ORNL/TM--7134

DE91 015628

Contract No. W-7405-eng-26

P
!r

METALS AND CERAMICS DIVISION

il

]

ANALYSIS OF AVAILABLE CREEP AND CREEP-RUPTURE DATA FOR
COMMERCIALLY;HEAT-TREATED ALLOY 718

M. K. Booker and B.L.P. Booker

Date Published - March 1980

DISCLAIMER

Thes H0Or was repered 23 an actount of work 3DONSOTad by a0 egency of the United States Government,
Hothes 1he Unied Stares Government not 4ny agency theceo!, not any of theit emgloyees, mabes any
wateanty, expresy Of implied, of assumes any legal lability of reponsibility for the accuracy,
« or fulnesy of any il tus, product, Of process diklowd, or
fepresnnts m T a1t uw WOuld not intringe Iive e‘v owned fights. Aclerence herein 10 any secitic
commetcial ood 01, (rocess, of srvice by trade name, trademark, manutacturer, of Otherwise, Goet
not of ImOwy ity ¢ or favoring by the United
States &Wﬂml O any agency theregt, The views .na opinong 0t athors erprmsed heren du MOt
necessaily state of teflect thase of the United States Government or #ny agency thereof.

NOTICE: This document contains information of
preliminary nature. It is subject to revision

or correction and therefore does not represent "
a final report.

o =

0AK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37830
operated by
a UNION CARBIDE CORPORATION ©
for the

DEPARTMENT OF ENERGY MAS?E*

3

Xas

W
<

DISTRIBUTION OF THIS DOGUMENT IS UNLIMITED

T



ABSTRACT & « ¢ « o &
+INTRODUCTION « « + &
MATERIAL « o « « o« @
STRESS CRITERIA . .
DATA o« ¢ o o ¢ s o @

ANALYSIS OF”RUPTURE DATA

RESULTS * o ¢ o o o

ANALYSIS OF TERTIARY CREEP
_CREEP STRAIN-TIME BEHAVIOR

ALLOWABLE STRESSES .
CONCLUSIONS « « & »
ACKNOWLEDGMENTS . .
REFERENCES « « « o+ &
APPENDIX « o 4 o & &

CONTENTS

iii

8]

A SO N

19
22
35
42
52
52
53
57



ANALYSIS OF AVAILABLE CREEP AND CREEP-RUPTURE DATA FOR
COMMERCIALLY HEAT-TREATED ALLOY 718"

v M. K. Booker and B.L.P. Booker
ABSTRACT

The Ni=Cr-Fe-Nb alloy 718 is a widely used material in
elevated-temperature applications. Curreantly, it is approved
by the American Society of Mechanical Engineers ASME Botiler
and Pressure Vessel Code only as a bolting material for
elevated-temperature nuclear servicey, This report presents
analyses of available creep and creep-rupture data for. commer-
cially heat-treated alloy 718 toward the development of
allowable stress levels for this material in general elevated-
temperature nuclear service.

Available data came from 14 heats of bar, plate, and
forging material over the temperature range from 538 to 704°C.
The longest rupture time encompassed by the data was almost
87,000 h. Generalized regrnssion analyses were performed to
yield an analytical expresszp for rupture life as a function
of stress and temperature. Heat-to-heat variations were
accounted for by “lot-centering" the data. Effects of dif-
ferent solution heat treatment temperatures;(Ts) were
accounted for by normalizing the creep stresses to the data
for Tg = 954°C. Thus, the results are strictly applicable
only for material with this solution treatment.

Time and strain to tertiary creep were predicted as
functions of rupture life. Creep strain-time data were repre-
sented by normalization to the time and strain to tertiary
creep and development of "master creep curves.” The results
allow estimation of time-dependent allowable stress per
American Society of Mechanical Engineers Code Case N~-47, and
the creep strain-time relationships can be used to develop
isochronous stress—strain curves.

INTRODUCTION

Alloy 718 is a widely used structural material in ‘elevated-

temperature appiications. This popularity is due to several excellent

*Work performed under DOE/RRT AF 15 10 15, Task OR-1.3, “Mechanical
Properties Design Data.”



features of the behavior of this material, including high creep and
creep—rupture strength, good oxidation resistance, and exceptional
hlgh-cycleffatigue strength. Current designs of the reactor upper
internals and control rod drive line for the proposed Clinch River
Breeder Reactor (CRBR) involve extensive use of alloy 718 in the commer-
cially heat-treated condition. (This treatment consists of a solution
anneal at 954°C plus ‘a duplex aging treatment of 718 and 621°C.)
However, with the exception of bolting material, alloy 718 has not been
approved by the American Society of Mechanical Engineers (ASME) code for
high-temperature nuclear applications.‘ Recent research programs have
been aimed at the generation of necessary information to allow such code
approval for commercially heat-treated alloy 718 in high-temperature,
nonwelded application. This report presents an analysis of available
creep and creep-rupture data as of July 1979, when the analysis was
performed. The goal of the present analysis is to summarize the

data in such a fashion as to allow determination of time-dependent
allowable stresses for elevated-temperature applications per ASME Code
Case N-47.1 This work is part of a larger effort toward compilation

of a Code Case N-47 package for alloy 718 being coordinated by EG&G
Idaho, Inc., through the Idaho National Engineering Laboratory. The
work presented herein was performed through funding obtained from EG&G
by subcontract. The EG&G program is in turn funded by the United States

el

Department of Energy.
MATERIAL

Alloy 718 is a high-strength Ni-Cr-Fe-Nb material with significant
creep and rupture strength up to 704°C (1300°F). Common nonproprietary
specifications for this material are given in refs. 2-7. 1In additionm, |
applicable RDT standards ‘exist for bars and forgings,8 seamless tube,9
and plate, sheet, or strip.10 Tables 1 through 4 compare several

aspects of the various specifications.
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Table 1. Product Check Analysis Limits
Content, %
Element ASTM ASTH AMS \
A670 A637 5589, 5596, 5662
Carbon 0.09 max 0.09 max . 0.09 max
Manganese 0.38 max 0.38 max 0.38 max
Silicon 0.38 max 0.38 max (7 0438 max
Phosphorus 0.02 max 0.02 max 0,02 max
Sulfur 0.018 max 0.02 max .0.018 max
Chromium 16.75-21.25 16.75-21.25 16.75—21.25
Cobalt 1.03 max 1.20 max 1.03 max
Molybdenum 2.70-3.40 . 2.70-3.40 2,70-3.40
Ni + Ta 4,55-5.70 4,55-5.70 4.55-5.70
Titanium 0.60-1.20 memﬁgo' 0.60-1.20
Aluminum 0.10-0.90 0.10-0.90 - 0.10-0.90
Iron remainder. :© remainder remainder
Copper 0.33 max 0.33 max 0.33 max
Ni + Co 49,65-55.35 49.65-55.35 49.65-55.35
Boron 0.008 max 0.008 max 0.008 max
Table 2. Melting Reqq}rements
ASTM ASTM AMS
A 670 A 637 5589, 5596, 5562
Consumable Electric Not specified
electrode furnace, or

induction vacuum
melt in induction, or
vacuum i
multiple melt ‘
using consumable
electrode remelt )
practice " Soeg
t 3 ) !
L -9
aIfkthﬁfconsumable electrode remelt is not

performed in a vacuum, then the electrode shall
have been produced by vacuum induction melting.



Table 3. Specified Minimum Tensile and Other Properties of Alloy 718

Strength, MPa (ksi) Total Reduction Predominant
Specification Elongation of Area Hardness Grain
Tensile Yield (%) (%) Size

Room Temperature

ASTM A 670352 1240 (180) 1035 (150) 12 .
ASTM A 637° 1274 (185) 1035 (150) 12d 15d 331 BHN
AMS 558995 € 1274 (185) 1035 (150) 12 36 C
AMS 5596C32 P 1240 (180) 1035 (150) 12 - 36 C 6
AMS 5662¢%
Longitudinal 1274 (185) 1035 (150) 12 15 45
Long transverse 1240 (180) - 1035 (150) 10 12 4-5

Transverse 1240 (180) 1035 (150) 6 8 45
| 649°C (1200°F)

AMS 55967
up to 0.635 mm 964 (140) 792 (115) 5
over 0.635 mm 999 (145) 827 (120) 5 )
AMS 56622 ‘
Longitudinal 999 (145) 861 (125) 12 15
Long transverse 964 (140) 861 (125) 10 12
Transverse 964 (140) 861 (125) 6 8

aAlthough precipitation hardening is not explicitly required by the specification, it
is required to achieve the properties specified.

bPlate, sheet, strip.
cBar, forgings. ’ fi

dLower values (6% total elongation, 8% reduction of area) apply to specimens machined
tangentially from near the center of large disk forgings over 0.032 mZ (50 in.2) in cross
section or radially from rings 76 mm (3 in.) or more in thickness.

eTubing.
fBar, forgings, rings.



