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Table 1.

Chemical composition of tubes

Composition, wt %
Fe C Si Mn P ) Ni Cr Mo Co B N
Ladle Bal. 0072 058 1.67 0014 0013 1247 1713 254 004 — —
Tube A
0046 062 1.65 0017 0013 1243 1670 248 0043 0.001 0034
Check Bal. .
0067 062 1.69 0020 0o1s 1240 1672 245 0043 0001 8035
Ladle Bal. 0.06 058 152 0003 0017 13.14 14460 252 002 0o005| 00262
Tube B
006 057 157 00603 0012 1315 1695 237 002 00002 00258
Che ck Bal.
006 057 1.55 0po3 0.013 1314 1693 240 g0z p0002| 06258




serfaee roughness ané hardness of tubes.

grain 3l1ze,

tructure,

ieros

M

Table 2
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Table 3 Test

condition

Pressure or Stress Level

Test Temperature .
(C) (Rupture-Time or Testing Time)
600 Creep~Rupture ; 4 Levels
Internal Pressure 450 (100, 300, 1000 , 3000hy)
Creep-Rupture and
Creep 700 Creep s 4~5 Levels
750 ( max. 5,00[] hr )
600 Creep-Rupture 5 4 Levels
Uniaxial Tension, 650 (100, 300, 1000, 3000~5000hr )
Creep-Rupture and
700 Creep s & Levels
Creep
750 ( max. 10000hr )

—18—




Table 4 Results of creep-rupture tests under intermal pressure for Tube A.

Institute NRIM KOBE SUMITOMO| HITACHI PNC

Temp | Pressure | No. of |Time to| No. of |Timeto No. of | Time to| No. of | Time to] No. of | Time to

C K/ erd speci. rup;\ne speci. | ruptwe | speci.| rupture | speci | rupbure speci.| rupture
r hr hr hr hr

380 |3055-8] 1097 — — - — - — 13022-6| 1002

350 | 3055--3| 3537 - - - - - —  13022-5| 1163

600 320 3026511574641 — — - - — — |3021-4{ 28494

300 |3060~3{35541 — - - — — - 30212114542

270 |3055-2(46219 ~ — — —_ — — - —

300 — — {3020-8| 1120{3010-5| 2210 }3058~% 525130217 2885

3020~/

270 |3p50-8 304221 3120 13010—2| 3749 {3058—4| 1525|3040~7| 2549

MY s
MO~
oo
D_\.

6510 230 |3036—5]| 9910 {3049—2|15563{3003—6{28253 |3058—3| 8395(30224 81753

200 |3026—6 19595 13049322119 |3005-2|46420 gggg:@ %%622; 3021—3| 17615

170 |3026—2 32071130167 ]44732 - - — — - —

200 {3086—6 | 2580 |3016—4] 2534{ ~ - - — 130363 651
170 |3055-4 | 3690 |3049—4| 5223| ~— ~ | - ~  |3026-5{ 4665
155 - —  |3049—9| 7434 -~ - — - _ _

700 140 |3036—9 {10963 - - — — - — 1Z040-4123472
125 —~ — ls014-8l29171] - - _ _ _ _
100 - ~ {3049-5]47392| -~ ~ _ _ -

95 {30268 23779 — - — — —_ — — —

120 30609 § 1334 - - — — — — (30227 1282

95 |3055—6 | 1812 - - - — — - 30222} 3223

750
70 [3020—6 | 4040 — - - — — —_ — -

50 |3055—9 | 74640 - - - - - — 30405123472

The gecond program




Table 5 Results of creep-rupture tests under internal pressure for Tube B.

