)

 
(2) (

)



 4 

( 600  mm 200  mm
50  mm )

(
)  

(3)PTS
PTS PTS 2

2 ( 3800 3800 mm 150 mm )
8MN PTS

PTS
 

(4)
 

 
 

(1)

 
(2)

 
 

29 3  
 

 
(2.1-1) ( 29

) ( 28 7 13 ). 
(2.2-1) JEAC 4206-2007“

”, (2007) 
(2.2-2) JEAC 4206-2016“

”, (2016) 
  



 5 

 

 

2.2-1 (2.2-1) (2.2-2). 
 
 
 

 

 
2.2-2  

 



 6 

3. 29  
3.1  

(PTS) RPV
( )

 
C(T)

C(T)
RPV 2

PTS
(WPS)

JEAC4206-2016 RPV
( ) ( )

C(T)
PTS RPV

 

( ) +2
(PTS ) 3.1-1 PTS

2 2
PTS

3.1-2 PTS
C(T)

WPS

(LA) 1

PTS
29 PTS

 
 
 



 7 

(LA)

 
 
 
 
 
 

 

 

 
3.1-1 PTS  

 
  



 8 
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(4)  

  



 

3.1.1.3  
(1)  

(2)  



 

 

 

 



   

 

3.1.2  
PTS C(T)

WPS

(LA)  
29 PTS (WPS)

3.1.1
30  

  



   

 

3.1.2.1  
WPS

JEAC4206-2016
28 PWR WPS

WPS
29 PTS WPS

  
 
(1)   

3.1.2.1-1 C(T)
3.1.2.1-2 2 ( SC 525 8h )

 
SC 525 8h

2 525
8h Load Unload

Cool Fracture ( LUCF LUCF

 
3.1.2.1-2 1 5 5 4

20 C(T)  
 
  



   

 

 
3.1.2.1-1 (wt%)  

C Si  Mn P S Ni  Cr  Cu Mo V Al  

0.29 0.36 1.47 0.058 0.001 0.47 0.11 0.20 0.61 0.003 0.005 

 
 

 
3.1.2.1-2 C(T)  

    

 
 

( ) 
  

TWPS 
( ) 

 
KJWPS (MPa m) 

 
TFRACT ( ) 

1 

SC  
0.4T-C(T) 

 
 

   4 

2   150 200 4 

3 

525
8h  

0.4T-C(T) 

 
 

  40 4 

4   80 4 

5 LUCF* 150 90 5 4 

*: Load( ) Unload( ) Cool( ) Fracture( )  
 

(2)  
(PWHT) T-S C(T)

10mm C(T)

 
3.1.2.1-1 0.4T-C(T) 3.1.2.1-2

C(T) 3.1.2.1-3
C(T)

3.1.2.1-4  

     R 0.1( ) 
K    Kmax  20 MPa m 



   

 

K    Kmax  15 MPa m 
  0.2mm  

    1.3mm 
     10 30Hz 

 

3.1.2.1-3  
10%  

3.1.2.1-4 20 C(T)

 
 
(3) WPS  

C(T) JEAC4216-2015(3.1.2.1-1)  
3.1.2.1-2 5 5 LUCF

JEAC4216-2015
K 0.1 2MPa

m/s( K )
 

 
  JEAC 4216-2015 MCT-1300  
 E = 202,100 -62.6T  (MPa)  , T: ( ) 

  0.3 ( ) 
 

 y 700 MPa WES1108-1995(3.1.2.1-2) 
 

 
525 8h 3 4 KJ JEAC 

4216-2015 To  



   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

mm 

 
)  

 
3.1.2.1-1 0.4T-C(T)  
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3.1.2.1-2  
 
 

 

3.1.2.1-3 0.4T-C(T)  
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3.1.2.1-4 0.4T-C(T)  
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3.1.2.1-3 (1) 0.4T-C(T)  ( SC ) 

 
 

 
 

Pmax (N) 
 

Pmin (N)  
(Hz) 

 (mm)  
( ) a1 a2 

 
(
SC ) 

WPS-1-1 
3100 310 30 0.4 0.4 49,000 
2600 260 30 0.8 0.8 75,000 
2200 220 30 1.3 1.3 110,000 

WPS-1-2 
3100 310 30 0.3 0.5 40,800 
2600 260 30 0.9 0.8 57,200 
2200 220 30 1.3 1.3 115,600 

WPS-2-1 
3100 310 30 0.2 0.6 40,000 
2600 260 30 0.9 0.7 70,000 
2200 220 30 1.3 1.3 103,000 

WPS-2-2 
3100 310 30 0.3 0.7 50,000 
2600 260 30 0.9 0.8 70,000 
2200 220 30 1.3 1.3 103,000 

WPS-2-12 
3100 310 30 0 0.9 24,400 
2600 260 30 0.8 1.0 29,300 
2200 220 30 1.3 1.4 96,500 

WPS-1-12 
3100 310 30 0.4 0.5 54,500 
2600 260 30 0.8 0.8 77,100 
2200 220 30 1.3 1.3 110,500 

WPS-1-9 
3100 310 30 0.4 0.5 57,200 
2600 260 30 0.8 0.8 87,900 
2200 220 30 1.3 1.3 123,800 

B10-01 
3100 310 30 0.4 0.4 46,700 
2600 260 30 0.8 0.8 64,500 
2200 220 30 1.3 1.3 92,500 
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3.1.2.1-3 (2) 0.4T-C(T)  (525 8h ) 
  

 
 

Pmax (N) 
 

Pmin (N)  
(Hz) 

 (mm)  
( ) a1 a2 

 
(525

8
) 

5A-1 
3100 310 30 0.4 0.4 50,000 
2600 260 30 0.8 0.9 65,000 
2200 220 30 1.3 1.3 88,000 

5A-2 
3100 310 30 0.5 0.4 36,000 
2600 260 30 0.9 0.7 46,000 
2200 220 30 1.3 1.4 73,000 

5A-3 
3100 310 30 0.4 0.5 35,000 
2600 260 30 0.8 0.8 51,000 
2200 220 30 1.3 1.3 79,000 

5A-4 
3100 310 30 0.3 0.5 53,000 
2600 260 30 0.8 0.8 68,000 
2200 220 30 1.3 1.3 94,000 

5A-5 
3100 310 30 0.3 0.4 36,000 
2600 260 30 0.9 0.7 54,000 
2200 220 30 1.4 1.3 83,000 

5A-6 
3100 310 30 0.4 0.4 33,000 
2600 260 30 0.8 0.7 46,000 
2200 220 30 1.3 1.3 79,000 

5A-7 
3100 310 30 0.3 0.4 41,000 
2600 260 30 0.7 0.8 62,000 
2200 220 30 1.3 1.3 92,500 

5A-8 
3100 310 30 0.4 0.4 44,000 
2600 260 30 0.8 0.8 59,000 
2200 220 30 1.3 1.3 82,000 

WPS-1 
3100 310 30 0.3 0.5 46,500 
2600 260 30 0.8 0.8 69,300 
2200 220 30 1.3 1.3 96,100 

WPS-2 
3100 310 30 0.4 0.4 54,100 
2600 260 30 0.8 0.8 72,000 
2200 220 30 1.3 1.3 100,300 

WPS-3 
3100 310 30 0.4 0.4 40,900 
2600 260 30 0.8 0.8 60,900 
2200 220 30 1.3 1.3 89,200 

WPS-4 
3100 310 30 0.3 0.5 46,100 
2600 260 30 0.8 0.8 64,900 
2200 220 30 1.4 1.3 95,900 

 



   

 

 

3.1.2.1-4 (1) 0.4T-C(T)  ( SC ) 
 
 
 
 
 
 
 
 
 

 

*1 

H L W  W2 B aN C1 C2 D1 D2 G1 G2 

24.4

0.15 

25.4

0.15 

20.3

0.08 

20.3

0.08 

10.2

0.08 

9.0

0.08 

7.3

0.08 

7.3

0.08 

5.1 5.1 1 1 

WPS-1-1 24.43 25.44 20.30 20.31 10.23 8.93 7.30 7.30 5.11 5.11 0.94 0.93 

WPS-1-2 24.43 25.44 20.30 20.29 10.23 8.96 7.30 7.30 5.11 5.11 0.95 0.95 

WPS-2-1 24.43 25.43 20.29 20.29 10.24 8.93 7.30 7.30 5.11 5.11 0.94 0.96 

WPS-2-2 24.43 25.43 20.31 20.31 10.24 8.97 7.30 7.30 5.11 5.11 0.95 0.94 

WPS-2-12 24.42 25.42 20.29 20.30 10.25 8.98 7.30 7.30 5.11 5.11 0.95 0.95 

WPS-1-12 24.43 25.43 20.31 20.31 10.24 8.94 7.30 7.30 5.11 5.11 0.94 0.92 

WPS-1-9 24.42 25.44 20.31 20.31 10.24 8.94 7.30 7.30 5.11 5.12 0.95 0.95 

B10-01 24.44 25.47 20.31 20.31 10.23 8.98 7.31 7.30 5.11 5.11 0.96 0.95 

)* :  

 
 

  



   

 

 

3.1.2.1-4 (2) 0.4T-C(T)  (525 8h ) 
 
 
 
 
 
 
 
 

 

*1 

H L W  W2 B aN C1 C2 D1 D2 G1 G2 

24.4

0.15 

25.4

0.15 

20.3

0.08 

20.3

0.08 

10.2

0.08 

9.0

0.08 

7.3

0.08 

7.3

0.08 

5.1 5.1 1 1 

5A-1 24.42 24.96*2 20.30 20.30 10.23 8.94 7.31 7.30 5.11 5.11 0.94 0.94 

5A-2 24.42 25.43 20.30 20.31 10.23 8.94 7.31 7.30 5.11 5.11 0.93 0.95 

5A-3 24.42 25.42 20.30 20.30 10.23 8.93 7.31 7.30 5.11 5.11 0.94 0.94 

5A-4 24.42 25.41 20.31 20.30 10.24 8.93 7.31 7.30 5.11 5.11 0.94 0.94 

5A-5 24.42 25.43 20.31 20.30 10.23 8.93 7.30 7.31 5.11 5.11 0.94 0.93 

5A-6 24.42 25.41 20.30 20.30 10.23 8.93 7.31 7.30 5.11 5.11 0.93 0.93 

5A-7 24.42 24.92*2 20.30 20.31 10.24 8.94 7.31 7.31 5.11 5.11 0.94 0.95 

5A-8 24.42 25.43 20.30 20.30 10.23 8.93 7.30 7.31 5.11 5.11 0.94 0.94 

WPS-1 24.43 25.45 20.33 20.32 10.24 8.97 7.30 7.29 5.11 5.11 0.95 0.96 

WPS-2 24.43 25.45 20.32 20.32 10.24 8.97 7.30 7.29 5.11 5.11 0.95 0.95 

WPS-3 24.43 25.46 20.33 20.33 10.24 8.96 7.30 7.29 5.11 5.11 0.95 0.95 

WPS-4 24.43 25.46 20.31 20.32 10.24 8.98 7.29 7.31 5.11 5.11 0.94 0.96 
) *1 :  

   *2 : 
 

 
 
 
 
 

 
 
 
 



   

 

 

(4)  
SC 1 (

) 3.1.2.1-5 2 (150 200 )
3.1.2.1-6  

1 ( ) 4
( )

2 (150
200 ) 150 2 ( B10-01 WPS-2-12)

1
2

 
3.1.2.1-5 SC 3.1.2.1-7 KJC

SC
1

4
 

3.1.2.1-8 2 (150
200 ) 

 
525 8h 3

(40 ) 3.1.2.1-9 4 (80 )
3.1.2.1-10 5 LUCF

3.1.2.1-11  
3 4 C

3 4
5 150

KJWPS=90MPa m 5
150 5
3.1.2.1-6 3 4 3.1.2.1-7 5

3.1.2.1-12 3 4
KJC 5 KJ

KJFRACT 3 4 KJc

To

54  
5 LUCF 5

(To=54 ) 95%
5



   

 

 

3.1.2.1-13
 

3.1.2.1-14  
 

 
 
 
 
 
 
  



 
 

3.
1.

2.
1-

5
(

SC
)

 (
1

2)
 

 

 
 

 



   

 

 

 
3.1.2.1-5  ( SC 1( )) 

 

 
3.1.2.1-6  ( SC 2(150 200 )) 



   

 

 
 

 
 

3.1.2.1-7 ( SC )  
 
 
  

0

50

100

150

200

250

-50 0 50 100 150 200 250

( )

1 ( (23 ))

2 ( 150 200 )



   

 

  
3.1.2.1-8 0.4T-C(T)  ( SC ) 

 



   

 

 
3.1.2.1-9  (525 8h 3 )) 

 

 
3.1.2.1-10  (525 8h 4 ))



   

 

 

 
3.1.2.1-11  (525 8h 5(LUCF ))
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3.
1.

2.
1-

6
(5

25
8h

)
 (

3
4)
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3.1.2.1-7 (1) (525 8h )  ( 5 ) 

 

 
 

 (mm)  J J 
  

T    
 

Pmax Je J  JWPS KJWPS 

( ) W B BN a0 (kN) (kJ/m2) (kJ/m2) (kJ/m2) (MPa m) 

5 

WPS-1 150 20.3 10.2 8.33 10.81 10.7 35.4 6.3 41.7 94.0 

WPS-2 150 20.3 10.2 8.34 10.82 10.7 36.0 6.5 42.6 94.9 

WPS-3 150 20.3 10.2 8.34 10.75 11.1 37.5 6.8 44.3 96.9 

WPS-4 150 20.3 10.2 8.34 10.74 11.0 36.7 6.2 42.9 95.3 

 
 
 

3.1.2.1-7 (2) (525 8h )  ( 5 ) 

 

 
 

 (mm)  J J  1T  

T   
  

P  Je J  Jc KJFRACT KJFRACT(1T) 

( ) W B BN a0 (kN) (kJ/m2) (kJ/m2) (kJ/m2) (MPa m) (MPa m) 

5 

WPS-1 5 20.3 10.2 8.33 10.81 12.0 42.5 1.6 44.2 98.9 82.9 

WPS-2 5 20.3 10.2 8.34 10.82 12.9 49.9 6.6 56.5 112 93.2 

WPS-3 5 20.3 10.2 8.34 10.75 12.7 46.7 3.5 50.2 106 88.1 

WPS-4 5 20.3 10.2 8.34 10.74 11.9 40.8 0.7 41.5 96.0 80.5 
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3.1.2.1-12 (525 8h ) LUCF

 
   
 
 

 
 

3.1.2.1-13 (ACE )( 3.1.2.1-3)  
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3.1.2.1-14 (1) 0.4T-C(T)  (525 8h ) 
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3.1.2.1-14 (2) 0.4T-C(T)  (525 8h ) 
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(5) WPS  

2 ( (SC) 525 8h )
WPS

 
 

1) SC 2 ( )
4 4 2

2 (150 200 ) 

 
 
2) 525 8h 2 (40

80 ) 8 To

To =54  
 
3) 525 8h LUCF ( 150

KJWPS=90MPa m 5 ) 2 (40
80 ) 95%

 
 

 
 

 
(3.1.2.1-1) 

To  JEAC4216-2015. 
(3.1.2.1-2) WES1108-1995 (CTOD) ,  

(1995) 
(3.1.2.1-3) S.Chapuliot, J.P.Izard, D.Moinereau and S. Marie, “WPS Criterion 

proposition based on experimental data base interpretation”,
Fontevraud 7, (2010). 
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3.1.2.2  
(LA)

( )
Beremin

WPS
W. Lefevre Beremin

(3.1.2.2-1) Beremin

 
 WPS

Beremin 3.1.2.1
0.4TCT WPS  

 
(1)  

3.1.2.2-1 FE 1/4 C3D8(8 6
) 3.1.2.2-2

3 10 0.03mm×0.03mm×0.03mm
WPS

3.1.2.2-3
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3.1.2.2-1  
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3.1.2-2  

 
3.1.2.2-3  
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(2)  
5 150 0.2 3.1.2.2-1

ASME Sec  Div2 Annex3-D - 3.1.2.2-4
JEAC4216-2015 MCT-1300

 
 

TE     (3.1.2.2-1) 
 

E MPa T   
 
 