Table 4. Heat Treatment Requirements for Solution Treated
and Duplex Aged Alloy 718

. ) Temperature Time
Treatment Specification - (h) Cooling
(°c) (°F)
Solution ASTM A 670 a a a a
ASTM A 637 924—-1010 1700-1850" 0.5 air cool or faster
AMS 5589b 940963 1725-1775 0.5 air cool or faster
. AMS 5§§6b 924—1010 1700-1850 air cool or faster
AMS 5662C 924—-1010 1700-1850 <1 air cool or faster
First aging all 718 . 1325 . 8 furnace cool
Alternate 5596, 5662C 718 1325 8 55°C/h (100°F/h)
Second aging all 621 1150 10¢  air cool
Alternate 5596, 5662C 621 1150 8 air cool

%Not specified. ,
bRecommendations, not requirements.

®Including cooling time from 718°C.

N

= N
’ J

// ]
STRESS CRITERIA

a “Za

«

The time-dependgpt allowable design stress intensity limit,St, is
defined for a given temperature and a given time, £, as the lowest of:
1. 2/3 of the minimum stress, to cause rupture in time %;

2. 807% of the yinimum stress to cause onset of tertiary creep in time
t; and '
3. the minimum stress to produce 1% total strain in time ¢.

'in addition, Code Case N-47 includes average isochronous stress-—

strain curves representing the behavior of the materials that it encom-
~ passes. Therefore, the scope of this investigation included both -
.analysis of the properties directly required to define values of‘St and

the development of an analytical representation for creep strain-time

behavior to be used in isochronous stress-strain curve development.

/

i o



DATA

A survey of available data revealed information from 14 heats of
plate, bar, and forging material meeting applicable standards. Tables 5
and 6 summarize the characteristics of these heats of material. Table 7
presents the actual data used in the analyses. The data were obtained
from testing programs at ORNL, EG&G, and Huntington Alloy Products
Division of the International NickelQCompany,11 General Electric
Company,12 Allegheny Ludlum Steel Corporat:ioh,13 and the Hanford
Engineering Development Laﬂoratory (HEDL).14

The maximum expected use temperature for alloy 718 in nuclear
applications is 649°C (1200°F). Therefore, in accordance with usuai
ASME procedures data obtained above 704°C (1300°F) were excluded from
the analysis. Analytical results above 649°C were extended only to
10,000 h to avoid the large uncertainties in long-time extrapolations
due to the potential metallurgical instability of this alloy at high

temperatures.
ANALYSIS OF RUPTURE DATA

The first step in the analysis of available creep—rupture data was
to plot the data in terms of stress versus log rupture life in order to
identify general trends in behavior. The general trend that emerged

from this evaluation was that all heats given a 954°C solution treatment

showed fairly similar behavior (Figs. 1-3). The two heats given a 982°C

solution treatment appeared similar to each other (Fig. 4) but different
from the behavior of the 954°C solution-treated heats. At short times,
the 982°C-treated material shows inferior creep rupture resistance to
the 954°C-treated material. At longer times, the service exposure
appears to negate the effects of the éolution treating and the two sets
of data converge. The time required for convergence increases as tem=-
perature decreases. .

The above effects clearly indicate that the differences in behavior
¥ are due to the different solution treatment temperatures. The actual

; physical nature of the effect (grain size, etc.) cou&S not bé determined
u ¢ :

R
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Table 5. Chemical Compositions of Heats of Alloy 718 Tested

Heat

Chemical composition, wt %

c Mn P S si Cr NL Co Mo Cu Al" Nb + Ta To Fe B
C56445 0.05 0.21 a 0.006  0.05  18.18 52.16 0.06 3.03 T 0.56 5.31 0.76  Bal. 0,004
Y8509 0.06 0.28 a 0.007  0.27 18.24 55.61 @ 2.81 0.49 4,94 0,77 16.43 a
O4ALEY 0.04 0.09 &  ©.007 0.19  19.02 ~ 54.01 0.05 3.16 0.04 0.53  5.27 = 0.97 16.60 a
04AIEY 0.04 0.11 a 0.007  0.19  19.07 54.06 0.06 3.12 0.05 0.50 5.15 1,06 16.56 - a
05A3EY 0.04  0.11 a 0.007 = 0.23  18.87 53.87 ©0.05 3.16 0.05 0.4l 5.31  0.93 16,93 a
-05ASEY 0.04 0.13 a 0.007  0.25  18.50 53.95 0.08 3.09 0.10 0.57 5.41 0,98 16,87 a
52C9EK 0.07 0.08 0.007 0.007 0.17  18.11 53.44 0.03 3.00 0.11 0.59 5.10  1.08 18.19 0.0034
8-232 0.05 <0.1  0.01  0.004 <0.1 18.30 53.10 0.36 2.95 <0.1. 0.5l 5.28  1.02 18.40 0.0042
2180-5-9419 © 0.05 0.23 <0.005 <0.002  0.10  18.02 52,63 0.27 3,02 <0.05 0.54 5,13 1.06  Bal. 0.003
2180-5-9422 0.05 0.23 0.005 0.002  0.07 17.71 - Bal. 0.33 3.07 0.03 0.52 5.11  1.02 19.02 0,003
2180-6-9457 -+ 0.05 0.29 <0.605 <0.002  0.15  18.24 52.17 <0.05 3.05 0.02 0.55 5.16  1.06 19.18  0.003
©2180-6-9458  0.05  0.30 =<0.005 <0.002 0.19 18.22 52.18 0.06 3.04 0.08 0.64 5.17 0.98 19.29 0,002
2180-4-9478 0.05 0.21 0.005 ‘ 0.005 - 0.10 . 18.21 52,63 0.30 3.05 0.02 0.54 5.08 0.97 Bal. 0.002
2180-4-9497  0.05 ,0.17 <0.005 <0.005  0.03  18.15 52.37 0.42 3.10 .02 0.57 5.08  0.98  Bal. 0.006

Not reported.



‘ Table 6. Characterization of Heats of Alloy 718 Tested -

™~

hay

ASTM
Heat Product Form Vendor giizt;ge g;:zn ji::tiztpireatmjzz ng;;iﬁza

) Number
C56445 ' 25.2-mm pancake ~ Latrobe unknown unknown 982 1800 2 air cool
Y8509 - 16?ﬁﬁ bar Huntington  unknown unknown 982 1800 1 water quenchb
04A4LEY 13-mm forged bar Huntington unknown unknown 954 1750  unknown air cool
04A9EY 13—mm fdrged bar Huntingﬁon unknown unknown 954 1750 unknown air cool
05A3EY 13-mm forged bar Huntington unknown  .unknown 954 1750 unknown air cool
05A5EY 13-mm forged bar Huntington  unknown unknown 954 1750 unknown air cool®
52C9EK ”'13fmm plate Huntington unknown  unknown 954 1750 0.5 u;known
8-232  / 16-mm bar Allegheny = unknown  unknown 954 1750 1 air cool
9419 13-mm plate . Cabot _, VIM-ESR ed 954 1750 1 air cool®
9422 130 x 200 x 460-mm forging Cabot VIM-ESR 284 954 < 1750 1 air cool®
9457 13~om plate . Cabot VIM-ESR 89 954 1750 1 air cool®
9458 19-mm plate Cabot VIM-ESR 89 954 1750 1 air cool®
9478 13-mn plate Cabot _ VIM-ESR 7d 954 1750 1 air cool®
19497 19-mn plate Cabot VIM-ESR gd 954 1750 1 air cool®

9A11 material after solution treatment aged 8 h at 718°C (i325°F), then cooled 56°C/h to 621°C,
(1150°F), held 8‘h, air cooled, except as noted. . -

bCooling rate from 718°C to 621°C 11°C/h; no hold at 621°C.

