
4.4.4  
RIA 

RIA 
22 

(4)  
Zry-4

SR * RX ** CW ***
23 (5-11) 24 

25 Q SR RX
26 SR 100 150 200

27 SR RX CW
28 29 30 SR 

Q CW  
RIA PCMI

/
Q 2 CW 1

Q 2 CW
Q

CW R-

Q CW
 

* SR: stress-relieved ** RX: recrystallized ***CW: cold-worked  
 
(1)  

CNC
(4)

10.7 mm 0.66 mm Q Q=2 CW
0 0.5

1 4.4.4-1



400 °C 30 min 400 °C
20  

R-
1 mm LECO

RHEN602 4.4.4-1
1 mm

#800 #1500 #4000 OPU 5% -20
25V ~10 SEM TM3000

5
SEM TM3000  

 
(2)  

4.4.4-1
 

2-1  
4.4.4-1

4.4.4-2
=0.5

2 4

CW
 

2-2 #14-20  
4.4.4-3 R-

300wppm
1 % 4.4.4-2  

2-3 =1 CW #21  
CW

=1

#21  
#21 179 wtppm

7.8



4.4.4-4 #21
45

4.4.4-
5

100 µm

 
4.4.4-6 R- R-

Z R-Z R-
4.4.4-2 R- R-Z

R- R-Z
R- R-Z 2

45
R- R-Z

R-

1
 

 
(3)  

Zry-4 14×14 CW Q=2

1 CW

R-Z R-
 

  



4.4.4-1  

  
Q   

   /wppm 
 
 

*1 CW 2 0  0.0410 0.0000 0  
*2 CW 2 0  0.0820 -0.0002 0  
3 CW 2 0  0.0378 0.0001 0  
4 CW 2 0  0.0756 0.0000 0  
*5 CW 2 0.5  0.0190 0.0095 0  
*6 CW 2 0.5  0.0251 0.0125 0  
7 CW 2 0.5  0.0502 0.0250 0  
8 CW 2 0.5  0.0317 0.0160 0  
9 CW 2 0.5  0.0728 0.0364 0  

10 CW 2 0.5  0.0698 0.0350 0  
*11 CW 2 1  0.0309 0.0308 0  
*12 CW 2 1  0.0697 0.0698 0  
*13 CW 2 1  0.0903 0.0905 0  
*14 CW 2 0  0.1311 0.0001 98  
*15 CW 2 0.25  0.0456 0.0114 90  
*16 CW 2 0.5  0.0654 0.0327 85  
*17 CW 2 0.75  0.1058 0.0793 91  
*18 CW 2 0  0.0594 0.0001 275  
*19 CW 2 0.25  0.0478 0.0119 299  
*20 CW 2 0.5  0.0374 0.0187 330  
21 CW 2 1  0.0780 0.0780 179  

*  
 
  



4.4.4-2 #21 R- R-Z  

R-  R-Z  

/ 1
0.0394 0.0432

/
/ 1

0.0358 0.0419

/ 1
0.0091 0.0046

45
23 1

522 349

/ 2
66584 60745
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4.5  
 
4.5.1  

LOCA

1473 K beyond design base accident(BDBA)

1473 K

1473 K

 

LOCA

LOCA

 

 

4.5.2  

1473 K

 

1%

BWR-4 20-

30 MW

 

2 2  

 

 

29.6 exp 16820.0
 

1
2  

 

 

Zr  
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Zr  

Zr  

 

 

 

 
 

1~50 m

4.5.2-1

MERCOR (1)

 

  155 W/cm 

  3.88 m 

  548  

  11 mm 

  72  

Zr   5797 J/g(1) 

 

1% 30 

MW

5 µm 1400~1500 K 30 MW 20 µm

1700 K 300 MW 300 MW

1

4.5.2-2

1600 K 1 m/sec

 

BWR-5 Short-term 

Station Blackout scenario

MELCOR (2) 1500 K

30 MW

Phebus (3)

 

Hofmann 1273

1973 K UO2



 
 

4.5-3 
 

(4) UO2 1273 K

-Zr(O)+(U, Zr) (U, Zr)

-

Hofmann(4) 1273 ~1973 K  UO2

4.5.2-3

1200

1400 1500 1600 40 20 10

UO2

1/4

4.5.2-4

4.5.2-3 4.5.2-4

1200 1600 Hofmann (5)

4.5.2-5 3 K/s

2100 400 m 2100

100 m 1900  

NSRR
(6)

20%
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1473 K

1473 K

 

 



 
 

4.5-4 
 

4.5.3  
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H31
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 NSRR

NSRR  
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4.5.2-3 Hoffmann UO2/Zry-4 (4) 
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4.6-1 

4.6  
4.6.1  

 
 
4.6.2 OS-1 PCMI FP  

RIA
RANNS(1) RANNS 14

NSRR

PCMI Pellet-Cladding Mechanical Interaction

 
OS-1 PCMI FP

PCMI
RIA PCMI

Cabri RIA REP Na-7 MOX
FP

(2) RIA FP
FP

OS-1 FP

 
 
(1) FEMAXI-8/RANNS  

4.6.2-1 4.6.2-1
FEMAXI-8/RANNS

9 3
2 1

2
 

FEMAXI-8 RIA



 

4.6-2 

RIA
RIA

RIA
1 1

FEMAXI-8
00029wnZuhG (3)  