3.1.2.2-1  
T 

( ) 
E 

(MPa)  
0.2% y 

(MPa) 
 

MPa  
 

(×10-6) 
5 201787 

0.3 

850 1100 12.62 
20 200848 - - 12.62 
50 198970 - - 12.79 
75 197405 - - 12.94 
100 195840 - - 13.09 
125 194275 - - 13.23 
150 192710 750 950 13.38 
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3.1.2.2-4  

 
  

0

200

400

600

800

1000

1200

1400

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
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(3)  
3.1.2.2-5

X  
3.1.2.2-6 1/4

Y  
FE  

 
WPS J  

WPS J  
WPS J J J

 
 Jௌ்ூ(ܨௐௌ) = (ௐௌܨ)ாௌ்ூିௌ்ூܬ െ  (3.1.2.2-2)   (ௐௌܨ)ாௌ்ூܬ

 Jௌ்ூ(ܨௐௌ) WPS J  Jாௌ்ூିௌ்ூ(ܨௐௌ) WPS J  Jாௌ்ூ(ܨௐௌ) WPS J  
 

WPS J WPS J
J          J൫ܨ௧ିௐௌ൯ = Jாௌ்ூ൫ܨ௧ିௐௌ൯ + Jௌ்ூ(ܨௐௌ)      (3.1.2.2-3) 

 J൫ܨ௧ିௐௌ൯ WPS J  Jாௌ்ூ൫ܨ௧ିௐௌ൯ WPS J  Jௌ்ூ(ܨௐௌ) WPS J  
 

J (KJ ) WPS
- ASTM1921 J
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3.1.2.2-5  
 

 

 
3.1.2.2-6  
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(4)  
3.1.2.2-2 3.1

2 WPS  
 
 
 

3.1.2.2-2  

 
 

 

 

 

 

 

 

 

(mm) 

  

( )  

 

KJWPS 

(MPa m) 

 

( ) 

1 0.4TCT   

10.78 

- - +5 1 2

WPS

 
2 0.4TCT LUCF  +150 95.3 +5 
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(5)  
Abaqus (Weibull stress) 

w m
 

 

ೢఙೠ = ቂ ଵబ  ቀఙభఙೠቁ ܸ݀  ቃ భ        (3.1.2.2-4) 

 
1 m V0 V 1

u

 
 
 ɐ௪ = ቂ ଵబ  ଵܸ݀ ߪ ቃ భ       (3.1.2.2-5) 

 
(3.1.2.2-4) ( 1/ u)m

(3.1.2.2-4)  
 

   ɐ௪ = ௨ߪ ×  ଵబ  max ൜ቀఙభఙೠቁቚ௧ୀ , ቀఙభఙೠቁቚ௧ୀିଵൠ ܸ݀  ൨ భ  (3.1.2.2-6) 

 
Pf ln(1/1-Pf) w m w

 
 

WPS
3.1.2.2-7 (2)

Beremin
(3.1.2.2-1, 3.1.2.2-2)  

 

ɐ௪ = ൯(ݐ)௨൫ܶߪ ×  ଵబ  max(௨ஸ௧, ሶ (௨)வ ) ൜൬ ఙభఙೠ൫்(௨)൯൰ൠ ܸ݀  ൨ భ
 (3.1.2.2-7) 

 
(3.1.2.2-7) p 

Beremin  
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3.1.2.2-7 Beremin  
 
(6)  

m u KJc 3.1.2.2-3
To=54  

3.1.2.2-4
m 3 (3.1.2.2-3) m
10 50
m (3.1.2.2-4) 5 m
31.5  

u

u (3.1.2.2-5, 3.1.2.2-6) m=31.5
u u 150

u 54 105 105  

3.1.2.2-5  
 

 
 
 
 
 
  

Beremin
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3.1.2.2-3 KJc  

 
(%) 

( ) 
5 54 105 

KJ c  
(MPa m) 

KJ c  
(MPa m) 

KJ c  
(MPa m) 

2.5 40.6 63.9 126.7 
5 44.6 72.4 147.3 
10 49.4 82.7 172.4 
20 55.5 95.6 203.8 
30 59.9 105.0 226.7 
40 63.7 113.0 246.1 
50 67.2 120.4 264.0 
60 70.6 127.6 281.6 
70 74.1 135.2 300.1 
80 78.2 143.9 321.2 
90 83.7 155.5 349.4 
95 88.0 164.7 371.8 

97.5 91.6 172.5 390.6 
 

 
3.1.2.2-4  

 m  u MPa  
5 31.5 2568 
54 45.2 2709 
105 26.5 2808 

 
 
 

3.1.2.2-5  

 m  u MPa  
5 

31.5 

2568 
54 2656 

105 2818 
150 2961 
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(7) WPS  
3.1.2.2-8 - (

FEM ) -

 
3.1.2.2-9 KJ

Beremin ( 2) +5
( 1)

5% 50% 95% (50 ) (5 95 )
-KJ KJ WPS J

WPS -
ASTM1921 2  

KJ

3.1.2.2-10 -KJ

KJ 2
 

2
95 -

0.2% 0.2

To 54 KJc

 
WPS ( 2

Beremin ) ( 1) WPS
 

KJ 2 WPS KJ

KJ -KJ

KJ 3.1.2.2-10 (b-1)
-

J (KJ )
3.1.2.2-10(b-2) WPS ( Beremin ) KJ

WPS J
KJ WPS
KJ
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3.1.2.2-8 -  
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(a)  

 

(b-1) KJ WPS KJ KJ  

 
(b-2) KJ KJ (ASTM)  

 
3.1.2.2-9  
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(a)  

 
(b-1) KJ WPS KJ KJ  

 
(b-2) KJ KJ (ASTM)  

 
3.1.2.2-10  

End of pre loading 

End of 
cooling  
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(8)  
WPS

WPS WPS
WPS

 

WPS
KJ

 
 
 
 

 
(3.1.2.2-1) W.Lefevre et al., “A modified Beremin model to simulate the warm 

pre-stress effect”, Nuclear Engineering and Design 216, pp.27-42, 2002 
(3.1.2.2-2) T.Yuritzinn et al., “Illustration of the WPS benefit through BATMAN 

test series:Test on large specimens under WPS loading configurations”, 
Engineering Fracture Mechanics 75, pp.2191-2207, 2008 

(3.1.2.2-3) Minami et al., Method of constraint loss correction of CTOD fracture 
toughness for fracture assessment of steel components, Engineering 
Fracture Mechanics, 73, pp.1996–2020, 2006. 

(3.1.2.2-4) U.S.NRC, Temperature Dependence of Weibull Stress Parameters: Studies 
Using the Euro-Material Similar to ASME A508 Class-3 Steel 
(NUREG/CR-6930), 2007. 

(3.1.2.2-5) B.Tanguy et al., Ductile to brittle transition of an A508 steel characterized 
by Charpy impact test. Part- : modeling of the Charpy transition curve, 
Engineering Fracture Mechanics, 72, pp.413–434, 2005. 

(3.1.2.2-6) B.Tanguy et al., Assesment of Pressure Vessel Steel Irradiation 
Embrittlement up to 40 Years using local approach to fracture modeling, 
Application to the French Surveillance Program, PVP2011-58020, 
Proceedings of ASME PVP2011. 
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3.1.2.3  
C(T)

29
30

29 HAZ
(To)

6  
3.1.2.3-1 CT HAZ

510 C 4h (1 ) HAZ
HAZ HAZ (6 )

HAZ HAZ
PWHT 4 (2 5 ) 1 (5 )

PWHT HAZ
(SMAW)  
 

3.1.2.3-1  

  
 

R  
 

 
 

1  510 C×4h  
 

 

CT HAZ
510 C×4h

 

2  525 C×8h  
 

 
HAZ
PWHT

 
3  580 C×4h  

 
 

4  600 C×4h  
 

 

5  580 C×4h  
 

HAZ

 

6  510 C×4h  
 

 

HAZ
HAZ
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(1)  

3.1.2.3-1  3.1.2.3-2
10MN (MTS ) 0.5mm/sec

3.1.2.3-3
60mm 500mm

PDM(Potential Drop Method) PDM
3.1.2.3-2 3.1.2.3-4  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.1.2.3-1  
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3.1.2.3-2 10MN (MTS ) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.1.2.3-3  
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3.1.2.3-2 PDM  

   

 KEYSIGHT 
34972A 

( 1Hz) 
  PAD8-50L 

 
 
 

 
 

3.1.2.3-4 PDM  
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(2)  
3.1.2.3-5 JSW 4A

3.1.2.3-5 (
0.8mmMin.) STEP1 STEP2 EDM

3.1.2.3-3  
3.1.2.3-6

PDM
 

15MPa m
3.1.2.3-4

 
1mm

11mm 12mm PDM

3.1.2.3-7

3mm( 3mm) FE
7mm PDM (V/V0) 1.72 V/V0

/ 0mm  
3.1.2.3-5 V/V0 3.1.2.3-6

3.1.2.3-11 3.1.2.3-8 3.1.2.3-13
3.1.2.3-12 3.1.2.3-17

3.1.2.3-14 3.1.2.3-19
1%  

1 4 6 3.1.2.3-18
3.1.2.3-19 3.1.2.3-20 5

3.1.2.3-20
5 3.1.2.3-21 3.1.2.3-21

4mm  
3.1.2.3-22

( 30kW)
3.1.2.3-22

( 3.1.2.3-23)  
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3.1.2.3-3 EDM  

 EDM  
 2C0 59mm 

 a0 5mm 
 0.25mm 

 
3.1.2.3-4 ( ) 

 
 
 

2C(mm) 

 
 

a(mm) 

(*1) 
 

Pmax(kgf) 

 
(*2) 

 
Kmax(MPa m) 

max 
(kgf/mm2) 

max 
(MPa) 

0° 
( ) 

90° 
( ) 

 
59 5.0 14000 20.2 197.6 11.9 23.9 

59 7.4 14000 20.2 197.6 16.9 26.5 

 
59 7.4 10100 14.5 142.5 12.2 19.0 

59 9.8 10100 14.5 142.5 15.4 19.7 

 
59 9.8 7600 10.9 107.3 11.6 14.8 

60 12.0 7600 10.9 107.3 13.5 (*3) 
14.8 

     (*1)  
     (*2) Newman-Raju  
     (*3) K 15MPa m  
 

 
  



 

 

180 

 
3.

1.
2.

3-
5 
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 (a)PDM (b)PDM  
 

 

 
 

 
(c)  

 
3.1.2.3-6  

 
 
 
 
 

 
 

a 

2c
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3.1.2.3-7  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

y = 3.5312x2 - 1.248x - 1.464

0

1

2

3

4

5

6

7

8

9

10

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 2.4 2.5

a

V/Vo

PDM 5A DC

1 58 5
2 60 5
3 59 5

11 EDM

13 EDM

6 8
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3.1.2.3-5  

 ID  
 

(cycle) 

V/Vo 

(  

) 

 

( ) 

A B 

1  JSW-4A-K-1-U 350,000 1.72 0.9 0.9 

2  JSW-4A-K-2-U 330,000 1.72 0.9 0.3 

3  JSW-4A-K-2-L 310,000 1.72 1.2 1.3 

4  JSW-4A-K-3-U 315,000 1.72 1.0 1.1 

5  JSW-4A-K-3-L 293,000 1.72 1.5 1.4 

6  JSW-4A-K-1-L 350,000 1.72 1.1 1.0 
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3.
1.

2.
3-

6 
V

/V
0

(J
SW

-4
A

-K
-1

-U
) 
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3.
1.

2.
3-

7 
V

/V
0

(J
SW

-4
A

-K
-2

-U
) 
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3.
1.

2.
3-

8 
V

/V
0

(J
SW

-4
A

-K
-2

-L
) 
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3.
1.

2.
3-

9 
V

/V
0

(J
SW

-4
A

-K
-3

-U
) 
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3.
1.

2.
3-

10
 V

/V
0

(J
SW

-4
A

-K
-3

-L
) 
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3.
1.

2.
3-

11
 V

/V
0

(J
SW

-4
A

-K
-1

-L
) 
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3.1.2.3-8 V/V0 (JSW-4A-K-1-U) 
 

1.0

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2.0

0.E+00 1.E+05 2.E+05 3.E+05 4.E+05

V/
V 0

N(cycle)
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3.1.2.3-9 V/V0 (JSW-4A-K-2-U) 
 

1.0

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2.0

0.E+00 1.E+05 2.E+05 3.E+05 4.E+05

V/
V 0

N(cycle)
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3.1.2.3-10 V/V0 (JSW-4A-K-2-L)  

1.0

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2.0

0.E+00 1.E+05 2.E+05 3.E+05 4.E+05

V/
V 0

N(cycle)
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3.1.2.3-11 V/V0 (JSW-4A-K-3-U) 
 

1.0

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2.0

0.E+00 1.E+05 2.E+05 3.E+05 4.E+05

V/
V 0

N(cycle)
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3.1.2.3-12 V/V0 (JSW-4A-K-3-L) 
 

1.0

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2.0

0.E+00 1.E+05 2.E+05 3.E+05 4.E+05

V/
V 0

N(cycle)
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3.1.2.3-13 V/V0 (JSW-4A-K-1-L) 
 
 

1.0

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2.0

0.E+00 1.E+05 2.E+05 3.E+05 4.E+05

V/
V 0

N(cycle)
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3.1.2.3-12 (JSW-4A-K-1-U) 

 
 

 
 

 
3.1.2.3-14 (JSW-4A-K-1-U) 
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3.1.2.3-13 (JSW-4A-K-2-U) 

 
 

 

 

3.1.2.3-15 (JSW-4A-K-2-U) 
  



 

198 

 
3.1.2.3-14 (JSW-4A-K-2-L) 

 
 

 

 

3.1.2.3-16 (JSW-4A-K-2-L) 
  



 

199 

 
3.1.2.3-15 (JSW-4A-K-3-U) 

 
 

 

 

3.1.2.3-17 (JSW-4A-K-3-U) 
  



 

200 

 
3.1.2.3-16 (JSW-4A-K-3-L) 

 
 

 

 

3.1.2.3-18 (JSW-4A-K-3-L) 
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3.1.2.3-17 (JSW-4A-K-1-L) 

 
 

 

 

3.1.2.3-19 (JSW-4A-K-1-L) 
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3.1.2.3-18 (1 4 6 ) 

  
US-B309L 

PF-B1 
JIS Z3322 YB308-F  

 
 

3.1.2.3-19 (1 4 6 ) 
  

  

 1 2 3 4 6 

 U 
JSW-4A-K-1-U 

U 
JSW-4A-K-2-U 

U 
JSW-4A-K-2-L 

U 
JSW-4A-K-3-U 

U 
JSW-4A-K-1-L 

 [A] 850 850 850 850 850 

 [V] 28 28 28 28 28 

 [cm/min.] 18 18 18 18 18 

 [ C] 159 161 157 159 155 

 

 [ C] 
178 184 189 188 183 

 325 C
×1hr  

318 C ×1h
 

320 C
×1h  

323 C ×1h
 

318 C
×1hr  

 
 
 
 
 

 

 

 

 

 

 
 
 
 

3.1.2.3-20 (2 4 ) 
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3.1.2.3-20 (5 ) 

  
NC-39LK( ) 

NC-38LK(2 ) 
JIS Z3221 D309L-16 
JIS Z3221 D308L-16 

 
 

3.1.2.3-21 (5 ) 
  
  

 5 
 U JSW-4A-K-3-L 

 [A] 140-180 
 [V] 22 

 [cm/min.] 15 
 [ ] 163 
 [ ] 192 

 335 C 4h  
 

 

 

 

 

 

 

 

 

 

 
 

3.1.2.3-21 (5 ) 
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3.1.2.3-22  

   
1  JSW-4A-K-1-U 510 C×4h  
2  JSW-4A-K-2-U 525 C×8h  
3  JSW-4A-K-2-L 580 C×4h  
4  JSW-4A-K-3-U 600 C×4h  
5  JSW-4A-K-3-L 580 C×4h  
6  JSW-4A-K-1-L 510 C×4h  

 
 

 
 
 
 
 
 
 
 
 
 

3.1.2.3-22  
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  5   
  5   ᇞ  1   
  3   
  1   

 
3.1.2.3-23 ( ) 

 
 
 

