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Long-Terrn Embrittlement of . Cast Duplex Stainless Steels in LWR Systems

1'5

O. K Chopra

Abstract

This progress report sununarizes work performed by Argonne National Laboratory on long-
term thennal embrittlement of cast duplex stainless steels in LWR systems during the six
months from October 1990 to March 1991. Charpy-impact, tensile, and fracture toughness
data are presented for several heats of cast stainless steel that were aged up to 58,000 h at
temperatures of 290-4 00'C. The results indicate that thermal aging increases the tensile
stress and decreases the fracture toughness of the matenals. In general CF-3 steels are
the least sensitive to thennal aging embrittleinent and CF-8M steels are the most sensitive.
The increase he flow stress of fully aged cast slainless steels is -10% for CF-3 steels and
~20% for CF-8 and CF-SM steels. The fracture toughness Jic and average tearing modulus
for heats that are sensitive to thennal aging (e.g., CF-8M steels) are as low as a90 kJ/m2
and =60, respectively.
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Executive Summary

Cast stainless steels used in pump casings, valve bodies, piping. and other components
| in coolant systems of light water nuclear reactors (LWRs) suffer a loss in toughness after

many years of service at temperatures in the range of 280-320 C (=536-60W Fh A program
is being conducted at Argonne National Laboratory to investigate '.ne low-temperature
thennal embrittlenient of cast duplex stainless steels under LWR operating condJtions and
to evaluate possible iemedies for the thennal embrittlement problem 'in existing and future
plants. The scope of the investigation includes the following goals: (1) characterize and
conclate the microstructure of in-service reactor components and laboratory-aged mate--

rial with loss of fracture toughness to establish the mechanism of aging and validate the
4 simulation of in~ reactor degradation by accelerated aging, {2) establish the efftets of key

compositional and metallurgical variables on the kinettes and extem of thennal embrtttle-
ment, and (3) develop the methodology and correlattoes necessary for predicting the
toughness low suffered by cast stainless steel components dming the nonnal and extended
hfe of LWRs.

Microstructural and mechanical-property data have been obtained on 25 experimental
heats (static <ast heel blocks and slahsl and G commeretal heats (centrifugally cast pipes, a
stanc cast pump impeller. and a static -cast pump casing ringh as well as on reactor aged
material of CF-3. CF4. and CF BM gradts of cast stainless steel. The ierrite content of the
cast materials ranges f rom 3 t o 30S Ferrite morphology for the castings containing >5%
ferrite is either lacy m auculan

Char;>> tm pact, tensile, and 1R curve tests have been conducted on several experi-
mental and commercial heats of cast stainless steel that were aged up to 58,000 h at tem-
peratures of 2DO-400'C 1554-752 F). Results mdicate that thennal aging at these temper-

! atures increases the tensde strength and decreases the impact energy and fracture tough-
ness of the steels. The Charpy transt' ton curve shills to h1Rher temperatures. Different
heats exhibit dif ferent degrees of thennal embrittlement: in general, the low-carbon CF-3
steels are the most resistant. and the molybdenmn-bearing, high-carbon Cr 8M steels .are
the least resistant to t hennal embntilement. Embrittlement of cast stainless steels results
in brittle frat ture associated with either cleavage of the ferrite or separation of the fer-

'

rite /anstemte phase boundarv. A predominantiv brlitle failure occurs when either the fer-
rite phase is continuous, e.g,_ in cast material with a high ferrite content. or the fer,
rite /austenite phase boundary provides an easy path for crack propagation, e.g., in P''th-
carbon grades of cast steels with phase-boundary carbides. Consequently, the amount, size,
and distribution of the ferrite phase in the duplex structmr and the presence of phase-
boundary carb! des are important parameters in contmiling the degree or extent of thennal
embrit tlen an t

i

i

Thennal aging of cast stamless steels at temperatures <S00'C k932*F) leads to precip-
itation of additional phases in the ferrite matrix, e gm fonnation of a chromtum-rich a'
phase b5 sp todc.) decompowltion: nucleation and growth of a precipitation of a nickel- and
silicon- Ich G phase. MnCo carbidt. and a (austenitel, and additional precipitation and/or
growth of existing carbides at the ferrite /austenite phase boundaries. The additional phases
provide the strengthening mechanisms that increase strain hardening and the local tensile
stress. Consequentt the critical stress level for brittle fracture is achieved at higher tem-

|
,
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| steels have been evaluateil.
|-
:
j Tensile and fracture tougtutess J l< cutve data ;uc presented for several expetirnental

and cotnturicial heats of cast stainless steel that were aged op to SH.fKK) 11 at tern;>craturesi_

! of 290 -150'C [551- 812 F) l'he results uulicate that thennal aging lucreases tensile stress
I atul decreases trartute toughness of cast stainless sterls. The inricase in flow stress of fully

aged cast stainichs steels is - 104., for CF 3 steels and 2(h for Clu8 and

; cFesm,-is Th-dme, u oactu,, t_ghnc, and ave,xe 1em.c _dmie fe, heats

| that are sensitive to therttlal aging (e g._ ('F 8N1 strels) atc as low as ~90 lut/tn? and -00, re-
j sportively. The results also hulicate that the tracture f oughness of cast stainless steels can
|

be lower th.in that of Ihe wIaught stainless stcels ,
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1 Introduction

Cast duplex stainless steels used in I.WR systems for primary pressure-boundary com-
ponents such as valve bodies. pump casings, and primary coolant piping are susceptible to
thennal etnbrittlement at reactor operating temperatures, i.e. 280-32O>C (536-608"F).
Aging of cast stainless steels at these temperatures causes an increase in hardness and

,

tensile strength and a decrease ia ductility. impact strength, and tracture toughness of the;

material Most studies on thermal embrittlement of cast stainless steels involve simulation
of end-of-life reactor conditions by accelerated aging at higher temperatures, viz., 400;C ,

'

(752"F). because the time period for operation of power plants (=40 y) is far longer than can
generally be considered for laboratory studies. Thus, estimates of the loss of fracture
'oughness suffered by cast stainless steel components are based on an Arrhenius extrapola-
tion of high tempemture data to reactor operaung condl :ons.

A program is being conducted at Argonne National Laboratory (ANL) to investigate the
significance of low-temperature ernbrittlement of cast duplex stainless steels under hght
water reactor (LWR) operating conditions and to eva:u:ne possible romedies for thennal
embnttlement problems m extsting and future plants. The scope of the program includes
the following goals: (1) characterize and correlate the microstructure of in-service reactor
components and laboratory-aged material with loss of fractor oughness to establish the
mechanism of agmg and validate the simulation of in reactor legradation by accelerated ,

aging, (2) estabhsh the effects of key compositional and metallurg. cal variables on the kinet-
les and extent of thennat emhntilement. and (3) develop the methodology and correlations
for predicting the toughnew low suffered by cast statnless steel components during nonnal
and extended life of LWh

Mlerostructural and mechanical-property dra are being obtained on 25 experimental
heats (10 in the fann of static cast keel blocks and 6 m the fann of 76-mm slabs) and 6
conunercial heats (centnf ocally cast pipes and a static-cast pump impeller and pump cas-
mc rinth as well as on reactor-aged matenal of grades CF-3. CF-8. and CF-8M cast stain- i

less steel Specimen blanks for Charpy~1mpact. tensile, and J-R curve tests have been aged
at 290, 320, 350, 400 and 450'C (554. 608. 662. 752. and 842'F) for times up to |
58.000 h. The reactor-aled material is from the recirculating-pump cover plate assembly
of the KRH reactor, which was in senice in Gundremmingen. Gennany, for ~8 yr at 2G4*C
(543'F1 Fractured impact test hars f rom hve heats of aged cast stamiess steel were ob-
tained from the Georg Fischer Co. (GF) of Switzumnd for nuerostructural characterization.
The materials from GF are from a j iecious study of long-tenn aging behavior of cast stain-
less steel.1 Data on chemical composition, ferrite content hardness, ferrite morphology,
and enan structure of the experimental and conunercial heats have been repor'ed earlier.2
The chemical composition hardness and ferrite content and distribution of the cast mate-
rials are given in Table 1. Resuhs of microstructural characterization and mechanical-

r st stainlessproperty data from Charpy--impact, tensile. and 1H curve tests on 16 heats o
steel aged up to 30.000 h at temperatures between 290 and 450 C har been pre-
sented earlier.2-li

Work at ANL and elsewhere .12- t ' has shown that embrittlement of cast stainless steell

components wdl occur dunng the reactor lifetime 0140 y. Thermal aging at reactor tem-

| peratures increases the tensile strencth ami decreases the impact energy and fracture tough-

3
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Table L Product pari, ctwinical cornpisition, tulniness, andferrite inOrpflOlOgu of vat %us
heats ofcast stainless steel

Fe rritta liard- Ferrile,

Chetnical Compoutinnyth) (%) tira Spacing
llcal Caude Mn 51 P S Mu Cr Nt N C Caln Mean. Rg (pm) ;

,

|t

Kerl ilhrkd |
|

; - 50 CF 3 Otu 1 10 0.O ! 0 0 007 0. :a 17.Hs 9 14 0 079 0 034 30 4,4 80 1 ifkl i

49 CF-3 0 f() 0 95 O 010 O 007 0 32 19 4I 10 Gu O OG'i O 010 4' 7.2 70 G IMS

48 CF-3 0 t11 1 08 O (x m O (K C 0 30 19 55 10.46 0 072 0 011 6) 8.7 7n 1 127

47 C F- 3 O (d) 1.00 . O (O7 0 (M N O 59 19,H 1 10 6) O O2H O OlH 64 16.3 79 7 (W
~

52 C F- 3 0.57 0 92 0.012 0 005 0 35 19 49 9 40 0 052 Ofo9 10 3 13 6 81 6 00
$1 CF-3 O R1 Q M6 O Old O (kb O 32 2tl 13 U 06 0 058 0 010 14.3 18 0 N3.H 52

$8 CF- 8 0.fi2 1 12 O 010 0 005 0.33 19 53 to PN 0 040 0.056 32 29 77.1 303
,

M CF 8 0.55 lot 0 011 O tK6 0. 3% 19 31 0 17 O ONi 0 063 41 18 83 3 317 |

57 CV- H 0 02 1 OS 0 000 0 004 0. :u 18 t.h 9 27 0 047 0 056 44 4.0 80 2 138 )
53 CF 8 Om I r OOw O- Ow m S3 Om 0 049 o mb R3 si Ha i o2
56 CF- N O 57 i .OS O 007 0 t w i7 0 .41 1965 9 28 OOR 0 066 7.3 10 1 H2.5 84

59 CF S O 0) 1 08 0108 0(k)7 0 32 70 33 9.34 0.0 15 0(x12 88 35 83.2 75
61 LF N O.GS 1.01 O007 0.007 O.32 20US S NG O OXO O 054 10 O .31 1 b5 3 82
O) CF-8 0 67 0 95 O OL)H O (n M 03) 2I 05 M it4 0 058 O Oti4 15 4 6. 86 7 63