 
(2)  

FEMAXI-8(4)

FP
RANNS 

RIA  
RANNS RIA

NSRR

PCMI PCMI FP
 

FEMAXI-8/RANNS
9 RODBURN (5) FEMAXI SWAT

(6) RANNS  
FP

FP
FP

FP
 

 
(3)  

4.6.2-2
4.1-1

ICORRO=9



 

4.6-3 

/ PC
PC PCMI FP

FP FP FP
4.6.2-2 14 R=01

4.6.2-1 RIA
Z=4

4  
RIA RIA

OS-1 RANNS RIA RIA
4.6.2-3

FEMAXI-8
 

RIA
PC PCMI

FP 4.6.2-15 27  
 
(4)  

FP

UO2 1000

NL_HSFB(1) Pa

FP
FP

NL_HSFB(2) Pa
Tachibana f__ = ( NL_HSFB(3) - 

NL_HSFB(4) ) exp( - ( Rfis / 1d14 ) NL_HSFB(5) ) + NL_HSFB(4) 
Rfis #/cm3/s NL_HSFB(7) (8)

FP
FP

 



 

4.6-4 

4.6.2-28
TGBS_4

NL_HSFB(1) = 50×1010 NL_HSFB(3) = 50 NL_HSFB(4) = 
0.0001 NL_HSFB(5) = 1.0

OS-1
RANNS 700-800

ADOPTTM

NSRR
10%

10%
/ FP
FP FP

NL_HSFB(7) = NL_HSFB(8) = 5.0
FP

FP ADOPTTM

FP

NSRR
FP

ADOPTTM

 

0.1% 35 J/g
 

 
  



 

4.6-5 

 

 
4.6.2-1  

 

 
  

 
 No.  

GWd/t 

 
  

BWR OS-1 61 

UO2  
3  

10 10type 
Zry-2 with liner 

 
 

FP

PCMI
 

 



 

4.6-6 

 
4.6.2-2  

 
  OS-1 

 (MWd/tU) 61000 
   

  (cm) 375.0 
  (cm3) 8.96 
  (cm3) 0.0 

  (MPa) 0.8 
   He 

   
  ( ) 277 
  (MPa) 7.0 
  (m/s) 3.0 
  (cm2) 1.220 

   
  (day) 4191  

2020/3/24 2020/9/1  
 
 
 

4.6.2-3 RIA  
 

  OS-1 
   

  (cc) 3.80 
  (MPa) 0.1 

   He 
100% 

   
  ( ) 20 
  (MPa) 0.1 
  (m/s) 0.01 
  (cm2) 112.0 
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2 3 4 5 

( ) 
OS-1 Zr  Zr  Zr  Zr   
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OS 1 base R=01 Z=03
OS 1 base R=01 Z=04
OS 1 base R=01 Z=05
OS 1 base R=01 Z=06

OS 1 base R=01 Z=07
OS 1 base R=01 Z=08
OS 1 base R=01 Z=09
OS 1 base R=01 Z=10
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OS 1 base R=01 Z=12
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OS 1 base R=01 Z=02
OS 1 base R=01 Z=03
OS 1 base R=01 Z=04
OS 1 base R=01 Z=05
OS 1 base R=01 Z=06

OS 1 base R=01 Z=07
OS 1 base R=01 Z=08
OS 1 base R=01 Z=09
OS 1 base R=01 Z=10
OS 1 base R=01 Z=11
OS 1 base R=01 Z=12
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4.6.2-8 PC  
 
 
 

 
 

4.6.2-9 PCMI  
  

0 20 40

0

10

AVERAGE BURNUP (GWD/TU)

OS 1 base R=01 Z=04

0 20 40
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20

40
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4.6.2-11 FP  
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20

AVERAGE BURNUP (GWD/TU)

OS 1 base R=01 Z=01
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OS 1 base R=01 Z=05
OS 1 base R=01 Z=06

OS 1 base R=01 Z=07
OS 1 base R=01 Z=08
OS 1 base R=01 Z=09
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OS 1 base R=01 Z=11
OS 1 base R=01 Z=12
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0 20 40

0

10

AVERAGE BURNUP (GWD/TU)

OS 1 base R=01 Z=01

0 20 40
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100

AVERAGE BURNUP (GWD/TU)

OS 1 base R=01 Z=01



 

4.6-14 

 

 
 
 

4.6.2-14 FP  
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0

10

AVERAGE BURNUP (GWD/TU)

OS 1 base R=01 Z=01
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4.6.2-15 RIA  
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4.6.2-18 RIA PC  
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4.6.2-20 RIA  
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4.6.2-23 RIA  

 
 

 
 

4.6.2-24 RIA  
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OS 1 R=12 Z=01

0 1.2 2.4

1

1.2

1.4

1.6

TIME (SEC)

OS 1 R=01 Z=01
OS 1 R=02 Z=01
OS 1 R=03 Z=01
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OS 1 R=10 Z=01
OS 1 R=11 Z=01
OS 1 R=12 Z=01
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4.6.2-25 RIA FP  

 
 
 

 
 

4.6.2-26 RIA  
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4.6.2-27 RIA  
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4.6-22 

4.6.3 RIA  
 

FEMAXI-8 00029wnZuhG(3)

FP
FP

(7) OECD/NEA RIA
VA-1 WZtR160

4.6.3-1
(8) ALP2 EPMA

(7) FP 4.6.3-1 EPMA
FP (3)