®Furnace cooled between 718 and 621°C at unknown rate. Held at 621°C to give total aging time of 18 h.

dyi11-annealed. \

€To below 500°C (932°F).



¢ >
Table 7. Data Used 1n(«A3alyses of Creep behavior®
&

o

- TIME TG % CREEP STRAIN (1) TIME TU CREE? <
HEAT FORM TEMP STHRESS 001 Jel Jde2 Je5 le) TERT LAKRY STIAIN RUPTURE TCTAL
(C) (MPA) R < CRLEEP TU LIFE FLGNG
= B (1) TERT [ARY (H) (%)
& o (%)
9478 P 538, 1034. Je e 42, 3)3e7 1155, 14uJde 1o 35 2347 2e80
a9478 P S328. 5G5S Oe U0 640. 322 50069, AS5%0 Ve 79 63796 4,10
9419 P 838, 1034, O. Se 19 135, 587, . 1089 la 7% 141 3. €es0J
9419 P S538. G€Se Se L Y 2730 T23%e 247 e NI Jde 23 11335, 270
9458 P S538. 1)06€. Je Jde | Y 4 18 [-17% Je D 90e 9,00
9458 P S538. 1034, Jde ~ 1. 40 2de < 135 2106 20 40 561 €e?I
9458 P 538. 13C6e« 2 Qe Je De e de Je Ye) 13129, GeJ)
9458 P 538. 366 Jde B23. JI1 3. 7529 7491 . J30Y . Je '3 11749 L. 3% ]
g458 P S3E. 505 te 1306, 638, 1591, 2167 1801, . Oe w4 2633, S5e2
9458 P 538. GlCe Jde Ja . 283, 1351 202). 1713, Je 3 EPARTY Cedd
A-232 - F 538, E27 < Je Je Ce de Je Je Ne Q 83121, Qe0
S2CSEXK 124 s3e, T GEE a De Ja Sae 13). 125). 158) . 1eJ2 1979, 4410
Y8599 B S3E. 8GE. de Je Je Je Je -e Ve ) 3791, S«00
Y8509 © 538. 856, de e de de 1€3)e. 232D le ) 2276 350
CE6445 F 538, 1086, de Je Je Je Je 27 156 32 28e 1662)
CS6baas F 538, 1034. - Qe Oe Oe 1Je 35 B85 e 2015 133, 7«19
CE64A5 ¥ $28. 19CC. Je e de 13, 45, Je Je J '0 256. 4030
Cc6445 F S53€. €6E, {Qe 9D 135, T2 De 300 Oevld . 115 340
C564a4A5 F . 538, =<« 6G2a, ‘Oe 17. 37. 1J3). 173292, 1502 e 3D 1731 2e6J
CS6445 F S38e. ESE. 14, 1280 I6VJe 573 7720 O2VJe Je U1 3473 270
C56445 F 538. 214, SJde 430). 8500« 145)). 1781), 14200 Je 4l 21524, 364)
9478 P 5G3. 1.34. Je Je " le 3. e 12« Qe 22 28e TeD)
9478 P 563. 5316 e e 29 3156 135 1200 Je 'l 21 8e Se))
9478 (24 563, 827, Je 7Je 3JJ. 72). 97 Je 247 Je )2 1363 Se¢89
9478 P S5G2le. 7G3e Qe 105 462 . 1035 1320, 1148, de 64 195 ) Se99
9478 P 593, 793, Q. 235. 628 1355 L7120 189G Je D4 242 . 8edJ
9478 P 5G3. 724 1Se 1330). 2930 5930 7253 0250 Je Y 9430 = 10600
9419 P 563 7G3. O 2%2e 308, 1432, 1725, to2a., A Y] 2621 11929
9416 P 592, 763, e 3% ). 1290 1750, 2155 173%. Je 49 . 2885 9629
9419 P 563, 7240, Je 11c)e. 299, LI PR Y 542 ). av2S e s 0 [3XASE T ¢ €eBC
9497 P 562 753 Je 75 388 704 275 770 Je 3 1447, 669)
9497 "p 563 T24. O 8624 2182 3453« 412). 3415, de A3 35478 7ol
9497 P 5G3. €<Se 66 2240 OFi:Ve 13T5Je 1008 J0 13929V Je DO 2J9)Jde . Gelu
9422 F 593, 763 Oe 4. 48 7. 635 €3 LYY Oe J¢ 1)92. 4610
9422 F 593, T4, 19 1002, 1480 2135, 261 184% . Je 31 3756 LDe20
9457 P 592. 753 de 198, 61Js 1231 1515 1315, e 57 1J86e ., €eA0:
9457 P 5093, 793 De 192, 660, 1413, 1755, 1490 . N 57 230G 7. 9e3)
9458 P 562 BE3e - Je 11. 34, 137, 194, 177 P 3)9. Teld?
9458 P 593, a13. Je Jde e e Je Jo Jeo ) : 1190 1132
9458 P 563, 759G, 2e 553 9806 1452, 1635, 1384 ¢ e 't 2222 12622
9458 (24 562 725 1e 253 1239, 2833, 2953. 2392 Jeo 433 al133. T laed)
8-232 F 593, E27. De Oe Je Je de Je Je J 3u7S. GetdJ)
A-232 F 5636 €EGCo Qe Oe De De e Oe Qe 2 X 1991 8. 6Ee60
52CSEK P 593 | 1034, .Oe Je e le 2 Ce e h lle 11elu
52C9EK F 5G2. GESe Je Je “De Se 12 ve " Qe 20 S0

- le
=0 = ;
%n entry of 0. in any column indicates no data available. -
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Table 7. (Continued)?

TIMF TO % CREFP STRAIN (H) TIME TO CREEC?
HEATY FORM TEMP STRESS De9d1 Jel Je2 JebH 1¢) TERTIARY STRAIN RUPTURE
T (C) {MPA) CREEP . T0 . LIFE
1) ‘TERT IARY (H)
- (%) R
S52C9EK P 592, E€G6e. Qe Oe . Te 47 . 97 996 1eJ9 168.
S52C9EK 24 592, 84 E. Je de Se 130. 325 375. 1.22 - 487e
S2CSEK [ 4 593 €0GC. Coe Je Be 90 609%. 78J. 1e 3D 1571,
Y8509 B 563 ES€Ce. Qe e ) Te 2Je 44, SBe 1¢5) “4Te
Y8509 4 593. 827, < De 7e 29 72 144, [+ I 0.9 - ’ 194,
Y899 B 5G3. 75€ . Je 17J. 235 393 . 319 2060 . Je 25 7884
8509 @8 $G2. 724, Oe 25 333 963 o 136). 1235, Jo O 2795
Y8506 B8 563 090, Je Sloe 1J0Je 23J)J. 2840, 2T75) e Jde 30 ‘ 6189,
C56445 | 28 593. S31. Oe O. Oe Oe . Qe 25 . 120 28
C56445 F 593, 8Gé€, O 0. 12 32 40 47, ls ) €2
C56445 F 5Q2. EQ 8, De 15« 33. 7%¢ - 113, 112, de IS5 1524
CS644S5 F S93e 897 De 25 68e 172 256. 190 . %e 56 368.
C56445 F 593 724, 35, 59 Je 850 135). 1731 1522 Je 7) 2328,
C56445 F 593. €At. 4)e - 47J). 83J30¢ 133J)J. 1269 1)20). Je 8D 10606.
C56445 F SG2e €63, 16S. B870Je¢ 1650J0e 28J030e 289J3)e 2460 Je de 3D 33991,
S478 o4 64SGe. 882. Oe le 2 4, 7o Set Je 83 126
9478 p 64S. 758« (LY Ge | 3% 35 A3, 42,4 Je 71 7.
9478 P 064G, 6GCoe Oe 236 69 13J. 1690 134, Q652 24 Ge
9473 P 649, 620, 2e 150. 335. 558 69 548 %2.43 1023,
9478 P 64aS, S57%e 19, 746. 1020 1368, 1642, . 1188¢° 0.32 E 1991
9478 P 649G 2. < 186 , 48%. 1J0Se. 1722 2175, 1705 064 - 72767
3478 ¢ 649, A6 E . 9e 7 222 130V 060Jd. B8T739%. 79350, : Je T8 11254,
9419 P 64Ge 758 De 1Je 18 356 45, ) 42 . - Je 62 Q0.
9419 P 64G. 620. Je 127 31 Jde 571 737« - 332 . Je 32 1J89.
9419 P 64SG. 576. 2e 2100 470, 838, 1218. J04 . Je 32 18650.
9419 24 646G, 44E, 35. 3264, 5269 78562, 2482, 085Jde ;. Je 35 1176
9497 P 649, 75E€» De Go 13 28 30e 28s = Oeo4 68e
9497 P 64Ge. €23 De 140, 282 455 558. 435. © 094 369,
9457 P 649. C2Ce Qe 129. 248. 44). 548, 443, Je 51 868
9497 P 649, 557G 1e 31Je T1i1le 12480, 1560 1251 . Qe 51 2178,
9422 F 64G. €20 le 128e 24Se 444 609 230L . Je 43 1J)19.
9457 P 649, €20, Oe 726 192 342, 446, 343, Je 31 [71: 3 &
947 P 649, €20 . Qe 111e 234 . 381, 47 36T« - JeA7 6077«
9458 P 64S5a 75%. Oe e Te 12 16 13, 0,352 266
9453 P 646G, €ENG, Qe 1le 29 62 HQe 68 ¢ de ) 128,
9458 P 646G, 621le le 7Je 157 251, 7 314, 250 Ded 4664
9458 P 649, S80. De > X Os de Je Oe Oe? . 332e
9458 P | 646G, S10e. Oe de De Je s Jo e de ) 2737
8-232 F €49, 6500 Oe " Je de de Je e Je Jd 221
8-232 F  64S. Se6. R Je Je Je Je Je ) 2366.
8-232 F 649, EC2. O. Oe O Oe Je Oe Je ) 5084.
8-232 F 649, 483, O. Qe Je Je Je Je Jde J 11)73,
8-232 F 64S. 44 €, Oe 0. O De Oe O Qev 13367
8-232 F 049 345. Ne 2500, 5400. 12730, 20000 19000, O+ 33 23317,
F Ue 0.0 53056

