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internal pressure tests for Tube A, respectively. The hoop stresses were calculated by the
inside diameter formula, mean diameter formula and outside diameter formula.
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Correlation between the tensile stress and hoop stress for the same rupture-time
and at the same temperature, which were obtained by the uniaxial tension tests and

by the internal pressure test for Tube B, respectively. The hoop stresses were calculated
by the inside diometer formula, meon diameter formula and outside diometer formula.
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Table 1.

Chemical composition of tubes

Composition, wt %
Fe C Si Mn P S Ni Cr Mo Co B N
Ladle | Bal. |0.072| 0.58 | .67 |0.01410.013(12.47|1713| 2.54 | 0.04
Tube A 0.066| 0.62 | 1.65 |0.017|0.013(12.43|16.70! 2.48(0.043|0.001{0.034
Check | Bal.
0.067| 0.62 | [.69 |0.020|0.015(12.40|!6.72] 2.45|0.043[0.001|0.035
Ladle | Bal. |0.079]| 0.60 | 1.60(0.003|0.01613.25|16.75| 2.45 |0.03 0.0003{0.0162
Tube B 0.079| 0.60 | 1.860{0.002|0.011|13.23|16.80| 2.58 |0.01 [00002/0.0164
Check | Bal.
0.077|0.60 | 1.61 |0.002/0.012{13.19|16.75| 2.60| 0.01 [0.0002{0.0i72
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Table 2. Grain size, microstructure, hardness and surface roughness of tubes.

_ Grain size Surface Hardness
Photomicrograph (ASTM No.}| roughness (Hv )
Inside surface | Longitudinal
.0 S 289
Tube A 9.0
Outside surface | Transverse
(.6 S 283
Transverse OI .Imml Longifuainal
Inside surface| Longitudinal
260
0.8 S
Tube B 7.0
QOutside surfacel Transverse
e . Har (.5 S 254

Transverse

0fmm | ongitudinal
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Table 3-1 List of internal pressure creep testing apparatus

Institute No. of No.of specimen | max. Pressure max. Temperature | Pressurizing |Atmosphere
apparatus | per apparatus ( kg /crr?) (°C) medium

NRIM. S 2 500 800 Ay Air

HITACHI ! 2 500 800 g Ar

KOBE 5 3 50 0 800 ’ Air

SUMITOMO 5 | 500 800 ” Ar

PNC 10 I 500 750 “ Air

Table 3—2 List of tensile creep testing machine

(nstitute No. of No. of specimen| max. Load max. Temperature

| _ Atmosphere
apparatus | per apparatus ( kg ) (°C)

NRIM 28 I 750 ~1,500 800 Air




Table 4

Test Condition

Pressure or

and Creep

Test Temperoturg Stress Level ( Rupture Time or
(°C) Testing Time )
Internal Pressurd 600, 650 4 Level
Creep-Rupture| 700,750 ( 100, 300, (000, 3000 hr)
Uniaxial Tension| 600, 650 Creep — Rupture :+ 4 Level
Creep-Rupture| 700,750 ( 100, 300, 1000, 3000 hr )

Creep y 9 Level
{ max. 10,000 hr )




Table 5 Results of creep-tupture fests under infernal pressure for TubeA.

Institute | NRIM | KOBE [HITACHI|{ PNC [SUMITOMO
Temp. Pressure [No.of | Time fo |No.of [Time To (No.of | Time fo |No.of {Time fo [No.of |Time fo

o kgcm2 Speci) YUDAI#YE Speci. rupr;riyre speci. ruprT#re SPeC, ruphT}Jre Spect. rupgyre
370[1907| 277.7|1098 408> | — | — |ue3| 3715| — | —

coo | 3551904 8764 1605 5393 | — | — |ias-8] 1159, | — | —
330 :23; 2200 13| 24505 | — | — |46 29653 —| —
310 |l L%%g:gm-s 2914.1| — | — |i26-8|2308.| — | —
310 |1903| 1684 ita-2(1058) 1863 1037 |1a6-0| 1727|283 (5L

o5 | 280[159 5166|1002 212 i654| 5260 |uass| 5787 |2385] 485
2550|1551 100, 1 |1628|1300.0 0o ot 676 1467 | 916.5|2387| (010>