 
 

4.6.3-1 WZtR160  
 

BOC EOC Elapsed time
(days)

ALHR
(kW/m)

Rod Burn up
(GWd/t)

1 Cycle June 19, 1994 June 12, 1995 352 17.3 13.1
2 Cycle July 15, 1995 June 1, 1996 326 20.6 27.6
3 Cycle July 14, 1996 August 25, 1997 394 20.0 44.5
4 Cycle September 25, 1997 March 14, 1999 524 2.9 47.8
5 Cycle May 5, 1999 September 11, 2000 484 18.0 66.5

 
  



 

4.6-23 

 

 
 

4.6.3-1  WZtR160 EPMA FP
 

0 0.2 0.4
0

0.4

0.8

1.2

Radial position [cm]

Measured (EPMA)

Calc. intergranular bubble

Calc. intragranular bubble, size less than 0.1 micron

Calc. intragranular bubble, size less than 0.01 micron



 
 

4.6-24 
 

4.6.4 LOCA IFA-650.9  
 

FFRD PCT
TRACE FRAPCON/FRAPTRAN
H31 FFRD

(9) R2
LOCA PCT

LOCA
FFRD PCT

 
FFRD

LOCA IFA-650.9 TRACE 1

(10)

TRACE/FRAPTRAN
(9) TRACE

TRACE/FRAPTRAN
IFA-650.9 FFRD

RANNS / FFRD
 

4.6.4-1 IFA-650.9 4.6.4-2 4.6.4-1
(9)TRACE

4.6.4-2(a)
2 8 25 4.6.4-

2(b) (d)
4.6.4-3 4.6.4-4 8 25

4.6.4-5
TRACE

520 s  
  

 
1  



 
 

4.6-25 
 

 
4.6.4-1 IFA-650.9 (10) 

(mm) 480 
(mm) 9.13 

(mm) 8 
 
 

(%) 95.2 
(wt%) 3.5 
(mm) 9.30 
(mm) 10.75 

Zry-4(duplex cladding) 
(MPa) 4 

Ar0.95+He0.5 
(GWd/t) 90 

4.6.4-2 TRACE IFA650.9 * 

25 8 
500 

20 62.5 
9.3 

95.0 
(mm) 10.026 
(mm) 10.75 

Zircaloy 
(MPa) 7.0( 280 )

Ar 1.0 
(GWd/t) 0 

TARCE 2

 

 
2  



 
 

4.6-26 
 

 

4.6.4-1 IFA-650.9 TRACE TRACE
Symbolic Nuclear Analysis Package (SNAP)(11)
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(a)

 

(b)
 

4.6.4-2



 
 

4.6-28 
 

 

 (c)

 

(d)
 

4.6.4-2( )  
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(a) 8
 

 
(b) 8

 
4.6.4-3 8  



 
 

4.6-30 
 

 
(c) 8

 

 
(d) 8

 
4.6.4-3( ) 8  



 
 

4.6-31 
 

 
(e) 8

 
(f) 8

4.6.4-3( ) 8  



 
 

4.6-32 
 

 
(g) 8 ( )

 

 
(h) 8

 
4.6.4-3( ) 8  
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(i) 8 ( )

 

 
(j) 8

 
4.6.4-3( ) 8  
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(k) 8

 

 
4.6.4-3( ) 8  
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(a) 25

 

 

(b) 25
 

4.6.4-4 25  
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(c) 25
 

 
(d) 25

 
4.6.4-4( ) 25  
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(e) 25

 
 
(f) 25

 
4.6.4-4( ) 25  
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(g) 25 ( )

 
(h) 25

 
4.6.4-4( ) 25  
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(i) 25 ( )

 
(j) 25

 
4.6.4-4( ) 25  
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(k) 25
 

 
4.6.4-4( ) 25  
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(a)

 

(b) 100 900

4.6.4-5 IFA650.9  
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4.6.5 LOCA  
(1)  

FFRD
(12,13)

FFRD

 
(14,15)

FFRD
FFRD

(16)

 

4.6.5-1 a.1 a.2

4.6.5-1 b.1 b.2

4.6.5-1
c.1 c.2

 
FFRD LOCA

FFRD

LOCA LOCA
(16)
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(2)  

LOCA
(16)  

 

3960 20.4
1

8,510,000
100 1 2790  

 
TR H  

 
 

2  
 

d t P  
 

 
 

 = C1 H0.5 + C2 T0.5 + C3 T + I 
C1 C2 C3 I  

 

 
 

  
(12), (16)–(25)

4.6.5-1  

 
0–28 GWd/MTU
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60 GWd/MTU  
 

  
4 (1) (4)

(1) 2 (2) 5
(3) 5 (4) 5

 
 

 = C1(H – Hmin)0.5 + C2(T – Tmin)0.5 + C3(T – Tmin) + I (1) 
 = C1(H – Hmin)0.5 + C2(T – Tmin)0.5 + C3(T – Tmin) + Imean at model1 
 + C4M + C5S + C6L 

(2) 

 = GP(H, T, M, S, L) (3) 
 = C1(H – Hmin)0.5 + C2(T – Tmin)0.5 + C3(T – Tmin) + Imean at model1 

 + GP(M, S, L) 
(4) 