H2 C F- H M 0 72 0 56 0007 0.005 2 57 .18 20 1239 0 0.10 0 063 2H 4S 78 1 140
63 CF HM 0 61 0 5N 0 007 O (k m 2.57 10 37 11 S5 0 031 0 055 ti. 4 10 4 81.0 81

ti6 CF SM O ta) 0 49 00:2 0 007 2 30 1045 9 28 0 029 0047 19 6 19 8 HS 3 41

'.
(6 C F-8 M Ol.M O.48 O OI2 O O)/ 2 57 2t) 78 9 H3 O Otil O Gl9 20 9 23 4 89 0 43

- M CF HM Oin O RI 0 '. n M 0 005 2.4ti 20 76 9 10 0 039 0 03h 29 0 28 4 H9 7 41

76 nun Lbv

(O C V. 3 0 Gl 1 13 O Olb OtMS 0 :H 20 t h 8 50 O O2N 0 023 21 0 23ti 83.7 35

CF-H 0 72 l 00 0 028 0 016 () 25 19 43 M 51 0 053 a O70 70 7. ' 78 8 253
'

Gb CF'-H O.fil 107 O O21 0.011 0 31 20 N 83 S O 06'1 O(C) 14 0 23 4 hl.6 87

70 CF- 8M 0 55 0 72 0 021 0 01t > 2 :u) 19 17 0 01 0 040 O (MM 14.2 18 0 SRS 96

74 CF-8M 0 51 0.73 0.022 O 016 2 51 19 11 9.03 0 04N O Otil 15.5 18 4 M5 M DO

{ 75 CF-MM ONI 0 67 0 022 O 012 2 SM 20 h6 9 12 O 052 Oaxa 24 8 27.8 80 5 60- ,

uma comroenpi
P3 cF- 3 i On O xx 0.017 0 014 0.01 is o 8 45 o md Ow; 23 1.9 82.2 -

P2 CF-3 0,74 0 94 t>OIO uix6 0 16 20 20 9 38 O 040 0.019 12 5 15 0 83 8 GO

I CF-3 0.47 0 83 0 030 0 011 0 45 20.20 N 70 0 012 C 019 20 4 17 1 81 0 65

() CF- 8 1,22 i IS O O 13 O OOH O 65 19 00 9 37 O040 0.039 7.8 2.2 70.5 -

Pl LF-N 0 59 1 12 0 016 0 013 ON 20.49 h lO 0 056 0 036 17 7 24 I 84 9 90

P4 C F--N M l 07 1 02 O V|9 O Olr J 05 10til 10 00 O.151 O 040 59 10 0 81.1 182
.

20S C F-M M O nl O ti3 0 010 3 37 17 58 H 80 - 0 010 21,0 15 9 79

758 CF-8M 0 91 O fi2 0 018 3 3G 1791 M 70 0 030 24 2 19 2 62

Hearlot Aa l'i

KRil CF -H 0.31 1.17 0 17 21 0-) H 03 O 03H O Uti2 277 34 0 +

4
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Table -1. . (ConidJ

>

Ferrit e" Ha rd- Ferrite
Chenocal Composition twt.%) (%) ness Spacing

i fcat Grade M n- St P S Mo Cr Ni N C Calc. Mean, Rn (pml

1.abora to rv- Agedi

2Ho CV-3 0.50 1.37 0.015 0 006 0 25 21.tio 8 00 0.038 0.028 36.3 40.0 - 186

276 CF-8 0.28 1 00 0.008 0 019 o.13 20.20 8 27 0,0'40 0.038 1&5 15.0 - 174
202 CF-8 0 31 1.57 0 018 0 010 0.13 21.00 7.52 0 039 0 090 23 9 2RO - -

2NG C F-8 M 0 40 1.33 0.044 0 015 2,44 20.20 R 13 0.002 00'/2 18 9 . 22.0 - 201

3 Calcubtrd from the ennymsition with llull's equivalent factor.
Measured by ferrtte scope A1Jr0 Test FE. Probe Type FSP-1.

h Static ca3r Kect Blocks: Foun ''y ESCO, Size 180 x 120 x 94 30 mm.
C Static Cast Slabs: Foundry th 0, St/c 6lo x GlO x 76 mm.
d cenrrgura#y cast n s:n

R1 Foundry SANDU5KY; Stic 580 mm O.D. 70 mm wall.
P2 Foundry FAM. France; btze 930 mm O.D. 73 mm wall.
PJ Foundry PSCC'; Sur 890 nun 0.0,63 mm wall.
P4 Fotmdry SANDUSKY; Size 5M0 mm O.D., 32 mm wall,

205 St/c 305 mm O D ,25 mm wall.

Static Cast:1

E;Uxxv 758: Si/c 305 mm O D. 30 mm wall.
Runp Imp fler1: Foundry ESCO. Size fm mm diameter.
Hunp Cesing Cl: Foundry F.SCO. Si/c RK) mm O D., 57 mm wall '

C KRH Reactor Ptunp Cover Plate: Foundry GF; Stre 890 mm diameter.
I Aged Material from Georg Fischer Co , Sw,t7.erland-

ness of the steels. The Charpy transition curve shifts to higher temperatures. Different
heats exhibit different degrees of thermal embrittlement: the Icw-C CF-3 steels are the
most resistant, and the Mo-beartng. high-C CF-8M steels are the least resistant to thermal

L embrittlement. The extent of thermal embrittlement mereases with increased ferrite con- -

tent.

The mechanisms of thennal embrittlernent of cast duplex stabiless steel have been dis-
cussed earlier 5-7 Thermal aging of cast stainless steels at <500"C (<932'F) leads to pre-
dpitation of additional phases in the ferrite, e g., fonnation of a Cr-rich a' phase by spinodal
decomposition; nucleation and growth of u': precipitation of an Ni- and Si-nch G phase,
M23Cn. and Y2: and additional precipitation and/or growth of existing carbides at the fer-
rite /austenite phase boundaries.8-1018.10 The fonnation of Cr-rich regions by spinodal de-
composition is the primary strengthening mechanism for ferrite, which increases strain
hardering and local tensile stress. Consequently, the: critical stress -for brittle fracture, i.e.,
either cleavage of the Territe or separation of the ferrite /austenite phase -boundary,1s -
achieved at higher temperatures.

The degree or extent of thennal embrittlement is controlled by th2 amount of brittle
frart u re. A predominantly brittle failure occurs when either the ferrite phase is co'ntinuotis,

i e.g., :n cast material with a large ferrite content. or the ferrite /austenite phasa boundary
i provides an easy path for crack propagation, e.g., in high-C or high-N steels that contain
'

phase-boundary cart' des or nitrides. Consequently. the amount, size, and distribetion of
the ferrinn the duplex structure and phase-boundary precipitates are important parame-
ters that control the extent of thennat embrittlement.

5
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Current assessments of thermal embrittlement of cast stainless steels involve simula-
tion of end-of-desien-Itfe reactor condutons by accelerated aging at higher temperatures,
viz., 400'C (7527), because the time period for operation of power plants (-40 y) is far
longer than can generally be considered for laboratory studies. Estimates of mechanical-
property degradation of east statuless steel components are based on an Arrhentus extrapo-
lation of high-temperature data to reactor operating condlPons.

The temperature dependence of thennal embrittlement is controlled primarily by the
kinettes of ferrite strengthening t.e., the size and spacing of Cr Guctuations produced by I

spinodal decomposition of ferrite, Small changes in the constituent elements of the tuate-
rial can cause the kinettes of therrnal embrittlement to vary significantly. Activation ener-
gles of thennal embitttlement can range from 65 to 230 kJ/ mole. Also, aging behavior at

,

400 C (752T) shows significant heat-to-heat variation. Production heat treatment, and
possibly the easting process induence aging behavior at 4CXFC and therefore the kinetics of
thermal etubrittlement. The log of the aging time at 400'C for a 50% reduction in Charpy- j
1mpact energy has been shown to be a useful parameter for characterizing the kinetics of. '

thennal embrittlement 2R 21 Activation energy for thennal emhrittlement is high for steels
that show fast embrittlement at 400'C and low for those that show slow embrittlement at
400~C.

Mechanical ptoperty results from the present study and data from other investigations
have been analy/ed to develop the procedure and correlations for predicting the kinetics

' and extent of thennsd embrittlement of reactor compontuts from known material parame-
ters. An initial assessment of the mechanisms and significancs of low-temperature thermal
embrittlement of east stainless steels in LWR systems has been presented.2R21 This report
presents mecharueal-property data on several heats of cast stainless steel aged up to
58.000 h at 290, 320, 350, and 400 C (554. 608, 662. and 752~ n

2 Impact Energy

2.1 Kinetics of Thermal Embrittlement

The Charpy-impact data lor various experimental and commeretal heats, aged up to
30,000 h at 200-450'C (554-8427). have been presented earlier 2 The variation of the
room-temperature Charpy-impact energy Cv (J/cm2) with time can be expressed as

~

lagtoCy = logwCvs,a + O!1 tanh |(P - Ol/rd!, (l)

where P is the aging parameter. Cys,a is the minimum impact energy reached after long-
tenn aging, is half the maximum decrease in logCv. O is the log of the time to achieve p
reduction in impact energy. and a 13 a shape factor. The aging parameter P is the log of the
time at 400'C and is defined by

P = logtof t) K + ,f73 ' i
|

I

| where g is the activation energy (kJ/ mole) and t and Ts are, respectively, t he time- (h) and

6
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Table 2. Actitution ettergiesfor kinetics of thermal embrittlement of
i . cast slainless steels

Cy,,a t Consta n t s Q ikJ/ mole (kcal/molell
2*

lleat IJ/cm ) D 0 a Average 95'h, Confidence Limit -,

47 1514 o 086 2 68 1.200 193 (4G 1) . lo3-27E (24.5-65.7) a
51 115 9 o 139 333 1.152 205 (48.9) 129-281 (30 8-67.o)3'
(2 89.1 o 214 3.21 1.070 170(42.5) 151-204 (36 2-48.8)

,

P2 141.3 o 25N 2 M3 1.o94 219 (52.2) 173-264 (41.4-63.1)
59 75 0 0224 348 1.200 247(591) 195-299 (46.7-71.5)
60 44 8 o327 3 09 1.026 212 (50.71 177-247 (42:3-59.1)
61 93.3 o214 3 48 1.200 198 (47.3) 14G-250 (34.8-59.7)
G9 56 8 0 301 2.88 o. (i80 1G1 (38.51 140-182 (33.4-43 6)
P1 N .1 o.305 2.57 0.748 253 (fn4) 209-29G (50 o-70.8)
G3 115 I o. I So 2.98 1 009 1M (36.8) 1otb208 (24.O-49 6)
f4 4I. I o.33M 2hI o.597 147 (35.2) 133- 161 - (31.0-3R 6)

'
65 50.1 0.319 3 01 0.965 162 (38.6) 137-186 (32.7-44.41
f6 87.9 o.208 1 10 1 566 1G1(39.21 118-21o (28.1-So.2)d
71 63 1 0.209 3.44 o.700 95 (22.7) 54-13G !!2,8-32.6)d
75 32 1 o436 2 b2 0 509 139 (3J 2) 122-156 (29 2-37.2)
P4 62 7 C.2M9 2.70 0.615 159t37.91 140--177 (33 5 -12.4)
" Standard dettation is large breause of the relatively small decrease m impact energy

and a large scatter in data.

temperature (#C) of aging. The values of the constants in Eqs. I and 2, obtained from best
fit of the Charpy data for various heats of cast stainless steel aged up to 30,000 h at 320,
350, and 400 C (608, 662, and 752*F) were presented earlier.2.5-7,20,21 The 450 and
290*C aging results were excluded from the analyses, since the fonner are not representa-
tive of reactor operating conditions anti the latter showed a slight increase instead of a de-
crease in tmpact energy after agtng up to 30,000 h. The relatively short-time-aging data at
290'C tend to bias the analyses to yield higher values of activation energies.