50
 

50
 

100 100 

28
 

 

 

 

  

  88 

  

 

 288  

 

   

 

 
 

 

1 

2 

3 

4 5 
6 

7 

8 

9 10 

11 

22 12 

3
7

13 
1

14 
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(3)  
3.1.2.3-23

3.1.2.3-24 2 5
( ) 4 5

PDM
 

3.1.2.3-25 PDM
(20A)

3.1.2.3-24 25
6 12

( )  
 
 

3.1.2.3-23

R

1

(mm) (mm) 

1 JSW-4A-K-1-U 510 ×4h 10.9 61.1

2 JSW-4A-K-2-U 525 ×8h 9.8 59.2

3 JSW-4A-K-2-L 580 ×4h 10.4 60.4

4 JSW-4A-K-3-U 600 ×4h 10.4 59.8

5 JSW-4A-K-3-L 580 ×4h 9.7 60.8

6 JSW-4A-K-1-L 510 ×4h 10.6 60.7
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3.1.2.3-24  
   

 
 

(mm/sec) 
 

( C) 
1  JSW-4A-K-1-U 

 

0.05 11 
2  JSW-4A-K-2-U 0.02 1 9 
3  JSW-4A-K-2-L 0.02 1 9 
4  JSW-4A-K-3-U 0.01 2 14 16 3 
5  JSW-4A-K-3-L 0.01 16 4 
6  JSW-4A-K-1-L 0.05 13 

1  
2 PDM  
3 2  
4 2 1  

 
 

3.1.2.3-25  

  

PDM  
  
1 FE  

1 ( )  
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3.1.2.3-24  
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(4) (1 ) 
  -  

- ( ) 3.1.2.3-25
( ) 466kN  

 
3.1.2.3-25  

 
 -PDM  

-PDM 3.1.2.3-26 200kN PDM
220kN PDM

PDM HAZ
 

 
3.1.2.3-26 -PDM

PDM 
 

 

HAZ  
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1 FE KJ

 
ABAQUS ver.6.12 1/4 ( 3.1.2.3-27)

(PWHT) 3.1.2.3-26 3STEP
HAZ

3.1.2.3-27 HAZ
(SQV2A ) 304

(IAF) (3.1.2.3-1) 3.1.2.3-28
JEAC4216-2015( To

) (3.1.2.3-2) MCT-1300  
 

ܧ  = 202100 െ 62.6 × ܶ              (3.1.2.3-1) 
 
E (MPa) T ( C) - 525 C

8h 0 C 100 C 200 C 3.1.2.3-28
510 C 4h - 3.1.2.3-29 (a)

300 C - (3.1.2.3-3)

( 3.1.2.3-29 (c)) 300 C IAF(3.1.2.3-1)

3.1.2.3-29 (b) 0.3  
 

 

 
ሶߝ = 2.82 × 10ିଵ ×             തହ.ଶସߪ
    

(3.1.2.3-2) 
 

ሶߝ  = 1.49 × 10ିଶ଼ ×  തଽ.ଽ଼           (3.1.2.3-3)ߪ
ሶߝ  തߪ  

3.1.2.3-30
HAZ HAZ ( 5mm

)  
STEP1 188 C

STEP2 510 C 4
STEP3  
- 3.1.2.3-31

HAZ FE FE
HAZ
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KJ

KJ 1TC(T) 3.1.2.3-32
To 510 C 4h 74 C

KJ 55(MPa m) 58(MPa m)
KJc

 

3.1.2.3-26  
STEP    

1  
   

2 PWHT    
3    

 
3.1.2.3-27  

No.  
 

  
(mm) 

HAZ  
 

 
( )  

(mm) 
 

(mm) 

1 510 C
4h 

10.9 61.1 5.05 
 

 
( 10.9mm, 

61.1mm) 

2   
( +HAZ ) 

 
3.1.2.3-28  

 
C 

(10-6 1/K) 
  

RT 12.7 15.4 
100 13.0 15.9 
200 13.3 16.4 
300 13.9 17.2 
400 14.7 17.7 
500 15.2 18.2 
600 15.3 18.4 
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3.1.2.3-27  
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3.1.2.3-28 (1/2) - ( ) 
  

0

200

400

600

800

1000

1200

480 4h

(M
Pa

)

0.2%y = -0.235x + 943.83

y = -0.28x + 811.33

600

800

1000

0 100 200

(M
Pa

)

( )

0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

200 300 400 500 600

(-)

( )

1.2

y = -0.235x + 943.83
1000

120012000000
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3.1.2.3-28 (2/2) - ( ) 

 
  

y = -0.235x + 943.83

y = -0.28x + 811.33

600

800

1000

0 100 200

(M
Pa

)

( )

0.2

600
650
700
750
800
850
900
950

1000

600 4h 580 4h 510 4h

(M
Pa

)

0.2%
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(a) ( )    (b) ( ) 

 
(c)  

3.1.2.3-29 -  

 

 

3.1.2.3-30  
  

0

200

400

600

800

1000

1200

1400

0.00 0.10 0.20 0.30 0.40

(M
Pa

)

(-)

0 100 
200 300 
400 500 
600 

0

200

400

600

800

1000

1200

1400

0.00 0.10 0.20 0.30 0.40

(M
Pa

)

(-)

0

100

200

0

100

200

300

400

500

600

0 0.05 0.1 0.15 0.2

(M
Pa

)

150
300
400
500
600

+  
( ) 

 

 

 

300mm 

100mm 

x 

y z 

+  
( ) 

 
1 
 

2 
 

HAZ  ( ) 

5mm 

x 

y 

z 
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3.1.2.3-31 -  ( ) 

 
(a) FE KJ  

 

(b) 1TC(T)  

3.1.2.3-32 KJ (1 ) 

0

100

200

300

400

500

600

700

800

0 1 2 3 4

(k
N

)

(mm)

( 10.9mm, 61.1mm)

( +HAZ )

(1 )

0

20

40

60

80

100

120

140

160

180

0 100 200 300 400 500 600 700 800 900 1000

K
J

(M
Pa

m
)

F (kN)

mm, mm)
HAZ

KJc(0.05)KJc(med)KJc(0.95)
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 (SEM ) 
PT 3.1.2.3-33

( )
45

(HAZ ) 5  

3.1.2.3-34
3.1.2.3-35 5mm (

) (
)

2
( ) 3

( )
( )

1 2 ( )
 

(SEM)
3.1.2.3-36 3.1.2.3-41

HAZ
HAZ HAZ

 
1 (

510 C 4h) HAZ
HAZ ( )

 
 
 
 
 
 
 
  



 

 

218 

 
 

3.
1.

2.
3-

33
 (

51
0

C
4h

JS
W

4A
K

1
U

) 

 

5mm 
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3.

1.
2.

3-
34

 (
51

0
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(5) (2 ) 
 -  

- ( ) 3.1.2.3-42
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3.1.2.3-42  
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-PDM 3.1.2.3-43 200kN PDM
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PDM HAZ
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2 FE KJ

 
3.1.2.3-29 -

1 -
1 - 525 C 8h

3.1.2.3-44  
- 3.1.2.3-45

HAZ FE FE
HAZ

KJ

KJ 1TC(T) 3.1.2.3-46
To 525 C 8h 54 C

KJ 90(MPa m) 96(MPa m)
KJc
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(6) (3 ) 
 -  

- ( ) 3.1.2.3-52

( ) 554kN  

 

 
3.1.2.3-52 -  

 
 -PDM  

-PDM 3.1.2.3-53 300kN PDM
360kN PDM

PDM HAZ
 

 
 

 

3.1.2.3-53 -PDM  
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3 FE KJ

 
3.1.2.3-30 -

1 -
3.1.2.3-54  

- 3.1.2.3-55
HAZ FE FE

HAZ
KJ

KJ 3.1.2.3-56 KJ 71(MPa m)
75(MPa m)  

 
3.1.2.3-30  

No.  
  

(mm) 
HAZ  

 
 

( )  
(mm) 

 
(mm) 

1 580 C  
4h 10.4 60.4 5.05 
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(7) (4 ) 
 -  
1 PDM  

- ( ) 3.1.2.3-62
481kN PDM

PDM  
388kN 480kN  

 

3.1.2.3-62 - (1 ) 
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2  
- ( ) 3.1.2.3-63

694kN 540kN 640kN
680kN

5%  
 

3.1.2.3-63 - (2 ) 
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4 FE KJ

 
3.1.2.3-31 -

1 -
3.1.2.3-66 HAZ

 
- 3.1.2.3-67

KJ 3.1.2.3-68
KJ 68(MPa m) 86(MPa m)

KJ 68 86(MPa m)
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3.1.2.3-77 4 ( 600 C 4h
JSW 4A K 3 U )  

 
 
 



 

260 

(8) (5 ) 
 -  
1  

- ( ) 3.1.2.3-78
541kN

PDM 522kN 541kN
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(9) (6 ) 
 -  

- ( ) 3.1.2.3-90
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6 FE KJ

 
3.1.2.3-33 1

6 HAZ R
3.1.2.3-92 R  

- 3.1.2.3-93
HAZ FE FE

HAZ
KJ

KJ 1TC(T)
3.1.2.3-94 To 510 C 4h 74 C

KJ 61(MPa m) 64(MPa m)

KJc  
 

3.1.2.3-33  

No.  (mm) HAZ  
 

 
( ) 

  

1 510 C×4h 10* 60*   
( 10mm, 60mm) 

2  ( +HAZ ) 
* +R  
 

 
 

3.1.2.3-92 - ( 510 C 4 ) 
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(10)  
29 HAZ (To)

6
(SMAW) 580 C 4h

HAZ
HAZ R HAZ

 
FEM SAW510 C 4h

SAW525 C 8h
30

 

(3.1.2.3-1) ,  (IAF) 
, 2013.6 

(3.1.2.3-2) , “JEAC4216-2015 To

”, 2015.12 
(3.1.2.3-3) T. Tobita et al., Effect of neutron irradiation on the mechanical properties of 

weld overlay cladding for reactor pressure vessel, Journal. of Nuclear 
Materials, 452(2014) 61-68. 
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3.1.3.2  

(EDM)
3.1.3.2-1 3.1.3.2-2

3.1.3.2-4  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.3.2-1  

( 29 ) 
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3.1.3.2-2  
 

 
 

 
 

200mm× 10mm 
190mm× 10mm 

 
 

3.1.3.2-3  
 

( ) 1  
2  

 

 

 

 
EDM  

 
EDM( )  

 

 

 
 

PDM( )
 

 
  

 

3.1.3.2-2 (1  

3.1.3.2-3 (2  
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3.1.3.2-4 EDM  

 
 

 

 

 
  

3.1.3.2-4 (3  
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(1)  
3.1.3.2-5

(JSW 3) JSW
JSW-3-PTS-5

( 0.8mmMin.)  
3.1.3.2-6 WE045-1 WE045-2

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.1.3.2-5  
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3.1.3.2-6  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(

WE045-1 

WE045-2 
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(2)  
(a)  

3.1.3.2-7
WE045-1 WE045-2

3.1.3.2-8
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3.1.3.2-7  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.1.3.2-8  
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(b)  
3.1.3.2-9  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.3.2-9  
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(3) EDM  
EDM 3.1.3.2-10

EDM( ) 3.1.3.2-1  
 

3.1.3.2-1 EDM  
 EDM  

 2C0 60±0.1mm( ) 
 a0 9±0.1mm 
 0.25mm 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.3.2-10 EDM  



353 
 

(4) ( ) 

LB-L96(AWS A5.5 E9016-G 6) (SQV2B(JIS ))

2 3.1.3.2-2

3.1.3.2-11 K

3.1.3.2-3 4 5  

 

 

 

 

 

 

 

 

 

3.1.3.2-11  

 

3.1.3.2-2  
  

LB-L96 AWS A5.5 E9016-G 

 

3.1.3.2-3  
  
  
 WE045-1 WE045-2 

 [A] 150-210 150-210 
 [V] 22-26 23-25 

 [cm/min.] 8-9 8-9 
 [ ] 261 259 
 [ ] 286 275 

 354-385 ×4h  356-389 ×4h  
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(5)  

(a)  

15MPa

m 1mm

11mm 12mm  

3.1.3.2-4

 

 

 
3.1.3.2-4  

 
 
 

2C(mm) 

 
 

a(mm) 

(*1) 
 

Pmax(kgf) 

 
(*2) 

 
Kmax(MPa m) 

max 
(kgf/mm2) 

max 
(MPa) 

0° 
( ) 

90° 
( ) 

 60 9.0 43,000 12.4 121.9 12.2 19.2 

 
60 (*3)9.0 31,500 9.1 89.3 9.0 14.0 

61 12.0 31,500 9.1 89.3 11.2 
(*4) 
15.0 

 
(*1)  

     (*2) Newman-Raju  
     (*3) PDM  
       
     (*4) K 15MPa m  
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(b)PDM  

PDM

 

3.1.3.2-12 3mm 25mm

5A

 

9mm 12mm PDM (V/V0 ) FE

3.1.3.2-13

3mm( 3mm)

FE 3mm( 3mm) FE

 

3mm PDM (V/V0) 1.2

V/V0 0.05( 3mm)

V/V0=1.25(=1.20+0.05)  

 

V/V0= / 0mm  
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3.1.3.2-12 PDM  
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3.1.3.2-13  
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(c)  

3.1.3.2-14

3.1.3.2-15  

 

 

 
3.1.3.2-14 (1/2) 
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3.1.3.2-15 (2/2) 
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(d)  

3.1.3.2-5 V/V0

3.1.3.2-16 3.1.3.2-6

- 3.1.3.2-17 ( 2 ,4

) 3.1.3.2-18 1%

 

 

 
3.1.3.2-5  

 

 
 

(cycle) 
V/V0 

 
(mm) 

 
JSW-3-PTS-5 390,000 1.26 0mm 0mm 

 
 

 

3.1.3.2-16 V/V0  

A B 
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3.1.3.2-6 V/V0 ( ) 
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3.1.3.2-17 -  

 

 

3.1.3.2-18  
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(6)  

29

(EDM)  
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3.1.3.3  
(1)  

PTS
 3.1.3.3-1 PTS

( )
(

)  
 

(2)  
 

 3.1.3.3-2 PTS

400 mm 150 mm 1600 mm
200 mm 1600 mm

H
300 mm 400 mm 600 

mm H

(SS400)
 

 
 

( )  3.1.3.1-40  
3.1.3.3-3

(48 )

 
 
  

 3.1.3.3-4

 
3.1.3.3-5
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 3.1.3.3-1 ( ) 

 

 

 3.1.3.3-2  
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 3.1.3.3-3  
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 3.1.3.3-4 ( ) 

 
 

 
 3.1.3.3-5 ( ) 

  

400 400 4004444444444444444444444444000000000000000000000000000000000000000000000000000000000000 4000 400
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(3)  
 

 3.1.3.3-6  
 3.1.3.3-7 1000 mm 200 mmt SS400

 3.1.3.3-8
( 20 mm- 23 mm

150 mmD) 8  3.1.3.3-9 (600 
mmW×300 mmD×200 mmt)  

 3.1.3.3-10
 3.1.3.3-11 ( 90 )

(1.5 mmW 3 mmD) 1.5 mm 13 mmD

2 5 10 75 mm  3.1.3.3-11
2 5 10 75 mm

 
 3.1.3.3-12 9

(H1~H9) 9 (C1~C9)  
3.1.3.3-13 D1~D8 M8 (10N m)

D1~D8 ( )  3.1.3.3-1  
 

 
(10 kW)1 (2.5 kW)4

 3.1.3.3-14
 3.1.3.3-15  

 
 

 3.1.3.3-16 (H )
 3.1.3.3-17

(46 )  3.1.3.3-18
 

 3.1.3.3-19
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 3.1.3.3-6  
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 (A) (1000 mm H200) (B) (W600×D300×H200) 

 3.1.3.3-7 ( : SS400) 

 

 

 3.1.3.3-8  
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 3.1.3.3-9 ( ) 

 
 

 
 3.1.3.3-10  

 
 

 

 3.1.3.3-11  
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 3.1.3.3-12 ( ) 
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 3.1.3.3-13 ( ) 

 
 3.1.3.3-1 ( ) 
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 3.1.3.3-14  

 

 
 3.1.3.3-15  
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 3.1.3.3-16  

 