 
H T S L

M 0= In-pile 1= Out-of-pile

(26)

 

Witold R. Rudnicki (27)

Python Boruta(27)

P 0.05  
Hmin Tmin z-

score 0.5
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C1 C6 I Imean at model1  (1) I
 

GP (28)

 
 

~ 0, ,  
 

, 2  

 
X , ,  

 

obs

 
 

 
~ 0,  

 
SD  

 
 

~ ,  
 

(1) (2) (4)
SD (3) GP

 
 

  

(1) C1,2,3 I SD (2) C1 6 SD (3) , , (4) C1,2,3

, , SD  
(1) (2)

(3) t  
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| , , 1 2
2

1 1 1
 

 
=4 =0 =5 (4) t

C1 C2 C3 (1)
 

NUTS No-U-
Turn Sampler (29) NUTS

Stan(30) Python
PyStan(31) Python

 
Stan 0

z-score 0 1

(1) (2)  
 

3D  
 

 
(1) 2  
(1) 4.6.5-2

97.5 2.5
97.5 2.5 95%

97.5
2.5  

 
(2) 5  
(2) 4.6.5-3 (1)

(2)



 

4.6-47 
 

 
 

(3) 5  
(3) 4.6.5-4 (1)

(2)
 

 
(4) 5  
(4) 4.6.5-5 (1)

(2)
 

 
(3)  

WAIC(32) LOOCV(33)

 
 

2 log | log | log |  

 

2 log 1 |  

 
p Xi w Ew w

WAIC LOOCV  
WBIC WBIC

 
4.6.5-3 4.6.5-6

(4) WAIC LOOCV
 

 
(4)  

FFRD LOCA
LOCA

LOCA LOCA



 

4.6-48 
 

 
 

 
 

 
 

 

LOCA
 

 
 

 
  



 

4.6-49 
 

 
4.6.5-1  

ID 
  

ID    
(mm) 

(mm) 
 

(mm) (mm) (mm) (mm) 

(mm) 
 

(bar) (kg/s) m  m  

 
- 0: UO2 / 1: 

 / 2: 
 

 
(mm) (mm) 

 
(L at STP) 

(ppm) 

 
(GWd/MTU) 

0:In-
pile / 1:Out-of-pile 
/ 2:  

0:
 / 

1:
 

0:  / 1:
 

0:  
/ 1:  / 2:  
/ 3: +  / 4:

 

0:  / 1:
 

0:  / 
1:  / 2:

 / 3:
 / 4:

He / 5:  

bar  ( /s  ( /s) 

 
(bar) 

 
bar  (bar) 

(MPa) 

 
 

(%) 
 

(mm2) (mm) (mm) 
 

 
  



 

4.6-50 
 

4.6.5-2  

   

(1)  2 

(2)  5 

(3)  5 

(4)  5 
  



 

4.6-51 
 

 
4.6.5-3  

 WAIC LOOCV 

(1) 
 

2  
395 395 

(2) 
 

5  
366 368 

(3) 
 

5  
296 299 

(4) 
 

5  
296 297 

  



 

4.6-52 
 

 
4.6.5-1  ( )  

a.1 a.2 b.1 b.2
MAP 2 c.1 c.2

10  
 



 

4.6-53 
 

 
4.6.5-2 (1)  

  



 

4.6-54 
 

 
4.6.5-3 (2)  

 
  



 

4.6-55 
 

 
4.6.5-4 (3)  

 
  



 

4.6-56 
 

 
4.6.5-5 (4)  

 
  



 

4.6-57 
 

 

4.6.5-6  
 



 

4.6-58 

4.6.6 LOCA  
(1)  

FFRD
OECD/NEA (34) FFRD

IAEA 2018
FUMAC (35)

FFRD

LOCA
ECCS

200

FFRD
Lipinski

 
FFRD PCT

TRACE FRAPCON/FRAPTRAN
H31 FFRD

LOCA PCT

 
RIA Lipinski

(36)

LOCA RIA



 

4.6-59 

Lipinski
(37)

FFRD

FFRD

 
 
(2)  

RIA LOCA

Lipinski 0 (36)

(37)  
 
(3)  

4.6.6-1



 

4.6-60 

 
0.60 24

BWR 8x8,9x9A,9x9B 440W/cm
8x8( 10.4mm),9x9A( 9.6mm),9x9B

9.4mm PWR2,3,4 203,171,179 W/cm
14x14( 9.29mm),17x17( 8.19mm),17x17(

8.19mm) (37)  
Lipinski 0  

 
 

0.97  
 

0.4 Lipinski MAAP 0.26
 

0.01mm 100mm  
 
(4)  

4.6.6-1 FA
4.6.6-2

4.6.6-2

4.6.6-3 6
PWR(14x14,15x15,17x17) 44%

BWR(8x8,9x9A,9x9B) 32%
 

 
  



 

4.6-61 

4.6.6-1 Lipinski 0  

 

4.6.6-2 Lipinski 0
 

 

 

 

 

  



 

4.6-62 

 

 

 
 

4.6.6-1  Lipinski 0
 

 

 

 

  

1       

 
 

 
 

 

1 /       
/  

W/m

 

      
/  



 

4.6-63 

 

 
(a) PWR  

 

 
(b) PWR  14x14 

 
 

4.6.6-2 Lipinski 0  
 



 

4.6-64 

 

 
(c) PWR  15x15 

 