Institute NRIM KOBE SUMITOMO | HITACHI PNC

‘ Temp. [Presswre | No. of {Timeto| No. of ;‘I‘imeto No. of | Time to| No. of {Time to| No. of |Timeto
T K/ et speci. nqﬁfe gpeci. nqﬁfe speci nqﬁ?e speci.rmﬁgs speci. nm?ﬁe
350 ~ - - ~ - - —~ — |3815—| 975
320 |3614—5| 2835] - ~ —~ - - — 138385} 1773
600 | 300 [3833°%| 3341 — | - - | - ~ | - |3¢30-9| 3165
270 |3624-9| 8873| — - - - ~ — |3626—41 4120
230 |3614-3121222| — - - - — - |3624-3{31572
270 — I — |3454—2| 1165|3615-7| 1079|3607—7| 700|3624—4| 887
230 |3624~2 2258 (56548 3510 [3654—9| 4017|3607~2| 2880 |3645-9| 3844
650 | 200 5624—7 | 6537 |3650—4| 9895 |3615—2 1111.8) 200741 7685154389 7452
170 |3625-2 |16187 |3620-3|20282 [3626—6{20928|3607-5|21879| 36256 | 22014

140 |3645-2)43037| — — — - - - ~ —
200 |3630—7| 938(3654—5| 959 |3626—3| 834] — —  13654-7| 1222
170 |3625-4) 2770 |3636~8| 2362 [3630-3| 3030] — — 36457 3903
140 |3630—6| 5680 | — —  |3626-7| 5500| — —  13638—6]| 6505

700

135 - — |3636-2| 7613 -~ — — - _ _

100 ~ —  |3620—6|25620 | - - _ _ _ _
95 {3625-9 [21653] — —  [Bs15-5]22100| — —  |3626—2]18860
120 |3645-51 1315] — - — — — _  |3638—7] 2043
95 |3614-8 | 3306] — - —~ - ~ —  |3645—| 4954

7580

70 |3614—4 | 7600| ~— —~ - —~ ~ — |3636~7| 8150
50 |3624-8 |18455| — ~ ~ - — 136147 [29855

The second program
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Table 6 Results of creep tests under internal pressure for Tubes

A and B,
Tube A Tube B
Teu(r:np. Institute Prle(if:ﬂ;e No. of Minimum No. of Minimum
7 specimen |[creep rate specimen |creep rate
%/hr 2 %/hr %2

330 3055~-5% 43%x1073 ~ -

3oa 30602 9.3% 107 364544 35x107

3026—4% 1ex10] 3624-5% 4ix10?
600 NRIM 260

3026—7 22%10* - -

220 3060—7 75x10°| 3614—9 36x10?

180 - —- 3614—6 60x107°
2290 3020—9 42x10%| 3620-4 67%x107°
200 3049—7 1.2x10°| 3620-9 2.1%x107

KOBE 175 3042—3 sax10* ~ _

135 30424 44x10%| 3420-7 4.2x10*

650 115 3042—5 25x10%| 3620-5 1.8x104

250 3003—9 1.8x10° | 3615-—8 18x1072
SUMI-| 230 5003—7 1.0x10° — ~

TOMO 200 3003—4 31x10% | 3615—4 1.4g¢ 1073

130 3010—4 23x10%| 34268 1.8x10*

155 3016—9 5Ax10° | 3654—4 9.4%x1072

140 30t 6—3 17x10° | 34208 z8x10°

700 KOBE 80 3016~6 30x10%| 3636—4 Zax10*
60 30204 52x104 — -

45 3029—5 1.5x10%| 3636—9 .2x10%

95 30426 77x10°| 3658—5 1.5x10%?

750 PNC 70 3036—2 14x10°% | 3625-—3 23x1073

50 30367 under way 3658—4 under way

#15 The values of strain were. measured by extensometer continuously.
¥2, i,z was calculated from the relations of increase of outside

diameter vs. time.

The second program
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Table 7 Results of

creep and rupture tests under uniaxial tension for Tube A.

