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Abstract

The high Cr ferritic / martensitic steels with a superior resistance to swelling are
thought to be preferrable for the long — life wrapper tube materials of the large —
scale FBR’s. To evaluate the applicability of the ferritic / martensitic steels
strengthened by solid — solution and carbide precipitation for the wrapper tubes, the
material design to fullfil the requirements for the tensile and the impact properties, and
the trial — manufacturing test were performed. The composition selected as a basis
was 0.14C — 0.5Ni — 11Cr — 0,5Mo — 2.0W — 0,25V — 0.07Nb — 0,06N, and the effects of N,
V, and Nb contents and the heat — treatment conditions on the tensile and the impact
properties were examined. '

(1) The tensile and yield strength at elevated — temperatures was largely affected
by the heat — treatment conditions, while the effect of the chemical compositions
on the strength was small.

(2) The impact properties were largely affected by both chemical composition and
the heat — treatment condition, The higher contents of N, V, and Nb than those
of the basic composition increased the DBTT.

(8} To fullfil the requirements for the tensile and the impact properties of the
wrapper tubes, the basic composition selected in this study and the heat —
treatment condition, normalized at 1050°C and tempered at 710°C, were thought to
be suitable.

(4) From the manufacturing test of the wrapper tubes applying the selected chemical
composition and the heat — treatment condition,the wrapper tubes having high
strength and superior impact properties exceed the requirements were obtained.

Work performed by KOBE STEEL, LTD. under contract with Power Reactor and
Nuclear Fuel Development Corporation.
PNC Liaison : ADS, Fuels and Materials Division, I.Seshimo
# 1 : Materials Research Laboratory, KOBE STEEL, LTD.
% 2 : Tron & Steel Production Division,Choufu —Kita Plant.
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=1 AERMOEZRS (Wt %)

Mark C Si Mn P S Ni Cr Mo w \'4 Nb N
A 0.13 ; 0,060 | 0.62 |0.0016 | 0.0018 | 0.52 11.60 | 0.56 2.01 0.25 0.07 | 0.048
B 0.12 0.018 | 0.64 {0.0013|0.0017 | 0.50 11.564 | 0.65 2.02 0.25 0.07 | 0.071
C 0.14 | 0024 | 0.63 | 0.0016 | 0.0020 | 0.50 1154 | 055 | 2.03 0.35 | 0.11 | 0.050
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AERMOTESAERR

Hardness, HV 10 kgf

Mark | Temper &4
1 2 3 4 5 Average
Al (750°C) | 304 302 299 306 308 304
A2 (725°C) | 315 318 315 315 315 316
A A3 (700%C) | 327 329 319 326 325 325
A4 (875°C) | 336 332 334 332 336 334
Bl (750°C) | 308 302 309 305 308 306
B2 (725°C) | 323 317 322 319 314 319
B B3 (700°C) | 332 333 334 334 336 334
B4 (6?5"0) 343 343 346 350 344 345
Cl (750°C) | 298 297 298 297 303 299
c2 (725°C) | 319 317 315 319 318 318
© C3 (700°C) | 336 333 330 333 332 333
C4 (675°C) | 340 337 339 339 343 340
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#*3.1

HERV OS] RARBER
(3{FEA : 0.14C-0.5Ni-11Cr-0.5Mo-2.0W-0.25V-0.07Nb-0.06N)

