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Creer test for FBR fuel cladding tubes (XIII)

Abstract

The development program for cladding tubesrof 316 stainless
steel was completed at 12th creep test, and cladding tubes of
316 modified stainless steel which indicated superior creep
rupture strength were developed. From now on, high temperature
strength of cladding tubes of solution hardenéd austenitic
stainless steel will be evaluated, according to the development
program for the stainless steel which is expected to have better
void swelling resistence than 316 modified stainless steel.

The program is carried out by Allov Development Working Group.

In the present 13th creep test, tensile test, burst test,
Creep rupture test under internal pressure and metallurgical
observation have been performed for cladding tubes of four kinds
of austenitic stainless steel, domestically trial-manufactured
in fiscal year 1982, out of six kinds. The four kinds are 15Cr-
15Ni-2,5M0=-0.25Ti(57MS1), 15Cr-20Ni-2.5M0-0.20Ti(57MK2), 15Cr-

20Ni-2,5M0-0.35Ti(57MK3) and 15Cr-~25Ni-2.5Mo-0.25Ti(57MK4) .

Results obtained ére:

(1) There are little differences in tensile properties among
the four kinds of solution hardened austenitic stainless
steel and 316 modified stainless steel.

(2) Burst strength of 57MK2 is the highest among those of the

four kinds.



(3) Creep rupture strength of the four kinds under iﬂternal
pressure are all higher than that of 316 modified stainless
steel at high temperature and long time.

That of 57MK2 is the highest among those of the four kinds.
The order of calculated creep rupture. strength of the four
kinds and 316 modified stainless steel at 675°C and 17,760h is

57MK2>57MK4>57M83>57M512316 midified stainless steel.

Moreover, creep tests under uniaxial ténsion and interhal-
pPressure for the cladding tube 55MK (316 modified stainlééé
steel), domesticallyItrial-manufactured for "MONJU" core'ih
fiscal yeér 1980, have been performea, By evaluation 6f'éreep
data for 55MK and 55MS obtained these tésts énd the preVious

tests, an equation for creep strain is presented.'
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Cs =—9. 3499970 x 10
Cs=5. 1077929 X 10*
Cp=— 1. 4828475 X 10¢
Cg=1. 7872165 X 103
57MS3
C = 0. 42145310
Cp =2. 4006356
C, =— 3. 4635952
C,=1.2758774
Cs=Cy=Cy=Cs= 0
57MK4
C =0. 36909273
Co=1.2872213x'10
C; = 3.7869895x 10? -
C,=4. 1618452 % 10?

C3=—2,0238033x 107



C,=3. 6748958 x 10
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Table 1-1.

Chemical composition of cladding tube 57

series

(mill sheet data).

C Si Mn P S Ni Cr Mo Co B N Ti Al 0
Spec. 0'84 * 1}30 0'?15 <0.010 * * 2?0 <0.10 0 0;20 <0.010 * <0.05 | to be
0.08 2.00 | 0.040 3.0 . ' reported
(0330) (14 5) (14 0) (0315)
57MS1 0.70 16.5 16.0 0.45
0.060 | 0.45 | 1.77 |0.029 | 0.005 | 15.60 | 15.08 {2.47 | <0.01} 0.0047 | 0.007 | 0.32 | 0.049| 0.0015
(0.560) (18 5) (13 5) (0.510) '
57MK2 1.00 21.5 16.5 0.40
0.061 | 0.81 | 1.57|0.026 | 0.006 | 19.61 | 15.29 | 2.46 | 0.03 | 0.0043 | 0.006 | 0.180| 0.014 | 0.0010
(O.FO) (18 5) (13 5) (0.35)
| 57MS3 1.00 21.5 16.5 0.55
s 0.050 | 0.74 | 1.48 |0.029 | 0.006 | 20.17 | 15.13 |2.59 | <0.01 | 0.0045 | 0.003 | 0.37 | 0.027{ 0.0016
f (0360) (23 5) (13 5) (0.15)
S7MK4 1.00 26.5 16.5 0.45
0.060 | 0.85 | 1.47|0.020| 0.004 | 24.41 | 15.09 |[2.34| 0.03| 0.0049 | 0.005 | 0.210| 0.026 | 0.0009
*written at each column below within ( )
Table 1-2. Chemical composition of cladding tube 55 MK (mill sheet data).
C Si Mn P s Ni Cr Mo Co B N Cu Ti v |Nb+Ta| As Al Zr o}
to b
spec. |5+ |<1.00 |<2.00|<0.040 | <0.010 | %500\ 10991 2:99440. 10 <0.0100 |<0.010<0.20| <0.10<0.20|<0.10|<0.010/<0.050| <0.10 | 2 "%,
0.0851" - - 14.00[18.00(3.00
55MK 0.052) 0.82| 1.83| 0.028| 0.009(13.84(16.52|2.49) 0.01| 0.0031| 0.003| 0.01(0.080| 0.01|0.079} 0.002| 0.016| 0.005/0.0016
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Table 2-1. Fabrication conditions and properties of cladding tubes 57 series (mill sheet data).