Charpy-impact data for materials that were aged for 30,000 h or longer are given in
Appendix A, Table A-1. The room-temperature Charpy data were reanalyzed to detennine
the kinetics of thermal embrittlement; the 200:C aging results were included in these anal-
yses, Values of the constants In Eqs. I and 2 are given in Table 2. The change in Charpy-
Impact energy, as well as the best-fit curves for the various heats of cast stainless steel, is
shown in Figs.1-5. Activation energies for thermal embrittlement of the various heats.
with minor differences, are comparable to the values reported earlier.5-7.20.21

'

~ Material was also obtained froni the Electric Power Research Institute (EPRI) heat of
CF-3 steel.17 Charpy-impact specimen blanks were obtained froni fractured CT specimens

| of the unaged material. The material was aged up to 17,000 h at 320 and-350'C (608 and
662*F) .to determine the kinetics of embrittlement. The results are given in Appendix A.
Table A-2, BeOfit curves to Eq. I and 2 are shown in Fig. 6; the data for 400'C aging from

; the earlier study are also included in the figure. Results from GF3 and Framatome (FRA)ls
'

studies were also fitted to Eys. I and 2 to obtain a consistent set of values for activation en-
ergy. The chemical composition and the constants in Eq. I and 2 for the EPRI, GF, and
FRA heats are given in Table 1

t
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The Charpy-impact data obtained at ANI, and elsewhere indicate that all cast stainless
steels reach a " saturation * Impact energy, i.e., a minimum value that would be achieved by
the material after long-term aging. The actual value of saturation impact energy for a spe-
cific cast stainless steel is independent of aging temperature but depends strongly on the
chemical composition of the steel, In general, it is lower for the Mo-bearing CF-8M steels
than that for the Mo-Iree CF-3 or CF-8 steels, and decreases with an increase in ferrite

content or the concentration of C or N in the steel. The effect of ferrite content is obvious
in Figs.1-5 for all grades of steel. Influence of C content is seen by comparing the results
for lleats 47 and 59 or lleats 51 and 60 in Figs. I and 2, and of N content by comparing the
results for lleats 63 and P-1 in Figs. 3 and 5. These compositional factors promo'e a pre-
dominantly brittle failure. An increase in ferrite content provides a continuous path for
crack propagation via cleavage of ferrite. The presence of carbides or nitrides at the fer-
rite /austenite phase bounrlary provides an easy path for crack propagation via phase bound-

| ary separation. Similar trends are observed in the data from GF,1 Electricite de France
j (EdF),13 and FRAIS studies.

!
I The results also indicate that the Ume to reach saturation, i.e., the kinetics of thermal

embrittlement, also shows significant heat-to-heat variation. The decrease in Charpy-im-

9
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part energy during thenna! aging at IOO"C for some of t'a heats investigated at ANL,5-7
FRA,15 lCP141.17 and GFI is shown to Fig 'l The aging time to reach Saturation varies by
more than two ordets of magnitude for these heats, e.g., (1,000 h for the ICPRI heat,

1,0(XF 10.000 h for the ANL and FRA heats, and 10.000-30,000 h for the GF heats. l.onger
aging times are needed to achieve saturatioa at lower temperatures; actual time depends on
the kinetics of thermal embrittlement. For example, saturation impact energy is achieved
after aging for 30,000 h at 350 C (tiH2T) for IIcats 63. 64. 74. 75. atol P4 (Figs. 3-5) and

after 58,000 h at 320LC (GOWF) for lical P4 (Fig. 5). Other heats do not reach saturation
even after 58,000 h at 350 or 320'C because the aging behavior at 400'C is very slow |

and/or the aettvation energy for thermal mbrittlement is high for these heats. .;
1

The constant O. l.c. log of the aging time at 400'C (752'F) for a 50% reduction in
Charpyitmpact energy, has been shown to be a useful parameter for charactertzing the ki-
nelics.of thennal embrittlement.20.21 Activation energy for thermal embrittlement is high I

for steels that show la,t embrittlement at 400- C and low for those that show slow embrit-

tiement at 400 'C. For example, the constant o and acttvation energy for thennal embrit-
tiement, respectively, are 3.0 4.0 and 60-105 kJ/ mole for the GF heats. 2.3-3.5 and 95-
250 kJ/ mole for ANL heats, and 21 and 225 kJ/ mole for FPRI heat. The results indicate

that the constant 9. which basicaHy defines the aging behavior at 400 C. is tusensitive to the

10
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' Table 3. Chernical composut0tt and kinetics of thermal etnbrullernent Of Geory nscher,

ElWl, and 19urnaI0me heats 0) cast stainless stects'

chemical Compasinon (wt%) (ht con st a nt s g ikJ/ mole
.

2j lleat Cr Mo M Ni Mn C N IJ/cm 1 0 0 a (kcal/motell
I

~

*17 20 5 0 06 1 81 8 13 0. M 0 042 00:0 33 5 0. 4 h8 3 65 0 55 88 (21 0).

278 20 2 0.13 1W 8 27 0 28 0.03M 0 030 GH 3 0 381 -4 05 0 47 ft1 (15 0)

279 22 0 0.22 1.36 7.83 0.37 0 nio 0032 23 8 0 080 3 21 0 00 92 (21.01

2N0 21,6 0 25 1.37 H 00 0 50 0 U28 R038 24 4 0.591 'l 30 0,73 87 (20.7) ;

281 211 0.17 045 8 d) 0 41 0 036 0 053 26.6 0rm 376 0.42 03(22.1)
282 22 5 O.15 0.35 8 53 0 43 0.035 0 cLIO 30 0 0 525 3 73 0 43 98 (23 4)

283 22 6 023 0 53 7.88 0 48 0 036 0 032 23 8 0 580 345 0 43 83 (19.8)

2M4 23 0 0.17 0 52 8 23 0 28 0.025 0 037 23 8 0.500 3.71 0 41 87 (20 91

291 19.6 0 91 1.59 10 GO 0.2N O 065 0 054 121,9 0.235 3 89 0.79 77 (IH.5)
292 21.G O.13 1.57 7 52 0 34 0 tMM 0.0ml 22 2 0392 308 0 46 - LU (23.7)

285 18.8 2.35 0,56 9 40 0.48 0047 0 039 GL3 0 })7 376 0.3% R2 (19 61

2A6 20 2 2 44 1.33 9 13 0 40 0 072 0 062 2u.5 0 571 3 11 0 62 100(25.2)

2H7 20 5 2 56 031 8 46 0.50 0 047 0.033 23 8 0 563 3,52 0 42 02(21 0)
288 19.6 2 53 1 70 8 4h 0 47 0 052 0 022 19 4 0 G13 3 02 0ta 106125.3)

280 19 7 23) 1 44 8 25 0 48 Oml 0 032 21.1 0.571 3 32 0 39 90 (21.6)

290 20 0 2 40 1 51 8:Vi 0 41 0 051 0 050 21.1 O W2 3 19 0.11 81(10 31

CPRI 22Al O 23 o 84 7 93 0 74 0 030 0 015 30 0 0.565 2.10 0 596 225 (N 8)
C 20.7 0 13 1 09 6 19 1 00 Oul2 0 035 31.0 0.393 3 30 0 45 H3 (19 9)

E 21 0 0 OH 0 54 8.47 0 80 0 035 0 051 45 0 0 334 2 63 0 G5 133(31.8)

F 19 7 0 34 5. I 6 M.33 0 26 o ulx 0. 0.' 6 M10 0 282 245 1.23 17G (41.1)

11 20 1 2 52 0.93 t o 56 0 K1 0 053 0 042 31.0 0 478 2.55 0 47 120 (30.7)

D 19.2 2.4 i O.94 10 32 1 12 0 020 0 OG3 33 0 0439 3.30 0.40 90(21.4)
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chemical composition of the steel. Production ' heat treatment, and possibly the casting
process, influence 0 and therefore the kinetics of thennal embrittlement

The influence of .4 eat treatruent is observed in GF IIcats 280 and 280N.! The two
heus have the same composition and were given a production heat treatment of 12 h at
1010'C (185071 and water quenched, Heat 280 was given a second heat treatment of 4 h
at 1050"C (1922T) and water quenched. The ging behavior is significantly different for
the two heats: 0 is 3 3 and 2.3 for lleat 280 ' ,d 280N, respectively. Microstructural exam- !

mation of aged cast stainless steels suggests snat a large value of 0 and a low value of activa-
- tion jergy are assotiated with the NFSt. Mo-Si, and N1-SI-Mo clusters in the ferrite ma-
trix A 10 These ch.sters are considered to be precursors of G phase nucleation and precipt-
tation. Cast stainless steels with low activation energy and large o value show Cephase pre-
cipitation after aging aun tech. with high activation energy and low 0 value do noi contain
G phase. The presence of Ni-St-Mo clusters in the ferrite matrix of the unaged materials j

may be considered as an indicator for fast kinetics and a low activation energy for thermal )
cr.. rittlement. 1

A procedure and currelations have been develeped for estimating the saturation room-
temperature impact ent rgy atui kinelles of thennal embrittlement of cast stainless steels ,

from their chemical compostllon.2h21 The room-temperature impact energy of a specific !

cast stainless steel is esurnated as a function of time and temperature of reactor service.
The correlatlans have been vahdated with Charpy-impact data on reactor-aged materials 20

2.2 Charpy Transition Curves'

Charpy transition curves have been obt uned for four experimental and two commercial
heats ag11 up to 58,000 h at 200. 320, 350. and 400'C (554, 608, GG2, and 752'F) and for
nine ex;rrimental heats aged for 10.000 h at 400- C. The results are presented in Ref. 2
and Appendix A. Tables A- t through A-3. Th Charpy data were fitted with a hyperbolic
tangent function of the fonn