Temp.|Stress| No. of %gg;%;‘; Time for total strain,hr l;ﬂr;enir:aﬂ 'Elilmz t: Elgy-
C |Kg/mid | specimen str%in 0.5% 1.0% 20% %ﬁhr ph:r e
320 | 3034— 7 034, 15 138 368 | 39, x102| 1644 270
270 | 303412 | 0264 70 432 | 129 | 115 x10%| 8335 261
240 | 3008~ 3 | 0214 325 | 217 1063 | 10¢ X103 28518 113
00 5 01— % 0.17g 115 | 4047 | 9700 |82 x10°|under way
180 | 3034—10 | D014, | 235 | 4983 — | 61, x10° diﬂf‘;’g&%“]“ed -
150 | 3054— 3 0119 | 3470 ~ - 24p X107 disfgg%ig“]ed —
240 | 3034—15 023, 30 85 193 | 75 x102 978 564
230 | 3017— 5% - - - ~ 1133 84
200 | z017— %] _— - — - - 2897 62
200 | 3017—10 0.185 220 121 264 | 505x107°| 4558 134
gsg | 170 | 3017- e - — ~ =~ — 19491 104
170 | 3008—11 0.15, 187 770 1343 | 64gx107%] 23379 124
150 | 3017~ 6%} _ - - = - 26971 30
150 | 3008~ 8 | 042 724 .| 2352 | 3510 | 25,x107| 48908 83
120 | 3034— 6 | 0105 | 1331 3454 | 4686 | 15,x10%| 76664 118
90 | 3008-15 | 007, | 5993 ~ — | 42ox10° disfg%ig‘ied —
150 | 303415 | 0133 132 390 766 | 17;x10%] 2264 257
120 | 3034— 5 | 011, 765 | 211 377 | 35.x10°%] 9609 239
Jog | 100 | 300810 009, 384 858 1257 | 785x107*| 25041 194
80 | 3008-14 | 007, 900 1633 | 2279 | 37,x10%| 42804 132
60 | 3008— 4 005 | 2005 | 3094 | 4294 | 14,x10*|under way
40 | 3034—11 0033 | 3135 4605 6389 | 925x107° distﬂgggigniled -
110 | 3008— 9 0125 135 320 . 580 | 235%x107%] 1640 263
100 | 3008—16 | 0414 185 450 780 | 14gx1072| 2342 188
250 | %0 | 3008—13 | 008s 385 795 137 | 10,X10%] 3985 244
60 1 3034— 8 0074 810 141 272 | 395x10°| 10905 298
40 | 3034— 4 003, 413 663 927 | 95,x107*| 58344 261
20 | 303414 | 001, | 1486 | 2215 | 3373 | 195x10%|under way
¥ ; TOSHIBA
Without®¥ ; NRIM

The second program




Table 8 Re'sult.s of creep and rupture tests under uniaxial temsion for Tube B.

Instan-

Temp.[Stress| No. of |ianeous Time for total strain, hr [Minimum| Time to E].OI-I"
T Ke/n | specimen |strain e ‘ creep rate | rupture | gation
% 0.5% 1.0% 2.0% | %‘hr hr %
270 | 365015 0.235 95 325 630 | 192x10% 1351 114
240 | 3441— 3 0204 200 725 188 | 877107 4048 73
210 | 364114 | 048, 428 | 219 690 | 1.9,x10%| 12820 57
400 180 | 3647— 7 0144 152 1111 2856 | 43,x107%| 39590 44
150 | 3647—16 | 011, | 1375 | 8240 - 626x 107 disgglgionaiﬁd -
120 | 3641~ 5 0084 | 8042 - — 25,%107° disg%nzionélgd -
200 | 3650— 3¢ — — - - - 1451 165
200 | 3641— 8 017, 93 355 850 | 17sx107%] 1990 123
1720 | 3650— 4%  — — - ~ - 4715 124
170 | 3641—13 0.155 242 128 299 | 485x107%| 5373 7.9
gso | 150 | 3650- . - — - - 11002 7.9
150 | 3647— 9 011y 97.0 366 765 | 175x10°%| 12977 75
120 | 3650— 6% - - — — 34309 48
120 | 3641 42 008, 816 1888 2585 | 34gx107%| 305041 49
90 | 3641— 7 0.05; | 3479 5296 6467 | 79sx107°| 72624 43
20 | 3647—12 0055 - - — 263x107° disg%c'bméﬂ]d -
150 | 3641— 6 0153 135 405 770 | 199x1072] 1480 9.6
120 | 3647— 5 612, 675 182 304 |45,x107%| 5184 88
200 | 108 | 3647~ 3 008, 250 528 819 | 12gx107%| 11737 63
80 | 3641— 4 0064 620 1042 1428 | 53,x107*] 19228 93
60 | 364714 004, | 2155 3185 3990 | 14yx107*| 51117 95
40 | 3650—14 003; | 4340 5584 6717 | 689x107° | under way
110 | 3641— 9 - - — - - 952 77
100 | 3447—13 010, 223 510 852 | 15pX1072| 1615 100
%0 | 3647—10 | 008; 398 828 | 135 |86,x107%| 2227 65
750 80 | 3650~ ¢ 0.085 535 115 188 600%107° 3697 9.8
60 | 3641—15 005, 190 330 497 [ 17gxi07°| 7513 68
40 | 364711 0025 | 1027 1559 2044 | 34gx107*| 51842 279
20 | 3647~ 6 001y | 3900 5245 6797 | 675x107° | under way
% 5 TOSHIBA
Without ; NRIM
The second program — 25—