Cladding | Heat Mill Sheet Lot No Cladding Solution Cold Grain size Hardness
tube No. No. : No. treatment | work level (ASTM No.) {Bv 500qg)
o ) *® *
57Ms1 | V02271 | MS-RD-0018-1 | S571 SiggoL | 1,050°C 15.6% w75 | ™ 250
510850 1 min.
X9901 °
57MK2 | AC5869 |  S-83-1 K571 1 1,060%C 15.8% (L) 8.0 (1) 258
K10100 2 min.
. . ' o
57MS3 | V02272 | MS-RD-0018-2 | §572 S11051 1,040°C 16 % (L) 8.0 (T} 254
S11136 1 min.
S
57Mk4 | ACS868 |  $-83-1 K572 K10101 1,040°C 15.8% (L) 7.5 (1) 258
K10300 2.2 min.
*1 (T) : Transverse
*2 (L) : Longitudinal
Table 2-2. Fabrication conditions and properties of cladding tube 55MK
Cladding Heat Mill Sheet 1ot No Cladding Solution Cold Grain size Hardness
tube No. No. ) No. treatment work level (ASTM No.) (Hv 500q)
K9301 *1
1,080°C " (T 8.5 (T) 260
-81~ 0 % *
55MK Cca0262 s-81-6 K554 ~ 9500 ; . Z (L) 2 8.0 (1) 255
min.
*1 (T} : Transverse
*2 (L) : Longitudinal




Table 3.

Grain size of cladding tubes (ASTM No.).

*
Institutes 57Ms1 57MK2 57MS3 57MK4 55MK 3
o+l 8.0 - 8.5 -
KOBE 7
L 8.0 - 8.0 -
PNC — T 8.5 8.5 8.5 8.5
TOKAT - I, 8.0 8.0 8.0 8.0
T 8.3 8.5 8.5 8,5 8.9
Average
L 8.0 8.0 8.0 8.0 8.2
*1 T : Transverse
*2 L : Longitudinal
*3°  : 11th creep test data
Table 4. Vickers handness of cladding tubes (HV 500g load).
*3
Institutes 57Ms81 57MK2 57M83 L7MK4 55MK
*1
T 265 256 251 256
HITACHI
r*2 274 266 250 260
T 264 - -264 -
KOBE
L 265 - 264 -
PNC — T 255 253 254 252
TOKAI L 266 268 254 255
T 261 255 256 254 274
Average
L 268 267 256 258 276
*x] T : Transverse
%2 L : Longitudinal
. %3 : 11th creep test data




Table 5. Tensile properties of cladding tube 57MS1.
Tensile 0.2%
Test temp. Specimen strength proof Elongation Institute
. 2 stress 5
(ec) No. (kgf /mm™) (kgf/mm”) (%)
510801-15 76.3 67.6 19.0 HITACHT
S10801-14 75.5 71.9 20.0
R. T. 510806-6 75.6 71.5 23.0 PNC-TOKAL
510821-1 74.9 71.7 12.8 KOBE
100 S10802-15 70.5 64.5 7.2, T HITACHT.
$10803-3 70.2 69.1 5.6 " KOBE
o0 510803-5 8.3 59.2 3.4 HITACHT
S10804-1 67.7 65.8 3.8 KOBE
200 S10804-5 64.7 56.0 " 3.4 | HITACHT
S10804-3 66.3 62.9 3.6 KOBE
S10805-5 63.2 53.6 4.8 HITACHT
S10806-8 63.9 60.7 5.0
400 510809-2 63.5 58.7 4.0 PNC~-TOKAT
510807-3 53.5 60.2 3.0 KOBE
S10806-5 61.7 53.9 4.7 HITACHT
510809-5 62.0 58.4 8.0
~00 $10809-6 61.9 57.3 6.0 PNC-TOKAI
S16805-3 62.1 55,3 4.0 KOBE
S10807-5 54.3 35.7 74 HITACHT
S10803-8 57.7 52.2 13.0 '
600 S10807-6 57.6 51.8 11.0 PNC-TOKAT
S10806-1 58.7 53.0 6.8 KOBE
S10808-5 45,7 40.6 14,7 ATTACHT
S10803-10 53.3 48.7 12.0
650 S10807-8 53.2 48.4 12.0 PNC-TOKAL
S10807-1 55.0 51.1 8.6 KOBE
510808-10 A7.7 38.2 19.1 HITACHT
700 S10807-10 47.7 43.6 23.0
S10808-16 46.8 42.5 23.0 . PNC-TORAI
S10822-2 50.3 753 9.6 KOBE
S10808-15 40,3 28.9 33,9 HITACHT
750 S10809-7 39.7 34.9 25.0
$10809-8 39.3 34.2 24.0. PNC-TOKAT
§10823-1 43.3 40.4 11.8 KOBE
S10821-7 31,7 25.0 23.9 HITACHT
800 S10804-10 30.7 25.5 42.0
$10808-11 31.3 27.1 31.0 PNC-TORAL
S10822-4 36.9 33.4 13.6 KOBE