8-232 6AG, 27€. Ge Jde De q- De

aAn entry of 0. in any column indicates no data available.

ot

Lad o - e



Table 7. (Continued)?

VOUCUOLOLULUCLULOOULVLUVUCDLOLLVLLLIOLOL

YIME TO % CRCEP STRAIN () TIWE YO CRZL?
HEAT FORM TE.MP STRESS Je01 Vel de2 JeH 1le) TERT [ARY STRAIN RUPTURE TOTAL: FLD o
(C) (NPA) CREEP TO LIFF ELONG ARFA
(H) TERT [APY (H) (%) (%)
(%) :

8-232 F 6497 207 ¢ 50006 12500. 42530 3753, 51Jude Je 73 086776 34000 37.1
S2C9FEK p 64Se. E27e De de O. e Qe Oe 000 Goe 350 Qa6
S2CSEK P 644G 75€a Te Oe | 3 1J. 19 19 Jde 94 3l. 367 55
S52CGEK P 646G, €G5Ce Je Je 4. 35, (7% % 59 JeI) 121 8600 7.8
S2C9EK o4 649, €B2. Je Je le 3. [/ (3o 0 Je 8D 110a 4.5 . Y0
52C 9tk P 644G, €34, Je Je Qe Tl 157, L72 tel) 364, 12.3) T 216
52C9CK P 649, £63. Oe Jde 1)e. 23). 6R). 75« 1.2) 1315, 143 LA

- 0SAJEY F 064G €20 Jde Je Je Je Je TUe - 1e 20 170 329 456

ISA LY F 064G, 5E52. O. ™ ODe Je O Jd. 90 De 70 296 21429 454 )
0SA3CEY. F 684G, 44E, 2. JDe % Qo Je 5HJ e Jde IJ 1533, ERPIVN] Abe )
JaaarFy F 6A9. €2Ce e Jde Je Joe Qe COe 1020 166 3060C GBS
J4AAJFY F 649, 4E3 . De Je Je de de S0a. 26 )2 739, 3009 7264
JAAGEY F 64G. 827, de Je e Je Je ve Je 3~ 23 14.00 18,0
D4AGEY F 64G. €20, b e de de e 14¢ o De d) 2080, 25602 2565
JA4A9FY F 064G, 4E3. Je Je e Je Je 5L 1e¢JJ 177 BedJ 19.5
0SASEY F 646G, €20, O. [ I Oe de e Tde _JeAd5S 161 244D 63e )
O0SASEY F 649, 483 Qe Jde Jde Je Joe .20 1483 1JJ06. 2800 6865

vy8599 B 646G. €9Ce. Oe 6. 14, 30. 49, 0. Ded 138. 1949 32%.0

Yyasyog o8 649, €EGCe Q. Be 14, 27 A0 Coe Je) 126, 1730 21695

Y8509 B 649, €2Ce Do 34 82 133, 251 214, De 0B 573 1900 40,0

Yyasyg9 @ A6, €2, Jde 87. 345, 123). 1609, 141¢ . Je 03 2H T B.S50 40.0

¥Y8sJys # 64S,. 4323 de 217 365Je¢ Slile 530). 408« Qe Sty 0951, 15650 4440

Y9506 o 64Ge 414. Je 49 73336 137506 1192, 10730 Je 3D 14424, 1350 35«0
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Fig. 1. Creep-Rupture Behavior of Four Heats of Alloy 718 at 593°C
(1100°F). All heats solution treated at 954°C (1750°F).
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Fig. 2. Creep-Rupture Behavior of Four Heats of Alloy 718 at 649°C
(1200°F). All heats solution treated at 954°C (1750°F).
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649°C (1200°F).
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i\

ORNL-DWG 79-18779

q 9]
2 ;
“ ALLOY 718
o 593.°C
]
o2
4 +
‘=
0o, (o] o s +
Eq ©a o A + + 4+
3§~ ca a +o
o o
ey
wn
(-]
c 1056445 ©
81 vesos -
9478 *
o
L § ¥ T T ViTy L] L] LRI E A LA V—T"l"' L T T VT 1T1 %V
¥ 10° ' 10* 10°

10

Fig. 4.

10
Rupture Life (h)

954°C) and Two Heats Solution Treated at 982°C.

Comparison of Behavior for Heat 9478 (Solution Treated at



15

G
from available {gfcrmation. Thus, we attempted to resolve the differ-
ences in terms of solution treatment temperature, T4z, alone. Figure 5
shows the relationship that we found between stress for a given rupture
life for Tg = 954°C and Ty = 982°C at various test temperaturés. The
difference between the stress for Tz = 954°C (0554) and the stress for

Tg = 982°C (oggp) is given by

~ e log Ogg, = 2.7
Ogs4 ~ Tggp = 99 0.00242 (1)

for oggy = 500 MPa. For lower stresses, Ogg, = Oggo.

ORNL-DWG 79-21025

ALLOY 718

103

O9gg2

EXPERIMENTAL DATA
| 0 538°C (1000°F)

O 593°C (1100°F)

A 649°C (1200°F)

() 704°C (1300°F),

) 1 | | | 1 |

0 20 0 60 80 100 120
Og54 ~ Oggz (MPa)

Fig. 5. Relationship Between Rupture Strength of Alloy 718
Solution Treated at Two Different Temperatures. 0954 = rupture stress
for material solution treated at 954°C; Oggy = rupture stress for
material solution treated at 982°C.
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Equation (1) can be generalized by adding a term involving T _, but
the data available are not sufficient to verify such a relationship.
Equation (1) works well for the data used to develop it, but those data
are‘insufficiept to provide faith in its general application. We used
Eq. (1) to norﬁalize the available Tg:= 982°C data to be consistent
with-the 1’ = 954°C data. As a result, the results obtained in these
analyses are strictly applieable only to material receiving the 954°C
solution treatment even though available specifications generally.allow.
higher solution treatment temperatures.

Initial data fits using the above modification identified five data
as being outliers, all from Heat 52C9EK tested at HEDL. fhese included
a test at 649°C, which lasted 4 times as long as a replicate test, and
four tests at 538°C for which the time to tertiary creep was approxi-
mately equal to the rupture life, indicating a rather sudden brittle-
type failure. These five tests were excluded from further analysis.