SIS

HEGRE 0.2 %iH FliEmE B g b e Wr

(Beb & LBE) ) (kgf /mm?) (kgf,/mm?) (%) (%) &
RT 78.5 96.3 18.3 67.0 A

79.1 95.8 18.0 66.3 A

40.1 49.8 23.7 88.3 A

1 600 385 49.1 25.0 88.1 A
o 32.4 41.4 23.0 90.5 A
(750°C) 650 29.0 41.2 25.3 91.5 A
700 24.3 31.1 22.3 92.4 A

24.2 31.5 22.7 92.8 A

RT 82.6 99.9 17.0 67.0 A

83.8 99.7 17.7 65.8 A

42.7 52.3 24.3 87.0 A

2 600 43.3 52.5 23.3 86.6 A

° 35.0 44.3 22.3 88.7 A
(725°C) 650 35.5 44,3 23.0 88.9 A
700 26.4 33.1 26.0 91.2 A

26.6 32.8 24.0 91.2 A

RT 86.6 104.0 17.3 66.4 A

83.3 102.8 18.3 66.4 A

44.6 54.7 21.7 85.8 A

_3 600 46.3 56.2 20.3 85.3 A

0 38.8 47.3 20.3 86.7 A
(700°C) 650 38.1 47.5 20.3 87.4 A
700 29.6 35.8 20.3 90.4 A

28.3 35.3 22.0 90.6 A

RT 89.9 106.0 16.7 65.5 A

89.6 105.2 16.7 67.0 A

46.3 56.9 19.3 84.7 A

4 600 47.1 56.9 19.3 85.1 A

0 38.9 48.0 20.0 86.6 A
(6757C) 650 39.9 48.6 20.0 87.7 A
700 28.8 36.4 20.0 90.9 A

29.1 35.4 20.0 89.9 A




%3.2 RIERH D5 RARER
($%B : 0.12C-0.5Ni-11Cr-0.56Mo-2.0W-0.25V-0.07Nb-0.08N)

i AERIBEE 0.2 %t H iR & f o~ 5] W
(e & LERE) °C) (kef ~mm®) (kgf,”'mm?) (%) (%) &
RT 79.2 96.9 18.3 66.4 A
79.4 96.3 17.3 67.5 A
39.0 50.7 22.7 86.4 A
1 600 38.9 51.1 20.7 85.7 A
o 32.3 40.9 22.0 89.8 A
(750°C) 650 32.6 41.2 24.0 90.1 A
700 24.9 32.2 20.3 90.0 A
23.0 31.7 22.7 91.9 A
RT 83.5 100.5 18.3 66.5 A
84.8 101.7 18.0 66.7 A
42.6 52.9 22.7 85.5 A
2 600 43.7 54.4 20.7 85.1 A
o 34.9 43.4 21.0 89.8 A
(725°C) 650 35.3 . 446 22.7 89.2 A
700 27.0 34.4 21.0 91.2 A
26.8 33.6 21.7 91.3 A
RT 89.4 106.4 18.0 67.0 A
88.4 104.4 17.0 66.2 A
46.6 56.0 20.0 84.3 A
3 600 46.2 56.6 20.0 84.8 A
0 39.1 48.4 19.3 88.4 A
(760°C) 650 39.8 48.7 19.3 86.5 A
700 29.9 36.7 20.0 89.3 A
30.5 37.9 19.3 89.4 A
RT 92.9 110.2 18.0 64.5 A
90.1 108.3 17.3 65.6 A
48.9 58.8 19.3 84.8 A

4
600 49.5 58.7 19.3 84.5 A
o 40.4 49.6 19.7 86.6 A
(675°C) 650 40.9 50.5 20.0 89.5 A
700 28.6 37.0 20.0 89.5 A
28.1 37.6 19.0 91.0 A




#3.3

AR D5 RHRER
(#FEC : 0.14C-0.6Ni-11Cr-0.5M0o-2.0W-0.35V-0.10Nb-0.06N)

F =5 AR 0.2 %71 gReR X i ®w b W B
(et & LD C) (kgf /mm?) (kgf /mm?) (%) (96) i &
RT 77.5 93.2 17.7 66.4 A
77.8 94.1 17.7 65.8 A
35.0 47.8 23.7 87.2 A
1 600 - 38.1 48.3 23.7 86.9 A
0 29.2 39.9 25.3 91.2 A
(750°C) | 650 30.2 40.0 23.0 89.9 A
700 21.2 29.0 22.7 92.1 A
20.9 29.6 23.0 91.8 A
RT 82.0 99.5 17.7 65.5 A
81.2 100.1 17.0 64.4 A
44.5 53.9 21.7 84.6 A
2 600 42.4 53.2 22.3 88.7 A
o 33.9 43.5 23.3 89.0 A
(725°C) | 650 35.1 44.4 22.3 88.7 A
700 26.1 32.6 20.7 91.0 A
24.7 33.0 23.3 91.4 A
RT 87.4 105.0 17.7 66.5 A
87.6 106.3 18.0 66.3 A
46.0 55.8 21.3 83.0 A
3 600 45.8 55.9 21.0 " 84.1 A
o 38.8 43.9 23.0 88.1 A
(700°C) 650 38.8 47.6 21.7 88.4 A
700 28.3 35.8 21.7 90.4 A
27.5 36.0 24.3 89.8 A
RT 89.2 108.6 17.3 65.6 A
92.0 108.7 17.7 64.2 A
48.5 58.8 20.7 83.7 A

4
600 49.5 58.6 21.0 84.1 A
0 40.1 49.3 20.0 87.1 A
(675°C) 650 40.7 49.5 20.0 86.8 A
700 29.7 36.7 . 19.3 89.9 A
29.2 36.3 21.0 90.0 A
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F4.1

Yy VE—BEMRER

(A:0.14C-0.5Ni-11Cr-0.5Mo-2.0W-0.25V-0.07Nb-0.06N)