Table 6. Tensile properties of cladding tube 57MKZ.
Tensile 0.2%
Test temp. Specimen strength proof Elongation Institute
2 stress o
(°C) No. {(kgf/mm“) (kg£/mm™) (%)
K3521-6 81.5 6d.7 15.0 HITACHT
K9901-14 75.2 64.9 12.0
R. T K9905-6 79.6 63.2 11.0 PNC-TOKAL
X9803-2 76.9 6t .6 2.8 SUMITOMO
100 K9921-7 79.1 66 .2 5.6 HITACHT
K9903-4 73.3 63.7 8.2 SUMITOMO
00 K9903-5 72.7 59.7 4.6 HITACHT
K9923-2 70.2 59.5 4.6 SUMTTOMO
00 K9904-5 65.5 55.4 2.4 HITACHT
K9904-4 69.9 5.4 2.8 SUMITOMO
K9905-5 70.2 57.4 6.0 HITACHT
K9909-1 68.0 57.3 6.0
400 K9909-19 68.7 58.8 5.0 PNC-TORAT
KGg922-1" 68.2 59.9 6.2 SUMITOMO
K9906-5 68.6 50.3 5.5 HITACHT
: K9906-10 67.3 56.5 11.0
00 K9905-10 67.8 57.1 10.0 PNC-TOKAL
K9905-4 §7.4 58.4 10.8 SUMITOMO
K9907-5 62.2 452 10.5 HITACHT
X9907-6 618 50.4 16.0
600 K9909-5 62.4 50.7 13.0 PNC-TOKAL
K9922-3 50.9 51.8 7.8 SUMITONO
K9908-5 51.1 36.3 16.0 HITACHT
X9903-10 56.1 46.0 18.0
6350 K9905-8 56.0 46.9 15.0. PNC-TOKAL
K9906-2 56.9 47.8 11.4 SUMITOMO
K9908-10 46.2 31.95 22.0 HITACHT
K9904—6 47.3 38.7 30.0
700 K9907~10 46.8 38.5 33.0 PNC-TOKAL
K9907-2 54.1 39.8 15.2 SUMITOMO
K9921-8 39,2 25.7 247 HITACHT
K9904-8 40.3 32.7 24.0
750 K9908-6 40.1 33.1 27.0. PNC-TOKAT
K9907-4 21.4 34.2 30.2 SUMITOMO
K9922-6 31.7 17.5 5.4 HITACHT
K9904-10 32.2 26.7 32.0
800 K9908-11 32.4 2.6 45.0 PNC-TOKAL
K9922-5 32.4 8.8 17.6 SOMITOMO




Table 7. Tensile properties of cladding tube 57MS3.
Tensile 0.2%
Test temp. Specimen strength proof, Elongation Institute
2 stre552
(°c) No. {kgf/mm“) (kgf/mm") {%)
S11051-15 771 67.7 13.8 HITACHT
S11051-14 77.1 73.7 12.0
R. T. $11056-6 77.1 73.5 14.0 PNC-TOKA L
S11053-1 771 72.4 5.6 KOBE
o0 S11071<6 76.0 6.4 4.8 HITACHT
§11053-3 71.1 69.6 4.8 ROBE
200 511053-5 69.6 57.5 3.4 HITACHT
$11054-1 9.0 65.5 2.2 KOBE
200 $11054-5 67.3 62.4 2.1 HITACHT
: $11054-3 68.9 67.0 p KOBE
S11055-5 6.4 61.5 ) HITACHT
S11059-5 65.0 61.4 4.0
400 $11059-7 64.9 62.2 4.0 FNC-TCRAI
5110551 5.7 62.7 3.6 KOBE
S11056-5 65.2 59,1 5.7 HITACHT
S11056-10° 64 .4 61.6 9.0 ;
>00 $11059-3 64.0 60.5 8.0 PNC~TOKAL
§11055-3 645 81.0 3.8 KOBE
S11057-5 57.8 49.6 9.4 HITACHT
S11053-8 59.6 5.7 12,0
600 S11057-6 59.5 53.9 11.0 PNC-TOKAT
S11056-1 58.8 54.4 - KOBE
S11058-5 54.4 149 10.4 HITACHT
S11053-10 55.2 £0.2 14.0
650 511057-8 54.9 50.1 17.0 PNC-TOKAI
S11056-3 58.2 53.5 Z KOBE
S11058-10 46 .6 35.1 19.7 HITACHT
511057-10 47.8 33.4 27.0
700 $11058-16 48.0 42.6 27.0 PNC~TOKAL
S11057-1 52.3 77 5.6 KOBE
51105815 37.4 27.2 54.7 HITACHI
: 511054-8 39.9 34.8 32.0
730 511058-6 39.7 34.6 36.0 PNC-TOKAI
S11073-1 45.2 37,6 11.4 XOBE
511071-5 29.4 22.5 27.4 HITACHT
S11058-11 31.1 6.2 7.0
800 $11055-10 31.8 25.6 38.0 PNC-TOKAT
5110573 37.3 33.5 166 KOBE




Table 8. Tensile properties of cladding tube 57MK4.
Tensile 0.2%
Test temp. Specimen strength prooct Elongation Institute
5 stress
{°C) No. (kgf/mm") (kgf/mm"™) (%)
K10121-7 9.2 63.6 13.6 HITACHT
K10101-14 75.9 64.1 13.0
R. T. -
K10106-6 76.3 67.3 13.0 PNC-TOKAL
XK10103-2 76.6 64.9 5.6 SUMITOMO
100 ®10121-8 73.8 58.6 6.9 HITACHT
K10103-2 72.8 63.9 7.6 SUMITOMO
200 K10103-5 71.5 57.5 5.2 HITACHT
K10104-2 6.8 60.9 2.2 SUMITOMO
300 ®10104-5 68.9 58.1 6.5 HITACHT .
K10104-4 67.0 61.8 3.4 SUMITOMO
K10105-5 69.2 56.7 7.1 HITACHT
K10102-14 8.8 59.7 9.0
400 K10108-16 66.7 57.7 9.0 PNC-TOKAT
K10105-2 66.4 57.8 iz SUMITOMD
K10106-5 67.0 54.9 12.6 HITACHT
K10103-6 66.1 56.9 10.0
500 K10109-1 66.3 56.6 11.0 PNC-TOKAI
K10105-4 4.0 58.5 3.8 SUMITOMO
K10107-5 57.8 33.8 13.0 HITACHT
K10103-8 61.1 52.0 17.0
600 K10107-6 61.0 51.0 15.0 PNC-TOKAZL
K10106-3 59,2 51.8 11.6 SUMTTOMO
K10108-5 53.0 39.9 15.1 HITACHT
®10103-10 55.7 47.8 21.0
650 K10107-8 55.2 45.6 18.0 PNC-TOKAIL
K10122-1 54.6 36 .6 13.8 SUMITOMO
K10108-10 45,2 31.6 27.1 HITACHT
K10105-6 16.8 38.6 28.0
700 'K10105-8 46.0 37.0 26.0 PNC-TOKAL
K10122-3 i7.5 40.9 6.0 SUMITONO
K10122-6 37.4 30.2 32.7 HITACHT
K10108-6 38.7 32.7 38.0
750 K10105-10 38.5 32.8 43.0 PNC-TOKAT
Ki01Q7-4 39.3 34.0 20.4 SUMTITOMO
K10121-6 30.4 27.5 36.0 HITACHT
K10104-10 29.1 24.2 32.0
800 K10108-11 30.4 25.4 36.0 PNC-TOKAL
K10123-2 33.0 27.7 18.8 ~SUMITONG