1634 [1389.0°

L] _ ° [ : e
225|155:8|2203.5) 1507112182/ |86-6{2601.1 |126-4|5858.3 | 2586{ 2519.4

o20| —| — |3r9|286 | —1 — | —| — |— | —
215|552, 2765 — | — | — | — |ms4| 2695 — | —
700 | 185|608 8401 |i6a7| s230| — | — |us2| 33| — | —
150 1602 | 1449.7|160-6| 15275 | — | — 1267 18180 | — | —
1 35 |1902| 22434 l09-9| 23698| — | — |2484| 29025] — | —
150 |190-9| 176.6|169-35| 2005| — | — |1a48| 2147 — | —
115 |190-8| 612.0(137-7| 630.1| — | — |i262]1220.5| — | —
00| — | — lieee sl2s5|—| — | —| — | = | —
750 .
95| —| — | —| — |—| — |B5r5|16047| — | —

80 hsos|teso| —| — |—| — | —| — | — | —

70 (1554 | 241961603 |3510.8 | — | —  |1265 |3980.2| — | —

Parentheses show the reference values of specimen rupiured at welded spot .

Marks( e,0) show the values applied fo statistical anclysis of the relation between
pressure and time 1o rupture.

Mark ( o) shows the values applied to statistical analysis of the relation between
pressure and Larson -Miller parameter .

~62-



Tible 6 Results of Creep-fupture tests under internal pressure for Tube B.

Institute | NRIM | KOBE |HITACHI | PNC |SUMITOMO

Temp. P&essure Noot TimTeUTO Ne.of TimTe fo |No.of [Time fo No.of [Time o [No.of [Timeto
° 9/, [rupfure |speci[rupture [Speci|rupture [speci frupture [Speci fupfure
C | e |speci|"RY pECIIPIUIE 5P piure speci. fupty pec pupty

370 |08 119.2] — | — | —| — los4| 1775 — | —
355 |09 266.2 [z 85.0| — | — loie7| 173.°| — | —
600 | 330 |io0os-1| 288.6 |loms| 3061 | — | — o8] 351.°| — | —
210 1024 G02 Dy gl 15668 — | — |I0294556.7| — | —

1004-3] (309.0)
280 (wi27f1494 | —y — | — | — | —| — | | —

-] ° -] 9 [:]
310 1023 107.7 {poey| (Saefos-2|  71.2]00-2| 73 004 | e8.8
: °11004-8| 2013 |0 > hose- *li007- 5
280 |1012-8| 154.5 e | 2ogpef0l83] 1922 1036-2| 251. [I007-1|127.0
: °ll00224 | 269.5.[016-4| 2867, |z .
650 | 250 |10052| 3689 || sapeloi6s| 3962 [0369] 348. |0078((3220)

225 [1029] 699.7 |liaa| 452 1. loig6| 5836 fl0i-9| 739. 10076 | 5953

185 [lo4lieza0l — | — |—| — | — | — | — | —

*lz2-7| Loy __ - ~ © 3 g
215 [l012-2| 127.8 |43 (130.0) 1036-7| (41, |I00F3] 899
185 (055! 3238 [00ss | 322.4| — | — |ow-2 | 2513 |1001-1| 2883
55| — | — |ooz2|larzs)— | — | — | — | —| —
700 _ - .
150 lioi-l] 7038| — | — | — | — |oz2¢| 5727 |0or-9| 57686
(35 lioo2|1038.8|10049| 13041| — | — [ow-8|1578"|0077| 8150
ns jossjasi ol — | — |—| — | — | — | —| —
150 loos-3| 122 .7 loows| 1430 — | — |10365] 107.5] — | —
115 0031|5173 |o0zz6| 5093] — | — [10299| 2615| — | —
- o5| —| — | —| — |—| — |oee|1142] — | —
750 _
90| — | — lwmsliooss| —| — |— | — | — | —

80 (wo3-7iieees| —| — | —{ — | — || — | — | —

-] -] L]
70 |1004-41692.2]1004-6| 30308 | — § —— [0235{220L.5| — | ~—




Table7 Resulfsof creepand rupture fests under niaxial tension for Tube A.