B 1050°C « %h+ AC 1050°C - ¥2h + AC 1050°C « h - AC 1050°C - ¥h « AC
.E" 750C - %h -+ AC 725°C - h + AC 700°C « ¥2h - AC 675°C « 12h « AC
l( OC;; WXL A — | B (SRR AR RS BN RS |- Rkkma
(kgf-m) (26 {kgf-m) (%) (kgf-m) (%) {kgf-m) (95)
— 78
0| 06 | 100 0.6 | 100 0.8 90 0.4 | 100
a0l 12 85 1.2 82 1.0 80 1.0 88
1.0 86
0| 12 71 1.8 62 1.2 75 1.8 55
3.0 32 1.8 67 1.2 81 1.6 70
ol 37 23 3.2 26 1.8 63 1.8 67
4.2 0 3.2 33 2.7 20 2.3 38
05| 5° 0 4.7 3 4.4 14 4.2 7
4.7 3 4.7 0 3.9 g
ol 63 0 6.0 0 5.5 0 5.5 0
Loo| 6° 0 5.7 0 5.5 0 5.5 0
160
240




#4.2

e VE—HEHRER
(A:0.12C-0.5Ni-11Cr-0.5Mo-2.0W~0.25V-0.07Nb-0.08N)

S ER 1050°C » ¥h - AC 1050°C - ¥h - AC 1050°C « %2h - AC 1050°%C » ¥2h « AC
'_’EFF 750°C « ¥5h - AC . 725°C » ¥ah - AC 700°C + ¥2h - AC 6757 « J4h + AC
(.,Cl) BEEANF -] BEHEE |[RRsiid—| ROREH |BTaE-| RERER | mRzie—| s
(kegf-m) @8 (kef-m} (% (kgf-m) (%) (kgf-m) . (35)
_ag| 08 | 100
_eo| IO 85 0.8 90 0.6 | 100 0.4 100
_s0| 14 84 1.4 77 | 0.8 86 0.8 88
1.2 86
oo 80 48 1.6 72 | 1.6 75 | 1.2 78
3.0 41 1.6 76
2.0 66
ol 42 21 2.5 45 e 68 1.6 66
| 2.5 48 ' 16 | 77
1.6 76
o5 | 5 0 5.2 0 4.4 15 3.7 16
4.4 13 2.7 26
ol 63 0 5.7 0 5.5 0 5.2 0
ol &7 0 6.5 0 5.5 0 6.0 0
160 6.3 0 5.7 0
240

_18....




F4.3

Dy IVE-HERBER
{C:0.14C-0.5Ni-1 1Cr-0.6Mo-2.0W-0.356V-0.10Nb-0.06N)

1050°C » ¥%h « AC

1050°C « ¥2h « AC

1050°C » ¥%h » AC

1050°C « 2h - AC

li 750°C +» 6h » AC 725°C « Vah - AC 700°C «- bh » AC 875°C « h « AC
I(Boncx) BN T AF—| BERER [RRoiLE—| EEpmE Bl R (BRos - RS
(kgf-m} (%) (kgf-m) (%) (kgf-m) (%) (kgi-m) (%)
0.6 100
- 178
60 1.0 86 0.4 100 0.4 100 0.4 100
1.4 2 0.8 90 0.6 90
— 40 7
90 3.0 34 0.8 84 0.8 86 1.2 84
1.8 87 1.4 77 1.2 83
0 3.9 0 1.8 57 1.6 66 1.6 61
3.4 16 2.0 54 1.4 73 1.4 60
o5 4.4 7 3.7 9 3.2 8 3.0 15
3.4 18
6.0 0 5.2 0 4.4 0 4.4 0
60 -
5.5 0 5.7 0 6.0 0 4, 0
100 Y
5.5 ) 0 5.7
160 0 5.2 0
5.5
240 0




%5

HIES v NEOEFERSATER (Wt %)

Cr'

X Al c Si Mn P S Ni Mo w Co \' Nb Al N
wom | %l =o0| 20 [soomizoom) 00 100, 1030 | 110 | — | 020 1208 |<o0q| 201
B 1= 0.14 | — | 0.50 | — — ! 050 | 11.2 | 050 | 200 | — | 0.25 | 0.07 | — | 0.06
4y rbsg| 0.14 | 0.06 | 0.50 | 0.003 | 0.004 | 0.49 | 11.3 | 0.46 | 2.06 | 0.02 | 0.23 | 0.06 | 0.02 | 0.05
AvFyFF# | 0.14 | 0.06 | 0.49 | 0.002 | 0.004 | 0.50 | 11.2 | 0.45 | 2.07 | 0.02 | 024 | 0.05 | 0.02 | 0.06
w8 0.14 | 0.05 | 0.49 | 0.002 | 0.003 | 0.50 | 11.3 | 0.45 | 2.07 | 0.02 | 0.22 | 0.06 { 0.02 | 0.06