Table 9. Burst properties of cladding tubes 57MS1 and 57MS3

Test temp. Specimen Press. rate Burst press.|0.2% proof Circumf.

> 9 pressure elogn.

(°C} NoG. {kgf/cm” /min) {kgf/cm™) (kgf/cm™) (%)

R.T. 510803-7 174 1407 1309 5.4

510808~1 176 1403 1292 2.0

400 510803-9 175 | 1146 2.5

$10808-2 175 1147 \ 2.5

500 510804-7 174 1102 \ 4.0

S10808-3 175 1104 \ 3.0

£00 510804-9 174 1010 \ 6.6

57MS1 $10808-4 175 1018 \ 5.7

650 S10805-7 176 969 \ 5.2

$10808-7 176 970 \ 4.9

700 $10805-9 176 886 \ 3.9

510808-8 174 878 \ 4.0

250 510806-7 176 775 \ 3.2

$10808-9 175 768 \ 5.9

800 510806-9 174 611 \ 6.6

S10808-12 175 630 6.6

R.T 511053-7 178 1394 1338 1.5

) $11058-1 175 1387 1315 3.0

400 $11053-9 176 1156 3.5

S11058-2 174 1142 \ 3.5

500 S11054-7 175 1091 \ 3.0

S11058-3 175 1082 \ 3.0

$11054-9 175 - 1040 \ 4.9

>7MS3 600 $11058-4 175 590 X 4.4

650 S$11055-7 176 980 \ 4.4

$11058-7 176 971 \ 3.9

200 $11055-9 175 892 \ 4,2

511058-8 175 877 \ 5.2

250 S$11056-7 175 773 \ 6.2

511058-9 175 758 \ 4.9

800 511056-9 176 617 \ 6.9

$11058-12 174 608 6.2




Table 10.

Burst properties of cladding tubes 57MK2 and 57MK4.
Test temp. | Specimen Press. rate Burst press.|0.2% proof Circumf.
2 5 pressure elong.
{(°C) No. (kgf/cm” /min) (kgf/cm™) (kgf/cm™) {%)
K9903-7 178 1461 1386 2.3
R.T. K9908-1 176 1450 1383 2.3
K9903-9 175 1200 . 3.3
400 K9908-2 174 1206 \ 2.8
K9904-7 175 1189 1\ 3.7
500 :
K9908-3 175 1163 \ 2.8
X9904-9 174 1080 \ 5.2
600 K9908-4 175 1059 \ 1.8
STMK2 co0 K9905—7 175 1028 5 3.3
K9908-7 175 1022 \ 3.3
X9905-9 175 926 1\ 5.2
700
K9908-8 175 930 \ 3.9
K9906-7 175 775 \ 4.5
750
K9908-9 175 784 \ 5.3
800 K9906-9 173 673 \ 4.7
K9908-12 175 676 6.1
BT K10103-7 174 1372 1308 2.3
e K10108-1 172 1356 1297 3.3
400 K10103-9 175 1158 2.8
K10108-2 175 1140 \ 3.3
K10104-7 175 1067 \ 3.8
500
K10108-3 175 1090 \ 4.8
K10104-9 175 972 \ 6.7
600
K10108-4 175 990 \ 6.2
S7MR4 £50 K10105-7 175 967 \ 3.8
K10108-7 175 963 \ 4.7
200 K10105-9 175 869 \ 7.0
K10108-8 175 860 \ 3.8
750 K10106-7 175 750 \ 5.7
X10108-9 176 753 \ 7.2
800 K10106-9 174 592 \ 8.6
K10108-12 175 604 9.6




Table 11.

Conditions of creep rupture test under internal
pressure for 57 series.

Test temp.

Aimed rupture time (h)

(°C) 100 | 300 | 1000 { 3000 | 10000 | 12000 metiute
w 22802 | - | - | smmem
QOO O 0®| - - | enc-Tokaz
650 DPOOIOOIO®| - - | xoBE
T T 98] e
Q0O 0O 0o - - | sumrToMo
700 OXOIGXOIRGROMONE), - - | wrm
- - - 189 - | o
0000|0088 | - | - | se-oma
750 ODOLOIO®| - - - | xoBE
@0 0@ - - - | sumrromo
QOO O®| - - - | ~RIM
* (D s7sm1, (2 572, (@) 57mMS3, (&) 57MK4




Table 12. Conditions of uniaxial creep test for 55MK.

Stress
(kgf/mm ) '
Test temp. 26 22 18 Institute
(°C)
650 ) O O - KOBE
700 - O O SUMITOMO

Table 13. Conditions of creep test for 55MK
under internal pressure.

Hoop str%ss
(kgf/mm“) ‘ )
Test temp. 26 22 18 14 10 Institute
{°C)
O O - - - KOBE
650 - O O - - SUMITOMO
O - O - - PNC-TOKAT
700 - - O O - NRIM
- - O O O PNC—OARA T




Table 14,

Results of creep rupture test under internal

pressure for cladding tubes 57MS1 and 57MK2.