Table 9

Estimated values of stress obtained by each test. (Kg/nd )
Rupture tests Creep tests
1 %2 #3 3
Tempera- Internal pressure " Uniaxial tension ;?22;3?& o Uniaxial tenslon
ture Equivalent mini-/Minimum creep |1% total
10000hr 15000hr 10,000hr 15000hr mum creep rate|rate of strain in|"
of 1074 % hr 1074% hr {10000hy
Estimate| Lower |[Estimate{ Lower {Estimate Lower [Estimate] Lower [Estimate| Lower [Est imate Lower { Mean
600C 173 132 140 120 158 12.4 145 11.5 156 111 165 134 142
é50C| 107 7.0 26 5.7 29 73 20 4.6 8.2 4.5 103 7.4 72
700¢C 4.5 — 35 — 54 3.3 4.9 2.7 {2.6) - 5.1 2.7 2.8
750C — ~ — - - - - - - - 1.8 0.5 —

#1 The hoop stresses were obtained from the relations of temperature versus pressure for Tubes A and B

(Fig. 12).

2 The tensile stresses were obtained from the relations of temperature versus stress for Tubes A and B

(Fig. 23) .

%3 The equivalent stresses were obtained from the relations of temperature versus pressure for Tubes A

and B (Fig. 20).

%4 The tensile stresses were obtained from the relations of temperature versus stress estimated from
the master minimum ¢creep rate data for Tubes A and B (Fig. 30), and estimated from the total strain

data for Tube B (Fig. 32), respectively.

The hoop stress obtained by the mean diameter formula and the equivalent stress defined by Tresca was
calculated taking the dimension of the tubes as 630 mm in outside diameter and 0.55mm in wall thickness.
The equivalent minimum creep rate defined by Mises was calculated from tangential creep rate obtained

from the increase of outside diameter of the tubes.
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internal pressure for Tube B.
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uniaxial tension for Tube A.



50
50
40

30
20

Stress (kg/mm?)

-Confidence limits (95% confidence coefficient) , 650°C

V750°C

AT00°C

Regression equations selected

P

Regression curve \\V\

650°C : logt, =—2.356+14.753logo—8.632(logo

. Contribution 99.4%

700°C : logt, =6.667—3.724logo

Contribution 97.2%

750°C : logt , =5.926—3.763logo

Contribution 98.3%

10

10° 10°

10"

10

- Time to rupture (hr)

Fig.49 Regression curves and confidence intervals on creep rupture data

under uniaxial tension for Tube B.

10°



(kg/mm?)

Stress

30

20

10

~. N
\\\“\ \ > Regression curve Temperature | Symbol
SO 600° C 0
650° C O
700° C v
750° C A

Confidence limits
1

(95% confidence coefficient)

Regression equation selected Contribution 94.9%

i |
T (18. 06 +logtr) X10 _31222. 558 +1. 262|10ga—2. 976 (logc;')2
17 19 20 21 22 23
LMP=T (18. 06 +logtz) X107®

Fig. 50 Regression curve and confidence interval on master rupture data under uniaxial

- tension for Tube ‘A.




Stress (kg/mm?)