Once a final data set had been settled upon, the data were analyzed
by generalized regression analysis procedures such as have been
described elsewhere.lo17 The different heats (with the above 1;
normalization) display only small heat-to-heat variation in strength
compared with t§pe 304 stainless steel,l819 for eiample. Still, these
variations do exist and could cause significant biases in the [fits to
this nonhomogeneous data base. The data for various heats do appear to
be approximately parallel in terms of log rupture life as plotéed
against stress at various temperatures. Thus, it ishpossible ta account
for the heat to-heat variations in strength by using the technigue of

lot-centering" the data.l7,20 This method provides excellent

!
protec—
tion against biases caused by inhomogeneous data distributions.

A

dependent variable /ffor the analysis. Label log tr as Y. Next assume

First assume that the logarithm of rupture life (log t ¥ is the

*Debate has sometimes arisen as to whether time or stress should be
the dependent variable in creep-rupture data analyses. The authors
frankly can see no legitimate question over this choice in fitting the
data, and it will not be addressed here. References 17, 20, 21, and 22
discuss the subject. The question of which variable one should use in
applying design safety factors is somewhat different, however. That
question will be addressed later in this report.

4
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that Y can be expressed as a linear function (in the regression sense) of

'terms involving stress (0) and temperature (7). Label these terms as

X;+ In general form, we thus have

v
7\
Yy = 2 a;Xog s (2)
=0

where the ai are constants estimated by least squares analysis, and ?k
is the predicted value of log rupture life at the Kth level of the inde-
pendent or predictor variables, XiK' Note that X is always dﬁity and
that @ j is a constant intercept term.

As the next ‘Step, each variable (Y, and all ¥.) is "lot-centered,”

and the equation becomes

A - .. - :
Yo — ¥y = Z a; Ko = Xan) (3)
=1

where the barred variables represent average values for a given lot and -
h represents the index of the lot involved.* The preaiétion of log fup?
ture life itself will then be given by

N N

e} v [T - )
B = Tu = 2 @t D, a, (4)
=1 1=1 o

The quantity ¥, = )X a;lrikh is a constant for a given lot and
replaces the intercept term agp in the uncentered analysis. Thus each
lot will have a different intercept“term, but all other coefficients a;
will be common to all lots.

Lot centering of the data involves no complicated mathematics and
can be done by anyone who can add, é&bstract, and divide. However, for

large data sets these simple operations can become quite tedious and the

*In this treatment, a lot is all material that is expected to have
the same properties,’so one equation will fit a property to an indepen-
dent variable. 1In this report a lot corresponds to one heat, but in
other cases it may be different, such as one product form or heat
treatment of a heat.
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}
centeriné is best done by computer. Implications of the lot centering are
also stréightforward although a first glance at Eq. (4) can leave one
lost in the maze of variables and subscripts. ‘
As pointed out above, different lots are treated as having different
intercept values, but all other equation constants are lot—independent.
"Thus allllots vary in parallel manner with all independent variables, but

any two }ots will always be separated by a constant increment in log tp,

space. #his assumption of parallelism may or may not be good in any given
case, F;r the data examined here, the assumption was judged to be
approprféte. Adjustments that might be made to the method in the case of
lack of}%arallelism were therefore not attempted. P

If!eny lot is represented by a single datum, all lot-cgntered

variables will be zero and that lot will not contribute to establishment
.of stress and temperature dependence, although it will contribute to the
calculation of average and m;nimnm values as described below. If all data
'fogla given lot occur at a single temperature, all pure temperathre
vatiables will be zero and that lot will not contribute to the estimation
of tempereture dependence. Thus lot-to-lot variation is addressed
directly and vulnerability of the method to "bad"” data distributions is
minimized. 5

Use of lot-centered models to predict average and minimum behavior is
described in detail in the Appendix. Suffice it to say here that the
method certainly presents an estimate of the average far superior in
reliabilty to what could be obtained from fitting the entire data base as
a single population without regard to lot-to-lot variations?) In its abil-
ity to separate the within-lot and between—lot variances, the method also
offers superior possibiiities for the estimation of minima.

The selection of the particular model fornyto use in Egqs. (2—4) can
be performed exactly as previously described by Booker.1317 petails of
the model selection procedure will not be repeated here except to reempha-
size the power and flexibility of the techniques involved. Literally,tens
of thousands of potential models can be explored, then reduced to a hend—
ful and finally to one with a minimum of tedium for the analyst. Some
judgement is(etill involved, but that is considered more asset than
liability. Any method relying strictly on computerized calculations
without the opportunity for appropriate human intervention is dangerous at
best.



o 19

RESULTS

The data listed‘in Table 7 were analyzed by using the above Tg4
normalization and the generalized regression model selection procedure
with heat-centered data. After the above plotting of the data and preli-
minary analysis runs to identify possible outliers and behavior trends,
the lot-centered data were run through a computer program that examined
and ranked (on the basis of Rz, the coefficient of determination) all
models involving from two to six terms, with each term being a subset of
those shown in one list of Table 8. Thus, a total of 2948 models were
examined, The model forms from terms in list 1 provided generally v
superior results to those in list 2.

After this run, the ten best models with three or four terms from
those in list 1 were selected for further study. Of these 20 models many
were rejecﬁed because of inherently poor behavior on extrapolation or
other undesirable characteristics.‘ (ﬁbst fit the actual data approxima-
tely equally well, as shown in Table 9.) Models chosen for final study
are listed (with statistics) in Table 10. Again, most of these models
provide virtually equivalent fits to fhe data; all also behave well on W
extrapolation, at least over the range of variables required for the
current study. Therefore, one could defend the choice of any of these
candidate models.,

Examination of data plots, residual plots, model forms, etc. led to
the choice of the first model (2,4,5,8) from Table 10 as optimum. Fits to
data .with rupture lives beyond 10,000 h were given special weight and con-
siﬁeration in making this choice. The best fit equation for this model is

log t, = Cp — 166,381 log 0 + 77.007 (log 0)2

— 11.297 (log )3 — 0.010352T log © , (5)

= &

where O is the stress in ﬁPa, T the temperature in X, and ¢, the rupture
life in h. Values of the heat (lot) constant, Cp, for the individual
heats are given in Table 1ll. The average heat constant (determined as

described in the Appendix) was 139.47.
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Table 8. Terms used for
generalized model selection?
‘Term List 1 List 2
1 o o
2 log o log o
3 /o 1/o0
4  (log o) (log 0)2
5 (log o)3 (log 0)3
6 T /T
7 oT ol/T
8 T log (log 0)/T
9 T/o (log 0)2/T
S 10 T (log 0)? (log 0)3/T
" " 11 T (logo)d ’

Table 9.

Values of R2 for the Ten
Leading Models with Three
h or Four Terms

Three terms

Four terms

. these lists.

o 3(‘

I\

. @A11 models considered were
"=+ . composed of terms from one of

Terms®—R52 (%)) Terms® R2 (%))
1,4,6 96.4 1,5,7,11 97,4
1,5,6 96.4 1,5,8,10 97.5
6,7,11  96.6 o 1,2,4,10 97.5
1,4,10  96.8 1,4,658 97.5
1,2,8 96.8 1,3,5,10 97.5
7,8,11  96.9 1,5,9,10 97.5
7,8,10:° 97.0 1,2,5,10 97.5
1,5,8 97.2 1,4,5,10 97.5¢¢/‘
1,4,8 97.2 1,5,10,11 97.5
1,5,10  97.4 1,5,7,10 97.5

QTerms take from Table 5, List 1.
bCoefficient of determination.
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Table ll. Individual Heat Constants