Temp. Pressure Hoop Time to Rupt&re Specimen .
5 stresg rupture type No. Institute
(°C) (kgf/cm™) (kgf/mm*) {h) .
780.0 50.2 329.2 v 510801-3
600 730.0 47.0 770.0 v 510801-11 | BITACHI
680.0 43.9 1,584.3 v 510802-3
580.0 37.2 314.0 v $10801-4
650 540.0 34.6 1,136.0 F $10801-13 | KOBE
470.0 30.2 2,201.0 F 510801-1
430.0 27.6 .3,050.0 F 510801-10
500.0 32.1 43.0 v 510802-5
700 420.0 26.9 223.3 v 510801-8 | yrTM
57MS1 320.0 20.5 687.5 v 510801-5
200.0 12.9 (7,224.0) %% . 510801-2
280.0 18.2 163.2 v 510801-12
270.0 17.4 476.3 v 510801-9
254.0 i6.4 367.5 v $10802-6 PNC-TCKAT
195.0 12.7 994.7 F 510802-12
750 142.0 9.2 3,860.0 F 510802-9
300.0 19.3 126.0 v 510802-7
270.0 17.3 166.0 v 510802-1 | xopg
250.0 16.0 306.0 F 510802-4
180.0 1.5 1,754.0 F 810802-13
780.0 50.0 120.6 v K9901-8
600 730.0 46.6 235.9 v K9901-12 | grracHT
©680.0 43.3 552.9 v K9902-8
640.0 41.1 1,174.2 v K9902-12
700.0 45.0 18.6 v K9901-6
650 588.0 38.0 219.5 v K9901-11 | pNC-TOKAT
505.0 32.4 966.3 v K9901-3
401.0 25.8 3,292.0 v K9902-6
500.0 32.1 127.6 v K9902-4
435.0 27.9 296.8 v K9901-13
STMKZ ¢ 700 380.0 24.4 458.8 \ K9902-1 SUMITOMO
330.0 21.1 701.7 v K9901-1
290.0 18.5 2,509.1 F K9902-7
310.0 19.9 101.5 v K9901-7
265.0 17.0 445.0 F K8501-10 | SUMITOMO
235.0 15.1 446.6 v K99202-13
210.0 13.5 570.0 F K9902-10
750 300.0 19.2 210.9 F K9901-5
270.0 17.3 308.1 v K9901-2 NRIM
210.0 13.4 1,045.1 F K9902-2
320.0 20.5 33.0 Pre-
270.0 17.3 273.0 - liminary | KOBE
200.0 12.8 1,746.0 tests
190.0 12.2 2,477.2 F K9901-92 PNC-TOKAT
*v : Fissure type, P : Pin hole type

xR .

: Violent type, F

Discontinued




Table 15. Results of creep rupture test under internal
pressure for cludding tubes 57MS3 and 57MK4.
Hoo Time to Rupture \
Temp. Pres su;e Strzss rupture tgpe* Specimen Institute
(°c) | (kgf/cm”) (kgf/mm?) | (h) No.
780.0 50.1 211.0 v §11051-3
600 730.0 47.0 559.0 v $11051-11 |[HITACHI
680.0 43.8 907.0 v $11052-3
540.0 34.5 - 286.0 v 511051-13
500.0 32.0 887.0 F $11052-7
650 470.0 30.1 1,892.0 P $11051-10 | KOBE
430.0 27.6 1,357.0 v 511052-4
430.0 27.6 2,573.0 v 511051-1
500.0 3201 59.4 v 511051-8
420.0 26.9 107.0 v 511051-5
PuS3 | 700 310.0 19.8 941.3 v 511052-g |NRIM
210.0 13.5 4,884.7 F 511052-2
280.0 18.2 64.7 v 511051-12
270.0 17.4 169.3 F $11051-9
750 241.0 i5.5 217.4 F 511052-6 PNC~-TOKAT
217.0 14.0 302.2 v . §11052-9
176.0 11.4 4,011.0 F 511052-12
270.0 17.3 84.0 v §11052-1
230.0 i4.8 396.0 F 511051-7 KOBE
180.0 11.6 1,337.0 ¥ 511052-10
780.0 49.7 58.7 v K10101-8
600 730.0 46 .6 96.0 v K10102-8
680.0 43.6 293.3 v K10102-12 | HITACHI
©10.0 39,1 1,084.5 \'i K10101-12
625.0 40.0 34.1 v K10101-6
650 505.0 32.3 502.6 v K10101-3
459.0 29.5 785.0 A K10102-3 PNC-TOKATI
347.0 22.5 3,560.0 F K10102-6
405.0 25.9 168.0 v K10102-13
S 7MK 4 700 360.0 23.0 262.5 v K10101-1
310.0 19.9 527.9 v X10102-1 SUMITOMO
280.0 17.8 1,568.9 \'i K10102-4
295.0 18.9 65.1 v XK10102-7
235.0 15.1 202.0 v XK10101-7 SUMITOMO
171.5 11.0 1,761.8 F Ki0101-4
750 300.0 19,2 56 .6 v K10102-5
270.0 17.3 167.8 v XK10102-2 |[NRIM
200.0 12.8 865.3 v K10101-5
270.0 17.3 430.0 Prelimi- KOBE
200.0 12.8 1,408.0 nary tests
187.0 12.0 1,620.0 F KiD101-9 PNC-TOKAIL
*V : Violent type, F : Fissure type, P : Pin hole type
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“Table 16,

Results of creep test under uniaxial tension for cladding tube 55MK.