Cv = Ko + Bil + tanh |(T - C)/Dj!, (3)

where 14 is the lower-shelf energy, T is the test temperature UC). O is half the distance be-
tween upper-shelf energy (USE) and lower-shelf energy. C is the mid-shelf Charpy transi-

I tion temperature ICTT). and D is the half-width of the transition region. Values of the con-
stants in Eq. 3 are given in Table 4. The effect of aging time and temperature on the
Charpy transition curves for the various heats is shown in Fign 8-10. The shift in Charpy
transition curves for the EpRI heat aged up to 17.000 h at 320, 350, and 400'C is shown in
Fig. I1. Thennal aging decreasca he impact energy and shifts the transition curves to
higher temperatures. Most umg partially aged cast stainless steels do not show a flat
upper shelf as defined by Eq. 3. naxunum between -50 and 100'C and decreases at
higher temperatures

The results indicate a ' saturation effect" for USE (defined as Ko+2B in Eq. 3) after ag-
ing. The USE decreases to a nunimum saturation value in a relatively short time, i.e.,

<3.000 h at 400 C or <10,000 h at 350"C. and does not change further wHh longer aging
t imes. After saturation of USE the decrease in room-temperature impact energy is due to

13
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iTable 4. Values of winstants un Eq. 3for Chatpu tratssillon
curse qlcast stalttless steels

|
Adnv (on<htion C.*nstante

lisat Temp Tune Ko il C D ,

2l'O lid U/rrn?) p/rin ; (*Q PC)

| 09 Unaged - 40 130 3 -186 8 222.7
| Zo Wo) 80.4 - 17v.8 30 0

320 10JKO 78 2 -154.1 37.8 |,

|
3/0 30J100 iKt5 74 2 80 2

| 320 50JXO 80.5 -69,1 88.4
350 2.570 09.1 - 11 J.2 50.4 |
350 10.000 73 5 -31 6 43 5 i
350 3OJRO 59.2 -10 9 107.1 i

400 2.570 55 0 -00.7 F7 4 i

4(O 10fKO $4.7 -10.9 08 0 1

450 2.570 50.6 -850 126,5 ,

I Unaged - To 02.M -307.9 106.2
320 30.f 00 81.H -184.0 127.9 |
350 9.980 49 8 -125 4 51.7 !

400 9JuO 40.7 -89 1 92 5 g

I'2 Unaged 50 102.1 -lH9.0 44.1 1

320 30.000 172 7 -42 2 71.9 ,

%0 10,000 14H 7 -43 1 87.8 '

350 30JWX) 157.0 - 5. 8 97.0 i

UM Unard th 1%3 -59 8 99 9 ,

290 :%0(O 109 0 -12.1 93 4
320 10Joo 974 -40.0 40.0 ,

320 30JKU 107.6 40 85 7 - 4
320 50J100 111.1 35.1 4RO >

'

| 350 5.780 78 5 -12.0 rdt?
| 350 10J00 07.0 2F.0 67.3 ;

350 30fM O 80.3 53 - 85 7 |

400 2.570 70 5 31.3 78.5 >

400 10JKo GM G M .0 G4.3
450 2.b70 54 0 32 G 86.7

{
70 Unaced 15 119 7 -150.2 60 6 i

350 2.570 1050 -77.0 38 7 ;

350 10.000 89 2 23 0 121.7 ,

400 2.570 87 4 - 1. 7 116.2 [
400 lofw o 7 10.3 90.9'

74 Unaged - 15 89 3 -177.5 119.6 |
2to 90.000 140.9 -104.8 403 E

320 I qJH O 91 i. -95.0 65 8
I320 30AKO 87.1 -- 8 5 84.3

'12 0 | 6 000 G7.0 -20 1347
350 ...s70 69 0 -8H.7 38 9 *

350 10fKO 71.5 -33.0 66.7 |
350 30J00 H 1.2 79- 1G8.5 }

'400 2,570 61.6 -37.2 40 0
400 10aKo 65 0 19 2 123 7 ;

450 2,570 39 2 -47.0 63 5 ;

I

7E Unaged - m 02 0 -150.5 43.7 t
'

290 30.000 121.6 -70.4 50.5
320 10.000 in4 -10.0 37.9
320 30foO 78 4 Me 140.I
320 30.000 67,0 l'14.1 140 H
3',0 2.570 70.9 -10,2 105 2
350 10.000 71.3 80 5 74.4
350 30JOO G7.9 207.7 180.I j

400 2.570 52 7- 45.5 83 1 1

400 10XX)O 66 3 140 7 13HE
150 2.570 310 20 8 99 4

:\
l4

|

|
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TuMe 4. IContd.)
r

Acum Cunihtion ( onstants
llcal Temp Thor 16 n C D

ICI (M U/rni ) U/t m2) t'Cl ("Cl2

'

47 Unaged 35 123 9 -200 9 1(K15
400 10.000 | 69 4 -1298 30.1

51 Unage d 35 103 5 -201.0 73 5
400 10.000 | 54.4 -131.3 20.0

52 Urmced Ti l 19 o -193 7 66 3
400 lojko | 75 2 -150 8 21.1

'
So U n,ied 15 1IN O 133 3 7(L3 ,

400 10000 | 45 o 1.8 119 2 >

fH Unaged 15 116 7 - 12 il. 3 77 o
400 loJXo | G7.1 E 7.2 70.2

61 Unaged 15 137.1 -1254 103.3, ,

4* n 103i00 | H0 0 -15 H 48 0
fB Unaged 20 118 3 -211.7 M4 4

400 10.000 | 09.3 -341 75.3*

61 Unaged 15 99 5 -191.7 31.H
400 lo ooo | 47.0 50 3 127.7

65 Unaged [5 1o20 -184.3 67.4
400 luAKO | 59 o $6 7 120.2

. . .

I
f

an inercase in CTT, t e., the value of constant B in Eg 3 reinains the same, and only the
constants C atul D inesease with longer aging times. This behavior is observed at all aging
temperatures and for all heats of malertal. Table 4 shows that the saturation value of USE :

for aged cast stainless stects decreases with increasing ferrite content arut depends on the,

easting method and grade of the steel. For comparable !crrite content, CF-3 steels show
the highest values of saturation USE and CF-8M steels the lowest. Also, centrifugally cast
steels show higher USE than the static-cast steels. Saturation USE for the static-cast ANI,
heats is between 110 and 185 J/cm2 (65 and 109 ft lb); lowest values are -110 and 120 '

J/cm2 (65 and 71 ft lb) for llaats 6 t and 75, iespectively,

As discussed in Section 2.1, most east stainless steels nach a saturation room-temper-
ature impact energy after -3,000 h at 400'C or -30.000 h at 350"C, i.e., when the aging pa-
rameter P is ~3.5. O'Nause both room-ternperature impact energy and USE appear to reach
saturation values Charpy transition curves may also show a " saturation effect,* Transition
curves for three grades of cast stainless steel aged to P values of 3.0-4.0 are shown in

L Fig.12. A saturation effect on the transition curve is indicated for the innterials that have a
saturation room-temperature impact energy close to USE The saturation )om-tempera-
ture impact energy for lleat 69 is -89 (53 ft lb) and the transition curves for ' values of 3,4-
4.0 are comparable. Saturation condition is not leached after 50,000 h at 320*C (P = 2,86).

,

i These results suggest a saturation effect on the transition curve, _bceause an increase in CTF-
i would mean a further decrease in room-temperature impact energy. - For such materials,

.

impact energy at reactor temperatures (280-320*C) would also saturate after aging and the
| value will be comparable to or shghtly higher than the saturation room-ternperature impact

energy.

15
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The saturation room temperature impact energy for lleat 75, e.g., 32 J/cm2 (21) ft lb)
is close to the lowet-shelf enerKv. Also, the transition curves for lleat 75 do not indicate a
saturation effect. Although the room-temperature Itupact energy does not change for P val-
ues >3.5, the impact energy at reactor temperatures inay continue to decrease with time.
This behavior is also observed for the EPRI heat, as shown in Fig. I1. For such materials,
impact energy at reacter ternperatures will be anywhere between the saturation values ofi ,

room-temperature hi. pact energy and USE The transition curves for heats that a satura-;

tion room temperature impact energy in the transttion region inay or may not saturate de.
pending on whether the "alue is close to USE or lower shelf. For example, the satulation
room-tetuperature impact energy for lleats 68 and 74 is =57 and 63 (34 and 37 ft.lb), re-
:pectively. These values are greater than the mid-shelf impact energy for the materials,
and the transition curves suggest a saturation (Fig.12). Correlations have not been devel-
oped for estimating the Charpy' impact energy at reactor temperatures or the shift in CTF
during thermal aging.

,

2.3 Recovery Annealing

Microstructural and annealing studies 248 * on laboratory- and wactor-aged materials
indicate that the mechanical properties of aged cast stainless steels can be restored by
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iiraltt:4 thr emblittled Inalettal lot I h at 550 C alnt water'quetwhing The n' phase, which'

j ts the pitonity cause for thettual emhtittlement. is not stable at temperatutes >SSO'C attd i
I thetolotr dissolves duting the annraling tiratment. The tilatellal is wales ynrnthed to I

avoid founatiots of a atul other intrimrtalhe phases that inay also degrade inerhanical prop-i
,

citics. 'the infinenre of annrahng on the Charpy llansition entves lot thier labor atory-aged +

1 heats and for service aged materiais (toin the Shippingport atid KRll tractots have brett j

demonsttated30W The intinente of atmealling on ati mlditional utne labotatoty aged heats
q of CF- 3, Cl' H, and CF HM steels has also been investigated- The matritals wetc aged fot

10j00 h at 400 C ptiot to the aimraling. The it sults are given in AppendiA A. Tables A 3
anC a 4. The ellect of .nmcaling on the transition rutvrs of' the vallons heats is shnwn 11:

,

| Fig.13. The tesuhs im!!cate essentially complete secovely hom eminittlement; the transi-
flott rutves for the aritnealed inatellais agire very well with those lot the uttaged Steel.'

,
Mictostructinal exainination of the annealed matenal showed no a' phase, but the st/c atid

4 disttihution nl the G phase wete the saine as in the aged tuaterial H 1"

; Char py data lot hihopatoty ,tged matellals itubrate that the kinetirs of emhllitlettirtti
can also be obtained horn th^ tremhtittlement of scrovely auncaled matrital. The Charpe
unpart data lot lorovely--anoraled CF 3. Cit H. and CI' hM steels aged up to 10.000 h at
400. 350, atul 320 C air given in Apr;mirs A, 'labic A 4, atul the aghtg behaviols ol unaged
and Irrovely atmraled steels att shown in Ftg 14. The activation enrigles of the utmged
tuatertals are 168.t37, 1071 48 and 146 2 21 kJ/ mole lot Ilcats tiH. h9. atui 7S, tespec

; 11voly- The Charpy data f or terovery amicatrd atul aged lleats 68, 69. aml 75, respectively.
I ylchl m tsvation cartgies of l?2 ' 11.176 t 19. atul 130 + 2H kJ/ mole, i<c., the Linettrs of
j ir cinhtittlement ate will m the 95", t onhdence linnts of the experimental values

.