“ : from Lot-Centered Regression
Table 10. Final Candidate Models vo . Fits of the Chosen Model
Chosen for Detailed Study - to Creep Data
Terms? R2 ()P Vi VBd Heat Constant
2,4,5,88 97.1 0.0197 0.1253 Average 139.47
2,4,5,6 96.4 0.0245 0.1386 Av — 1.65SEE 138.84
1,5,8 97.2  0.,0190  0.1209 C56445 139.72
1,4,5,10 97.5 0.0173  0.1162 Y8509 139.74
1,2,5,10 97.5 0.0173  0.1162 O4LALEY 138.86
1,5,7,10 97.5 0.0172  0.1169° 04A9EY 139.23
1,5,10,11  97.5 0.0173  0.1170 05A3EY 138.87
1,2,8 96.8 0.0215 0.1181 05ASEY 138.92
ATerms as listed in Table 8 . S2GIEK 139.35
list 1. ’ . 8-232 139.85
bcoefficient of determination. 9419_ = - 139,79
CWithin-lot variance. 9422 - 139.65
dBetween—lot variance. 9457 | 139.63
9458 139.40

€Added to list of candidates -
because of inherently stable extrapo- 9478 139.79

lation characteristics. - 9497 139.72

1¢
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Note that the above fitting procedure yields a separate estimate of
the within-heat variance (V) and the between-heat variance (V). A
good15"‘17 practical method for describing minimum expected creep behav-
“ior in genmeral is to subst;act a multiple of the standard error in log
time from the predicted average log time. For these data, that multiple
could bg chosen as 1.65, consistent with common ASME practice.23 In
this case, for individual heats the standard error is defined as V.
For prediction of overall minimum behavior among all heats, we defined
the standard error as /ﬁi;fF‘VEZ Figures 6 through-19 compare predicted
behavior with experimental data on an individual heat basis. Figures 20
through 23 make the same comparison on an overall basis for all heats ¢
involved. 1In both cases, the solid lines shown represent average pre-
dicted behavior either for the particular heat<6r°for the overall data
base, whichever is appropriaté for the given comparison. The dashed
curves are estimated "minimum” behavior based on the average mfhus twice
the appropriate standard error in log time. 1In all cases, the descrip-
tion of the data is excellent.

ANALYSIS OF TERTIARY CREEP DATA

Availéble data for time to tertiary creep (tgg) as determined by
the 0.2%-offset method were next analyzed, since the stress to cause
onset of tertiary creep is one of the criteria used to determine time-
dependent allowable stresses. Data for the creep strain to the onset of
tertiary creep (egé) were also examined because a knowledge of %g;5 and
€gg has been found to be useful in describing creep strain-time
behavior.l9,24,25

Previous work26—28 found that tgg could be related to t, by an

equation of the form
= B o

Detailed study showed that both A4 and P remained constant over the range
of the“data examined, being given by 0.442 and 1.0395, respectively.
Figure 24 displays this relationship7 Note that since the value of B is

&}
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greater than one, the ratio of tg55 to t, increases with time, and t 4
will in fact at some point éxceed typ.. This trend obviously becomes
unrealistic at some point, but the data indicate that it is accurate up
to t, =\)105 h. At this point tgg/t, % 0.7. For this reason, we recom-
mend that the value of tas/tr be maintained at 0.7 for longer times.
Such an assumptionxprevents unrealistic predictions and is conservative
in the estimation of allowable stresses by the tertiary creep criteria.
Methods for prediction of the strain to tertiary creep, egg4, are ‘
discussed elsewhere.19)24,25,27-29 Briefly, one first defines the

: . 9]
average creep rate to the onset of tertiary creep}mgss, as
’ i

(v i
ege = (egg — 0.2)/tgg o (7)

For the current data a relationship of the form -~

(

egg = Btya - (8)
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described the behavior well, The values of B and o were constant in the
temperature range 593 to 704°C, given by 2.142 and 1.151, respectively.
However, for the data at 538°C, an adequate fit could be obtained only
by using separate B and o values of 34,182 and 1.443, respectively. In
the absence of data at other temperatures, we suggest interpolation in
log éss vs T space between 538 and 593°C and use of the 538°C constants
below 538°C. 1In general the 538°C curve yields a higher value for éss
at a given value of ¢,. However at very long times the curves cross
over. It might be more reasonable to expect that the curves simply con-
verge. Therefore we recommend that the high—temperature curves be used
at all temperatures in such cases (¢, > 11,000 h). Figures 25 and 26
compare the predictions of Eq. (7) with experimental data.

Equations (6) and (7) can be combined to yield predictions for egg,,
since egg = ésstss' Figure 27 compares predicted values for egg with
experimentally observed values. The data show a large amount of

scatter, but the predictions do a good job of describing the data

trends.
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CREEP STRAIN-TIME BEHAVIOR

In a previous ana1y31524 of the creep strain-time behavior of a Q
single heat of alloy 718, the concept of a "master creep curve” was used

to represent the data. As illustrated in Figs. 28 through 30, the curve
was constructed bynpldtting normalized creep strain (et = el egg) ver-

sus normalized ti;e (t* = t/tgg)s Within normal data scatter, the
normalized creép data at all stresses and te%peratures appeared to

fall on a single "master™ curve. Data for three other heats also

appeared consistent with this curve. This "master creep curve” was
analytically represented as

e* = exp[l.75(¢* — 1)](z*)0:2 | ’ (9)

Initial comparison of the current more comprehensive data set

with the predictions of Eq. (9) showed good agreement (Figs. 31—33).
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However, it was noted that tests yielding high (>1%) values of egg
tended to produce normalized creep curves falling above the master
curve. Tests yielding low (<0.5%) values of egzg tended to produce
normalized curves failing below the master curvé. The source of this
trend can £ewdivined from an examination of the gegmetric properties
of the master curve.

Figure 34 shows the master curve, including delineation of
several geometric properties of that éﬁrve. The curve does not have
a true linear regioﬁ, but the normalized linear creep rate, é; can be
approximated.by a line through t* = 0.05 and t* = 0.4. This line
intersects t* = 1 at a value‘of e* denoted as eg. Since we are using
a 0.2%-offset value for egg, eg is defined as «

1§

e* = (egg — 0.2)/egg (10)

N e
Thus, if eg, changes significantly, the value of eg will be changed

enough to alter the geometric properties of the master curve.
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Proposed for Alloy 718,

Figure 27 shows that egg does not change greatly over substantial
time-temperature regions. Still, the master curve will more accurately
depict behavior if it is "fine-tuned” to reflect variations in egg.

We have elected to gﬁse modifications in the master curve upon
modifications to the predicted value of e* for t* = 0.4. This point was

chosen because it approximately corresponds to the end of the secon-

:dary creep region. By definition the normalized strain at this point,

*
€g.4» is given by

* * ok Y
30.4 = 33'—'0.6 m (11)
4

[

Now define’ %n more precisely as the slope of a line* through the t¥*,

e* points (0.05, 0.1), (0.4, eo 4) and (1, e3). Thus e is defined as

Note ‘that this line no longer necessarily passes through the point

(0. 05,;20 05) but it is still a good approximation for the linear creep
llne.( e,
A

it
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ey = (e — 0.1)/0.95 . (12)

Equations 10 through 12 can be used to estimate e’a ; as a function
of egze Now generalize Eq. (9) as

e* = exp[B(t* — 1)](¢%)0-2 | (13)
where B is deteminesl by the condition that e* = eg ; at t* = 0.4. Thus,

B = (ln ef , + 0.1832)/(-0.6) . (14)
Equations (10) through (14) can now be used to estimate normalized

creep curves as a function of varying egg. Figures 35 through 38 com-
pare these predicted variable normalized curves with experimental data.
The data include a certain amount of inevitable scatter, but the above
"fine-tuning” has clearly increased the accuracy of the predictions.
These predictions can then be used to estimate creep strain-time behav-
lor. Since the predictions are based on predictions of ¢,, the above

~ treatment of heat-to-heat variability in t, can be used to predict G
variations in strain-time behavior. Average values of Cj will yield
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average t, and thus average strain-time behavior, and the individual
heat values of (Cy will yield individual heat predictions for ¢, and

thus for strain-time behavior.
ALLOWABLE STRESSES

The above analyses can be used to estimate time-dependent stress
for alloy 718 with one exception. This 1% strain criterion includes
both time-dependent and time-independent strains. An analysis of ten-
’sile stress—strain behavior is beyond the scope of this report, so the
1% strain criterion cannot be accurately determined from the results.
However, since the onset of tertiary creep generally occurs before this
material accumulates 17 strain, the 1% criterion cannot be the
controlling factor in the allowable ‘stress except at short times and low
temperatures. “a— )

Since the time to tertiary creep has been rqiated to thé?rupture
life, the primary problem in establishing allowable stresses is reduced

to one of determining the "minimum” creep-rupture behavior. The empiriéél
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definition of minimum as average minus 1.65 times the overall standard
error in log time as used above appears to provide a good estimate of
minimum rupture behavior. By use of this criterion, the minimum rupture
life for any stress-temperature combination is given as the average life
divided by 4.25. Thus, the criterion provides a known constant safety
factor in terms of life.