 
 (d) PWR  17x17 

 
 

4.6.6-2 Lipinski 0  
 



 

4.6-65 

 

 
(e)  BWR  

 

 

(f) BWR  8x8 
 

4.6.6-2 Lipinski 0  
 



 

4.6-66 

 

 (g) BWR  9x9A 
 

 

(h) BWR  9x9B 
 

4.6.6-2 Lipinski 0  



 

4.6-67 

(a) PWR  14x14 

(b) PWR  15x15 
4.6.6-3 Lipinski 0  



 

4.6-68 

(c) PWR  17x17 

(d) BWR  8x8 

4.6.6-3 Lipinski 0  
 



 

4.6-69 

 

 
(e)BWR  9x9A 

(f) BWR  9x9B 

4.6.6-3 Lipinski 0  



 

4.6-70 

(a) PWR  14x14 

(b) PWR  15x15 

4.6.6-4 Lipinski 0  



 

4.6-71 

(c) PWR  17x17 

(d) BWR  8x8 
4.6.6-4 Lipinski 0  



 

4.6-72 

(e)BWR  9x9A 

(f) BWR  9x9B 

4.6.6-4 Lipinski 0  



 

4.6-73 

(a) PWR  14x14 

(b) PWR  15x15 

4.6.6-5 Lipinski 0  



 

4.6-74 

(c) PWR  17x17 

(d) BWR  8x8 

4.6.6-5 Lipinski 0  



 

4.6-75 

(e)BWR  9x9A 

(f) BWR  9x9B 

4.6.6-5 Lipinski 0  



 

4.6-76 

(a) PWR  14x14 

(b) PWR  15x15 

4.6.6-6 Lipinski 0  



 

4.6-77 

(c) PWR  17x17 

(d) BWR  8x8 

4.6.6-6 Lipinski 0  



 

4.6-78 

(e)BWR  9x9A 

(f) BWR  9x9B 
4.6.6-6 Lipinski 0  



 

4.7-1 
 

4.7  
 
4.7.1  

PWR

IFE
 

PWR PWR

 
 
4.7.2  
(1)  

PWR

 
4.7.2-1 4.7.2-2 (1-8)  

 
(2)  

60GWd/t
1% 1 m

3 100mm



 

4.7-2 
 

150mm
50 100mm 2

 
22 2 IFA-735 IFA-736 (9)

2  
IFA-735 2 50mm 100mm

14 28 IFA-736
50mm 14 42

PWR
IFA-735 IFA-

736 FFA-030-S FFA-031-S IFA-735
FFA-030-S

100mm 12  
4.7.2-1 4.7.2-3 (10)  

 
(3)  

PWR PWR
300 320  (573 593 K) 155 bar (15.5 MPa)

240  (513 K)

PWR
IFA-735 IFA-736 PWR

 
 

 
 

 
 

 
 

 
 

 

IFA-735 
307 2 ( ) 
(580 2 (K)) 

162 2  
(bar) 

(16.2 0.2  
(MPa)) 

300 50 
 (l /min) 

1000 (ppm) 
4.6 (ppm) 

pH 7.3 
2500 (ppb) 

IFA-736 
330 2 ( ) 
(603 2 (K)) 

 
23 1 24 2

3 25 4 5 26 6
7 27 8 9 28 10

29 11 12 (11) (12)



 

4.7-3 
 

30 6 IFE
12 12

Loop 6 4.7.2-2 -3
4.7.2-4  

 
(4)  
(a)  

IFA-735 -736 TS

IFA-735 298 301 IFA-736
317 320 TS

TS 320 
1 12

TS 4.7.2-5 IFA-735 FFA-030-S

4.7.2-5  
 

(b)  

4.7.2-6
1%  

IFA-735 IFA-736

HELIOS

 
 

 
 

12 IFA-735 IFA-736
4.7.2-7 4.7.2-8

12



 

4.7-4 
 

7.8 1025 (n/m2) 12 dpa
 

 
4.7.3  

2

2
 

 
(a)  
(1)  

12 4.7.3-1
 

 
(2)  

12 4.7.3-2(1)
4.7.3-2(5) (1 )
2.8x10-3 (mm)

(1 ) 50 100mm 5.7x10-5 2.8x10-5  
 
(3)  

12 (mg/dm2)
4.7.3-3(1) 4.7.3-3(5) (1 )

2.8x10-2(mg)

(1 ) 50 100mm 0.54 0.27(mg/dm2)
 

 
(b)  
(1)  

 
4.7.3-4 4.7.3-1



 

4.7-5 
 

ZrO2

 
 
(2)  

10% 4.7.3-2
300 320

 
 
(3)  

500 g
 

3
3% (1 )  

4.7.3-3
 

 
(4)  

100mm ( 32 mm)
NC 1 1

SEM  
4.7.3-4

4.7.3-5~-6

 
 
 



 

4.7-6 
 

4.7.4  
240 300 320 

 4.7.3-7 Zry-4 SR
300 320 

0.2 %
240 Zry-4 SR

M-MDA (SR) Zry-4 (SR)
Nb  

4.7.3-8 200 ppm 400 ppm

Zry-4 (RX)
4.7.3-9 ppm

(13)

4.7.3-10
Zry-4 (SR) 15 %

10 %
 

 
4.7.5  

Zr
Zr

 
Zr

8 1025 (1/m2, E>1MeV)
240 300 320 300 320 

PWR 240 
 



 

4.7-7 
 

22 (
23

30 6
12 30 2

2  
Zry-4 (SR )

300 320 0.2 %
Nb

 

 
  



 

4.7-8 
 

 
 

4.7.2-1  

 
wt%  

 
Nb Sn Fe Cr O Zr 

M5 1.0 – 0.04 – 0.14 

Bal. 