The irsohs nune.de Omi haschne mornanicai pmpetOes. as wrii as ine kincurs oi cm..

; htittlement, of aged rast stainless strris can he determined hotn the irrovety-atmealed
mat ri tal 'lhts inay be vriy usef ul toi rvaluating dentadation of mechantral ptopratics of
servu r aged coinponentN whcte the haschne merh,mtral propritles of an htve inatrilal aic,

generally not availabic.

4

3 Tensile Prop _erties
_ ___

; Tensde irsts wne condurica ai room iempriaOne and voO C ins r n on unee com
incirtal mal her expet unental heats .iged up to 58,000 h at 290 450 C (Sh i H12T ;mi on
the XHO pnmp rovet plate ttuterial The tesnits l'otu the tests, which weie coiulurted at
ANL and Malet tals Enginert mg Associates (MEAL air given in Appendis 0, The enginer -

Ing sit ess vs sitain entres for sts of the heats of CF 3. CF-8, and CF HM steel aged up to
50,000 h at 320, 350. and 400-C and tested at toom tempriatute anal 290'C (SS4'll are
shown in Figs Ib 20 At both test temperatures, thnmal aging led to an incirase in yeld
and allimate sitew and a shght der! rase In ductihty. 1 or all heats, the inctease in nittmatr
$ttess is substantlaDV Mtratet than the incirase in yield sitess. The Mo heating CV HM
steels are thc most septhvr to thrimal aging myl Mo iter inw-carbon CF 3 steels the least

'

sensitive, Sotne heat 5 show no thange in ytchi stress. Fm thet moir, sperimens aged for
short times at high tempetatutes, e g . -3.000 h at 400 (762' Fh often show a decrease in
yield sitess

i

'
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Therinal agitig increases the stratti hardelittig tale of all grades of cast statiiless steel.
' The increase is gtcater at ionin teniperature innin at 290^C. and CI' 8M steels show a larger

increa e than do Mo Itce glades of steel (l'tgs. 15-20). Tensile stress vs strain data are
being analyzed usine the it.unherg-Osgood equalmu to cvaluate the ildluence of thertual ag-
ing on the strain-handening behavior of cast stainless steels. -

The tensile data are in general agtretuent with the Charpy-itupact data, i.e., for a ope-
etlic heat. the increase in tensile stress correspotuls to a decrease in linpact energy. The
results also ludicate that the teinperatute dependence of tbc change in tensile silength is
stintlar to that onsctved for the Charpy-inipart data. CoIIelations have been devebped for
estiinating the tei.sile tiow stress of ans d catt siainless steels frani the kinetics of thenunt
einbrittleinent.6 Tlic ratto of the tensile Dow stress of aged and unaged cast stainless steels
at 1(T and 290 C (55FFI is expressed in tenns af a nonnali/cd aging paranieter. I' low
stress is charactert/cd as the tucan of the O 2"G yleid and ultituate stresses and the aging
paratneter is norinalt/ed with respect to a O salue ot 2.9. At both tetuperattires the in-~

crease la flow stress of CF 3 steels is the ou est and that of CF-8M steels the largest.
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4 Fracture Toughness

The J-H cutre tests were rondorted at room u.aperatuie aiul at 290 C (SSPF) ac-
cording to ASTM Spertlication E 813-Hb atul I; 1152 87 Cornpart- tension sporttnens
(CTh 25 A unn thick O e, IT 81/c). wete used for the tests. Table C- 1. AppeindtA C con !
tains the sesuhs front tests conducted at MEA and ANI, on nine heats of cast stainless strol

| aged up to 30.000 h at teinperatoirs between 200 4Su C (Sh l= H42T). The data asid anal-
ysts of the tests etaulurted at ANh ate rotupiled in Appendix C the tesults indicate that
the delostnation J values predirled Iroin the powei law selation are often highrt than the. , _

observed values for reark extensions of 3 inin. For the rootn truipetatute tests, the values
,

calculated hotu powc law sciation can he higher by a tartor of 2. The discarpatn y between
the calculated and obscaved valors of defonnation J 19 sinall tot the tests at 290 C. The

,

nuxillied J vs, an data show good tupresnent with the powes-law relation.
i

4.1 Una00d Cast Stainless Stools

The frarinte toughness J -n corves of unaged cast stainless steels vaiy significantly for ;

the vallous healm Figure 21 shows Irarttue toughness J- H ruives for centillugally stud
stalte-cast steels at roorn trinperattue and 290 320' C (hb l OOH' F), Flarture toughnew nf
cenRifugally cast sterls is signitirantly highet than than tintt of stulir-cast bicels. The
static-cast pinnp raslin! s tug tilrat C l with 6, < H%) shows the lowest tracture tuttghtiew
and the reutilfugally cast pipe filrat p2 with 6 12%) has the highest. The town - trtuper- ,

atute J R rutves fu unaged licat C1 are umrginally higher than those at 290~ C. At teinpre
attnes up to 320'C, a lors bound J H curve for unage:1 statte rast stainless stects cast lie
exptrssed as

da 2 400lAal"4" |4)

and for rentitingally cast Mainless stecls an

OSOl Aal" 43 (5)i

where Aa is in tuin and Ja is tu kJ/in?

Fracture toughness data for unaged cast stattiless strels also indicate that J-R cutres
for steurturally " weak" heats niay he lower than those for wrought stataless steels - J-R
curves for wrought stahiless steelsN'8 at teinperattues ?290'C are compared with the

2 lowet-hound J-R curves for unaged casi stainless steels in Fig, 22. Fractutt toughness of
wrought . stainless steels is htcher than the lower. hound J R ruire for statte cast stainless
st ecl%

4.2 Aged Cast Stainloss Stools

The ef fects of aging tune and temperature on the tracione tonghness J-R c ves of the
various heats of cast shntiless steel air shown in Figs. 23 28 Thet tual (1ging of ist statu-
less steels decicases their frarture toughness at both soom tempriatuic and scattor tem-,

peratuit The valors ot Jte and average teattug modulus los heats that are sensitive to

'
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11gure 23. 1.[fect of agitty luric ut|d letnperature on thefrucittre toughness J-R eurves ut roorn
letnperature and al 2OOTJor static-cast l! eat 68

[
tl'eraial aging are as low as "90 kJ/nd and -60 respectively. The .bR eutre data are con-
s%. tent with the Charpy tmpact scuults, i.e. unaged atul aged snaterials that show low itn-

| pact energy also exnthit lower f racture toughness. All inatertals teach a :ninituutu saturation I

fracture tour.hness after thennal aglug, e.g., after 10.000 h at 400 C or 30.000 h at 350"C |
The kinettes for the decrease in fracture toughness are klentical to those ohsetTed for the

,

i change !a Charpy-itupact energv. In general, loss in toughness increases with an hiercase
| in ferrite content. The CF-3 steels show the sniallest and CF-8M steels the largest tough-
| ness lass. Also. for a specific steel, the decrease in toi.ghness la larget at roont temperature

than at 290~C (55YF).
t

T!)e slat'C-ca51 Slal)S (e.g., I|t HLS ON, 09. HI'd /b} exhll)lt un uluistlill aging behavioi, vlz,.

j the room temperature fracture toughness inetcased initially after aging. For example the
J-R ruires for these heats aged h>r 2,570 h at 4N ~C (752"F), or up to 10 000 h at 350 C
(d62*F), or up to 30.000 h at 320 C (GOS 17 are oiten higher than those for the unaged ma-

32
|

|

, .. ._ ,



_ _ _ -_ - --- - _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ .

_

_

Crack h tensiert .ie pn ) Crack Extension, an (in.)
< CO 01 62 03 00 0.1 02 03
_ . 399c _.+..s._._.__._m._4_._._____, p - ' -

;-+-,

' Heat 63 CF-3 } Heat 69 CF-3 * au4
_

I M e r b?'q -15000 a,o Stahc Cast Etab , + Static Cast Slab ^

! s . .C 2 f.$,,M290 E*

ti Hr.om Te mp
,_ }

e?
.m , - mc., ,

'* < 0\ra i + s
,

.m
,s s' f g' L e** 10000 s7 ' a,; a . ,

%#j.*,Je
.

* e * I 7
*,

1
'

- .J 'a 9 '--
'* + 4 e g., *;

{
c.'

{
, o o< s, , . .. . ,n

' * * *******c E1000; 4 '. .* . *'

A *4,*p. 9 .s 4 * *'a
E + +

t, . * , o,

e o son. E3
t 4- .*.* , ,- .

y
,

+ e* -

8vapo o a : s ", o r N
7 ,y f

C. e * ' W 6--r N +

e r A :-z e r rc + -
5
o

e d e- v : ; .

0 ++~+--+-+~+-+s.++-.---+-+-. . +--4-+++- +---+-+w 0
0 2 4 8, 8 10 0 2 4 6 8 10

Cteck E ,tonsion, as im m) Crack Extension, an (rt.m)

Crack E stensiort J.a (in.) C eck stension, ac (in.)

00 01 02 03 00 01 02 03
3 0 0 0 ;w + - --9 + -- + --+-+ - . -~ j-+----+-~+--*---+---+~+-++-p-4--*+,- ~ ,

Heat 60 CF 's i Heat f.a CF-3 e trsj 4 _

! Static Cast Slab ^ WW 4WC 1500 aStatic Cast S nb '^

+ * *** N1 - "E Rcom Temp

{ 290 c
,

g. .s a<&.,,
, 2000 ~ ' 7.,

| g;>

j -10000 o7 + e

', e' t 7g ]
*a .;* * + e c: . , ,

gw . . s. . o=. *
%J 4 8 ;,. 0 ; '.

* * *gsu: * . .,* e', * *- - 6000 E2 e
t a. , . = ***es r .e

. ! ..e,,t.*.* g- .

8 f,e **.4. :.- ; * *
,e , vu 4 .g,6 *u

O
, . r 4s ,

, ,
' *

,
.