 

 3.1.3.3-17  
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 3.1.3.3-18  

 

 

 3.1.3.3-19  
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(4)  
 

PTS
( )  

3.1.3.3-20  
PTS  

200 mm
 

 
 

 
 

200 20 300 20
10 7.5m3/ 10  

 3.1.3.3-2  
3.1.3.3-21  
 

 
 3.1.3.3-22  

 
(200 300 ) 100

5  

(7.5m3/ )
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 3.1.3.3-20  
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 3
.1

.3
.3

-2
 

 
 

  
 

 
 

 
 

 

1 
 

1 
 

K
H

-1
5 

0~
1 

M
Pa

 
 

U
SS

-5
1B

 
1

 

U
CA

M
-5

50
A 

2
 

2 
 

1 
 

E
G

M
20

50
C 

0~
10

 
m

3 /h
 

M
2D

YS
 

U
SV

-5
1B

 
1

 

3 
 

1 
 

Ty
pe

 K
 

-2
00

~8
00

 
 

 

U
ST

-5
1B

 
6

 
4 

 
1 

 
Ty

pe
 K

 
-2

00
~8

00
 

 
 

5 
 

1 
 

Ty
pe

 K
 

-2
00

~8
00

 
 

 

6 
(

) 
50

 
 

Ty
pe

 N
 

-2
00

~8
00
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 3

.1
.3

.3
-2

1
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 3.1.3.3-22  
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 3.1.3.3-23 200  3.1.3.3-24 300

100 mm 200
200 0-5 20

300 300 0-6

21  
 3.1.3.3-25 200 180

20 6~7
2 5 10 75 mm  

3.1.3.3-26 300 180  
2 5 10 mm

 

TT
TT

(3.1.3.3-1)
 

: -  
T:  

T2: 2 mm T5: 5 mm T10: 10 mm  
T : T0:  

1

100 100~300
 

sec

sec

t

t cal

mcal

(3.1.3.3-2)
 

cal:  -  
:  -  

 3.1.3.3-27
(300 D1) cal(13 kW/m2K) m

13 kW/m2K  
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D1 D8  3.1.3.3-28
D8 17 kW/m2K D8

 
PTS 17 kW/m2K

PTS
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 3.1.3.3-23 (200 ) 

 
 3.1.3.3-24 (300 ) 

  



 

386 

 
 3.1.3.3-25 ( )(200 ) 

  



 

387 

 
 3.1.3.3-26 ( )(300 ) 
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 3

.1
.3

.3
-2

7
(3

00
D

1)
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 3.1.3.3-28  
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(5)  
(PTS)

PTS
 

 
PTS PTS

(PTS )
 

PTS
 

PTS PTS
 

PTS  
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3.1.4  

(HAZ)
(FEA) HAZ

 
 

 
3.1.4.1  

FEA
(3.1.4.1-1) Abaqus

 3.1.4.1-1  3.1.4.1-2
70567 65360 200 mm 5.5 

mm x y 500 mm
9  3.1.4.1-1 1 2  

FEA (3.1.4.1-1)  
 
 

 
 3.1.4.1-1 3 ( ) 

 

 
200mm

500mm 

500mm 

9  
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 3.1.4.1-2 3 (xy ) 

 
3.1.4.2  

Abaqus
 

 
150 Abaqus

2  3.1.4.2-1
1

150
1

20

150 Abaqus
 

1
150  

3.1.4.2-1 Abaqus
150

150
150  
  

5.5mm 
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 3.1.4.2-1 1  

 
 
  

150
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3.1.4.3  
 3.1.4.1-1

PWHT

 3.1.4.1-1
(Post Weld Heat Treatment PWHT )

 
 
(1)  

 3.1.4.3-1

 3.1.4.3-2  3.1.4.3-9  3.1.4.3-12
HAZ  3.1.4.3-10  3.1.4.3-11 (3.1.4.1-1)

 
 

 
 3.1.4.3-1  
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 3.1.4.3-2 ( ) 

 
 3.1.4.3-3 (5 ) 
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 3.1.4.3-4 ( ) 

 
 3.1.4.3-5 (5 ) 
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 3.1.4.3-6 ( ) 

 
 3.1.4.3-7 (5 ) 
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 3.1.4.3-8 ( ) 

 
 3.1.4.3-9 (5 ) 
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 3.1.4.3-10  HAZ (HAZ ) 

 
 3.1.4.3-11  HAZ (5 ) 

 

 
 3.1.4.3-12  3.1.4.3-10  3.1.4.3-11 HAZ  

 

CGHAZ

FGHAZ1

FGHAZ2

ICCGHAZ

100

70

90

60
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(2)  
 3.1.4.3-13

( ) ( )   
3.1.4.3-14  3.1.4.3-15  3.1.4.3-14  3.1.4.3-15 9

620 6 PWHT  
3.1.4.3-1 PWHT  

 3.1.4.3-16  3.1.4.3-19

PWHT PWHT
PWHT

PWHT
 

 

 
 3.1.4.3-13  

 
  

B A A
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 3.1.4.3-14  

 

 
 3.1.4.3-15  
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 3.1.4.3-16  

 
 3.1.4.3-17  
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 3.1.4.3-18 PWHT  

 
 3.1.4.3-19 PWHT  

 
3.1.4.4  

(FEA) HAZ
 

 
 

(3.1.4.1-1) J.Katsuyama, et al, “Assessment of Residual Stress Due to Overlay-Welded 
Cladding and Structural Integrity of a Reactor Pressure Vessel”, Journal of 
Pressure Vessel Technology, 135(5), 051402, (2013). 
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(3.2.1-1) -(3.2.1-5) 

(3.2.1-6) -(3.2.1-7) 

(3.2.1-8) 

28
30

29 BNP)

BWR PWR

29
10

 
 
3.2.1  
3.2.1.1  

(BNP)
( (3.2.1-1))

(3.2.1-1)
D N

( - )
1

k ( )

(MCMC)
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 ,K) 

 

 K + 1) 
:  

d:  
k:  
nk:  
α:  

 
3.2.1.2  

(CRP: Chinese restaurant process) (3.2.1-9) CRP
3.2.1-1  

 

 
)

 
) (dm)

 
) ( )

(3.2.1-2) (3.2.1-3)

( )  
)  

 
) )  

MCMC (
)  

) )  
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3.2.1-2

ΔRTNDT 2

 

 

ΔRTNDT ( 3.2.1-3)
MCMC

ΔRTNDT  
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3.2.1.3 28  
 

( ) (
) R

(3.2.1-10) DPpackage(3.2.1-11) 

DPpackage
( (ΔRTNDT))

 
(3.2.1-9) DPcdensity

DPcdensity (n x 1 y ) n+1
MCMC

P(y|x) y=y(x)  
 

 
28

 
 

( )  
 

( )  
 

 

95%
 

 
Gelman-Rubin  

( )

MCMC
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MCMC
Gelman-Rubin

WinBUGS(3.2.1-12) RStan(3.2.1-13) MCMC
Gelman-Rubin MCMC

(3.2.1-4) DPcdensity
Gelman-Rubin

DPcdensity
(3.2.1-14) R

coda (3.2.1-15) gelman.diag 3
Gelman-Rubin " 95 " 1.1

(3.2.1-16)  
 

  

   

   

 

: i j  
 

 
PWR

7680
 

3 Gelman-Rubin 280
 

 
 

Cu Ni Si
Fluence
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3.2.1.4 29  
 

BNP ( )

BNP MCMC

 

 
(

)  
 

3  
 

 
(WAIC)  

 

WAIC
 

 
a.  

−

 
BNP

BNP  
 

b.  
(

)
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c. (WAIC)  
(3.2.1-17) (Widely Applicable Information Criterion WAIC)

 
WAIC (3.2.1-5) (3.2.1-7)

 
 

 

 

 

 
WAIC

WAIC

 
WAIC AIC BIC WBIC LOOCV

AIC WAIC
DPcdensity

BIC
AIC  

WBIC BIC WAIC

WAIC  
LOOCV(leave-one-out cross-validation) WAIC

LOOCV

WAIC  
DPcdensity

WAIC  
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WAIC  

WAIC 1 3
 

 
1 1  

1
WAIC

(3.1.2-8) x y (3.1.2-8)  
 

  

 

 

 
 

 
(3.1.2-8) x' 0 1 x-y

x'-y 3.2.1-4  

 

 
x x' y 2 BNP

(DPcdensity) WAIC WAIC 3.2.1-1  
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NNo.   WWAIC  

1 3.2-8  -2.482 

2 3.2-8  -0.972 

 
3.2.1-1 WAIC

 
 
1 3  

y 2 x1 x2 2
( (3.2.1-9)) (y x1 x2)

0 1 x3 ( 3.2.1-5) y
(3.2.1-9) x1 x2 x3

x1 x2 x3  
x1 x2 x3 WAIC ( 3.2.1-2)

1 WAIC
x1 x2 x3 x1 x2 WAIC

x3 WAIC  
WAIC
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NNo.   WWAIC  

1 x1  -1.664 

2 x2  -1.350 

3 x3  -1.144 

4 x1 x2 -2.366 

5 x1 x3 -1.561 

6 x2 x3 -1.329 

7 x1 x2 x3 -2.295 
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28
 

28 3 280
WAIC 3.2.1-3 WAIC

 

280

MCMC nburn 30000

nsave 10000

nskip 10

3
 

nburn MCMC  
(MCMC ) 

 nsave  
       nskip  

28
 

3.2.1-6 WAIC WAIC
WAIC
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BNP
 

WAIC
k-fold 

 
k-fold 3.2.1-7

k (1-k) 1
k

 

 

 
20 (k=20) k-fold

k-fold
10 k-fold

3.2.1-4 3.2.1-8 case
k-fold case WAIC

WAIC k-fold
WAIC WAIC
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case WAIC

case 11.824 12.046

1 11.733 12.126

2 11.904 12.190

3 11.896 12.017

4 11.850 12.037

5 11.694 11.943

6 11.841 11.953

7 11.995 12.117

8 11.893 12.020

9 11.808 11.967

10 11.624 12.093
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29
3.2.1-5 3.2.1-9 3.2.1-11 BWR PWR (MTR)

Fluence Flux
Cu P

Ni RTNDT

 
 

 Fluence 
(×1019n/cm2) 

Flux 
(×1010n/cm2/s) 

Temp. 
( ) 

Cu 
(wt%) 

Ni 
(wt%) 

P 
(wt%) 

Si 
(wt%) 

Mn 
(wt%) 

RT
NDT 

 
( ) 

BWR 0.0045 
0.22 

0.021 
6.3 276 0.01 

0.24 
0.55 
0.99 

0.002 
0.021 

0.15 
0.42 

1.16 
1.72 

-80 
2 

PWR 0.3 
10.0 

5.8 
19 

284 
289 

0.014 
0.2 

0.18 
1.08 

0.003 
0.014 

0.14 
0.38 

1.06 
1.52 

-65 
21 

 
2.3 
12.9 

383 
1100 290 0.02 

0.25 
0.57 
1.78 

0.004 
0.019 

0.13 
0.32 

1.19 
1.55 

-65 
-8 

(

) 
0.0045 

10.0 
0.021 

190 
276 
289 

0.01 
0.24 

0.18 
0.96 

0.002 
0.021 

0.14 
0.32 

1.2 
1.52 

-45 
21 

(

) 

0.01 
0.19 

0.63 
1.08 

0.004 
0.016 

0.15 
0.42 

1.06 
1.72 

-80 
-12 
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419 

 



 

 
 

 

420 
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3

3.2.1-6  

 (396 ) 

 3.2.1-7 3 231

(1 11 2 55 3

165) 

mcmc nburn 30000 

nsave 10000 

nskip 10 

 1 

 WAIC  
 

 

NNoo.   

1 Fluence 

2 Fluence05 

3 Flux 

4 flux05 

5 Temperature 

6 RTNDT  

7 Cu 

8 Ni 

9 P 

10 Si 

11 Mn 
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3.2.1-12 WAIC

 
1 1.5 ( 3 1 )  
3 1.5 ( 3 1 )  

 

 

 
3.2.1-12 Cu Ni WAIC

P Si Mn RTNDT WAIC
Fluence 0.5 1

WAIC Temperature
WAIC

 

 
3.2.1-13 3.2.1-14 3.2.1-16 2 3 WAIC
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3.2.1-14 Fluence05 Cu WAIC
Fluence Fluence05

3.2.1-13 WAIC Fluence05
3.2.1-14 Fluence-Fluence05 3.2.1-
8 Fluence05 WAIC Fluence

Fluence05  
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  FFlux  FFllux05  TTemperature  RRTNNDT  Cu  Ni  P  Si  Mn  

Fluence 0.744 0.802 NA 0.759 0.296 0.745 0.624 0.775 0.799 

Fluence05 0.742 0.777 NA 0.677 0.271 0.689 0.546 0.699 0.729 

Fluence-

Fluence05 
0.802 0.785 NA 0.814 0.415 0.854 0.659 0.814 0.851 

 
 

BNP
3.2.1-9

 
 

  

 396 

BWR 142 

PWR 206 

BWR+PWR 348 

( ) 220 

( ) 128 

( ) 252 

( ) 144 
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3.2.1-10 Fluence

3.2.1-11 WAIC
7  

 

No.

1 Fluence 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fluence

2 Flux 0.3 0.5 0.7 0.9 1

3 Cu

4 Ni

5 P

6 Si

7 Mn

8 RTNDT

 

No.

1 5 2136

2 BWR 5 2136

3 PWR 7 3032

4 BWR+PWR 7 3032

5 ( ) 7 3032

6 ( ) 7 3032

7 ( ) 5 2136

8 ( ) 5 2136

 
 3 Gelman-rubin (R-hat)

WAIC
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a.  
Gelman-rubin MCMC

( 3.2.1-12)  
10% BWR PWR

BWR BWR Flux

3.2.1-17

Cu Ni
 

 

No. [%]

1 218 1918 10.21

2 BWR 2124 12 99.44

3 PWR 1130 1902 37.27

4 BWR+PWR 560 2472 18.47

5 ( ) 967 2065 31.89

6 ( ) 2161 871 71.27

7 ( ) 473 1663 22.14

8 ( ) 1220 916 57.12
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b. WAIC  

Gelman-rubin WAIC
( )  

3.2.1-18 3.2.1-19 WAIC
WAIC

 
3.2.1-20 WAIC BWR

3 4 WAIC PWR
WAIC  

3.2.1-21 WAIC
8 10

WAIC
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431 
  

 

  



 

432 
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c. WAIC  
WAIC

WAIC  
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435 
  

 

 

 
Fluence 0.5 0.6 WAIC  
Flux WAIC  
Cu Ni WAIC  
Cu Ni WAIC  
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BWR 
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BWR  
Fluence 0.9 WAIC  
Flux WAIC

0.9 WAIC  
Cu WAIC WAIC
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PWR 
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PWR  
Fluence 0.5 WAIC WAIC
3.2.1-20  

0.7 WAIC  
Flux  
Cu Ni WAIC  

WAIC Cu Ni Si RTNDT
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BWR+PWR 
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444 
  

 

 

BWR+PWR  
Fluence 0.5 WAIC  
Flux WAIC  
Cu Ni RTNDT WAIC  
WAIC Cu Ni Si RTNDT  
Si  
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( ) 

 

 

 

 

 

 



 

446 
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( )  
Fluence 0.5 WAIC  
Flux 0.3 WAIC  
Cu Si RTNDT WAIC  
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( ) 

 

 



 

449 
  

 

 



 

450 
  

 

 
( )  

Fluence 0.4 WAIC  
Flux 0.9 WAIC  
Cu Ni P Si RTNDT WAIC  
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( ) 
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453 
  

 

 

( )  
Fluence 0.5 WAIC  
Flux 0.3 WAIC  
Cu Ni Si RTNDT WAIC  
Ni  
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( ) 
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( )  
Fluence 0.5 WAIC  
Flux 0.7 WAIC WAIC

 
Cu Ni Si WAIC  
Mn WAIC  
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WAIC 3.2.1-

13  

 
Flux BWR PWR

PWR Ni Si Cu  
3

30  
 

 
 

Fluence  Flux   

 Fluence^0.6  Cu, Ni    

BWR Fluence^0.9 Flux^0.9 Cu     

PWR Fluence^0.7  Cu, Ni,  Si RT
NDT

 

BWR+PWR Fluence^0.5  Cu, Ni,   RT
NDT

 

( ) Fluence^0.5 Flux^0.3 Cu,   Si RT
NDT

 

( ) Fluence^0.5 Flux^1.0 Cu, Ni, P, Si RT
NDT

 

( ) Fluence^0.4  Cu, Ni,   RT
NDT

 

( ) Fluence^0.5 Flux^0.7 Cu, Ni,  Si  

*  
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WAIC

29
BWR WAIC (Fluence^0.9
Flux^0.9 Cu)  

3.2.1-62 3.2.1-63 Cu Flux Fluence RTNDT

95%
5 1017n/cm2

(BWR ) 2
1018n/cm2 Cu

RTNDT
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3.2.1-64 RTNDT Fluence Cu
Cu RTNDT RTNDT

Cu
 

3.2.1-65 Flux RTNDT Fluence
Flux Fluence RTNDT RTNDT

Fluence Cu  
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29 BWR

30

 
   



 

462 
  

 

(3.2.1-1) -(3.2.1-5) 

(3.2.1-6) -(3.2.1-7) 

 

 
29

 
 

 
a.  