Temp. [Stress| Noof l’;ﬁggl?s Time for fofal strain,br ~ [Minimum| Time to | Elon-
c kg/ specimen| stiain’ | 05% | 1.0 % 120 cz/eeprafe rupture go:rlon
mm? % |20 e |WVR 20| %Ry |y | %
3.0{127-5| — — — — 26.2| —

290 156-4| — — — — — 452_.42' —

| 220-8| 0.35, 50| 575| 2100/62x3°| 6306| 0.2

070 |83 | — — — | — — 9467| —
600 220-2{ 0.306| 8.0| 140 6890]1.54xIG7| 16443 | 7.
oqo L1104 — — — — — 6085.8: —
247-5| 0.21a| 540| 9730|3842 |[24.x15%| 5018.5| 33

220 |220-4 [ 0.190 [ 1070 | 4280] — |85.xG° | Feesi| —

18.0 |247-3 | 0.164 |5020 | — | — |20sq0°|T65Es | —

240 |127-2| — | — — — — 968" | —

210 117-56 — — - - — aa18 | —

8o L1735 | — — — | — - 1914.6" | —
24715 | 0.165 | B20| 6550|1575 |784x10%| 22004 | 7.

650 60U T4l — — — | — — 6024.7: —
247-11| 0.152 {6720 | 2335 | 3945 | 23410 | 4971.9 | 4.0

15.0 | 247-4 | 0130 | 1045 | 4330 | 7632 {13.x10%| 85285 | 2.8

4.0 | 247-8 | 0.12¢ | 2047 | 8215 | 10085 | 1.0sx10% 05353 | 2.4

13.0 | 220-6 | 0.129 | 2207 | e580| 9705 |98xc" |Sudese | —

18.0( llo-6| — — — — — 1220 | —

60 l127-6| — — — — — 243.0: —

247-9 | 0.16, 4.8 539 109.6]1.2gx10%| 2349 [10.3

is0l110-2| — — — — — 1060-7: —

200 220-3 | 0.3 | 101.5| 3280| BI60|l.64x153 |248-5' 4.7
1.0 153~-3 - - - — - 24909 -

2205 | 0.097 | 381.0| 1086 | 1925 |69ex10*| 24578 | 3.6

10.0| 247-16 | 0.098 | 8400| 2375|4109 |2.9x10%|56088 | 4.3

3.0 [10-3 - — — — - 4753.&2 —

24742]| 0.083 | 1132 | 3422|5545 |Loxd* |6028.2| 2.6

I13.0] 112-6 - — —_ — — 102.0 —

11.0] 156-5 | — — — — — 271.6| —
00534 — —_ — — — ssa.s: —

220~7 | 0.100 790| 208 | 377.0 |34%10°%| 8745 | 7.0

750 | 7.0| 247-i0{ 0.07: | 3700] 8740| 143! |8lgx10™* 2049.§ 57
6.0 156-2| — — — — — 23622 —

5.5 | 24713| 005 | 1075 | 2327 | 3814. [27x10% | 55058 | 4.2

50| 247-71 0.04: | 2110 | 4630 | 7912 |1.65.0107 |1 16259 5.1

4.5 il7-z2| — — — — — _ |65[8.% —

247-14 | 0.03=2 | 2225 | 4047 | 6078 |1.5+%I1C |I0EZ2.4.| 4.9

Marks(e.0) show the volues applied to sfatistical analysis of the relation between
stress and time fo rupture .

stress and Larson-Miller parameter.

" Mark (e ) shows the valyes 0pp||ed to statistical analysis of the relation between




Table 8 Results of creepand rupture tests under uniaxial tension for Tube B |

Temp. Stress| No.of [[f;ﬁZgSS Time for total strain, bt [ Minimum | Time 1o Elon-
C e [Deinen st [ 055 [ 10 [2.0%| Snr | e | "
sgoosotl — | — 1 — | — ] — |43.2: B

1005-1 | 0.31, 52| 369| 9101510 1603| 56

27.0 [1015-4| — — — | — — 3219 —

o0 | 24.0 1015-2| — — — | — — | smo| —
1051-5 | 0.22s | 358| 2840 | 7405|115 x10°| 8565| 2.6
2100503 — | — | — | — — |a2s720| —