O; . ., ... .. . r, . + r. ..t ...... ...e , . . . . _ ..~4_, ....+._..e o7
0 2 4 0 h 10 0 2 4 6 8 10

Crack E xtet.Lon, aa (m mi Crack Diension, an (m m )

7"
1 l'ulure St G//ivi yf rynny fline and tentperature ort thefracture toughness JR curties at rmin
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y tenlperal nr: niul at 200'C for static-cas: llent GO

' e rt a l'; An intilal ncrease in fracture toughnew was not obse!Ted at 290"C for static-cast
~

stainless steel or for any other product fo nn . The voorn ternperature J-R curves for the

.. { | static ~ cast niabs in the unated condition are exceptionally low, although their Charpy-tm-
pact encretes ate e unparable with those for other heats. The poor fracture toughness of
the cast slabs is most hkely due to teMdual stresset introduced in the tnaterial either dur-
ing casting or the ptoduction heat treatment. The initial increase in fracture toughness of
the aced Inaterial is due lo rettution of the testchial stresses dullut agittR Several obser-

- vations support this arcu.nent

The yield sitess of the cast slabs decteases initially after agtag ( Appendix 14).*

Whereas the J;c value3 of unaged cast stainless steels nonnally decrease with*
_

an increase m teinperatute. an opposite trend is observed for the thennally
aged material (Table 5).
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Thennally aged CF 8 steels (e,g., lleats 6S and pl) exhlhit unstable crack gtowth.
These events were generally observed beyotui S-nun crack growth. Crack growth was as
high as 2.5 nun, accotopanied with a load drop of >10 kN (see Appendtx C for lleat 68 aged
30.000 h at 350 Cl. The ferrite /austenite phase boundaries in CF-8 steels contain large
carbide partteles and provide un cahy oath for clack propagatiott. Unstahic crack gtowth
occurs by cleavage of fentle and separadon of weak phase boundaries.

|

5 Conclusions
.

Charpy-unpact. tenstle, and fracture toughness 1R curve data are presented for sev-
eral experimental and conuncretal heats of east statnless steel that were aged up to 58,000
h at temperatures of 290 -4 00 ' C . The .csults indicate that thermal aging increases the
tensile stress and decreases the Charpy-linpact and fracture toughness properties of cast
stainless steels. In general, CF-3 ste<is are the least sensitive to thennal aging etuhrittle-
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Appendix - A

Charpy-impact Energy
i The specirnen blanks for mechanical tests were obtained from the various experimen- f

tal and cornmercial heats of cast stainless steel- The orientation and location of the the-
| chanical-test specimens from pipe sections, slabs attd keel blocks are shown in Ffg. A-1.

The spcritnen blanks were aged up to 58.000 h at temperatures between 290 atul 400'C
(554 atul 752T1.

Charpy-impact tests wete cotulueted on Charpy-itnpact V-notch specimens according
to American Society for Testing and Malettals (ASTM 1 Specification E 23. Test spectinens,
shown in l'ig. A-2, were stueluned Irotn the blanks after thermal aging. A Dynatup Model
8000A drop +cight impact machine with an itu tumented tup and data readout system was
used for the Charpy-trnpact tests. The available enetgy and impact velocity of the machhte'

can be varied by altering the weight of the crosshead and the drop height; tuaximum energy
'

and velocity obtainable with the machine were la kJ and 4 rn/s. respectively. Ioad- and
energy Utne data were obtained from an insi,umented tup and recorded on a dual-beam
storage oscilloscope. The instrumented tup consists of a striking head and a strain gauge
with a four-arm semicotuluctor bridge circuit. The strain gauge, which measures the com-
pressive load on the top during the test. was cahbrated by a dynamic loading technique.,

Initial and final vehicities of the tup were measured optically. The load-t!!nc traces frotn
each test were dicittred and stored on a 11oppy disk for analysis. Total energy was com-
puted from the load time trace; the value was corrected for the effects of tup velocity.-

,

'

The instrumented tup and data tradout instrtunentation were periodically cahbrated by
fracluting standard V. tu>tch specimens fabricated from 60Gl-TG alutninum and 4340 steel
with a hardness of itockwell ite 54. Amplifier gain was adjusted from the load- and energy-
(tme traces for the aluminum specimen so that the recorded load ihntt coincided with the
load limit for the material (i e. 7.74 kN). The linearity af the calibration was established
from the results for the 4340 steel specimen, which has a highet limit load. Accuracy of
the anpact-test machine was also cheched periodically with Standard I?crerence Materials
2092 and 2090 (huving Charpy impact energies of ltt 11 and 1G .12 J, respectively) ob-
tatned from the National lustitute of Statulards and Technology. Tests on the reference

i materials were perfonned at 10 C (-40T) in accordance with the testing procedures of
Section 11 of ASTM E 2"

The specimens for high temperature tests were heat ed by resistance heating.
pneumatic clamps wie used to inake electrical connection and hohl the specimens in po-
sition on the anvils. The anvils were elecincally insulated from the bam plate. power to

| the specimen was interrupted immediately before impact to telease the clamps and remove
any constraint on the specunen. The temperature was monitored and controlled by -a
thermocouple attached to the spernuen. Specimens for the low-temperature tests were
cooled in either a refrigerated hath or liquid nitrogen.

Charpy-tmpact data for the various experimental and commetrial heats aged up to
10.000 h at various temperatures have been presented earlier.^-1 The data for materials

1

A 1

;
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1

- that were aFd longer than 10.000 h are given in Table''A-l. :The impact energies are nor-
'

malized with respect to the cross 1 sectional area of-the spec,..iens _(impact energy in ft.lb
,

can be obtained from J/cm2 by multiplying by 0.59)J Charpy-impact results for recovery-
annealed materials (from three experimental heats as well as the KRB pump co"er plate)
that were aged up to 10,000_ h at 320, 350, and 400*C are given in Table A-21 Matertal -
from the experimental heats was originally aged for 10.000 h at _400'C whereas the KRB

' pump cover plate was aged during reactor service. All materials were annealed for 1 h at -
550*C and then water quenched,

i

'Table A-3 gives the Charpy-impact data for the EPRI heat aged at 320 and 350*C for
times up to -17,000 n. Specimen blanks were obtained from broken compact-tension
specimens of _ the unaged material. The materials were used by the Electric Power

~

Research lustitute to study thermal embrittlement of cast stainless steels: the results for-
,

400*C Wq have been presented earlier,A-2

The values of 0.2% yield and maximum load for each test are also list;d in Tables A-1
to A-3. and may be used for estimating tensile properties of the cast materials. For a
Charpy specimen. the yield stress is esumated from the enession

o = CPy B/Wb2, ( A.1)y

taken from Ref, A-3, where Py is the yle:d load, W is the specimen width, is the specimen
thickness, b is the uncracked ligament, and C is a constant. The yield load was obtained
from the load-time traces of the Charpy tests. Deviation from linearity in the load-time
trace occurred at 125 to 150 ps for the various heats. The load at 200 ps was estimated to
represent 0.2% yield stress. The actual time for 0.2% yield varies with the strain hardtning
rate of the material; the load at 0,2% yield can be obtained from e power law fit of the data.
The error in the estimated values was <5% for the various tests. The ultimate stress was
also obtained from the impact data by means of Eq. A-1 and the maximum load Pm. The-
constant C was detent.ined by comparing the tenstle and Charpy-impact data. The best
value of the constant for yleid stress was 150 for steels of all grades. The constant for ulti-
mate stress was 2.28 far CF-3 and CF-8 steels and 2.54 for CF-8M steel. The estimated
values of tensile stress are based on the assumption that strain rate effects are insignificant
for the various heats and aging conditions. Equation A-1 should not be used for estimating
ultimate stress at temperatures corresponding to the icwer-shelf and transition regions.
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Table A;L . Charpy-unpact test resubsfor aged cointnercial and emerlinental heats
- ofcast stainless steel-

-

Apng ' Agt ng . Test Impact Y1cid Max.
Sperimen - Temp. Time Te mp. Energy load load

ID Ikal Pel th) (*C) U/cm-) (kN) (kN) *

. -

Keel Ib ks ICF-3 Gradel +

,

472-S08 47 2W NKOO .25 2G3.5 9.276 - 15 ce2 '
4 72-SO9 47 290 NKKO 25 2G8 0 9.227 - 15 G72
472-513 47 21 0 58000 25 212.2 9.4G2 15975
472-SI4 47 290 5* 00 25 256 2 9 G12 15 516

I474-516 47 320 N000 25 202.4 9.618 IG310
474-S17 47 320 30000 25 186.9 9 598 1R209
474 4 18 47 320 30000 25 19(15 10,155 10 219
473-S07 47 320 SNOO 25 223.4 R413 16 024
473 -N)H 47 320 55(00 25 13& 7 9.442 16082
475-S13 47 %0 3mo 25 165.9 9.Gl7 16402
475 4 14 47 350 3Xa; 25 154.2 9.950 15.490
475 415 47 350 300cio 25 161.3 10.173 1R512
475-SIG 47 350 55000 25 143 5 9 872 14.920

*

475-S18 47 350 59 00 25 127.6 R5G9 15 164
!476-S10 47 400 30000 25 177.1 9.555 15.792

47G-S i I 47 400 30(00 25 173 8 R575 IG338
478 401 47 400 N800 25 197.2 R579 Inl80 .

474 S03 47 400 c.1800 25 188.8 9 6H6 16 013

512 407 51 290 30(0 0 25 23R4 10.331 IG N)5
512 408 51 290 30000 25 263.0 10 477 17.234
512-SO9 51 290 30(0 0 25 259 0 10 634 16893
512-S14 51 290 58000 25 2G12 10 546 17.547
512--S15 51 290 5 MOO 25 230.1 10 565 17.742
514 4 16 51 320 30000 25 195.1 11.171 14889
514-S17 51 320 30(00 25 237.4 11.424 18 562

'

514 4 18 51 320 30000 25 251.1 11.454 19.099 ,

513 4 08 51 320 55000 25 162.8 11.376 17.039 -
513 4 09 51 320 55000 25 196 0 11.256 17.593
515 4 13 51 350 30u00 25 194.7 11.C20 181138
515 4 14 51 350 3XVO 25 197.5 11.249 17.947

,

515 4 15 51 350 3XKx) 25 1801 11415 18.084
515-S16 51 350 55000 25 160 6 10 917 1& 951 3

515 4 18 51 350 55000 25 101.6 11.200 17.117 ;
.

516 4 10 51 400 30000- 25 171.2 11.G53 18.720 |51G-SI1 51 400 30(00 25 _ 15R9 11.507 1R437 '

518 401 51 400 51800 25 1168 11.561 1R248 j
518 SO3 51 400 54800 25 111,7 11.551 1R 141 j

522-507 52 290 30000 25 237.I 9.618 10.258 i

522 408 52 290 30000 25 291.5 9.1X16 IG258 |
522 4 09 52 290 30tXW) 25 248.8 9 882 IG482 |
522-S13 52 200 58f00 25 - 275.0 10.077 1R395 ;

522-S14 52 290 58000 25 275 6 9794 1n365 - -|

524 4 16 52 ^20 30000 -25 242.5 10 425 10.980
524-Sl?- 52 320 30000 25 283.5 10.321 17.439-
524-S18 52 320 30000 25 2G2.2 10.369 17.303
523 4 07 52 320 53(rX) 25 215.7 10.223 16Ai!
523408 52 3); 55000 25 231.8 10.223 IG883
525 -S 1 'l 52 350 30000 25 250 2 9.999 17.156.