30

20

10

\\t =~ |
T~ Temperature| Symbol
SIS : 600°C 3
\.\\ )/ R
N Regression curve 650°C o 1|
700°C v
750°C A
-Confidenc.e limits
(95% confidence coefficient)
Regression equation selected Contribution 98.7%
T (13. 08 +logt ) X 10 *=23. 783 —19. 057logo -+17. 133 (loge )* —6. 255 (logo *
| I .
12 13 14 15 18

tension for Tube B.

LMP=T(13. 08+ logts)<107*

19



5
40
30 | 0600°C.

|

/
0 A 700°C
/

$
10 e N

-3

Regression equations selected

Stress (kg/mm?2)

600°C : logt , = —17.405+10.5571oge
Contribution 91.9%

4
| A 650°C : logt, =13.519—36.570logo+18.775 {logs
: : kY Contribution 98.4%

700°C : logt, = —0.987—9,588logs+7.589 (logo ¥
Contribution 99.4%

750°C - logt , =—4.610+42.801logs
Contribution 99.4%

2 < | i
10 gt 107 107 g™ 10°

U1

Minimum creep rate (% /hr)
Fig.52 Regression curves on minimum creep rate data under uniaxial tension

for Tube A.



Stress (kg/mm?)

G0
S18

40
30

20

10

_——0 600°C

&—650°C

600°C

-~
e
&

650°C

700°C

750°C

e
|4 |4 T700C
}/

- 190°C
/‘V

Regression equations selected

: logt  =—14.189+8.697logs
Contribution 98.0%
! logt , = —2.872—7.355logo+6.323 (logo)?

Contribution 99.9%;

*logt, =—3.322—4_468logo+4.963 (logs)?

Coniribution 99.9%

* logt , =—4.553+0.586logs+2.158 (loge

Contribution 99.8%

V

107 10

107

10° 10"

Minimum creep rate (% /hr)

Fig.53 Regression curves on minimum creep rate data under uniaxial

tension for Tube B.



-8 /=

-&.-..___\\‘D‘\'“-.\
30 T ~ .

T~ - e~ ~ [
~<0 - : S~ Temperature | Symbol | |
T~0 =~ ‘
T~ 600° C 0 ‘
20 i 650° C O
700°C \
750°C A
Regression curve
= 10
g
~
=
~ Confidence limits y
" (95% confidence coeffieient)
&
5
n 5}
Regression equation selected Contribution 95.9% .
T (22. 59 —logémn) X107°=28. 611 —7. 854 logo +8. 826 (logo *—4. 690 (logo )*
2 L
20 21 22 23 24 25

Fig. 54 Regression curve and confidence interval on master creep data under uniaxial tension

LMP =T (22.59 —logé ) X107

for Tube A.




A

(kg/mm?)

Stress

30 — j
R - Temperature | Symbol | |
NN 600° C 0
S~ payey
20 R 650°C O
~ - 700°C v
SO e 750°C A
Regression curve
10
Confidence limi
(95%confidence coefficient) \N\
RN
5 S
Regression equation selected  Contribution 99.2% \\ N
T (17. 47 —log &mn) X 10 *=23. 209 —4. 263logo+3. 111 (logo)* —2. 323 (logo )® \ N
. \ .
\ N
9 \ \._“. N
16 17 18 19 20 21 22

Fig. 55 Regression curve and confidence interval on master creep data under uniaxial tension

for Tube B."

LMP=T (22.59—log &mn ) X107

23



Photo.1 Appearances of the specimens after creep rupture
tests by internal pressure creep testing apparatuses
of the same institute.
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[ubeA, 3058—3, 650°C, 230kg/cmZ 839.5hr. TubeB, 3607—5, 650°C, 170kg/cmZ 2187.9hr.

Photo.2 Some examples of cracks of the specimens ruptured

under internal pressure at 650°C.
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TubeA, 700°C, 100kg/cm? 4739. 2hr TubeB, 700°C, 100kg/cm? 2562, Ohr

Photo.3 Some examples of photomicrographs of the specimens

ruptured under internal pressure at 650°C and 700°C.
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TubeA, 50kg/cm2 946. Ohr TubeB, 50kg/em? 1845, 5hr

Photo.4 Some examples of photomicrographs of the
specimens ruptured under internal pressure

at 750°C.
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