 

( ) (
)

MCMC  
 

b.  

( )
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( )
 

 
MCMC

 

 
 

 
MCMC WinBUGS Just another Gibbs 

sampler( JAGS) Stan 3.2.1-14
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  WWinnBUGS  JJAGS  SStan  
R  (R2WinBUGS) (rjags runjags) (Rstan) 

    
 

 
L-BFGS  

   ~  
  

(2007 8 6 ) 
  

    
 3

 WinBUGS   
 

MCMC R R
WinBUGS JAGS

Stan
Stan WinBUGS JAGS

JAGS Stan
(3.2.1-18) min max

MCMC
JAGS

 
 

 

JEAC4201-2007(3.2.1-18) 

2

JEAC4201-2007 1~ 17 1, 2
xi01~xi17 eta[1] eta[2]

JEAC4201-2007[2013 ](3.2.1-19) 
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JEAC4201--2007  
[2013 ]  

  
  

JEAC4201--2007  
[2013 ]  

xi01 1.6983018E-05 xi11 6.6826000E-01
xi02 3.5228183E-04 xi12 5.0523112E-06
xi03 8.3530827E-01 xi13 3.5092239E-01
xi04 7.1620000E-01 xi14 4.3288847E+00
xi05 1.1937318E+01 xi15 7.3319000E-01
xi06 4.9388038E-01 xi16 3.0150182E+02
xi07 1.7879868E+01 xi17 2.8235609E+00
xi08 5.7851852E+02  eta[1] 3.6670381E-07
xi09 6.0761276E-25 eta[2] 6.1621430E-01
xi10 0.0000000E+00

 
a.  

(xi01~xi17 eta[1] eta[2]) (3.2.1-10) (3.2.1-
13)  

10
xi10 (3.2.1-19) 0 1  

(s) s
s 103 ( =0

)  
 

 

 

 

 
UNIF(…) : 1. 2.  

NORM(…) : 1. 2.  
NORM(…)T(0, ) : ( ) 1. 2.  

 : xi01 xi17(i=1, 2, …, 17) 
 : xi01 xi17 ( 3.2.1-15) 
 : eta[1] eta[2](j=1, 2) 
 : eta[1] eta[2] ( 3.2.1-15) 
 : k  
 : k

 
 :  
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b.  
(xi01~xi17 eta[1] eta[2]) (3.2.1-14) (3.2.1-17)

(3.2.1-19) ( )
( 3.2.1-16)

( ) xi10 (JEAC4201-2001[2013
](3.2.1-19) ) JEAC4201-2007(3.2.1-18) xi10 2.4093E-02

s_s_xi10 10-2

(3.2.1-16) (3.2.1.-17)  
 

 

 

 

 
 : xi01 xi17(i=1, 2, …, 17)  
 :  
 : eta[1] eta[2](j=1, 2)  
 :  
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NNo.    
  

    
  

  
  

  
  

1 s_xi01 0 s_s_xi01 1E-05 1.6983018E-05
2 s_xi02 0 s_s_xi02 1E-04 3.5228183E-04
3 s_xi03 0 s_s_xi03 1E-01 8.3530827E-01
4 s_xi04 0 s_s_xi04 1E-01 7.1620000E-01
5 s_xi05 0 s_s_xi05 1E+01 1.1937318E+01
6 s_xi06 0 s_s_xi06 1E-01 4.9388038E-01
7 s_xi07 0 s_s_xi07 1E+01 1.7879868E+01
8 s_xi08 0 s_s_xi08 1E+02 5.7851852E+02
9 s_xi09 0 s_s_xi09 1E-25 6.0761276E-25

10 s_xi10 0 s_s_xi10 1E-02 0.0000000E+00
11 s_xi11 0 s_s_xi11 1E-01 6.6826000E-01
12 s_xi12 0 s_s_xi12 1E-06 5.0523112E-06
13 s_xi13 0 s_s_xi13 1E-01 3.5092239E-01
14 s_xi14 0 s_s_xi14 1E+00 4.3288847E+00
15 s_xi15 0 s_s_xi15 1E-01 7.3319000E-01
16 s_xi16 0 s_s_xi16 1E+02 3.0150182E+02
17 s_xi17 0 s_s_xi17 1E+00 2.8235609E+00
18 s_eta[1] 0 s_s_eta[1] 1E-07 3.6670381E-07
19 s_eta[2] 0 s_s_eta[2] 1E-01 6.1621430E-01

 
c.  

3.2.1-17
4

 
 

xxi04   
aa   

xxi055   
bb   

xxi111   
cc   

xxi115   
dd   

xi01 a  xi06 1/b xi09 1/c  xi09 1/d2  
xi02 a    xi12 1/c  xi16 d  
xi08 1/a    xi16 c    
xi09 a        
xi12 a        
xi17 a        
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a.  

3.2.1-18  
 

NNo.   

1  100000 

2  50000 

3  1000 

4  50 

5  3 

6  3 

7  3000 

8  

(396 ) 

 
 

(a) coda gelman.diag (3.2.1-15) rhat( 3.2.1-19) 
(b) coda plot.mcmc (3.2.1-15) ( 3.2.1-66)

( 3.2.1-67) 
(c) ( 3.2.1-20) 

(MAP)  
(d) MAP ( 3.2.1-68 3.2.1-69) 

 

 Point est. Upper C.I. Point est. Upper C.I.

xi01 1.01 1.01 xi12 1.01 1.01 

xi02 1.00 1.00 xi13 1.00 1.00 

xi03 1.00 1.01 xi14 1.00 1.01 

xi06 1.00 1.00 xi16 1.00 1.00 

xi07 1.00 1.00 xi17 1.00 1.00 

xi08 1.00 1.00 eta[1] 1.00 1.00 

xi09 1.00 1.01 eta[2] 1.00 1.01 

xi10 1.00 1.00 s_mu 1.00 1.00 
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xxi01  xxi02  xxi03  xxi04  

    

xxi07  xxi08  xxi09  xxi10  

    

xxi12  xxi13  xxi14  xxi16  

    

xxi17  eeta[1]  eeta[2]  ss_mu  
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xxi01  xxi02  xxi03  xxi06  

    

xxi07  xxi08  xxi09  xxi10  

    

xxi12  xxi13  xxi14  xxi16  

    

xxi17  eeta[1]  eeta[2]  ss_mu  
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b.  
3.2.1-21  

NNo.   

1  30000 

2  15000 

3  1500 

4  10 

5  3 

6  4500 

7  

(396 ) 

 
 

(a) coda gelman.diag (3.2.1-15) rhat( 3.2.1-22) 
(b) coda plot.mcmc (3.2.1-15) ( 3.2.1-

70 3.2.1-71) ( 3.2.1-72 3.2.1-73) 
(c) ( 3.2.1-23 3.2.1-24) 
(d) MAP ( 3.2.1-74 3.2.1-75) 
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Point est. Upper C.I. Point est. Upper C.I.

xi01 1.00 1.02 s_xi01 1.00 1.00 

xi02 1.00 1.01 s_xi02 1.00 1.01 

xi03 1.00 1.00 s_xi03 1.00 1.00 

xi06 1.00 1.01 s_xi06 1.00 1.01 

xi07 1.00 1.00 s_xi07 1.00 1.00 

xi08 1.00 1.01 s_xi08 1.00 1.00 

xi09 1.01 1.03 s_xi09 1.00 1.00 

xi10 1.00 1.01 s_xi10 1.00 1.01 

xi12 1.00 1.01 s_xi12 1.00 1.00 

xi13 1.00 1.00 s_xi13 1.00 1.01 

xi14 1.00 1.00 s_xi14 1.00 1.01 

xi16 1.01 1.03 s_xi16 1.00 1.01 

xi17 1.00 1.00 s_xi17 1.00 1.00 

eta[1] 1.03 1.05 s_eta[1] 1.00 1.01 

eta[2] 1.01 1.03 s_eta[2] 1.00 1.01 

s_mu 1.00 1.00 
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xxi001 xxi02 xxi03 xxi06 

xxi07 xxi08 xxi09 xxi10 

xxi12 xxi13 xxi14 xxi16 

xxi17 eeta[1] eeta[2]  
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ss_xxi001 ss_xxi02 ss_xxi03 ss_xxi06 

ss_xxi07 ss_xxi08 ss_xxi09 ss_xxi10 

ss_xxi12 ss_xxi13 ss_xxi14 ss_xxi16 

ss_xxi17 ss_eeta[1] ss_eeta[2] ss_mu 
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xxi001  xxi02  xxi03  xxi06  

    

xxi07  xxi08  xxi09  xxi10  

    

xxi12  xxi13  xxi14  xxi16  

    

xxi17  eeta[1]  eeta[2]    
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ss_xxi001  ss_xxi02  ss_xxi03  ss_xxi06  

    

ss_xxi07  ss_xxi08  ss_xxi09  ss_xxi10  

    

ss_xxi12  ss_xxi13  ss_xxi14  ss_xxi16  

    

ss_xxi17  ss_eeta[1]  ss_eeta[2]  ss_mu  
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16
1.

46
E-

03
2.

29
E

+0
1

1.
30

E
+0

2
3.

88
E

+0
1

4.
33

E
+0

1
7.
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E

+0
0

3.
02

E
+0

2

s_
xi

17
1.

31
E-

05
3.

76
E-

01
1.

51
E

+0
0

5.
16

E-
01

4.
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E-
01

1.
28

E-
01

2.
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E
+0

0

s_
et

a[
1]

3.
25

E-
11

5.
78

E-
08

1.
91

E-
07

7.
20

E-
08

6.
00

E-
08

1.
72

E-
08

3.
67

E-
07

s_
et

a[
2]

1.
38

E-
05

1.
90

E-
02

1.
24

E-
01

3.
55

E-
02

4.
17

E-
02

6.
34

E-
03

6.
16

E-
01

s_
m

u
9.

17
E

+0
0

9.
86

E
+0

0
1.

06
E

+0
1

9.
87

E
+0

0
3.

63
E-

01
9.

80
E

+0
0
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c.  
3.2.1-19 3.2.1-22

rhat 1.1
 

 
d.  

( 3.2.1-72)
xi02

 
3.2.1-73

xi02 s_xi02 (1E-04 )
 

(s_mu)
 

 
e. MAP  

xi02 xi07 xi11 eta[2] MAP
( 3.2.1-20 3.2.1-68 3.2.1-69)  

xi02
MAP xi02 MAP

( 3.2.1-23 3.2.1-24 3.2.1-74 3.2.1-75) 3.2.1-72
xi01 xi02 xi01

MAP xi02 1.88E-04 3.52E-
04( ) 1.88E-04 MAP

xi02 s_xi02 1.04E-04 MAP
s_xi02

xi02  
 
f.  

(s_mu) ( 3.2.1-76)
 

9.96[ ] 9.94[ ] MAP
9.90[ ] ( 3.2.1-76) 9.86 [ ]

9.87[ ] MAP 9.80 [ ]
0.1[ ] (~0.36[ ])  



 

485 
 

 

 
g.  

xi03 xi06 xi07 ( 3.2.1-67)
xi03 xi06 xi07
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xi03 3.2.1-77 i
delta_C_ind

min ((Cu_mat[i-1] + 0.02) * D_cu + 0.0001)
(delta_ft * p + C_md[i-1] * delta_tn) xi03 delta_ft * p + 

C_md[i-1] * delta_tn xi03 ((Cu_mat[i-1] + 0.02) 
* D_cu + 0.0001)*xi03 1 xi03

 
delta_C_ind[i] = min( 

  ((Cu_mat[i-1] + 0.02) * D_cu + 0.0001) * (delta_ft * p + C_md[i-1] * 

delta_tn) * gz[3], 

  delta_ft * p + C_md[i-1] * delta_tn); 

 
xi06 3.2.1-78 xi06 (gz[5] + gz[6] 

* Ni) / (gz[5] + gz[6] * 0.6) Ni/0.6 xi06
 

 
p = gz[4] * pow((1.869 - 0.00457 * Tirrad) / (1.869 - 0.00457 * 288), 2.0) 

   * pow((gz[5] + gz[6] * Ni ) / (gz[5] + gz[6] * 0.6), 2.0); 

 
xi07 3.2.1-79 xi07 (1.0 + gz[7] 

* Ni) / (1.0 + gz[7] * 0.6) Ni/0.6 xi07
 

 
q = D_cu * D_cu * pow((1.0 + gz[7] * Ni) / (1.0 + gz[7] * 0.6), 2) * gz[8]; 
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h.
 

( 3.2.1-80 3.2.1-81
3.2.1-82 3.2.1-83)

310  

xi02 xi08 xi09 xi12 xi13 xi14 xi16 xi17 eta[2] xi02
xi07 xi08 xi09 U ( MH)

xi01 xi03
xi06 xi12 ( 3.2.1-25)

JEAC4201-2007(3.2.1-18) 

Flux  
 

 MH P  MH P  

xi01 0.569 <0.001** 

xi02 <0.001** <0.001** 

xi03 <0.001** 0.665 

xi06 0.004** 0.999 

xi07 <0.001** <0.001** 

xi08 <0.001** <0.001** 

xi09 <0.001** <0.001** 

xi10 <0.001** <0.001** 

xi12 <0.001** 0.271 

xi13 <0.001** <0.001** 

xi14 <0.001** <0.001** 

xi16 <0.001** <0.001** 

xi17 <0.001** <0.001** 

eta[1] <0.001** <0.001** 

eta[2] <0.001** <0.001** 

** p < 0.01 
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( ) 
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( ) 
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( ) 
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i.  