52S 4 14 52 350 30000 25 270 9 0,813 17.225
525 S15 52 350 30000 25 254.5 10 067 17.166

, 525--S I G 52 350 55000 25 250.9 10.116 - 1G736
525-S18 52 350 55000 25 2 10.5 9.979 17.049

s

A-5
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Table A-L (Contd)

Aging Aging _ Tt st Impact. Ytcid Mat
Sportmon Temp; Time Temp. Ener 'y Load lead

ID lleat (T1 (h1 ("Cl (J/cm I ikN) (kN)

520 4 11 52' 400 NKKO 25 337.5 12 794 22 887
528 4 01 52 400 M H00 25 .185 6 10 624 16 824
528 4 03 52 400 N 800 -25 170 2 10.585 17,107

562-S07 56 290 3N OO 25 223 0 9.8a2 15 633
562 4 08 Si 290 :nKK) 25 260.2 9 911 15.936
562 4 09 56 2f0 - 3mmo 25 249 6' 10 057 16248
562-Sl4 Ni 290 5t00 25 lun0 9.393 15.164
562-SI5 56 200 58000 25 2289 9 41'l 1G609
EN -S16 56 320 :WKoo 25 240.0 10.1 I G 16.ro2
564 -S l ? SG 320 30000 25 20& 7 10.380 In395
5G4-S18 56 320 AKKO 25 219.0 10.350 In951
563-b08 N 320 SN W) 25 233 8 9.589 In873
563-509 Ni 320 Neo 25 20n7 9716 IG310
SG5-S 13 56 330 NKOO 25 2036 10 302 1R590
565-S14 56 350 3anio 25 232.1 10 067 17.00n -
565 4 15 56 350 3A u no 25 247.7 9 989 17.ONh
505-S10 56. 350 550 0 25 193 2 10 292 15.975
565 S18 2 3%) 5Nxo 25 1851 10 087 1R258
566 4 10 56 400 NXKo 25 .140 3 10 404 IG572
56 4 S11 56 400 XKod 25 161.7 0838 IG436
568 4 01 50 400 Mx00 25 118 7 10.477 14.295
D6* S03 56 400 Nsno 25 120A 10 565 1 A G13

Kul Bln< ks (CF-8 Grade)
592 407 59 290 30000 25 25H 6 10.477 it. etM
592-S08 59 290 3(Woo 25 254.5 10 389 16M12
592 4 09 59 gio ;uxuo 25 298 6 10.116 17.010
592-S13 59 290 5Huo 25 230.3 10.428 16I380
592-S14 59 290 Sm00 25 280 0 10 253 In688

,

594-S16 59 320 ;VKoo 25 217ti 10.8r4 17.449
594-S17 59 320 No00 25 100.0 1L239 18 201
594 4 18 59 320 30RU 25 219.1 11.366 17 820
594 4 16 59 320 :Vx 00 25 217.6 10.868 17.419
593-507 59 320 55000 25 176 2 10J07 In619
593-508 59 320 550 0 25 180 6 10A68 17,068

595 413 59 350 30000 25 1464 11.551 17.303
595-S14 59 350 NxtO 25 173G 11.239 16 756
505,S15 59 350 ruo)O 25 175.2 11.473 17A98-
595-SI G 59 350 55000 25 127,5 10.809 in551
595-S18 59 350 55000 25 139.3 to 751 in?46

596-S10 M 400 3o000 25 87A 10 882 15 577
59&S11 59 400 7u 9 0 25 175A 12 f443 -21.896-
598 S01 59 400 M tu)O 25 92.9 11.239 14f674

598 -SO3 59 400 M n00 25 M8 11,258 12 m4

602 407 to 200 :Wo.) 25 229.2 11.376 17A88
002408 tiO 290 30cu O 25 258.8 11.053 17.937-

602 4 09 (U 2f0 3CO X) 25 240 7 IL317 17.752 I

602-S14 (U 290 Shuio 25 217.5 11,190 17M25
602-S15 en 290 5MN)0 25 215.4 11.M2 17.791

60 . -S I O 00 320 30u)O 2S 14 9.2 12.001 18.133
-fal-S17 00 320 30000 25 2199 '2.030 1R 865
604-S18 00 320- NuM 25 200 6 12,333 1R9G3
603-508 00 - 320 55000 25 90 5 12.313 17Afi9
fo3409 ro 320 55000 25 136.8 12 518 17fe3

A=6
2
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TaNe A-L (Con td.)

Agtng Aging Test Impact Yteld Max.
Specimen Temp. Time Wmp. Energy Imd Imd

ID !! cat ('Cl (hl (*Cl (J/cm'l ikN) ' (kN1,

Co5-S13 fo 350 30000 25 117.4- 11,786 18.240
605--S14 Co 350 - 3'Koo 25 9G0 12 274 17.005-
605 4 15 Co 3"O 3XXO 25 SG8 12.362 13.104
(05-S16 00 350 550C0 25 73 1 12.479 15.369
605-S18 fo 3% 55(00 25 75 9 12.108 15.789
006-510 00 400 30000 25 - 55.7 12,706 16.250
COG.S l l CO 400 3CxOO 25 75.8 12.795 17.031
COS-S01 Co 400 M800 25 469 12.489 13 221
608-SO3 to 400 NNO 25 2&2 12.538 13.026

612 4 07 61 21 0 30m0 25 259.1 11.073 17.195
612 4 08 61 290 30000 25 292.0 11.717 '1& 717
612 4 09 61 290 3000() 25 204 4 10.819 17.703
612 4 13 til 290 58mo - 25 235.3 11.101 17.293
612-S14 61 21 0 56000 25 287.7 II.R34 17.332
614 4 16 61 320 3rKOO 25 225 0 11.4Gl 17.683
614-Sl7 61 320 300@ 25 262 9 11.971 1K533
614-S18 61 320 30000 25 23G.8 12.108 18 631
613 4 07 61 320 55000 25 303.3 11.366 17.M7
613-S08 61 320 55(00 25' 225.2 11.327 17.713
615-S13 61 350 SC000 25 202.8 11.020 1ROSS
615 4 14 61 350 30000 25 180 2 11.727- 18 035
615 4 15 61 350 3W00 25 197.9 11.473 18.055
615-S16 61 350 53000 25 147.7 il 805 17.166
615 4 18 61 350 55000 25 149.0 11.745 18713
61 G-S 10 61 400 30000 25 137.2 11.761 17.724
G I G-SI 1 61 400 30000 25 159.9 11.341 18.115
618 4 01 61 400 M 800 25 110 0 11.000 15.721
618-S03 61 400 M600 25 62.2 12 362 14.129

Keel Ilkeks (Cn8M Grade 1
632 4 07 63 290 30000 25 195 7 0.00 6 15.701
632,508 63 2r0 30000 25 215.0 9.755 15.506
632-SO9 tG 290 :KOOO 25 235.4 9.979 1G531
632 4 14 63 200 58(00 25 210.I 9 667 15.955
632 4 15 (G 290 58mo 25 2131 9.559 1Rlil

634-S16 63 320 300 X) 25 152.6 10.829 15.975
634 4 17 63 320 30000 25 171.0 10.262 1a365
634-518 63 320 30000 25 187.2 10.282 1&482
633-SOH 63 320 53000 25 177.6 10.262 1R434
633-S09 CG 320 55000 25 155.1 10.C03 15 617
635-S13 63 350 30000 25 137.6 10S89 15.594
635-S14 CG 350 30000 25 100 6 10.N 1 14.237
635-S15 63 350 :kv00 25 178.1 10= 360 1& 502

-- CG5-SI6 63 350 55a X) 25 100.8 10.253 17.010
! 035 4 18 63 350 55000 25 122.9 9,608 15.701

63G-S 10 63 400 30000 25 191 9 10 313 17.187
! 636-SI 1 G3 400 3(000 25 152.1 10.258 15.694
| 638 4 01 63 400 M800 25 12 1.1 10.575 15.174
' G38403 G3 400 54800 25 130.0 10 M 8 15.770

612-S07 G1 290 3m00 25 1981 12.010 18.748
F4 2-S06 G1 200 30000 25 214.8 12.518 19.138
642 -sm M 290 30 COO 25 213.6 12.674 19.236
612-S13 Gl 290 58000 25 13& 7 12.064 1R723
G12-S14 Gl 200 58000 25 15a4 12.967 1R621
G14416 GI 320 30000 25 Gd4 14 041 17.879
614 4 17 N 320 30000 25 67.9 13 817 16.041
G14418 G1 320 30000 25 67.8 13 963 18 240

A-7
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TalNeh-l. (Con td.) '

Aging Aging Test Impart : Yleid Max. |
Specimen - Temp. Time Ts'mp. Energy lewd . lead

2ID lleat PC) (h) PCI U/cm 1 (k N) IkN)
IIV-042 1 320 NKW K) -20 217.9 11.229 20.525
11 V-04 3 1 320 30000 0 195.9 10.858 18 260
llVe040 1 320 30000 20 31R8 15.073 25.731
!!V-047 1 320 3CK00 2S - 220.9 50.214 17.244
12 V-025 1 320 3(o00 25 222.7 10.018 17.420
12V-026 1 320 30000 25 199.7 10.223 1&8G3
flV-044 1 320 3Koo 75 227.4 9.30G- 15.379
LIV-045 1 320 30000 125 204.8 R 003 14 OGl
iIV-04 6 - 1 320 3Koo 290 194.I GR)3 11.366
13V-042 1 320 5N00 25 18R9 10.253 17.400 .