 
M-MDA 0.5 0.5 0.3 0.4 – 
Q12 1.0 0.5 0.1 – 0.14 
J-Alloy_J2 1.6 – – 0.1 0.1 
J-Alloy_J3 2.5 – – – 0.1 
Opt-ZIRLO 1 0.67 0.1   

Zircaloy-4 – 1.20–1.70 0.18-0.24 0.07–0.13 0.09–0.13 

Bal. 
 

ZIRLO 0.9–1.13 0.90–1.2 0.1 – 0.09–0.15 
E110opt 1.0 – 0.04 –  
E635M 0.8 0.8 0.35   

 
  



 

4.7-9 
 

 
4.7.2-2  

Alloy* 

Zr-Sn-Fe system 
(reference) 

Zircaloy-4 
(Zry-4) 

(CW,Q=2) 
(CW,Q=4) 
(SR,Q=2) 
(SR,Q=4) 
(RX,Q=2) 
(RX,Q=4) 

Zr-Nb system 

M5 
J-Alloy, J2 
J-Alloy, J3 
E110opt 

Zr-Nb-Sn-Fe 
system 

M-MDA 
(SR) 
(RX) 

Q12 
Optimized ZIRLO (P-RX) 

ZIRLO 
(SR) 
(RX) 

E635M 
(* CW: cold-worked, SR: stress-relieved, RX: recrystallized. P-RX: Partial 

recrystallized Q: Q-value at tube fabrication) 
  



 

4.7-10 
 

 
4.7.2-3(1)  

(a) IFA-735 
240 (513K) FFA-030-S 1 1

 
 

 a ( 10cm)  a ( 10cm) 
1 M5 7 M5 
2 Zry-4(RX) 8 Zry-4(RX) 
3 Zry-4(SR) 9 Zry-4(RX)+H* 
4 M-MDA(SR) 10 M-MDA(RX) 
5 J-Alloy_J2 11 Opt-ZIRLO(P-RX) 
6 J-Alloy_J3 12 ZIRLO(RX) 

 
300 (573K) 

 
a 

1 ( 10cm) 2 ( 5cm) 
    

1 M5 M5 M MDA(RX) M5 
2 Zry-4(RX) Zry 4(RX) M MDA(RX)+H* M5+H* 
3 J-Alloy_J3 Zry 4(SR) J Alloy_J2 Zry 4(RX) 
4 ZIRLO(RX) M MDA(SR) J Alloy_J2(RX)+H* Zry 4(RX)+H* 
5 Opt-ZIRLO(P-RX) M MDA(RX) Zry-4(SR, High-Q) Zry 4(SR) 
6 ZIRLO(SR) J Alloy_J2 Zry-4(RX, High-Q) M MDA(SR) 
7 Zry-4(CW, High-Q) Zry-4(CW) Zry-4(RX, High-Q)+H* M MDA(SR)+H* 

 

a CW: SR: RX: P-RX:
H*: 200ppm High-Q: Q (Q=4)  

 Q ( 0 0

)  

0000 )()( dddtttQ   



 

4.7-11 
 

 
4.7.2-3(2)  

 
(b) IFA-736 

 320 (593K) 

 

1 
( 5cm) 

2 
( 5cm) 

3 
( 5cm) 

      

1 J-Alloy_J3 M5 Opt-ZIRLO(P-RX) M5 M MDA(RX) M5 
2 ZIRLO(RX) M5 ZIRLO(SR) M5 M-

MDA(RX)+H* 
M5+H* 

3 E110-Opt Zry-4(RX) J-Alloy_J3 Zry-4(RX) J Alloy_J2 Zry 4(RX) 
4 Zry-4(CW) Zry-4(SR) ZIRLO(RX) Zry-4(SR) J Alloy_J2+H* Zry-4(RX)+H* 
5 Zry-4(CW, 

High-Q) 
J-Alloy_J2 E110-Opt M-

MDA(SR) 
Q12 Zry

4(RX)+H** 
6 Zry-4(RX, High-

Q) 
Opt-ZIRLO(P-

RX) 
Q12 M-

MDA(RX) 
Q12+H* M MDA(SR) 

7 Zry-4(RX, High-
Q)+H** 

ZIRLO(SR) E635M J Alloy_J2 Q12+H** M-
MDA(SR)+H* 

 
a CW: SR: RX: P-RX:

H*: 200ppm H**: 400ppm High-Q: Q
(Q=4) 

 Q ( 0 0

)  

0000 )()( dddtttQ  

 
 

  



 

4.7-12 
 

 
4.7.3-1(1)  

IFA-735  

  
 ( m) 

 
  

5-3 J-Alloy_J3 3.0 2.9 
5-10 Zry-4 (SR) 4.2 4.1 
5-15 M-MDA (RX) 7.7 9.8 
5-21 Zry-4 (RX, High-Q)+H 5.2 4.1 
5-22 M5 3.0 2.9 
5-28 M-MDA (SR)+H 3.7 2.7 