Historically23 the ASME Code has defined minimum as 1.65 "standard
deviations” below the mean in terms of lqg stress rather than log time.
Since the current regression analyses werg'necessarily performed with
log time as the dependent variable, they }ield no estimate of the stan-
dard error in terms of log stress. The lot-centered regression results
can, however, be used to estimate the stress to rupture for various
times for each heat. For a given time, these values can then be plotted
against temperature to form a "strength trend curve."23

Such curves were constructed for times of 10, 30, 100, 300, 1000,
3000, 10,000, 30,000, 100,000, and 300,000 h, per the tabulations in
Code Case N-47. For each heat, stresses were estimated only at tem-
peratures for which data were available. Although log stress is
typically23 related to temperature linearly, we found it necessary to
describe log stress as a cubic function of temperature for the above ten
strength trend curves. Each of these fits yielded not only an equation
for average strength but also an estimate of the standard error in log
stress for each time. These standard errors ranged from 0.0164 for
100 h to 0.0506 for 300,000 h. Also, the cubic equations did not yield
reasonable results when extrapolated to temperatures below 538°C. (They
"turned down.") . ”

Figures 39 through 42 illustr;;e the variation of rupture strength
of alloy 718 with temperature for various rupture times. In particular, ~
Figs. 39 and 42 compare the predictions made by the conventional
strength trend curve approach and by the lot-centered regression ,
approach. Note that for a given time the trend curve approach involves
a fixed safety factor in terms of log stress. For temperatures around
620°C, where the|}ong-term rupture strength decreases rapidly, this fac-
tor corresponds to virtually no safety factor in terms of time.

Moreover, the trend curve approach is very vulnerable to inhomogeneous
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datavdisttihutions. At any temperature, it will predict an average
stréngth that is the mean of the heats for which data are available at
that temperature, even if the;e heats';re all stronger or weaker than
true average.’ I ’ o

Thﬁs, we decided-to uée fhe lot-centered regression results
directly to determine allowable stresses for the following reasons.

vﬁl. ‘Thevmethod yields a constant, well-defined safety factor in
terms of  service time. /)

2. The results can be extrapolated to temperatures below 538°C
with generally reasonable results, although some low-temperature short-
time stresses estimated in this way fall above the minimum expected
ultimate tensile strength of this material.

3. The behavior of this material is somewhat different from that
of the materials currently in ASME Code Case N-47. Thus, the previous
experience with the trend curve approach may not be directly relevant.

4, The lot-centered regression results are not sensitive to inho-
mogeneous distribution in the data. For example, if ‘all heats for which
data are available at a given temperature are strong, tﬁgflot—centered
regression results will fall somewhat below the mean of the data.
Figures 39 through 42 clearly illustrate this ﬁbint. No data are
available at 704°C for five of the six weakest heats in the current data
package. As a result the predictions for 704°C fall below the mean of
the data shown in the figures at that temperature,

Once the minimum stress to rupture is determined in this fashion,
the minimum stress to tertiary creep can immediately be estimated by a
similar technique. For example, a tgzz of 100,000 h corresponds to a ¢,
of 1.43 x 107 h by the above relations. Thus, the minimum stress to
produce onset of tertiary in 100,000 h is the same”as the minimum stress
to produce rupture in 1.43 x 10° h.

Table 12 displays calculated values of minimum stress to rupture,
while Table 13 displays calculated values of minimum stress to the onset
of tertiary creep. Note that if any of these values exceed estimated
minimum ultimate tensile strength (UTS) at temperature for this
material, then those values should be replaced by that UTS value. Such

a situation typically;occufg at shorter times in extrapolation of creep



Table 12, Alloy 718, Expected Minimum Stress—to—Rupture Values

Temperature Expected Minimum Rupture Stress, MPa,? for Each Rupture Life

(°c) (°F) 10 h 30 h 100h 300 h 1000 h 3000 h 10,000 h 30,000 h 100,000 h 300,000 h

427 800 15000 1499 1498 1470 1401 1339 1269 1206 1136 1072
454 850 15000 1485 1417 1355 1287 1224 1155 1092 1022 - 956
482 900 1428 1367 1299 1238 1170 1108 1039 . 975 903 837
510 950 1312 1251 1184 1134 1055 992 923 858 785 715
538 1000 1198 1138 1071 1010 941 878 807 740 663 587
566 1050 1086 1026 950 897 828 763 689 618 533 443
593 1100 980 920 852 789 718 651 572 492 - 386 180
621 1150 871 ~ 810 741 676 602 528 437 331 123 85
649 1200 763 701 629 560 478 391 254 113 82 69
677 1250 655 589 513 436 334 193 103 81

706 1300 548 . 478 391 294 153 101 79

a] ksi = 6.895 MPa . S

byalues arbitrarily set at 1500 maximum since they exceed expected ultimate tensile strength (UTS)
under some conditions. Values exceeding minimum expected UTS should be set at the minimum UTS values.

LY



Table 13, Alloy 718, Expected Minimum Stress-to-the-Onset-of-Tertiary Creep

) Temperature Expected Minimum Stress to Tertiary, MPa,? for Each Time
(°c) (°F) 10 h 30h 100h 300 h 1000 h 3000 h 10,000 h 30,000 h 100,000 h 300,000 h
427 800 15000 1499 1498° 1438 1371 1311 1244 1183 L1115 1050
454 850 15000 1448 1382 1232 1257 1197 1130 1069 1001 935
482 900 1389 1330 1265 1206 1140 1080 1013 952 882 815
510 950 1273 1215 1150 1091 1025 965 897 834 762 692
538 1000 1160 1101 1037 977 911 850 781 715 639 561
566 1050 1048 990 925 865 797 734 662 591 506 409
593 1100 942 883 817 756 687 620 541 461 346 118
621 1150 833 773 706 642 568 494 400 275 105 79
649 1200 724 662 592 523 439 346 172 99 77 66
677 1250 614 549 471 391 277 137 92 76
704 1300 504 432 340v 227 120 90 74

under some conditions.

a <
2

a1 ksi = 6.895 MPa_

o byalues arbitrarily set at 1500 maximum since they exceed expected ultimate tensile strength (UTS)
Values exceeding minimum expected UTS should be set at the minimum UTS values.

<
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data to low temperatures. The current investigation did not include an
examination of tensile data, so we arbitrarily placed a 1500 MPa upper
limit on the stress values. Table 14 displays calculated time-dependent
allowable stresses, which are in this case always controlled by the rup-
turé criterioq.

Figure 43 compares the estimated minimum stress to rupture in
300,000 h for alloy 718 with those currently listed in Code Case N-47.
At the lower temperatures, alloy 718 is far superior tc the others in
strength, but at about 570°C it begins to rapidly lose strength with
temperature. In the temperature range from about 610 to 704°C alloys
718 and 800H’ are approximately equal in terms of 300,000-h rupture
strength. Note that alloy 800H is a solution-treated high—nickel
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Table 14. Alloy 718 Time-Dependent Allowable Stress,® S; .

Temperatﬁre St MPa,b for

(°c) (°F) 10 h 30 h 100h 300 h 1000 h 3000 h 10,000 h 30,000 h 100,000 h 300,000 h

. 427 800 1000 999 999 980 934 893 846 804 757 o 115
454 850 1000 990 945 903 858 816 770 728 681 637
482 900 7952 911 866 825 780 739 693 650 602 558
510 950 875 834 789 749 703 661 615 572 523 477
538 1000 799 759 714 673 627 585 538 493 442 391
566 1050 724 684 639 598 552 509 459 412 355 295
593 1100 653 613 568 526 475 434 381 328 257 120
621 1150 581 540 494 451 401 352 291 221 82.0 56.7
649 1200 509 467 \§419 373 319 261 169 75.3 54.7 46.0
677 1250 437 393 342 291 223 129 68.7 54.0
‘704 1300 365 319 261 196 102 67.3 52.7

@A11 values obtained from 2/3 times minimum stress to rupture from Table 12. If the above values
exceed 2/3 times minimum ultimate tensile strength (UTS), they should be adjusted to a value equal to
2/3 times minimum UTS.

bl ksi = 6,895 MPa -

0s
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alloy. Thus, the above trend may indicate that alloy 718 loses much of
its dispersion strengthening by overaging at high temperatures and long
times. Thereafter, the alloy must depend upon solution strengthening
for creep resistance.