20.0 |1051-3 | 0174 | 201.0| 2049 — |23x107| 23248 1.2

18.0 [1005-5 | 016s | 716.0| 5443 | — | z60%10% 7578.8[ 1.7

i6.0 105115 | 0.106 | 4670 | — | — [z7exig8|fairg| —

21.0 (10483 | — — — e — 705 | —

80 Notz2| — — — — —_ 839.8: —

1005-9 | O.16¢ 520 257.0| S17.0| 22s8%10 89,2 4,1

16.0 1050-1 — — - — - I298.8: —

650 1005-3 | 0.145 | 167.0| 7580 1274 | 7.5.x107 1587.8 | 25
4.0 |1051-15 | 0.127 | 8170 | 1979 | — |26sx10%| 28530 | 1.9

130 [049-2] — — — — — | saisz| —

051-12 | 011 | 1510 | 3148 — [L65%10*] 40017 | | 8

12.0 [1005-12 | 0.085 | 2231 | 4345 | 5985]1.2:x10%| 60806 | 2.2

1L.O [1049-3 | — — - - - | &6736.3 —

16.0 [loas5| — | — — | - — 1259 | —

13.0 t042-5 — — - - - 5|8.4: -

100513 | 0.126¢ | 85.6 | 2385 | 3670|28x107| as838 | 5.0

(10 flog8-1 | — — — | — — goo.l | —

700 1051-11 | 0.094| 2832 | 655.0| 1002 | 94sx0%| 1177.2| 34
1 0.0 {1005-2 | 0,085 | 4790 | 1030 | 567 | 58x10*| 18789 | 34

go 0484 | — | — — — — 2055: —

1051-9 | 0.079 | 6525 | 1427 | 2206 | 41sx10*| 25525 | 2.9

8.0 [1005-4 | 0.07+ | 1096 | 2329 | 3618 | 270x10* | aBoa.5 | a3

1.0 ois-3| — | — | — | — — 1718 | —

g0 lo42-1 | — — — — —-_3 465.4: —

1051-4 | 0.08s | 830| 196.5| 3165 35:x10°| 415.0 | 4.0

7.0 |1051-14 | 0,08, | 2620| 5338] 8245 1.1ex1G% |1112.4 | 6.0

PO goloss| — [ — | = =1 — Tiene] —
50 {l051-2 | 0.055| 9440| 1711 | 2597 | 35,x16*| 39825 | 6.1

a5 110423 | — | — — | — — leosos| —

1051-1 | 0.03¢ | 1846 | 3072 | 4378 2.0,x15* |6021.T | 6.1

4.0 1005-6 | 0.0%s | 2747 | 4276 | 8677 ] 1.3.x10%] 105417 | 14.5

_65_




Table 9 Regression analysis of the creep-ruplure dataunder internal pres-
sure represented by the relation between pressure and fime fo rupfure .

Degree FO(RES) * | SD(RES)

Tube |Temp. | of sfficfiocs)’ ~ | F(0.05) | 2(Tik-7)° [20-Sio®
"C - [Polynomid /%/‘Y'I—ﬁﬁ—) z(Yi-Y)* A