 
 

 
MCMC

95%  
 

95%  
MCMC

s_mu MCMC

MCMC ((
) 95% (( 95%

95% )  
 

3.2.1-26 Fluence (0
3.2.1-85)  

 

ccase  
 
  

FFluence    
[[n/cm22]  

FFlux
[n/cm2/s]  

 
[ ]  

CCu  
[mass%]  

NNi  
[mass%]  

1  5E+18 1E+20 2E+11 290 0.04 0.68 

2  5E+18 1E+20 2E+11 290 0.04 0.68 

3  5E+18 1E+20 2E+11 290 0.08 0.68 

4  5E+18 1E+20 2E+11 290 0.08 0.68 

5  5E+18 1E+20 2E+11 290 0.16 0.68 

6  5E+18 1E+20 2E+11 290 0.16 0.68 

7  5E+18 1E+20 1E+13 290 0.04 0.68 

8  5E+18 1E+20 1E+13 290 0.04 0.68 

9  5E+18 1E+20 1E+13 290 0.08 0.68 

10  5E+18 1E+20 1E+13 290 0.08 0.68 

11  5E+18 1E+20 1E+13 290 0.16 0.68 

12  5E+18 1E+20 1E+13 290 0.16 0.68 
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 (a) case1 (b) case2 

  
(c) case3 (d) case4 

  
(e) case5 (f) case6 
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(g) case7 (h) case8 

  
(i) case9 (j) case10 

  
(k) case11 (l) case12 
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3.2.1.5  

(WAIC)
 

 

 
Temperature WAIC

 
Fluence Flux Cu Ni P Si Mn RTNDT

 
Fluence Flux WAIC

 
Fluence 2 WAIC

 
 

7 (BWR PWR
BWR PWR ( ) (

))
WAIC

WAIC BWR
Flux PWR

 
 

BWR WAIC
Fluence Flux Cu

95 30
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3.2.2  
3.2.2.1  
(1)  

(RTNDT) Cu
Ni Mn Si

P (
)

P
 

(Atom Probe 
Tomography: APT) ( RTNDT)

(3.2.2.1-1)

Cu (0.1wt% ) Cu
(Cu ) (3.2.2.1-2) 1975

Cu Cu 0.05%
Cu Ni Mn Si (Ni-Mn-Si

) RTNDT

RTNDT

( )
28

Si (3.2.2.1-3)  
P 3.2.2.1-1

(Ductile to Brittle Transfer Temperature: DBTT)

(3.2.2.1-4) A533B
(3.2.2.1-5) P (0.02wt% )

(3.2.2.1-6) P
(3.2.2.1-7) VVER(3.2.2.1-8)

P
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(Auger Electron Spectroscopy: AES)
P

 
APT 20 AES

10 29 APT
10 AES 2  

 

 
3.2.2.1-1  

 
(2)  

28 APT
AES

3.2.2.1-1

Cu Ni Si
(3.2.2.1-3)

Cu P
3.2.2.1-2 Cu Ni P Si Mn

Cu Si Cu P
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29 No.1 10 10 APT
AES No. 16
17 2  
 

3.2.2.1-1   

No. 
(wt%)  

( 1019n/cm2) 
ΔRTNDT( ) APT AES Cu Ni P Si Mn 

1 
0.16 0.61 0.010 0.29 1.41 3.4 

5.6 
72 
99 

  
2   
3 

0.03 0.57 0.007 0.23 1.39 6.3 
9.0 

32 
51 

  
4   
5 0.13 0.58 0.014 0.20 1.45 4.7 88   
6 

0.068 0.59 0.009 0.25 1.35 5.8 
9.2 

46 
61 

  
7   
8 0.037 0.62 0.003 0.31 1.50 9.5 61   
9 

0.05 0.62 0.007 0.23 1.38 4.0 55   
10 7.5 70   
11 

0.14 0.80 0.012 0.38 1.22 3.4 77   
12 5.6 106   
13 

0.13 0.85 0.011 0.28 1.37 3.5 64   
14 6.5 77   
15 

0.09 0.62 0.007 0.26 1.38 

10.0 94   
16 5.8 69   
17 3.1 39   
18 3.2 45   
19 5.9 79   
20 11.7 128   

29 30  
 



501 

 
3.2.2.1-2  

 
 
 
 
 
 

 
(3.2.2.1-1) N. Soneda, et al., J ASTM Int., 7, JAI102127 (2010). 
(3.2.2.1-2) , , INSS Monographs No.1 2001, 

, (2001). 
(3.2.2.1-3) 28 , (2017). 
(3.2.2.1-4) S.G. Druce, et al., Acta Mater., 34 (1986). 
(3.2.2.1-5) EPRI, TR-114783, (2000). 
(3.2.2.1-6) Y. Nishiyama, J. ASTM Int., 6, JAI101959 (2009). 
(3.2.2.1-7) S.G. Druce, et al., Effect of Radiation on Materials: 17th International 
Symposium ASTM STP1270, 119 – 137 (1996). 
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3.2.2.2 (APT)  
(1)  

 
1000 2000

5% 85%( 10 )
 

 
(FIB)  

APT 100 nm
(Focused Ion Beam: FIB)

Ga APT
3.2.2.2-1  

 

  

3.2.2.2-1 FIB APT  
 

(2)  
 

(APT) (Field Ion Microscope :FIM)
100nm 3
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3.2.2.2-2 APT 100 nm
kV 10  20

10 V/nm
( )

1

 

 
3.2.2.2-2 APT  

 
APT APT

3.2.2.2-3 APT
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-

 

 
3.2.2.2-3 APT  

 
APT (Local Electrode Atom Probe :LEAP) APT

3.2.2.2-4 LEAP
LEAP m

1/2 1/3
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3.2.2.2-4 APT (LEAP Local Electrode Atom Probe)  

 
 

(Cameca
LEAP4000X-HR) 3.2.2.2-5 LEAP4000X-HR

 

 

3.2.2.2-5 LEAP4000X-HR  
 
(3)  

Erosion 
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Erosion
Maximum Separation 

 
 

Maximum Separation (3.2.2.2-1) 
(

) 2 p q
d(p,q) Dmax Nmin

Dmax

Nmin

7~30
Dmax Nmin  

 
Erosion (3.2.2.2-2) 

Maximum Separation L

Derosion

 
 

(3.2.2.2-3) 
Erosion Maximum Separation 

L’
L

M  
Erosion

3.2.2.2-6  
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3.2.2.2-6  
 

(4) APT  
APT APT  

APT 3.2.2.2-1
IVASver.3.6.14(Cameca )

3000V
 

 
3.2.2.2-1  APT  

mode 
 

(K) 
Pulse Rate 

(kHz) 
Pulse Fraction 

(%) 
Detection Rate 

(%) 

voltage 50 150 15 0.4 

 
 

IVASver.3.6.14 Erosion
Mn, Ni, Si, Cu, 58FeNi (Dmax) 0.5 

nm (L) 0.5 nm
Derosion 0.25 nm 20

(Nmin) 28 APT



508 

(3.2.2.2-3) 3
(M = 3)

3.2.2.2-2  
 

3.2.2.2-2  

 
Erosion  

 
 

 
Cu,Ni,Si,Mn 

( 58 ) 
Cu,Ni,Si,Mn 

( 58 ) 

Dmax 0.5 nm 0.5 nm 

Nmin 20 20 

L 0.5 nm 0.5 nm 

Derosion 0.25 nm  

M  3 

 
( ) 

(Radius of Gyration)lg

3.2.2.2-1 rg  
 

         (3.2.2.2-1) 

 
(CSC)

3.2.2.2-2  
 

              (3.2.2.2-2) 
 

(Vf)
3.2.2.2-3  
 

          (3.2.2.2-3) 
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APT 29 Fe Ni

 
 

(5)  
3.2.2.1-1 No.1 – 10  
1) 3 2) 3) 

4)  
 

(a) (APT
) 

(b) Erosion

 
(c) Erosion (

(at%)) 
(d) Erosion (

) ( (at%)) 
(e) ( ID)  
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No.1 
1) 3  

 
 

3.2.2.2-7 No.1 3  
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2)  

 
3.2.2.2-8 No.1  

3)  

 
3.2.2.2-9 No.1  
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4)  
3.2.2.2-3 No.1   

(a) (wt%) 

(wt%) 

Cu Ni P Si Mn 

0.13 0.63  0.03  0.32  0.90  

 
(b)  

 

Number 

density(m-3) 
ΔCSC Vf ΔVf √Vf ion 

cluster  
diameter(nm) 

Erosion 

2.67E+23 1.57E+22 
8.82E-03 9.08E-05 9.39E-02 

3.41E+07 
3.4 

 
5.45E-03 7.13E-05 7.38E-02 

 
 

(c) (at%) 

(at%) 

Fe Ni Mn Si Cu Cr 
68.25 6.00 4.80 2.54 4.74 0.07 

P Mo Al C Co O 
0.46 0.13 0.68 0.03 0.03 0.00 

 
(d) ( )(at%) 

(at%) 

Fe  Ni  Mn  Si  Cu  Cr  
88.17 0.51 0.78 0.57 0.07 0.08 

P  Mo  Al  C  Co  O  
0.04 0.14 0.03 0.03 0.03 0.02 

 
(e)  

No.   

23221 2.49E+06 30 

23266 5.56E+06 30 

23269 1.17E+07 99 

23270 1.43E+07 129 
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No.2 
1) 3  

 
3.2.2.2-10 No.2 3  



514 

2)  

 

3.2.2.2-11 No.2  
3)  

 
3.2.2.2-12 No.2  
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4)  
3.2.2.2-4 No.2  

(a) (wt%) 

(wt%) 

Cu Ni P Si Mn 

0.19 0.77  0.03  0.37  0.91 
 

(b)  

  
Number 

density(m-3) 
ΔCSC Vf ΔVf √Vf ion 

cluster  

diameter(nm) 

Erosion 

3.64E+23 2.02E+22 

1.27E-02 1.20E-04 1.13E-01 

2.83E+07 

3.5 

 
8.16E-03 9.60E-05 9.03E-02 

 

 
(c) (at%) 

(at%) 

Fe Ni Mn Si Cu Cr 
63.58 5.83 4.16 3.03 3.56 0.07 

P Mo Al C Co O 
0.41 0.14 0.43 0.03 0.03 0.00 

 
(d) ( )(at%) 

(at%) 

Fe  Ni  Mn  Si  Cu  Cr  
79.52 0.53 0.69 0.56 0.08 0.07 

P  Mo  Al  C  Co  O  
0.04 0.14 0.03 0.03 0.03 0.02 

 
(e)  

No.   

23191 5.17E+06 66 

23122 1.88E+06 21 

23196 1.39E+07 145 

23197 7.36E+06 93 
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No.3 
1) 3  

 

3.2.2.2-13 No.3 3  
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2)  

 
3.2.2.2-14 No.3  

 
3)  

 
3.2.2.2-15 No.3  
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4)  
3.2.2.2-5 No.3  

(a) (wt%) 

(wt%) 

Cu Ni P Si Mn 

0.04 0.73  0.00  0.25  0.92  
 

(b)  

  
Number 

density(m-3) 
ΔCSC Vf ΔVf √Vf ion 

cluster  
diameter(nm) 

Erosion 

7.31E+22 9.77E+21 
4.54E-03 7.72E-05 6.74E-02 

2.42E+07 
3.5 

 
2.89E-03 6.15E-05 5.38E-02 

 
 

(c) (at%) 

(at%) 

Fe Ni Mn Si Cu Cr 
71.06 6.95 4.26 6.46 0.12 0.05 

P Mo Al C Co O  
0.08 0.15 0.00 0.37 0.03 0.00 

 
(d) ( )(at%) 

(at%) 

Fe  Ni  Mn  Si  Cu  Cr  
90.13 0.62 0.89 0.44 0.03 0.02 

P  Mo  Al  C  Co  O  
0.00 0.16 0.01 0.03 0.02 0.01 

 
(e)  

No.   

22863 1.31E+07 46 

22866 1.41E+06 3 

22871 4.81E+06 12 
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No.4 
1) 3  

 
3.2.2.2-16 No.4 3  
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2)  

 
3.2.2.2-17 No.4  

3)  

 
3.2.2.2-18 No.4  
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4)  
3.2.2.2-6 No.4  

(a) (wt%) 

(wt%) 

Cu Ni P Si Mn 

0.04 0.70  0.00  0.25  0.87  
 

(b)  

  
Number 

density(m-3) 
ΔCSC Vf ΔVf √Vf ion 

cluster  
diameter(nm) 

Erosion 

6.78E+22 9.78E+21 
2.79E-03 6.28E-05 5.28E-02 

2.24E+07 
4.0 

 
1.86E-03 5.12E-05 4.31E-02 

 
 

(c) (at%) 

(at%) 

Fe Ni Mn Si Cu Cr 
67.54 7.33 3.82 7.39 0.15 0.02 

P Mo Al C Co O  
0.21 0.10 0.01 0.02 0.03 0.00 

 
(d) ( )(at%) 

(at%) 

Fe  Ni  Mn  Si  Cu  Cr  
87.43 0.57 0.79 0.42 0.03 0.03 

P  Mo  Al  C  Co  O  
0.00 0.17 0.01 0.02 0.02 0.01 

 
(e)  

No.   

22745 4.94E+06 14 

22746 1.13E+07 28 

22764 6.20E+06 6 
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No.5 
1) 3  

 
3.2.2.2-19 No.5 3  
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2)  

 
3.2.2.2-20 No.5  

3)  

 
3.2.2.2-21 No.5  
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4)  
3.2.2.2-7 No.5  

(a) (wt%) 

(wt%) 

Cu Ni P Si Mn 

0.14 0.70  0.03  0.27  0.93  
 

(b)  

  
Number 

density(m-3) 
ΔCSC Vf ΔVf √Vf ion 

cluster  
diameter(nm) 

Erosion 

2.79E+23 2.17E+22 
1.19E-02 1.42E-04 1.09E-01 

1.88E+07 
3.7 

 
8.13E-03 1.17E-04 9.02E-02 

 
 

(c) (at%) 

(at%) 

Fe Ni Mn Si Cu Cr 
64.74 7.35 5.63 3.05 3.74 0.05 

P Mo Al C Co O  
0.53 0.13 0.81 0.04 0.04 0.00 

 
(d) ( )(at%) 

(at%) 

Fe  Ni  Mn  Si  Cu  Cr  
87.01 0.52 0.82 0.47 0.06 0.07 

P  Mo  Al  C  Co  O  
0.04 0.13 0.04 0.02 0.03 0.02 

 
(e)  

No.   

22290 1.53E+06 24 

23048 3.48E+06 34 

23099 3.27E+06 17 

23629 3.82E+06 30 

23631 6.70E+06 61 
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No.6 
1) 3  

 
3.2.2.2-22 No.6 3  
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2)  

 

3.2.2.2-23 No.6  
3)  

 
3.2.2.2-24 No.6  
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4)  
3.2.2.2-8 No.6  

 
(a) (wt%) 

(wt%) 

Cu Ni P Si Mn 

0.08 0.71  0.01  0.24  0.83  
 

(b)  

  
Number 

density(m-3) 
ΔCSC Vf ΔVf √Vf ion 

cluster  
diameter(nm) 

Erosion 

9.98E+22 1.28E+22 
3.62E-03 7.71E-05 6.02E-02 

1.93E+07 
3.5 

 
2.49E-03 6.39E-05 4.99E-02 

 
 

(c) (at%) 

(at%) 

Fe Ni Mn Si Cu Cr 
68.28 7.65 4.95 4.56 1.88 0.08 

P Mo Al C Co O  
0.80 0.18 0.03 0.02 0.00 0.00 

 
(d) ( )(at%) 

(at%) 

Fe  Ni  Mn  Si  Cu  Cr  
87.87 0.56 0.80 0.41 0.05 0.10 

P  Mo  Al  C  Co  O  
0.00 0.20 0.00 0.02 0.02 0.02 

 
(e)  

No.   

22863 1.31E+07 46 

22866 1.41E+06 3 

22871 4.81E+06 12 
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No.7 
1) 3  

 
3.2.2.2-25 No.7 3  



529 

2)  

 
3.2.2.2-26 No.7  

3)  

 
3.2.2.2-27 No.7  
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4)  
3.2.2.2-9 No.7  

(a) (wt%) 

(wt%) 

Cu Ni P Si Mn 

0.09 0.72  0.02  0.27  0.96  
 

(b)  

  
Number 

density(m-3) 
ΔCSC Vf ΔVf √Vf ion 

cluster  
diameter(nm) 

Erosion 

1.56E+23 1.35E+22 
5.70E-03 8.18E-05 7.55E-02 

2.71E+07 
3.6 

 
4.12E-03 6.95E-05 6.42E-02 

 
 

(c) (at%) 

(at%) 

Fe Ni Mn Si Cu Cr 
69.21 7.45 5.42 5.27 0.95 0.10 

P Mo Al C Co O  
0.75 0.11 0.01 0.06 0.03 0.00 

 
(d) ( )(at%) 

(at%) 

Fe  Ni  Mn  Si  Cu  Cr  
89.09 0.57 0.87 0.45 0.06 0.11 

P  Mo  Al  C  Co  O  
0.03 0.14 0.00 0.03 0.00 0.03 

(e)  

No.   