Temp. Stress Specimen | Time for total strain(h) Minimum , Rupture
' 2 creep rate Tested time elongation | Institute
Q
(°¢) | (kgf/mm7) ) No. 0.5% 1.0% 2.0% 5.0% (3/h) (h) (%)
26 K9381-5 72 765 1246 13606 7.56x10_4 1375.2 10.0
650 '
KOBE
22 K9381-1 | 569 1738 - - | 3.30x107* 2102.0 |Nonrupture
22 K9381-2 50 171 241 273 3.14x10_3 289.7 11.1
700 SUMITOMO
18 K9381-4 175 418 603 730 1.48X10—3 743.6 8.4
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Table 17.

Results of creep test under internal pressure of cladding tube 55MK.

Hoop . Minimum creep | Testing time | Maximum Strain
Test temp. Pressurz stress Specimen rate strain Institute | measuring
(°C) (kgf/cm”) | (kgf/mm”) No. (%/h) (h) (%) method™
-4
404 2% .0 K9381-15 4.9 x 1Q 1386 1.092 KOBE I
K9382-2 2.98x 1074 2042 0.836  |PNC-TOKAT c
-4 .
650 342 29 .0 K9381-17 4.5 x 10 1554 0.800 KOBE I
K9381-14 - 800 0.390 SUMITOMO I
980 18.0 K9381-1i6 - 800 0.320 SUMITOMO I
K9382-4 8.81x 10“5 3600 (0.502 PNC-TOKAI C
_4 * * kR
K9382-1 9.3 x 10 1738 (R) 5.889 NRIM I
279 18.0 =3 ragragen
X9334-15 1.1 x 10 1287 (R) 2.10 PNC-OARAT C
700 K9382-5 3.6 x 107 2009 1.061 |NRIM I
218 14.0 : ) . oy
K9333-15 1.6 x 10 3416 (R) i.95 PNC-0ARAZI C
155 10.0 | X9330-15 6.0 x 10"5 2960 0.580 PNC-OARAI c
* I : Interrupted, € : Continuous
*¥* (R) : Ruptured

* &k

: Rupture elongation




Table 18.

Calculated creep rupture strength of cladding
tubes of 57 series under the design conditions
in "MONJU" cores. : )

Calculated hoop stress to rupture

Creep Cladding (kg£/mm?)
program name 675°C .
11,808 h 17,760 h
57MS1 15.5 14.4
. 57MK2 - 16.7 . 15.6
13th !
57MS3 16.0 15.0
57MK4 . 16.4 15.3
o 55MK 15.6 14.1
1ith
55MS 14.9 13.3

* Modified austenitic stainless steel.

* Type 316 austenitic stainless steel.
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Fig. 1. Micrographs of as-received "MONJU" cladding
tube 57MS1. '
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Fig. 2. Micrographs of as-received "MONJU"  cladding
tube 57MK2.
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Fig. 3. Micrographs of as-received "MONJU" cladding
tube 57MS3.
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Fig. 4. Micrographs of as-received "MONJU" cladding
tube 57MK4.
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Fig.6. Tensile properties of 57MK2.
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Fig.7. Tensile properties of 57MS3.
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Fig.17. Creep rupture curves of 57MS1, 57MS2, 57MS3 and 57MK4
under internal pressure,
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Tahle 19.

Creep data summary for S5MK

Test Test TeStEd cii;tiiZEd E;tisi:zp Sigigum Method of Specimen Institut File
No. | temp. stre552 time™! timé strain(ér) | rate (€s) £ creep test*2 i No. o No.
(°c) | (kgf/mm") (h) (h) (%) (%/h)

1 650 26 1375.2(x) 4200 0.491 5.46x107% | 1.22¢1073 G K9381-5 KOBE K701

2 650 26 1386 (d) 4200 0.171 4.36x10°4 | 1.57x1073 B (I) K9381-15 | KOBE K711

3| 650 26 2041.9 (d) 4200 0.255 2.87x107% | 6.94x1074 B (C) K9382-2 | PNC-TOKAI | K720
4 650 22 2102 (A} 11000 0.306 3.21x10" % | 2.44x1073 U K9381-1 KOBE K702

5 650 22 1554  (d) 11000 0.145 2.88x10° 7 | 4.37x1074 B (1) K9381-17 | KOBE X731
6 650 22 4312.5(x) 11000 0.207 1.52x107% | 1.77x1073 B (C) K9333-07 | PNC-OBRAI | K740

7 650 22 800 (&) 11000 X X 1.51x107> B (I) K9381-14 | SUMITOMO | K741
8 650 18 1995 (&) 27000 X -~ g X9390-1 KOBE K1

9 650 18 800 (d) 27000 X X 1.90x107° B (I) K9381-16 | SUMITOMO K751
10 650 18 3605  (d) 27000 0.194. 7.44%107° | 7.00x10™% 3 (C) K9382-4 PNC-TOKAI | K760
11 650 14 1995  (d) 74000 X X 7.03x10 7 3] K9390-16 | KOBE K2
12 650 14 2016.7(d) 74000 X X 4.68x107% B (C) K9371-1 PNC-TOKAI | K55
13 650 14 2062 (Q) 74000 X X 1.01x107> B (I) K9369-7 | KOBE X91
14 650 10 2296 (@) 350000 X X 2.88x1074 U K9390-5 KOBE K3
15 650 10 2000 (d) 350000 X X 3.44x10" B (C) K9370-6 PNC-TOKAI | K54
16 650 10 2062 (d) 350000 X X - B (I) K9370-3 KOBE K92
17 650 7 2154 (d)| 4100000 X X 1.90x10"4 U K9390-13 | KOBE K4
8 700 22 289.7 (r) 760 0.340 3.11x107° | 0.0106 U K9381-2 SUMITOMO K703
19 700 18 743.6 (x) 1800 0.257 1.45%1072 | 1.36x107° U K9381-4 SUMITOMO K704
20 700 18 1738 (x) 1800 0.037 8.4ax107% | 1.73%1073 B (D) K9382-1 NRIM K771
21 700 18 1280 ir) 1800 0.183 "7.30x1074 | 2.02¢1073 B3 (C) K9334-15 | PNC-OARAI | K780
22 700 14 2011 (@) 4700 0.227 8.07x107% | 6.14x107% U - K9390-2 SUMITOMO K5
*1 (r) : ruptured, (d} : discontinued -

*2 U : yniaxial, B : Biaxial, ({I) Interrupted, (C) : Continuous
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Table 19.