5-31(deuterium) Zry-4 (SR) 9.8 8.9 
5-34(deuterium) J-Alloy_J3 7.7 9.8 
5-35(deuterium) M5 12.6 12.4 
5-36(deuterium) Zry-4 (RX) 10.5 10.0 
5-37(deuterium) Zry-4 (RX)+H 14.2 13.9 
5-38(deuterium) M-MDA (RX) 11.6 12.0 
5-39(deuterium) Opt-ZIRLO (P-RX) 12.2 11.7 
5-40(deuterium) ZIRLO (RX) 10.4 10.5 

 
  



 

4.7-13 
 

 
4.7.3-1(2)  

IFA-736  

  
 ( m) 

 
  

6-7 Zry-4 (RX, High-Q)+HH 14.4 17.3 
6-14 ZIRLO (SR) 9.6 8.8 
6-18 ZIRLO (RX) 24.8 20.2 
6-25 Zry-4 (SR) 6.8 7.2 
6-29 M-MDA (RX) 13.7 13.8 
6-31 J-Alloy_J2 5.4 5.4 
6-36 M5 5.8 5.6 
6-38 Zry-4 (RX) 8.3 7.8 
6-13 Opt-ZIRLO (P-RX) 6.1 6.3 
6-41 M-MDA (SR) 6.9 6.5 
6-42 M-MDA (SR)+H 5.9 5.8 

 
 

  



 

4.7-14 
 

 
4.7.3-1(3)  

 
 

  
 ( m) 

 
  

6 Zry-4 (RX)+H 3.6 3.4 
10 M-MDA (SR)+H 0 4.9 
12 Zry-4 (RX, High-

Q)+H 
4.8 4.6 

13 Zry-4 (RX, High-
Q)+HH 

8.0 7.8 

 
 
 



 
 

4.7-15 
 

 
4.7.3-2(1)  

 
IFA-735  

   
(ppm) 

5-3 J-Alloy_J3 28 
5-10 Zry-4 (SR) 61 
5-15 M-MDA (RX) 71 
5-21 Zry-4 (RX, High-Q)+H 224 
5-22 M5 60 
5-24 Zry4 (RX) 32 
5-28 M-MDA (SR)+H 209 
5-31 Zry-4 (SR) 199 
5-34 J-Alloy_J3 87 
5-35 M5 112 
5-36 Zry-4 (RX) 244 
5-37 Zry-4 (RX)+H 461 
5-38 M-MDA (RX) 169 
5-39 Opt-ZIRLO (P-RX) 111 
5-40 ZIRLO (RX) 121 

 
  



 
 

4.7-16 
 

 
4.7.3-2(2)  

 
IFA-736  

   
(ppm) 

6-7 Zry-4 (RX, High-Q)+HH 612 
6-14 ZIRLO (SR) 108 
6-18 ZIRLO (RX) 194 
6-25 Zry-4 (SR) 140 
6-29 M-MDA (RX) 152 
6-31 J-Alloy_J2 40 
6-36 M5 67 
6-38 Zry-4 (RX) 150 
6-13 Opt-ZIRLO (P-RX) 51 
6-19 E110 26 
6-30 M-MDA (RX)+H 325 
6-32 J2 (RX) H 151 
6-37 M5 H 173 
6-39 Zry4 (RX)+H 272 
6-40 Zry4 (RX)+HH 662 
6-41 M-MDA (SR) 62 
6-42 M-MDA (SR)+H 253 

 
 
  



 
 

4.7-17 
 

 
4.7.3-2(3)  

 
 

 
  

(ppm) 
1 J-Alloy_J3 15 
2 M5 14 
3 M-MDA (RX) 16 
4 Opt-ZIRLO (P-RX) 18 
5 ZIRLO (RX) 19 
6 Zry-4 (RX)+H 190* 
7 Zry-4 (RX) 19 
8 Zry-4 (SR) 22 
9 J-Alloy_J2 15 

10 M-MDA (SR)+H 180* 
11 ZIRLO (SR) 14 
12 Zry-4 (RX, High-Q)+H 190* 
13 Zry-4 (RX, High-Q)+HH 410* 
14 Zry-4 (RX)+HH 410* 
15 M-MDA (RX)+H 180* 
16 M5+H 160* 
17 M-MDA (SR) 16 
18 Opt-ZIRLO (P-RX) 18 

*  +15%  
 
  



 
 

4.7-18 
 

 
4.7.3-3 3  

 
IFA-735  

  HV0.5 
  HV0.5 

    

5-3 J-Alloy_J3 223 226 5-34 J-Alloy_J3 241 234 
5-10 Zry-4(SR) 286 267 5-35 M5 251 243 
5-15 M-MDA(RX) 292 285 5-36 Zry-4(RX) 247 239 
5-21 Zry-4(RX, High-Q)+H* 274 255 5-37 Zry-4(RX)+H* 256 237 
5-22 M5 236 233 5-38 M-MDA(RX) 291 278 
5-28 M-MDA(SR)+H* 314 291 5-39 Opt-ZIRLO(P-RX) 273 269 
5-31 Zry-4(SR) 286 262 5-40 ZIRLO(RX) 273 260 

 
 

IFA-736  

  HV0.5 
  HV0.5 

    