22665 1.66E+06 9 

22680 4.57E+06 27 

22900 2.21E+06 12 

22902 4.90E+06 31 

22904 2.80E+06 14 

22906 3.32E+06 15 

22938 3.99E+06 19 

22944 3.66E+06 7 



531 

No.8 
1) 3  

 

3.2.2.2-28 No.8 3  



532 

2)  

 

3.2.2.2-29 No.8  
3)  

 
3.2.2.2-30 No.8  



533 

4)  
3.2.2.2-10 No.8  

(a) (wt%) 

(wt%) 

Cu Ni P Si Mn 

0.04 0.75  0.00  0.32  0.90 

 
(b)  

  
Number 

density(m-3) 
ΔCSC Vf ΔVf √Vf ion 

cluster  
diameter(nm) 

Erosion 

1.07E+23 1.27E+22 
4.51E-03 8.25E-05 6.72E-02 

2.10E+07 
3.9 

 
2.99E-03 6.71E-05 5.47E-02 

 
 

(c) (at%) 

(at%) 

Fe Ni Mn Si Cu Cr 
66.50 8.17 3.66 8.15 0.13 0.07 

P Mo Al C Co O  
0.08 0.11 0.00 0.06 0.02 0.00 

 
(d) ( )(at%) 

(at%) 

Fe  Ni  Mn  Si  Cu  Cr  
88.48 0.61 0.81 0.55 0.03 0.07 

P  Mo  Al  C  Co  O  
0.00 0.15 0.01 0.03 0.02 0.01 

 
(e)  

No.   

24057 4.35E+06 18 

24058 4.79E+06 23 

24060 4.45E+06 12 

24061 5.40E+06 13 

24073 2.05E+06 5 

 
 



534 

No.9 
1) 3  

 

3.2.2.2-31 No.9 3  



535 

2)  

 
3.2.2.2-32 No.9  

3)  

 
3.2.2.2-33 No.9  

 
  



536 

4)  
3.2.2.2-11 No.9  

(a) (wt%) 

(wt%) 

Cu Ni P Si Mn 

0.08 0.67  0.03  0.25  0.88  
 

(b)  

  
Number 

density(m-3) 
ΔCSC Vf ΔVf √Vf ion 

cluster  
diameter(nm) 

Erosion 

5.16E+22 7.69E+21 
1.41E-03 4.03E-05 3.76E-02 

2.76E+07 
3.4 

 
8.95E-04 3.21E-05 2.99E-02 

 
 

(c) (at%) 

(at%) 

Fe Ni Mn Si Cu Cr 
68.29 4.65 4.58 5.53 0.27 0.07 

P Mo Al C Co O  
1.85 0.20 0.00 0.00 0.00 0.00 

 
(d) ( )(at%) 

(at%) 

Fe  Ni  Mn  Si  Cu  Cr  
86.29 0.56 0.78 0.43 0.06 0.10 

P  Mo  Al  C  Co  O  
0.04 0.20 0.01 0.02 0.00 0.01 

 
(e)  

No.   

22978 9.01E+06 4 

22979 1.04E+07 35 

22983 8.16E+06 6 

 
 

  



537 

No.10 
(1) 3  

 
3.2.2.2-34 No.10 3  



538 

(2)  

 
3.2.2.2-35 No.10  

(3)  

 
3.2.2.2-36 No.10  

  



539 

(4)  
3.2.2.2-12 No.10  

(a) (wt%) 

(wt%) 

Cu Ni P Si Mn 

0.08 0.74  0.02  0.25  0.90  
 

(b)  

  
Number 

density(m-3) 
ΔCSC Vf ΔVf √Vf ion 

cluster  
diameter(nm) 

Erosion 

7.17E+22 9.03E+21 
2.60E-03 5.45E-05 5.10E-02 

2.78E+07 
3.8 

 
1.75E-03 4.46E-05 4.18E-02 

 
 

(c) (at%) 

(at%) 

Fe Ni Mn Si Cu Cr 
68.11 6.68 4.52 6.41 0.44 0.12 

P Mo Al C Co O  
0.43 0.18 0.01 0.09 0.00 0.00 

 
(d) ( )(at%) 

(at%) 

Fe  Ni  Mn  Si  Cu  Cr  
88.18 0.61 0.89 0.42 0.06 0.12 

P  Mo  Al  C  Co  O  
0.03 0.20 0.01 0.02 0.00 0.03 

 
(e)  

No.   

22986 1.96E+06 1 

22988 2.40E+06 4 

22990 5.08E+06 9 

23022 6.19E+06 14 

23023 9.11E+06 22 

23032 3.07E+06 13 



540 

(6)  
(Vf) ( RTNDT) 

Erosion (Vf)
( RTNDT) 3.2.2.2-37

RTNDT

(3.2.2.2-4) 3.2.2.2-13
Erosion

( )

 
 

 

3.2.2.2-37 (Vf) ( RTNDT)  
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3.2.2.2-13 (Vf)  

( RTNDT)  

  

Erosion  y 8.44×102x 

 
 

y 1.04×103x 

( ) (3.2.2.2-4) y 1.15×103x 

 
Cu  

Cu 0.05wt% (No.3 4 8 Cu
) Cu 0.05wt% 0.1wt% (No.6 7 9

10 Cu ) Cu 0.1wt% (No.1 2 5
Cu )  

3.2.2.2-38 Cu 3 20 20 50 nm3

Ni Mn Si Cu P
 

3.2.2.2-39 Cu 3 Ni Mn Si
Cu P  

3.2.2.2-40 Cu 3 Ni Mn Si
Cu P  

Cu Cu Cu
Ni-Mn-Si Cu  

 



542 

 

3.2.2.2-38  Cu (Cu: 0.03 – 0.037wt%) 3 (20 20 50 nm3) 
 

 
3.2.2.2-39 Cu (Cu: 0.05 – 0.068wt%) 3 (20 20 50nm3) 

  



543 

 
3.2.2.2-40 Cu (Cu: 0.13 – 0.16wt%) 3 (20 20 50nm3) 

  



544 

Cu  
3.2.2.2-41 (CSC) Cu Cu

Cu
CSC Cu CSC

 
 

 

3.2.2.2-41 Cu  
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Cu  
3.2.2.2-42 (Vf) Cu Cu

Cu
Cu

 

 

 
3.2.2.2-42 Cu  

 
  



546 

Cu  
3.2.2.2-43 Cu NSC

Cu
 

3.2.2.2-44 3.2.2.2-45 Cu Cu

Cu Cu
 

 

 
3.2.2.2-43 Cu  



547 

 

 
3.2.2.2-44 Cu  

 
3.2.2.2-45 Cu  

 
  



548 

 
3.2.2.2-46

Cu 30
 

 

 

3.2.2.2-46  
  



549 

Cu Cu Cu  
3.2.2.2-47 Cu 3.2.2.2-48 Cu 3.2.2.2-49 Cu

(at%) (
)  

 

 
3.2.2.2-47 Cu (at%) 
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3.2.2.2-48 Cu (at%) 
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3.2.2.2-49 Cu (at%) 
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Cu Cu

3.2.2.2-50 3.2.2.2-56 2nm 2nm
3 2nm

2nm APT
 

 

 

3.2.2.2-50 ( No.3) 



553 

 

3.2.2.2-51 ( No.4) 
 

 
3.2.2.2-52 ( No.6) 

 



554 

 
3.2.2.2-53 ( No.7) 

 

 
3.2.2.2-54 ( No.8) 



555 

 
3.2.2.2-55 ( No.9) 

  

 
3.2.2.2-56 ( No.10) 

 
 
 



556 

Cu Cu Cu  
3.2.2.2-57 Cu 3.2.2.2-58 Cu 3.2.2.2-59 Cu

Cu
Ni Si

Cu Ni Cu Mn Cu
Mn  

 

 
3.2.2.2-57 ( Cu ) 
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3.2.2.2-58 ( Cu ) 

 

 
3.2.2.2-59 ( Cu ) 
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Si Cu  
Si Cu ( wt%)

3.2.2.2-60 Si Cu
Si Cu

3.2.2.2-14  
 

 
3.2.2.2-60 Si Cu  

 
3.2.2.2-14 Si Cu  

(Si Cu ) 

 
  

No.5 No.3 No.4 No.9 No.10 No.6 No.7 No.1 No.2 No.8 No.5No.3 No.4 No.9 No.10 No.6 No.7 No.1 No.2No.8
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Cu Cu  
APT

 
3.2.2.2-61 Cu Cu RTNDT

Cu Cu
RTNDT Cu Cu

Cu
 

3.2.2.2-62 Cu Cu
Cu Mn Cu P

Si Cu
Si  

 

 

3.2.2.2-61 Cu Cu  
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3.2.2.2-62 Cu Cu  

  



561 

Si Si  
3.2.2.2-63 Si Si RTNDT

RTNDT

Si Si
Cu  

3.2.2.2-64 Si Si
Si  

 
3.2.2.2-63 Si Si  
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3.2.2.2-64  Si Si  

 
  



563 

Si Cu  
3.2.2.2-65 ( )

(at%) Si Cu Si
Si  

3.2.2.2-66 Cu
Cu P Cu

 
3.2.2.2-67 Si
Si Mn Si Cu

 
 

 

 
3.2.2.2-65 Si Cu  

  

No.5No.3 No.4 No.9 No.10 No.6 No.7 No.1 No.2No.8No.3 No.4 No.9 No.10 No.6 No.7 No.1 No.2 No.8No.5
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3.2.2.2-66 Cu  
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3.2.2.2-67 Si   
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APT  
(APT ) ( )

3.2.2.2-15 3.2.2.2-68 Cu Cu
1 : 1 Mn

Mn
Si

Cu Ni Ni
P

APT P
 

 
3.2.2.2-15 (APT ) ( ) 

No.   Cu(wt%) Ni(wt%) P(wt%) Si(wt%) Mn(wt%) 

1 
 0.11 0.60 0.007 0.34 0.93 
 0.16 0.61 0.010 0.29 1.41 

2 
 0.12 0.63 0.007 0.36 0.90 
 0.16 0.61 0.010 0.29 1.41 

3 
 0.01 0.51 0.001 0.29 0.99 
 0.03 0.57 0.007 0.23 1.39 

4 
 0.01 0.52 0.002 0.27 0.91 
 0.03 0.57 0.007 0.23 1.39 

5 
 0.19 0.65 0.008 0.28 1.00 
 0.13 0.58 0.014 0.20 1.45 

6 
 0.04 0.49 0.003 0.27 0.98 
 0.07 0.59 0.009 0.25 1.35 

7 
 0.06 0.53 0.006 0.30 0.97 
 0.07 0.59 0.009 0.25 1.35 

8 
 0.04 0.75 0.003 0.32 0.90 
 0.04 0.62 0.003 0.31 1.50 

9 
 0.03 0.59 0.004 0.28 0.83 
 0.05 0.62 0.007 0.23 1.38 

10 
 0.03 0.51 0.004 0.24 0.99 
 0.05 0.62 0.007 0.23 1.38 
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3.2.2.2-68 (APT ) ( )  
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(No.1 2 No.3 4 No.6 7 No.9

10) 3.2.2.2-69
Ni Si ( Mn)

Cu Cu
Cu Cu Cu Si

 
 

 

3.2.2.2-69  
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Cu Cu Cu  

Cu 3.2.2.2-70 Cu
3.2.2.2-71 Cu 3.2.2.2-72 Cu

Si
 

 

 
3.2.2.2-70 ( Cu ) 
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3.2.2.2-71 ( Cu ) 



571 

 
3.2.2.2-72 ( Cu ) 

  



572 

3.2.2.2-73 – 3.2.2.2-76 3.2.2.2-70 – 3.2.2.2-72

Cu Si
Cu  
 

 
3.2.2.2-73 (Mn) 



573 

 

3.2.2.2-74 (Cu) 



574 

 

3.2.2.2-75 (Ni) 



575 

 

3.2.2.2-76 (Si) 
  



576 

(7) APT  
3.2.2.2-16

APT
Cu Si APT

Si RTNDT Cu
Si

30 Si
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
(3.2.2.2-1) J.M. Hyde and C.A. English, MRS Fall Meeting Symp. R, pp27 (2001). 
(3.2.2.2-2) J.M. Hyde, et al., Ultramicroscopy, 111, pp440 (2011). 
(3.2.2.2-3) ,  Q09021 (2010). 
(3.2.2.2-4) 2-4 
P25. 
  



 
  

577 

 
3.

2.
2.

2-
16

 
 

N
o.

 
Fl

ue
nc

e 

(n
/c

m
2 ) 

RT
N

D
T 

(
) 

N
um

be
r 

de
ns

ity
 (m

-3
) 

Cs
c 

Vf
 

Vf
 

Vf
 

io
n 

cl
us

te
r 

di
am

et
er

 (n
m

) 
 

N
o.

1 
3.

4E
+1

9 
72

 
2.

67
E

+2
3 

1.
57

E
+2

2 
8.

82
E

-0
3 

9.
08

E
-0

5 
9.

39
E

-0
2 

3.
41

E
+0

7 
3.

4 
28

8 

N
o.

2 
5.

6E
+1

9 
99

 
3.

64
E

+2
3 

2.
02

E
+2

2 
1.

27
E

-0
2 

1.
20

E
-0

4 
1.

13
E

-0
1 

2.
83

E
+0

7 
3.

5 
32

5 

N
o.

3 
6.

3E
+1

9 
32

 
7.

31
E

+2
2 

9.
77

E
+2

1 
4.

54
E

-0
3 

7.
72

E
-0

5 
6.

74
E

-0
2 

2.
42

E
+0

7 
3.

5 
56

 

N
o.

4 
9.

0E
+1

9 
51

 
6.

78
E

+2
2 

9.
78

E
+2

1 
2.

79
E

-0
3 

6.
28

E
-0

5 
5.

28
E

-0
2 

2.
24

E
+0

7 
4.

0 
48

 

N
o.

5 
4.

7E
+1

9 
88

 
2.

79
E

+2
3 

2.
17

E
+2

2 
1.

19
E

-0
2 

1.
42

E
-0

4 
1.

09
E

-0
1 

1.
88

E
+0

7 
3.

7 
16

6 

N
o.

6 
5.

8E
+1

9 
46

 
9.

98
E

+2
2 

1.
28

E
+2

2 
3.

62
E

-0
3 

7.
71

E
-0

5 
6.

02
E

-0
2 

1.
93

E
+0

7 
3.

5 
61

 

N
o.

7 
9.

2E
+1

9 
61

 
1.

56
E

+2
3 

1.
35

E
+2

2 
5.

70
E

-0
3 

8.
18

E
-0

5 
7.

55
E

-0
2 

2.
71

E
+0

7 
3.

6 
13

4 

N
o.

8 
9.

5E
+1

9 
61

 
1.

07
E

+2
3 

1.
27

E
+2

2 
4.

51
E

-0
3 

8.
25

E
-0

5 
6.

72
E

-0
2 

2.
10

E
+0

7 
3.

9 
71

 

N
o.

9 
4.

0E
+1

9 
55

 
5.

16
E

+2
2 

7.
69

E
+2

1 
1.

41
E

-0
3 

4.
03

E
-0

5 
3.

76
E

-0
2 

2.
76

E
+0

7 
3.

4 
45

 

N
o.

10
 

7.
5E

+1
9 

70
 

7.
17

E
+2

2 
9.

03
E

+2
1 

2.
60

E
-0

3 
5.

45
E

-0
5 

5.
10

E
-0

2 
2.