Creep data summary for 55MK (continued )

No. zz:;. zii:ss zi;:E? cii;tiized ?:ﬁlzizzp Sizzgfm . Method of g Specimen Institute F;ie
5 time strain (1) rate{Es) creep test No. )
(°C) . { (kgf /mm”) {h) (h) (%) (3/h}
23 700 14 2460 (r) 4700 0.109 1.82x10”™% | 0.0101 B (C) K9333-15 | PNC-ORRAI | K781
24 700 14 2009 (d) " 0.264 3.85x107% | 2.37%1073 B (I) K9382-5 NRIM X791
25 | 700 10 2011 (d) 20000 0.361 1.20x10™% | 5.38x107% u K9390-6 | SUMITOMO | K6
26 700 10 1722 (@) 120000 X X — B (C) K9370-14 | PNC-OARAIL | K74
27 700 10 2060 (d) 20000 0.184 1.209x10"% | 4.33x107% B (C) K9330-15 | PNC-ORBRAI | K782
28 | 700 7 2017 (d)| 220000 X X 1.425107° u K9390-10 | SUMITOMO | K7
29 | 700 7 1899 (@) 220000 X X 1.78x107% B (C) K9370-15 | PNC-OARAI | K77
30 700 7 2020 (d) 220000 X X 3.50x10 > B (1) K9369-4 NRIM K93
31 700 5 2011 (@) 7600000 X X 4.56x10% U K9390-14 | SUMITOMO K8
32 700 5 1947 {d)| 7600000 X b4 2.89x10”% B (C) "K9371-15 | PNC-OARAI | K75
33 700 5 2000 (Q)| 7600000 X X — B (I) K9370-5 NRIM K94
34 750 18 70.7(x) 160 0.187 1.51x10" 2 | 0.103 u K9390-4 PNC-TOKAI | K15
35 750 14 209.7 (x} 390 0.252 7.91x10™° | 0.0963 U K9390-3 HITACHI K9
36 750 14 302.6 (x) 390 0.106 5.25x1073 | 0.0626 u K9390-8 PNC-TOKAT | K14
37 | 750 10 1056.4 (r) 1600 0.191 2.15x10 > | 7.82x107° g X9390-7 | HITACHI | K10
38 750 10 2545.5(r) 1600 0.191 6.94x10 % | 4.13x107° U K9390-12 | PNC-TOKAI | K13
39 750 7 4296.2(r) 15000 0.179 1.68x10" % | 8.42x107% U K9390-15 | PNC-TOKAI | K12
40 750 5 5106  {d) 450000 X X 0.0015 U K9390-18 | PNC-TOKAI | K11
*1 (r) : ruptured, (d)} : discontinued
*2 U : Uniaxial, B : Biaxial, (I) : Interrupted, (C) : Continuous
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Table

20. Creep data summary for 55MS.

No. 3:2;. ziizss 3?;:?? Cit;:iiZEd ?:215i2ep S;Z;Efm v Method of 2 Specimen Institute F;i?
2 time strain(e&r) | rate(&s) creep test No.
(°C) | (kgf/mm™} {h) (h) (%) {$/h)

1 | 650 22 1400 (d) 9000 0.264 2.94x107% | 1.16x10" B (1) $10494-2 | SUMITOMO 5110
2 | 650 18 2016 (Q) 21000 X X 0.0288 U S10495-13| KOBE S5

3 | 650 18 2072 (d) 21000 X X — B (I) 510494-2 | KOBE S130
4 | 650 18 1839 (d) 21000 X X 5.55x10 % B (C) $10495-4 | PNC-TOKAI | S161
5 | 650 14 2015 () 55000 X X 1.33x107° u $10494-14 | KOBE S6

6 | 650 14 1600 (d) 55000 X X 1.81x107° B (I) $10495-1 | SUMITOMO $120
7 | 850 14 2952 (d) 55000 % X 6.73x10"% B (C) $10495-6 | PNC-TOKAI | S162
8 | 650 10 2015 (d) 240000 X X 2.02¢x107% g $10494-12| KOBE s7