O 18. 409525 | 5.120 | 0671647| 0.190100

600 5 3.947942| 5.320 | 0.780144| 0.155554

M |187.035767| a.ai0]|o09166si| 0117086

A |29 2 4. 141062 | 4.450 | 0.933812] 0104335

(D |i180.859848 | 4.960 | 0.947015| 0.087363

7001, 0.045676 | 5.120 | 0.947316] 0.08714

(D |258.422784 | 5.120 | 0.969973| 0.078020

750 M5 3.269992 | 5.320 | 0.979533| 0.0644(2

O 35.989340 | 4.960 | 0.799953| 0.1 73013

800 2 0.001982 | 5.120 | 0.800002| 0.172992

650 O |413.696265 4.260 | 0.947332| 0.087047

B 2 2.55639| 4.280 | 0.9528I5| 0.082392

200 (D |288.986303 | 4.670 | 0.96013| | 0.080685

2 0.549646 | 4.750 | 0.962028| 0078742

- O [219.838639 | 4840 | 0.956491| 0.1042(3

2 1.252361 | 4,960 | 0.961806 | 0.09764

D | 3.095035 | 4.350 | 0.395680| 0.348477

600 2 1.258507 | 4.380 | 0433222 0337479

650 @ 4.692817 | 4070 | 0741418 | 0.225564

AandB 3 0.000201 4.080 | 0.741420| 0.225563

O 93.043755 | 4.280 | 0801799 | 0.180369

700 5 0.958416 | 4.300 | 0810073 | 0.176564

750 O |271.475126 | 4.350 | 0931384 | 0.125946

2 2.040303 | 4.380 | 0.938037| 0.119683

Yi ; logarithms of observed value ¥ ; mean of logarithms of observed value,
Yik ; logarithms of estimated value at k-thdegree of regression equation,
n:number of observed value ,F0.05) ; value in the F-Table at significance

level of 5o 12; confribution, So; standard deviation, Round mark ; signifi-
cant degree of regression equation .



Table 10 Regression analysis of the creep-rupture data under
internal pressure represented by the relation between pressure

and the Larson-Miller parameter .

Deqree FO(RES) f2 SD(RES)
Tube | OF Iiffonl?  1F005) [(Tk-77 £’ |

Polynomi (Yi-Yik) TOYi-7)2 n

n-I-k

A (2) | 49.250843 | 4.045 | 0.89227 |0.130528
3 .318635 | 4.050 |0.89564 | 0.128470
5 (3 | 5.380995 | 4.008 |0.93512 |0.111418
4 3.721488 | 4.012 | 0.93901 |0.108024
21.040552 | 53.92 0.72752 {0.235072
i B @ © | 0.72752 | 023507z
3 1.528844 | 3.928 |0.73162 |0.235299

Yi ; values of LMP calculated from observed value,Y ; mean val-
ue of LMP calculated from observed value, Yik; estimated values
of LMP af k-th degree of regression equation,n; number of observed
valve, F(0.05); value inthe F -Table at significance level
of 5% , r*; contribution , sp; standard deviation, Round mark;
significant degree of regression equation .



Tablel | Regression analysis of thecreep-rupture dataunder uniaxial
tension represented by the relation between stressand time o rupture.

Degree | FO(RES) r? | SD(RES)

Tube [Temp.| O hffisiaay | F(0.0%) | 5(%ik-v° jm
| °c Polynomial (-2 T (Y1 -)? 0

n-I-k_

(D 193718773 | 5.990 (0.974839 | 0.078696

8005 0.007570 | 6.610 |0.974886 | 0.07862

@ | 33.648239 | 6.610 (0997075 | 0.035549

A e 1.657270 | 7.710 |0.997932 | 0.02989

B 6.921388 | 5.990 [0.985387 | 0.070419

700 3 2.627653 | 6.610 [0.989838 | 0.058724

250 (D) |412.794942 | 5.990 |0985673 | 0.075233

2 1. 229049 | 6.610 |0.988500 | 0.067404

() |405.502286 | 5.990 |0.985419 |0.068760

c00 2 I. 155055 | 6.610 [0.988155 |0.061974

650 @ [1.925234 | 5.990 |0.992047 |0.040902

B 5 3.692956 | 6.610 [0.995425|0.031020

200 () |275.31058] 5.320 |0.975205 |0.069943

2 3.507173 | 5.590 |0.984352 |0.055564

750 (D |2030687664 | 5.590 |0.997054 |{0.030i16

2 0. 0588 | 5.990 |0.997088 [0.029942

500 D | 22.561091 | 4.670 |0.634432|0.327239

2 |.529417 | 4.750 |0.675757 |0.308188

| 550 @ 5.302229 | 4.600 (0.794952 |0.256965

Aand B 3 0. 624808 | 4.670 [0.804355 |0.251004

200 (D |103.969833 | 4.450 [0.859469 |0.196119

2 |. 768944 | 4.490 [0.873459|0.186101

250 (D) |387.130395 | 4.600 |0.965099 |0.110934

2 0. 626055 4.670 10266702 |0.108355

Yi 5 logarithms of observed value, ¥ ; mean of logarithms of observed value,
Yik ; logarithms of estimated value at k-thdegreeof regression equation,

n; number of observed value, F (0.05); value in the F-Table af significance
levelof 59, r®: contribution, sb: standard deviation, Round mark ; signifi-
cant degree of regression equation.