78
E

+0
7 

3.
8 

63
 

 



578 

3.2.2.3 (AES)  
(1) AES  

keV

X ( )
( 3.2.2.3-1)

 
AES

K
eV eV

nm
 

 
3.2.2.3-1 (a) X (b)  

 
(2)  

AES PHI710
3.2.2.3-2

(Cylindrical Mirror Analyzer: CMA) 360

 
AES 8 nm

( 5 keV 10 nA )
60 nm  
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3.2.2.3-2  AES PHI710  

 
(3)  

3.2.2.3-1
P P

(S1 )
(No.15 20)  

28
3.2.2.1-1

29 30 29 No.16
17  
 

3.2.2.3-1 (wt%) 

 
 (wt%) 

Cu Ni P Si Mn 

S1 0.09 0.62 0.007 0.26 1.38 

PL 0.01 0.65 0.013 0.22 1.41 

Steel A 0.16 0.67 0.015 0.29 1.31 

JRQ 0.14 0.84 0.017 0.24 1.42 

P3B 0.06 0.57 0.018 0.22 1.44 
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(4)  
3.2.2.3-3

PHI710 (~10-8 Pa)

(SEM) AES 3.2.2.3-4 SEM

 
(

)
(peak-to-peak )

No.17 AES
( ) 3.2.2.3-5 P Mo C

500 eV O Fe 600 – 700 eV
3  

peak-to-peak Fe peak-to-peak (peak-to-height 
ratio: PHR) (Monolayer Coverage, CAGB)
(3.2.2.3-1)  

I
ImKC

 
(3.2.2.3-1) 

KA IA A peak-to-peak
m 2 KA

(3.2.2.3-1)

IFe 703 eV peak-to-peak 15 – 20
CAGB  

 

 
3.2.2.3-3  AES  
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3.2.2.3-4 SEM ( 2000 )  

( AES 1 2 3 4 ) 
 

 
3.2.2.3-5 ( ) 
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(5)  
Monolayer coverage  

AES Fe PHR P
Monolayer coverage 3.2.2.3-2 A533B

P ( 3.2.2.3-6)
P

Monolayer coverage P
P Ni JRQ (P: 0.017wt% Ni: 0.84wt%)

P  
 

3.2.2.3-2 Monolayer coverage 

 
P  

(wt%) 
Monolayer coverage 

S1 0.007 0.037  0.022 
PL 0.013 0.104  0.049 

Steel A 0.015 0.099  0.023 
JRQ 0.017 0.068  0.029 
P3B 0.018 0.146  0.056 

 

 
3.2.2.3-6 P P  



583 

 
P Mo C Monolayer 

coverage 3.2.2.3-7
S1 P

C Mo
No.17( 3.1  1019 n/cm2)

No.16( 5.8  1019 n/cm2)
P C  

P 3.2.2.3-8 15
20 AES P

No.16 No.17
 

 

 
3.2.2.3-7 P Mo C  
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3.2.2.3-8 P  
 

(6) AES  
29 P 5

P P

(S1 ) 2 (No.16 17)
P Mo C P

C
30 29
P

 
 
(7) AES  

AES PHI710
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(3.2.2.3-1) D. Briggs and M.P. Seah (Eds.), Practical Surface Analysis by Auger and 
X-ray Photoelectron Spectroscopy, John Wiley and Sons Ltd, Chichester, 1983. 
(3.2.2.3-2) Y. Nishiyama et al., Proceedings of 16th Pasific Basin Nuclear Conference 
(16PBNC), Paper ID P16P1354, 2008. 
(3.2.2.3-3) , , INSS Monographs No.1 2001, 

, (2001). 
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3.2.3  
(PTS) (3.2.3-1) RPV

10mm
(3.2.3-2) 1/4

3.2.3-1
RPV

( )

(HAZ) 10mm
 

28 (
)
1/4 1/4

29
 

 
 

 
3.2.3-1 (3.2 .3-3) 
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3.2.3.1  
( )

JNES (3.2.3-4 3.2 .3-10)

( WIM )
 

 
(1)  

WIM 3.2.3.1-1
3.2.3.1-1 3.2.3.1-2 ID 

S2Y-1 S2T-1 230mm
5mm

( )
( ) ID 2T-1 2Y-1 2Y-

2 1/4
(  1/4)

10 1019n/cm2  
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3.2.3.1-1 WIM  

ID   
( 1019n/cm2) 

 
(mm)  

S2Y-
1  

9.8 60 65
20  

S2T-1 
 

9.8 60 30
20  

2T-1 1/4  
 14 60 14

20  

2Y-1 1/4  
 14 60 40

20  

2Y-2 1/4  
 14 60 17

20  

 
 
 

3.2.3.1-2 (wt%) 
 C Si Mn P S Ni Cr Mo Cu Co 

 

YB308 0.05 0.63 1.40 0.023 0.015 10.26 20.60   0.02 

Y309L 0.02 0.38 2.00 0.013 0.002 13.9 23.3    

Y308L 0.008 0.40 1.73 0.025 0.002 9.63 19.64    

 
SQV2A 0.22 0.21 1.44 0.019 0.021 0.60 - 0.48 0.16 0.012 

 

S642-
MN 0.07 0.27 1.27 0.014 0.013 0.87 0.03 0.50 0.18 0.01 

ER80S-
G 0.09 0.41 1.58 0.007 0.007 0.66 0.02 0.52   
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3.2.3.1-1 WIM ( ) 



590 
 

 
(2)  WIM  

3.2.3.1-1 3.2.3.1-1 5 WIM

3.2.3.1-2  
5

2Y-1 4
2Y-1 30mm 1mm 1mm

3.2.3.1-3  
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3.2.3.1-2(1)  WIM ( ID S2Y-1)  

66
m

m
 

30
m

m
  

 

59m
m 

19
m m
 

10mm 

10mm 
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3.2.3.1-2(2)  WIM ( ID S2T-1)  
 
 

29
m

m
 

30
m

m
  

 

59m
m 

19
m m
 

10mm 

10mm 
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3.2.3.1-2(3)  WIM ( ID 2T-1) 
 
 

 
 
 

13
m m
 

 

 

30
m m
 

19
m m
 

59mm 

10mm 

10mm 
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3.2.3.1-2(4)  WIM ( ID 2Y-1) 
 

 
 

39
m

m
 

 

10mm 

19
m m
 

59m
m 

10mm 
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3.2.3.1-2(5)  WIM ( ID 2Y-2) 
 

16
m m
 

 

 

30
m

m
 

19
m m
 

59m
m 

10mm 

10mm 
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3.2.3.1-3  WIM ( ID 2Y-1) 
  

10
m

m
 

10
m

m
 

10
m

m

10
m

m
 



597 
 

(3)  WIM  

(S2Y-1 S2T-1)

3.2.3.1-3  

3.2.3.1-2
Co  

3.2.3.1-4
2 0.3 0.8m

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2.3.1-4  
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3.2.3.1-3 WIM  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

ID  
 

*1 
(m) 2  

(m-2) 

(mSv/h) 
*2  

S2Y-1  

0.3 11.1 9.3 8.3 
0.4 6.25 5.4 4.8 
0.5 4.00 3.5 3.1 
0.6 2.78 2.5 2.2 
0.7 2.04 1.8 1.6 
0.8 1.56 1.4 1.3 

S2T-1  

0.3 11.1 3.7 3.4 
0.4 6.25 2.2 2.0 
0.5 4.00 1.5 1.3 
0.6 2.78 1.0 0.91 
0.7 2.04 0.75 0.67 
0.8 1.56 0.57 0.52 

2T-1  

0.3 11.1  2.1 
0.4 6.25  1.2 
0.5 4.00  0.78 
0.6 2.78  0.54 
0.7 2.04  0.41 
0.8 1.56  0.31 

2Y-1  

0.3 11.1  5.2 
0.4 6.25  3.0 
0.5 4.00  2.0 
0.6 2.78  1.4 
0.7 2.04  1.0 
0.8 1.56  0.78 

2Y-2  

0.3 11.1  2.3 
0.4 6.25  1.4 
0.5 4.00  0.91 
0.6 2.78  0.63 
0.7 2.04  0.47 
0.8 1.56  0.35 

*1  
*2 (S2Y-1 S2T-1)  
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(4) WIM  
3.2.3.1-1 3.2.3.1-2

(
) WIM 3.2.3.1-4

 
ID S2T-1

3.2.3.1-4 S2T-1  
HAZ

S2T-1 S2Y-1  
S2T-1 29mm
Mini-C T 3 2

 
S2Y-1 66mm Mini-C(T) 6

 
 

 
3.2.3.1-4 WIM  

ID 

(mm)*1 

  *2 
*2 

 

S2Y-1 60 × 65 × 20 59 × 66 × 19 59 × 96 × 19  

S2T-1 
60 × 30 × 20 59 × 29 × 19 59 × 59 × 19  

 
59 × 26 × 19 

 

59 × 56 × 19 

 
 

2T-1 60 × 14 × 20 59 × 13 × 19 59 × 43 × 19  

2Y-1 60 × 40 × 20 59 × 39 × 19   

2Y-2 60 × 17 × 20 59 × 16 × 19 59 × 46 × 19  
)*1       

   *2 1mm
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3.2.3.1-1 20mm 60mm
20mm 60mm

2 4 25

3.2.3.1-5  
S2Y-1 S2T-1

 

S2T-1
3.2.3.1-6 17mm 17mm 2mm

3.2.3.1-7
 

1kgf 3.2.3.1-8

3.2.3.1-9
 

3.2.3.1-10 3.2.3.1-10

 
3.2.3.1-11

 

300HV 4mm
300HV

200HV
300HV
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3.2.3.1-5(1) WIM ( ID S2Y-1) 



 

602 
 

 
 

3.2.3.1-5(2) WIM ( ID S2T-1) 



 

603 
 

 
 

3.2.3.1-5(3) WIM ( ID 2T-1) 



 

604 
 

 

 
3.2.3.1-5(4) WIM ( ID 2Y-1) 



 

605 
 

 
3.2.3.1-6 ID S2T-1  



 

606 
 

 
 

3.2.3.1-7 ID S2T-1  
 
 
 



 

607 
 

 
3.2.3.1-8  

 
 
 

 
3.2.3.1-9  

 
  



 

608 
 

 
 

3.2.3.1-10 ID S2T-1  
  



 

 

609 

 
3.

2.
3.

1-
11

(1
)

ID
S2

T-
1



 

 

610 

 
3.

2.
3.

1-
11

(2
)

ID
S2

T-
1
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(5)  

2-3 Mini-C(T)
2-4 SS-3  

3.2.3.1-5

1 3 Mini-C(T) SS-3
2 4 5

Mini-C(T) SS-3
3.2.3.1-5(1) 3.2.3.1-5(2)

S2Y-1 S2T-1

 

Mini-C(T) SS-3
3 Mini-C(T)

SS-3

KJc(limit) Validity 0.2%
Validity SS-3

3.2.3.1-12 3.2.3.1-
5  
  



 

612 
 

 
3.2.3.1-5  

  
 ID 

 
Mini-C(T)

 
SS-3  

 

1 L-T  
S2Y-1 

7   
S2T-1 

2 L-S
10mm  

S2Y-1 
30   

S2T-1 

3 T-L  
S2Y-1 

7  4  
S2T-1 

4 T-S
10mm  

S2Y-1 
14   

S2T-1 

5 T-L  
2T-1 

24  8  2Y-1 
2Y-2 

 
 

 
 
 
 
 
 
 
 
 
 



 

613 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2.3.1-12(1) WIM 1 L T

ID S2T-1 

 

 

 
 

 

ID S2Y-1 

 

 

  

L  

T
 

S
 

L  

T
 

S
 



 

614 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2.3.1-12(2) WIM ( 2 L S )

L  

T
 

S
 

T
 

S
 

ID S2Y-1 

ID S2T-1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

L  



 

615 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2.3.1-12(3) WIM ( 3 T L )

L  

L  

T
 

S
 

T
 

S
 

ID S2Y-1 

 

 

 

 

 

ID S2T-1 

 

 

 

 

 

 
 



 

616 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2.3.1-12(4) WIM ( 4 T S )

L  

T
 

S
 

L  

T
 

S
 

ID S2Y-1 

ID S2T-1 

 

 

 

 

 

 

 

 

 

 

 

 

( )



 

617 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3.2.3.1-12(5) WIM ( 5 T L )

L  

S
 

L  

T
 

S
 

T
 

L  

S

T
 

ID 2T-1 

ID 2Y-2 

 
 

 
 

 
 

 
 

 

 

ID 2Y-1 

 
 

 

 

 

A A 
 

 

 
B B 
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3.2.3.2  
28 ( )

3.2.3.2-1
3.2.3.2-1

3.2.3.2-2 3.2.3.2-2
T-L

L-S ( ) L-T (
) Mini-C(T) 29

1/4 10mm T-L Mini-C(T)
 

 
 
 

3.2.3.2-1  

 ( ), wt% y, 

MPa 

T41J, 

ºC C Si Mn P S Ni Cr Mo Cu 

(SQV2A) 
0.19 0.25 1.43 0.013 0.014 0.58 0.10 0.48 0.13 464 -28 

 
(SUS309L) 

0.052 0.47 1.37 0.019 0.003 10.54 19.91 0.06 0.09   

SUS308  
 
 

 

3.2.3.2-1  
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3.2.3.2-2  

  

 
T-L 

L-T 

10mm  
T-L 

L-S 

1/4  

T-L  

10mm 
29 1/4 10mm T-L  

 

 

3.2.3.2-2  
 

  



 

 620 

(1) Mini-C(T)  
Mini-C(T) 3.2.3.2-3 JEAC4216-

2015(3.2.3-10)  
  R 0.1 

K  Kmax  20 MPa m 
K  Kmax  15 MPa m 

( 0.2mm ) 
  a/W=0.5 
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3.2.3.2-3  
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(2)  
Mini-C(T) 

To  
1/4 JEAC4216-2015(3.2.3-11)

(T41J= -28 C) 56 C 10mm
3.2.3-1 1/4 35 C

JEAC4216-2015(3.2.3-11) WES-1108-1995(3.2.3-12)

3.2.3.2-1  

୷ୱ() = ୷ୱ(ୖ)exp ቄቂ481.4 െ 66.5ln ቀ ୷ୱ(ୖ)ቁቃ ቂ ଵ்ାଶଷ െ ଵଶଽଷቃቅ (3.2.3.2-1) 

ys(T) T ys(RT)  
3.2.3.2-4 1/4 9

8 1 KJc(limit) Invalid
10mm 10 8

2 KJc(limit) Invalid  
3.2.3.2-3 3.2.3.2-4

 
(To) 3.2.3.2-5

3.2.3.2-5 1/4 10mm To

1/4 10mm To 30 C
 

T41J To 3.2.3.2-6 Sokolov
(3.2.3-13) 1/4
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3.2.3.2-4

 

 
3.2.3.2-5 To  

dK/dt, 
Valid Invalid To, ºC

Validity of 

To

1/4 0.5 9 8 1 0 -47 Valid 7.8 5.8

0.5 10 8 2 0 -81 Valid 7.5 3.5

  

ID

0.25T01
0.25T03
0.25T04
0.25T05
0.25T06
0.25T07
0.25T08
0.25T09
0.25T10
10TL01
10TL02
10TL03
10TL05
10TL06
10TL07
10TL08
10TL09
10TL10
10TL11

1/4



 

 624 

 

 
3.2.3.2-3 - ( 1/4) 

 
3.2.3.2-4 - ( 10mm) 

  



 

 625 

 
3.2.3.2-5  

 

 
 

3.2.3.2-6 1/4 T41J To  
  

0

50

100

150

200

-150 -100 -50 0

1T
K

Jc
(1

T)
, M

Pa

,

KJc

-200

-150

-100

-50

0

50

100

150

200

-200 -100 0 100 200

T o
, º

C

T41J,

Sokolov et. al., (3.2.3-13)

1/4

To = T41J -24ºC
40ºC

-81 C

1/4

Invalid

-47 C
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(3)  

3.2.3.2-6  
 
  



 

 627 

3.2.3.2-6 (1) (1/6) 

 
 



 

 628 

3.2.3.2-6 (2) (2/6) 

 
 



 

 629 

3.2.3.2-6 (3) (3/6) 

 
 



 

 630 

3.2.3.2-6 (4) (4/6) 

 
 



 

 631 

3.2.3.2-6 (5) (5/6) 
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3.2.3.2-6 (6) (6/6) 
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3.2.3.3  
(WIM )

1/4 PTS 10mm
 

28 ( )
1/4 10mm

1/4 10mm 30 C
 

 
  



 

 634 

 
(3.2.3-1) JEAC 4206-2016

, (2016) 
(3.2.3-2) JEAC 4201-2007[2013

] “ , (2013) 
(3.2.3-3) 25  , (2014) 
(3.2.3-4) 10  

11 3  
(3.2.3-5) 11  

12 3  
(3.2.3-6) 12  

13 3  
(3.2.3-7) 13  

14 3  
(3.2.3-8) 14  

15 3  
(3.2.3-9) 15  

16 6  
(3.2.3-10) 16  

17 8  
(3.2.3-11)  JEAC4216-2015

To , (2015) 
(3.2.3-12)  WES1108-1995 “ (CTOD) ,” 

(1995) 
(3.2.3-13) Sokolov, M. A., and Nanstad, R. K., Oak Ridge National Laboratory, Report 

No. NUREG/CR-6609 (2000). 
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4.  
29

 
PTS

PTS ( /
) ( )

PTS
2

( )
/

PTS
 

Cu Si
P C  