9 | 650 10 2072 () 240000 X X — B (I) 510494-2 | KOBE S140
10 | 650 7 2041 (d) | 2800000 X X 1.41x107% o $10495-1 | KOBE s8
11 | 700 14 2063 (4} 4200 0.264 1.71x107% | 3.50%107% U $10494~11! SUMITOMO S1
12 | 700 14 2000 (4) 4200 0.144 2.74x10™4 | 4.31x107% B (C) $10202-9 | PNC-OARAI | 5604
13 | 700 10 2057 (d) 18000 0.255 7.28x10°° | 2.06x10”% U $10494-13] SUMITOMO 52
14 | 700 10 2012 () 18000 X X — B (I} 510494-6 | NRIM 5150
15 | 700 10 1980 ({d) 18000 0.146 4.32x107° | 6.01x107% B (C} 510205-7 | PNC-OBRAI | $603
16 | 700 7 2015 (d) 180000 X X 2.08x10™4 U $10494-15| SUMITOMO s3
17 | 700 7 2010 (d) 180000 X X 2.88x10™° B (I) 510495-5 | NRIM $160
18 | 700 7 1860 (Q) 180000 X X 3.75x107% B (C) $10292-8 | PNC-OARAI | 5602
19 | 700 5 2022 (d)! 6000000 X X 1.14x107% u S10495-10| SUMITOMO S4
20 | 750 18 37.3(x} 180 0.136 3.52x1072 | 0. 164 u $10494-17| PNC-TOKAI | Sit
21 | 750" 14 241.4(x) 420 0.055 6.33x107% | 0.0377 g $10494-18| HITACHI s9
22 | 750 14 136.9(x) 420 0.094 9.45¢107°> | 0.102 U $10494-19| PNC-TOKAI | S12
*1 (r} : ruptured, (d) : discontinued
*2 U : yniaxial, B : Biaxial, (1} Interrupted, (C) : Continuocus




Table 20. Creep data summary for 55MS (continued).

{ rest Test Tested Calculated | Limited Min imum . . File
. x rupture lst creep creep Method of Specimen Institute
No. | temp.| stress time - . ; . r *32 No.
5 time strain(&r) | rate{&s) creep test No.
(°¢) | (kgf/mm™) {h) (h} (%) {3/h)
23 [ 750 10 1124.2(r) 1600 0.036 2.25};10—3 0.0944 u 510494-16| HITACHI 'S10
24 | 750 i0 747.3 (x) 1600 0.109 2.65x10 > | 2.74x107> G $10494-20| PNC-TOKAI | S13
25 | 750 7 3947.1 (r) 15000 0.143 4.64x10—4 2.77x10q3 6} $10495-16| PNC-TOKAI 514
26 750 5 3660 (4) 420000 X X _ 7.41x10-4 U S10495-18| PNC-TOKAI 515

*1 (r) : ruptured, ({d) : discontinued
*2 [ : Uniaxial, B : Biaxial, (I) :Interrupted, (C) : Continuous
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Fig.39. Comparison between measured creep curve and calculated one.
Temp.: 650°C, Stress: 22kgf/mm2.
(--- measured creep curve, calculated creep curve)
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Fig.40. Comparison between measured creep curve and
calculated one. Temp.: 650°C, Stress: 18kgf /mm2
(---measured creep curve, calculated creep curve)




Ec(%)

: Uniaxial /
° @P: Internal pressure /
' C: Continuous ' ~ K
I: Interrupted 7 TS
ol P s ~¥ K,KOM K,KOBE @D I
-
/
LT //
-6 ™ / /’S'SUMII
_ / 4
5 | 4 4
s
" f’ yan , S,KOBE @
.4 ’; e A _ _
/ = e wmamm B E T R, ROBE @
. 3 B ,’ /’ .,‘Iﬂ“’"-—-’— N /,__a --_\\—
I memE T — A vl
' [ o T —, ey, == 7
-2 ey B e S g e
S, PNC-TOKAI C
K, PNC-TOKAI o
1 [ 1
8] (e ReRS) 2000
t (h)
¥Fig.41. Comparison between measured creep curve and célculated one.,
Temp.: 650°C, Stress: 14kgf/mm2.
(--- measured creep curve, calculated creep curve)
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Fig.42. Comparison between measured creep curve and
: calculated one. Temp.: 650°C Stress: 10kgf/mm2,

(--- measured creep curve, calculated creep curve)
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Fig.43. Comparison between measured creep curve and

calculated one. Temp.: 650°C Stress: 7kgf/mm2.
{~—- measured creep curve, calculated creep curve)
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(--- measured creep curve,

2000

eep curve and
Stress: 22kgf/mm2,

calculated creep curve)




Ec (%)

!
/

!

|

{

!

/

! x,suMI ©
!

!

K,PNC-OARAI @D C /
/

B i
!
i

C) Uniaxial
Internal pressure

a»:
C : Continuous
I : Interrupted

.

]
2000

{
{000
' t(h)

Comparison between measured creep curve and
Stress: 18kgf/mm2.

Fig.45.
calculated one. Temp.: 700°C,
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Fig.46., Comparison between measured creep curve and
calculated one. Temp.: 700°C, Stress: 14kgf/mm2.

(-—- measured creep curve, calculated creep curve)
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Fig.47, Comparison between measured creep curve and
calculated one. Temp.: 700°C, Stress: 10kgf/mm2 .

(--~ measured creep curve,

calculated creep curve)
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Fig.48. Comparison between measured creep- curve and
calculated one. Temp.: 700°C, Stress: Tkgf/mm2 .

(--- measured creep curve,

calculated creep curve)
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Comparison between measured creep curve and
calculated one. Temp.: 700°C, Stress: Skgf/mmZ,
(--- measured creep curve, calculated creep curve)
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Comparison between measured creep curve and
calculated one. Temp.: 750°C, Stress: 18kg f/mm? .

(~-- measured creep curve, : calculated creep curve)
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Comparison between measured creep curve and
calculated one. Temp.: 750°C, Stress: 14kgf/mm2.
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Fig.52. Comparison between measured creep curve and
calculated one. Temp.: 750°C, Stress: 10kgf/mm2.

(--- measured creep curve, calculated creep curve)
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Fig,53.

Comparison between measured creep curve and
calculated one. Temp.: 750°C, Stress: 7kgf/mm?.
(-—- measured creep curve, calculated creep curve)
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Fig.54, Comparison between measured creep curve and
calculated one. Temp.: 750°C, Stress: 5kgf/mm

(--- measured creep curve, —-calculated creep curve)