%6 HIET o NEBOHBHNEINERR
( ASTM E112 Plate 1)

RE - Top HIEEEIE =E - Bottom AIERFTE
# L Hn oOE E 5 1 g i E & 5
1 8.0 1 8.5
2 8.0 2 9.0
3 8.5 3 9.0
4 8.5 4 9.0
5 8.5 5 9.0
6 8.0 6 8.5
7 8.0 7 8.5
8 8.0 8 9.0
9 8.5 9 9.0
10 8.0 10 8.5
LRI 8.2 FgRE 8.8
®7 BES v NEOFERAENHEER
( ASTM E45 Method A Plate 1 )
A FE i B M
A B C D
THIN — 1 o 4
Top JIHWE |- ] B
HEAVY | — —
Bottom THIN 1§ N I R 3 ________
{00 43¢ 17 HEAVY _ -

....21._




%8 HIES o NEDBERBESR
s FARYIEN
——— = ok v NEf
°C) 02%M77 | BEEsRx | e | 02%@H | 2iEEmex | Mo
(kgf/mm?) | (kgf/mmd | (%) | kef/mm?) | kef/mmd).| (%)
RT 85.9 102.7 13.2 82.3 99.7 10.4
600 46.0 54.8 19.6 44.1 52.3 12.0
650 37.1 46.2 20.4 35.8 44.1 15.4
700 28.7 36.2 19.2 28.5 35.3 17.0




=9 RIES v NBOV v IE—FEHABER

RBREE CH 7y K
CC) [mmesre—| REWEE |BRzir¥— | BEREE
(kgf-m) (%) - - (kgf-m) (%)
- 120 0.7 a0 0.7 90
- 100 0.9 80 0.9 90
- 80 0.9 80 0.7 85
- 60 0.9 65 0.9 65
— 50 1.0 bb 1.0 55
— 40 1.2 35 1.2 45
- 20 1.6 i5 1.4 20
0 1.8 0 1.8 0
+ 20 2.0 0 1.8 0
+ 50 1.8 0 1.8 0

Specimen : 2.5' X 10¥ X 55'mm
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1050°C + 30min

750°C - 30min -==--- Al BI, Cl
[ 725 A2, B2, C2
[ 700c A3, B3, C3
| er5%C A4, B4, C4
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Hardness, HV (10kgf)

400

350

300

250

|

0> o
OwX

650

700 750

Tempering temperature, (°C)

1050 °C X 30 min  AC —> T °C X30 min * AC

B 5

B EHRAEBEEEOBR




Tensile strength, 0.2% proof stress (kgf/mm2), Elongation (%)
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....-Q _______ """'-'-"-—.& ‘é
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o _” | ] |
650 700 750

Tempering temperature (°C)
1050 °C X 30 min* AC—> T °C x30 min - AC

B 6.1 BIERMELELE LEEOBR (HEA)
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Tensile strength, 0.2% proof stress (kgf/mm?2), Elongation (%)
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Tensile strength, 0.2% proof stress (kgf/mm?), Elongation (%)
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Brittle fracture (%)
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Absorbed energy (kgf-m)

Specimen : 5 x10"x55mm
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Specimen : 5'x10"x55"mm
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Brittle fracture (%)

Absorbed energy (kgf-m)
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Specimen : 5 x10"x55 "mm

Temperature ("C)
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9 Specimen : 5! x10%x55 " mm
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Specimen : 5! x10¥x55'"mm
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Brittle fracture (%)

Absorbed energy {(kgf-m)
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- Specimen : 5'x10"x55"mm
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9 100 Specimen : 5 x10%x55"mm
~ © 1 | | |
2 ™o
= AN
g \
ey
o o
e
= | L NI | o
m

10 [ [ | ! |
=
w
o
)
= O o
o o
T 5 | ]
@
-
& O/
o] /
o (o]
£
o o
»n [Vl
L o~
< 9 -oT I | l I

-100  -50 O 50 100 150 200
Temperature ('C)
B 7.8 Uyl E—EFRRRER

(B: 1060°C—=675°C)

_.39......



Specimen : 5 x10¥x55"mm
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Specimen : 5 x10"“x55"mm
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Specimen : 5t x10%x55"mm
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Tensile strength, 0.2% proof stress (kgf/mm?), Elongation (%)
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