6-7 Zry-4(RX, High-Q)+H** 272 264 6-29 M-MDA(RX) 293 280 
6-14 ZIRLO(SR) 287 269 6-31 J-Alloy_J2 231 221 
6-18 ZIRLO(RX) 274 263 6-36 M5 224 223 

6-25 Zry-4(SR) 285 263 6-38 Zry-4(RX) 270 258 
 
 

 

  HV0.5 
  HV0.5 

    

1 J-Alloy_J3 162 151 8 Zry-4(SR) 223 206 
2 M5 169 161 9 J-Alloy_J2 165 151 
3 M-MDA(RX) 179 171 10 M-MDA(SR)+H* 244 227 
4 Opt-ZIRLO(P-RX) 208 195 11 ZIRLO(SR) 238 221 
5 ZIRLO(RX) 169 168 12 Zry-4(RX, High-Q)+H* 177 172 

6 Zry-4(RX)+H* 176 169 13 Zry-4(RX, High-Q)+H** 176 168 
7 Zry-4(RX) 176 167    

 
 

 
  



 
 

4.7-19 
 

 
4.7.3-4  

IFA-735  

   
(MPa) (MPa) 

 
(N) (%) (%) 

5-3 J-Alloy_J3 770 595 1044 11.1 16.8 
5-10 Zry-4(SR) 1131 930 1545 11.2 17.0 
5-31 Zry-4(SR) 1094 916 1494 9.7 12.8 
5-34 J-Alloy_J3 805 621 1091 8.3 12.6 
5-35 M5 818 708 968 10.8 12.2 
5-36 Zry-4(RX) 949 813 1296 9.1 10.7 
5-37 Zry-4(RX)+H* 977 851 1334 8.1 9.6 
5-38 M-MDA(RX) 996 821 1350 8.1 11.1 
5-39 Opt-ZIRLO(P-RX) 982 982 1331 8.9 11.4 
5-40 ZIRLO(RX) 910 728 1235 7.8 10.0 

 
 

   
(MPa) (MPa) 

 
(N) (%) (%) 

1 J-Alloy_J3 510 375 691 21.5 40.8 
2 M5 500 361 591 24.4 41.7 
3 M-MDA(RX) 564 420 765 21.4 42.1 
4 Opt-ZIRLO(P-RX) 679 524 921 17.1 31.5 
5 ZIRLO(RX) 541 399 734 20.0 41.4 
6 Zry-4(RX)+H* 606 643 827 20.7 40.1 
7 Zry-4(RX) 601 447 820 21.1 37.2 
8 Zry-4(SR) 879 699 1201 14.0 25.5 
9 J-Alloy_J2 498 360 675 22.9 38.0 

9-2 J-Alloy_J2 508 363 689 20.3 40.8 
10 M-MDA(SR)+H* 820 681 1112 14.0 23.3 
11 ZIRLO(SR) 815 643 1106 14.5 23.2 
12 Zry-4(RX, High-Q)+H* 594 462 811 18.7 33.2 
13 Zry-4(RX, High-Q)+H** 620 484 847 19.0 31.3 

 
  



 
 

4.7-20 
 

 
 

 

 
(a) 50 mm  

 

 
(b) IFA-735  

 
4.7.2-1  

  

(50mm) 

(100mm) 



 
 

4.7-21 
 

 
 

 
 

4.7.2-2 12
 

 
  



 
 

4.7-22 
 

 

 

 
(a) IFA-735 

 

 

 
(b) IFA-736 

 
4.7.2-3 12  

 



 
 

4.7-23 
 

 

 
 

4.7.2-4  
 
  



 
 

4.7-24 
 

 

 

 
(a) IFA-735 

 

 

 
(b) IFA-736 

 
4.7.2-5 12  



 
 

4.7-25 
 

 
 
 

 
 

4.7.2-6  
  

IFA-735 IFA-736 

Specimen position  



 
 

4.7-26 
 

 
 

 
(a) IFA-735 

 

 
(b) IFA-736 

 
4.7.2-7 12  



 
 

4.7-27 
 

 
(a) IFA-735 

 

 
(b) IFA-736 

 
4.7.2-8 12  

 



 
 

4.7-28 
 

 
 12  

5-1  
5-2 

 
5-3 

 
5-4 

 
5-5 

 
5-6 

 
5-7 

 
5-8 

 
5-9 

 
5-10 

 
5-11 

 
5-12 

 
5-13 

5-14 

5-15 
 

5-16 
 

5-17 
 

5-18 
 

5-19 
 

5-20 
 

5-21 
 

5-22 
 

5-23 
 

5-24 
 

5-25 
 

5-26 
 

5-27 
 

5-28 
 

4.7.3-1(1) (IFA-735 ) 



 
 

4.7-29 
 

 
 12  

5-29  
5-30 

 
5-31 + 

5-32 
 

5-33 
 

5-34 
 

5-35 
 

5-36 
 

5-37 
 

5-38 
 

5-39 
 

5-40 
 

+ 11
12
 

 
4.7.3-1(2) (IFA-735( )

) 
  



 
 

4.7-30 
 

 
 

 12  

6-1  
6-2  
6-3  
6-4  
6-5  
6-6  
6-7  
6-8  
6-9  

6-10  
6-11  
6-12  
6-13  
6-14 

6-15  
6-16  
6-17  
6-18  
6-19  
6-20  
6-21  

 
4.7.3-1(3) (IFA-736 ) 
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