Table 12 Regression analysis of The creep-rupture datg
under uniaxial tension represented by the relation between
stress and the Larson-Miller parameter .

Degree | FOCRES) ?  |SD(RES)
A~ 2 v v =
Tube IOf [~ | F€0.09) Yk | i
Polynomis -9 vl N
n-1-k
(@) | 85.414593 | 4.225 | 0.96852|0.102436
A
5 | 00011957 | 4.240 | 096837 |0.102359
(3) | 6.684070 | 4.200 | 0.98547|0.059412
B
4 | 0056541 | 4.215 | 0.98553|0.05928]
rad B (@ | 12.174625 | 4.008 | 0.78895|0.24529]
3 | 0541474 | 4.012 |0.79116 |0.244004

Yi svalues of LMP calculated from observed value, Y mean
value of LMP calculated from observed value | Yik; estimated
values of LMP at k-th degree of regression equation, n;num-
ber of observed value, F¢0.05);value in the F-Table
at significance level of 54, 1%; confribution, SD; standard
deviation, Round mark ; significant degree of regression equa-

tion..

_69H



-0/ ~

Table 13 Estimated values of stress obtained. (kg/mm?2)

%2
%3
xq

Rupture tests _ Creep tests under

Tempera- | Internal pressuré'| Uniaxial tension™2 uniaxial tension
| ture 10.000hr| 15.000 hr | 10.000 hr | 15.000 hr |Minimum crg)_?p-l%total strain
%3 (%4 | %3 [%4 [ %3 [x4 | %3 %4 |rate of 19 °%hr|in 10.000 hr*5

600°C [12.1|15.5[179]14.5|18.0{148 |17.0{13.9 8.3 16.4

650°C |12.7| 97 |Il.6| 8.6|11.8] 92!11.0| 85 11.8 (0.4

700°C | 75| 4.8| 63| 3.9| 72| 50| 66/ 45 6.4 5.6

750°C| — | — | — | — | 38| 20| — | — 3.6 3.0

¥ 1 The hoop stresses, being calculated by the mean diameter formula taking the dimension of the fuel

clodding tubes as 6.3 mm in outside diamefer and 0.35mm in wall-thickness, were obtained
from the relations of temperature versus pressure for Tubes A and B ( Fig 17).

The tensile stresses were obtained from the relations of temperature versus stress for Tubes Aond B (Fig.26).
The values were obtained from the regression curves.

The values were obtained from the curves of the lower confidence limit at the confidence coefficient of 95%.
The estimated mean values were obtained for Tube B, the vaives of which were smaller than those of Tube A.
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Photo, 1 Appearances of specimens after creep—-rupture tests by internal pressure creep

testing apparatuses of the same institute.
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186-4, 280'%, 526.0hr, (a)

1918-3, 280%;, 1922hr

_ opposite side
186-4, 280%, 5260hr, 70" 23"

1018-5, 250%:, 346.2hr

1018-6, 2254%, 583.6hr

Tube A

fer——

1m=

Tube B

Photo. 2

internal pressure at §50C.

_72_

Some examples of superficial cracks of specimens ruptured under




. Vicinity of fractured portion
Fractured portion, Transverse

Transverse Longitudinal

Tube A, 650C, 238-6, 225%, 25194hr

650C , 1007-1, 280%, 127.0hr

r

Tube B, 700°C, 1007-7, 135%, 8150hr

Photo. 3 Some examples of photomicrographs of specimens ruptured under

internal pressure.




Before test Before test

W

600C, 310%, 29141hr 600T, 310%, 1566.8hr

650°C, 225'%, 17105hr 650C, 225%, 8261hr

700°C, 135%, 2369.8hr 700C, 135%;, 1304.1hr

750C, 70%, 3510.8hr

Tube A 4 0.052= Tube B

Photo. 4 Photomicrographs of specimens of long-term ruptre at each

temperature tested under internal pressure (transverse),




600°C, 24 0kg =i,

50183hr

'./r‘"u

2 #EL

s \5, ~

PPl L e
SN A

AR

"y,

750C, 4.5kg/mi, 10539.4hr 750, 4.5k8m, 6091.1hr
Tube A f— 0.052e Tube B

Photo. 5 Photomicrographs of specimens of long—term rupture at each

temperature tested under uniaxial tension ( longitudinal),
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