Figure 44 shows the variation in estimated time-dependent allowaﬂle
stress with temperature. Note that some time dependence is indicated
even at 427°C (800°F). No data are available below 538°C (1000°F). If
the assumption of zero time dependence at 427°C (commonly made for
austenitic alloys in Code Case N-47) is desired, it is implemented as
follows. First, determine the time-independent allowable stress at
427°C. Let this value also be the "time—dependent” allowable at 427°C
for all times. Then interpolate linearly between this point and the
appropriate 538°C point for the various times shown in Fig. 44 to deter-
mine consistent allowable stresses at temperatures between 427 and 538°C.

o
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Fig. 44. Time-Dependent Allowable Stress of Alloy 718 as a
Function of Temperature.
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. CONCLUSIONS

l. The creep and creep—rupture behavior of alloy ?18 varies con-
sistently with stress and temperature over the temperature range 538 to
704°C (1000-1300°F) for rupture times ranging from 10 to 87,000 h. This
behavior canybe represenﬁgh by fairly simple analytical models, using lot-
centered regression and generalized model selection.

2. The solution treatment temperature is an important factor in
determining the creep strength of alloy 718. The 954°C (1750°F) solution
treatment initially yields higher strength than the 982°C (1800°F) o
treatment. However, this difference decreases with time in test, with the
decrease occurring sooner at higher tempéfatures.

3. Alloy 718 appears to display smaller heat-to-heat variations due
to composition than does type 304 stainless steel.

>4. Consistent determination of minimum vupture behavior for alloy
718 requires that safety fgétors be applied to the average in terms of log
k"time, not log stress. '

5. The time-dependent allowable stress per ASME Code Case N-47 for
alloy 718 is always given by 2/3 times the minimum rupéure strength.

6. For temperatures up to about 570°C, the 300,000-h minimum rup-

ture stress for alloy 718 is far above that for materials currently in
Code Case N-47. However, the allowable stresses drop off rapidly with
temperaturé; In the range 620 to 704°C alloys 718 and 800H have
approximately equal 300,000-h minimum rupture strengths.
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 APPENDIX

CALCULATION OF AVERAGE AND MINIMUM STRENGTH BY
REGRESSION ON HEAT-CENTERED DATA

As described in the text, fitting a multiheat set of creep or
creep-rupture data using heat-centered data can yield resuits that
accurately portray the“stress and temperature dependences of the
material under consideration. Predictions also include different inter-—
cept values to yleld different streagth levels for different‘lots or
heats of material for which data are available. This appendix illus-
trates how an average strength level can also be predicted by the analy-
sis. Finally, aspects of the method that lend themselves to accurate
determination of minimum values are discussed, although detailed methods
of defining minima are beyond the scope of, the current investigation.
Results are discussed within the frameworﬁ’of rupture data because the
models are more general. However, all discussions herein are equally
applicable to tensile or any other data treated by this method. )

First, return to Eq. (3) of the text,

.
Yeh = Th = D aiCaxn — Xgp) (A1)
=

Here the barred variables represent sample arithmetic average values for
a given lot of index #. The index 7 refers to the term in the model and
K to the particular datum within heat h. Equation (Al) is fit to the
data as written, with Ygj —-?ﬁ as the dependent variable, where Yy; is
the experimental values of log t,. However, since Yh is a known
constant for a given heat, all the error in prediction is in the estima-
tion of ?kh' Thus, when Eq. (Al) is fit to data by least squares and
the a} are determined, the total “error® in fitting of the model can be

&adescribed by a residual sum of squares, RSS, given by

X
=

RsS = 0 D Bun — te)? y (a2)
h=1 K=1 '
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If there are n data total, RSS has a aumber of degrees of freedom, d.f.,

given by i

ﬂ“ dfe =n—N-—-H, (a3)
where N is the number<of terms in the model and H is the number of lots
(and thus the number of lot averagés involved-in the fitting).

By separating different lots through,their different lot conmstants,
this method attempts to describe only within-lot vééiatiogs in behavior.
No modeling of between—lot differences has been done at this point.
Thus, the variance defined by the fit is an estimate of the pooled

within-lot variance, Vg,
VW = RSS/d.f. . (44)

Now Eq. (Al) can be transformed to Eq. (4) of the text,

N N
7\ ey - -
Yyp = ¥p — }E: aiXip + :E: azXixh (A5)
i=1 =l
or
N "
7\ -
Yyp = Cp + jz: azXixh » (A6)
i=1

where the differences in behavior of different lots are not now expli-,

citly defined in terms of the lot coustants, (3, where

N
Cp = Yy — Z aiXip (A7)
1=1

Since Cj 1s a single constant for a given lot, estimation of

average behavior simply consists of estimating the average lot

Q
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constant ¢« Two methods immediately suggest themselves. First, one
might choose to simply define C as the arithmetic mean of the Cj.
Indeed, 1if the between—lot variability is much larger than the within-
lot variability, such an approach wouldrbe justified. However, if there
is a significant amount of within-lot variability, the estimates of

Cp will contain some error. Lotslfor which there are more data will
havgwa better estimate of (3 than lots with fewer data. Thus not all
lots should be weighted equally.

Perhaps one should weight each lot according to the number of data
available for that lot. This approach is correct only if the within-lot
variability is much larger than the between—lotﬂ;ariability. If not,
thi; procedure (which weights each test equally) is not fair, since no
one lot is necessarily more "important”™ in the collection of lots
available, even 1f it is represented by more data.

A possible solution comes from the work of Mandel and Paule,1 who
studied variations 1ian behavior caused by measurements of chemical
variables at different laboratories. After Sjodahl,2 we simply extrapo-
late Mandel's lab-to-lab variation results to our lot-to-lot variation
data. )

Following this approach, we find that the Cj for each lot should be
given a weight Wy of "

o Wy = Kp/\Ky, + 1), : (A8)
where K3 1s the number of data for lot % and \ is Vg/Vy, where Vg is the
between-lot variance for the lots involved. Knowing the appropriate

—_ i
weights, C can be calculated by

. H i
" C = E Crion Z Wy . (A9)
h=1 h=1

Unfortunately, the Wy cannot be estimated at this point, since Vg and
thus N are unknown. As a result, we have one equation in two unknowns
and a solution can be obtained only by iterative techniques;ﬂ However,

such techniques are easily implemented by computer.
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Mandel and Paulel present an iterative technique that does indeed
result in a solution for both C and Vg. Results for our data are given
in the text. These results were obtained typically after only three or
four iterationms. Sjodahl2 has reported similar quiék convergence to a
soluticn. The result is probably the most fairly weighted estimate of
average behavior obtainable by any technique proposed to this point.

Note also that by the direct separation of the variability into its
two components, Vg and Vp, this method also yields a more reliable esti-
mate of total variability than could be obtainedgyy estimates of error
that are a mixture of within-lot and between-lot variability. Since .7
variance estimation is central to the estimation of any statistical
limits, regression on lot-centered data thus also opens the way for’
superior techniques to estimate Ebese limits,.

0f course, all these advant;ées are clear only 1if the assumptions
within the method are met, But what if they aren't?{JSpeciftcally, what
if the log o vs log t, isotherms for different lots are not parallel?
First, if the lots represeat a good sampling of the behavior to be
expected within the mate£ia1, estimates of Cj and the stress and tem
perature dependence of an average lot should still be good. The lack of
fit caused by this nonparallelism will inflate the estimated variance
" and result in more conservﬁtive lower bounds. While these bounds may
lose some statistical meaning, they“at least move in the right direc-—
tion, the nonparallelism introducing additional uncertainty. Perhaps
eégh(kgtter estimates could be obpained by examination of the slope

variations in the spirit of Manson's "heat fingerprinting."3
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