13V-043 1 320 55 Coo 25 199 4 10.594 17.537
' 13V-044 1 320 55000 25 201.3 10.360 -17.615

13V-045 1 320 55(o0 25 18R4 10.087 17.000 -
13C-016 1 320 55000 25 152.1 9.511 16434
13C417 1 320 55000 25 181.5 9 90) 1& 736 -

13V4125 1 350 3(KXO 25 170.8 10002 17.G14
13V-026 1 350 3Xoo 25 177.1 10.428 17.791
13V4)27 1 350 NKoo 25 180.8 11.835 19.256 -
13V--0 ! G 1 400 30(oo 25 122.9 10.931 1(i.114
13V-O l 7 1 400 30000 25 153.1 10S11 lh232

P21-A39 P2 290 SMoo 25 488 2 9.657 16097
P21-A40 P2 290 SWKO 25 295.5 R452 lE 74G '

P21-T19 P2 290 5s000 25 489 9 9 569 1R750
P21-All P2 320 30000 -107 69.2 12.430 itis 12
"21 -A 13 P2 320 NYoO -120 130.6 13.475 22.439

P22-A22 P2 320 3CXoo -80 174.7 12.176 21.931
P22-A23 P2 320 30(0 0 -50 14 8.5 12.196 1RG40
P22.A24 P2 320 30000 -20 2GR2 11.532 19.812
P22-A25 P2 320 NXoo 0 292.8 11.132 18.972
P21-T 12 P2 320 3Xoo 25 369.8 9 901 lu980
P22-A21 P2 320 30000 25 491.3 10.009 17,771
P22-A27 P2 320 3'KXO 25 374.6 9 862 17.010
P22 A28 P2 320 3KOO 25 493 9 9.813 17.18G
P22-A26 P2 320 30000 75 45R1 9.413 15.897
P21-Til P2 320 30(00 125 412.1 8.192 14.M 9
P21-A12 P2 320 30(00 200 351.3 G.562 12.479
P25 -TI 1 P2 320 30000 290 339.7 RG79 11.932

'

P21-A24 P2 320 -55mo 25 234.3 10.096 16GiB
P21-T14 P2 320 55000 25 203.0 9.900 17.010

*

P23-A28 P2 350 30mo -196 58 4 12.997 IR318
P23-A29 P2 -350 30000 - 190 -- 55.7 12 674 1RGOG
P23-T l 1 P2 350 30000 -196 G l.5 12.333 17.732
P23-A30 P2 350 30000 -120 104.6 11.385 20.50S
P23-T 12 P2 350 3X00 -120 112.G ! !.415 ' 21.121
P23-A31 l2 350 atX)no -100 115.9 12 538 20.847
P23-T13 P2 350 WXX)O -100 101.5 12 312- 19.480
P23-A32 P2 350 300ro -78 89.4 12,479 19.207
P23-T14 P2 350 NKoo -78 115.3 12.313 19.871
P23-A33 P2 350 30000 .,50 91.8 11.669 17.180
P23-T15 P2 350 30000 -50 182,3- ~ l 1 SGI 20 M7
P23-A34 P2 350 30(00 -20 159.6 11.200 IR275

_
P23-T16 P2 150 3(KOO -20 234.2 10.868 20.183
P23-A34 P2 350 N1000 0 204.4 10,878 -18.406 '
P23-Tl ? P2 350 30000 0 19&7 -10N)9 1R250
P23-T22 P2 350 :KKKO 25 233.2 10.165 17.180
P24-A27 P2 350 3Xoo 25 227.1 10.126 17.283
P25-A21 P2 350 30roo 25 212.6 '10.155- 16,531

P23-T23 P2 350 '0000 50 307.2 9 700 1R 736
P25-A22 P2 350 S KX)O 50 215.7 9 491 16.043
P23-A3G P2- 350 3XOO 75 349.1 9 286 15.281
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- Table A-1. (ConsL)

A gin g Agmg . Test impact Yield Max,

tipecimen Te m p Time Temp. Energy lead lead
lID !! cat PCI (h) PCI |J/cm , (kN) (kN)

*

P23-T!8 P2 350 30000 75 434.5 8.700 15.174
P23-A37 P2 350 NXOO 125 14 7,5 7.880 13.021
P23-T,9 P2 350 AkYO 125 391.0 7343 13.729
P23-T20 P2 350 3 MOO 200 37G4 0 962 13.280
P23-A3H P2 350 30000 200 N2O G.034 11.77G
P23-A39 P2 350 30000 290 NOH n279 11.825

- P232T21 P2 350 3Cuio 290 350 1 E269 12.010
P22-A l 2 P2 3;0 55000 25 23& 7 9 735 17.156
P22-AlO P2 350 550C0 25 200 6 - 9.833 IG717
P22-T 14 P2 350 55000 25 184A 10.100 16 482

P25-A 18 P2 - 400 30000 25 175.9 10.277 IG856
P25-A 19 P2 400 30000 25 139.5 9.904 1G.192
P24-TO9 P2 400 30000 25 209.1 10.043 17.2G5
P24-A11 P2 400 M800 25 177,6 9813 1R 795
P24-A13 P2 400 51800 25 183.0 9.872 1R482
P24-Tl1 P2 400 M !< K) 25 1GR8 9 099 15 G72

Commercial Heats (CFA Grn&)
Cl-A097 C1 290 58000 25- 7R8 R7o8 12.52d
Cl-A098 C1 290 58000 25 104.5 9 001 14 071

Cl-AOS2 C1 320 3(KOO 25 52 5 9.579 12.557
Cl-A083 C1 320 XKOO 25 485 9101 11.825
Cl-A085 C1 320 55000 25 70.2 nGHG !1.747
Cl-A086 C1 320 55(00 25 5S 5 9.315 11.210

'
Cl-A056 C1 350 1(Kio 25 68 0 0335 13.C04
Cl-A057 C1 350 IColo 25 59 5 9 823 13.534 ,

Cl-A006 C1 350 30000 25 63 7 9 393 'L762
C1-A067 C1 350 30000 25 214 9 257 0.725

P11-A20 Pt 290 1 000 25 183.6 10.448 1&443
Pll-A21 P1 290 30(OO 25 200 2 11 327 16.12i
Pil-T09 Pt 200 3(X OO 25 232 8 11.532 !G 305
Pil-A31 P1 290 58000 25 382 3 11503 11557
P14-A28 P1 2fo Sh000 25 330 5 11.376 18 123

P 1 1 -T03 P1 320 3tOOO 25 1684 11.37G 17 34
P12-A20 P1 320 30000 25 2255 11 A15 1RG10
P12-A21 P1 320 30000 25 228.1 ! !.620 lH M3
P12-A24 P1 320 55000 25 117.1 15.796 17.078
P 13-T 12 P1 :12 0 55Cx.O 25 172.2 11.4 61- 1R435

l
| P 12-T00 P1 350 3(XOO 25 73 4 ! !M5 15.272

P13-A23 P1 350 30(0 0 25 103A 11314 10.795
P l .%A24 P1 350 %KOO 25 8&2 11.962 15.5G5

P12-A14 P1 350 55000 25 69.6 11 814_ 15.70!
P13-A29 P1 350 55000 25 72 8 11 G39 14.G57

P13-A11 P1 400 :0100 25 57.9 12m3 15 284
P14-A20 P1 400 30(00 - 25 91.1 1R765 20.207
P I 3--T 10 P1 400 3(K OO 25 69.7 11 M9 18.293

I Cmnmerrtal IIcats (CF-8M Grade)'
P41-A41 P4 . 2(O 3(XOO 25 288 4 11.971 -17,986

P41-A42 P4 290 30m0 25 2ilo.7 12.098 17.283
P41 -A4 2 P4 240 E8000 25 242 8 11.727 17.127
P41- A4 3 P4 290 58000 25 227.2 11649 17 410

|
> P41 - A26 P4 320 3NOO 25 8R7 12Si? 15 G13
I: P41-A27 PI- 320 30000 25 88 1 12 528 15.106

P41 -A30 P4 320 55000 25 69A i1942 13 GL 1
P11-A31 P4 320 55C00 25 784 11678 14.178

P42-A49 P4 350 30PV) 25 57.7 12 459 14 803
P42-A50 P4 350 3m KM 25 GR5 9 130 1&297-

A-10
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Ta Me A - l . (con td.)

Aging Agmg Te ,1 I m pact Ykid M.i t

E nerg load laidSpntmen Temp. Time Te mp
U/nny)- (kN) (kN)ID lleat ("C) (h) t Cl

P41-A14 P4 350 554 m K) 25 61.2 12 N14 13fMI
P41 - A l b P4 3N) ra n io 25 63 4 12 254 14.315

P42-A40 P4 4(R1 MiRKwi 25 57.3 12 424 13 303
P4 2- A41 P4 400 M uw) 25 6H 4 15.021 OfXK1

P42-A43 P4 4W) NDiu 25 66 0 12.147 13.787
P42-A45 l'4 400 54tu) 25 55 0 12.342 13U21

76 - m m %h<, M T - 3 ( b .uic)

693-28 tn ? >1 K n u k) -196 71 0 11.454 17.869
tio4 - 2 8 m 2i o :k n x o --196 81.3 11.2G8 19.656
( M 3-- 2 9 69 ? >O :k H p K) -120 213.4 10 731 24372
t a -- 13 ) en 2' eO 3(g u x) -120 22G 2 l l .W 1 23 357
694-29 en li u :h n vi -100 202 4 11.034 2L912
vio3 30 un zw ai K oO -80 210 7 11.922 22 273
f n4-34 to To :Kxvio - 50 218.1 10.243 20 310
G9-132 (N JM Mio -20 295 9 114H3 20 027
691-31 69 200 3( H u k) 10 205 0 11.313 18.375
641-32 69 2tu) :Mt a )O 25 205 4 10.292 17 79)
69 133 96 Zo :kwgul 25 24ti9 10 594 17.810
691-35 64 2w :p oO 75 192 6 M 769 14 DM
(Nt33 W Zo 3( K X K) 175 168 1 7 314 12 733

~
693--34 a6 2m) 3Wwo 290 200 4 5 478 10 936
Ni-134 td) $ i0 :kkudt 2" iG 1962 5 263 IO. Ui3

f.91 3 7 tD 32a Si x m iO 4 197 50.1 12 420 18 221
641-38 60 320 :k K n o -96 113 2 12 611 20 710
641 39 iM 320 ik K OO --- 5 0 1359 12- ( 5.1 % 20 310
69-237 69 320 3(k = O -20 220 5 1!.971 20 720
692-27 On 320 3(K s R1 O 175 5 11.210 18.748
692-38 69 320 :v u u o 25 1911 10 897 17.449
69 23h (M 320 30( m' k ) 25 179 8 1 0.2114 17.332
t iO 2 - 39 tM 320 3tKnX) 75 218.9 n29ti 15.877
69-239 684 3b) :kn4n) 1( M1 222.6 8 24I l4.705
693-37 (de 320 :k w oO 2fC 2238 7.128 12 391
69-240 tU 3h) :VKhs) 2i K I 202.2 6 982 12 254
64 258 m 320 N k k W) - 197 ar ti 11.981 '5 115 ,

(Mll 31 te) 320 N X X K) I t)7 riq 9 12 030 19 021
(U t 2 -31 ffa T2(i En n o - 125 Qi!) 12.225 .17.498
691-32 (d4 320 fA K.4 )O -75 131.4 12 OhN 21.248
h42-32 en 320 5( x n >O 20 153.1 11.473 19.617
641-33 60 320 N10t a O 17R6 10 711 18 709
69-259 On 320 N K R )O 10 152.4 10 057 16.121
692-33 (A 320 NKOO 25 176.0 10.565 17 t44
691 34 G1 320 MMOO 25 188 0 10 3M0 17,928

GO-260 Hi 320 E(wh K) 25 i nq 2 10 487 17f>35.

692 34 tzi 320 N u m iO 50 169 7 10 0:17 15.662
691-35 01 32i) ' d K u RJ 75 219 7 8 815 15 401
64-261 On 320 Nh k h) 100 25il.4 8 300 14.920
602-35 U) 320 fikku) 125 220.4 8.300 14.4GI
691 -3G U) 320 N KK M 175 189 7 7.400 13 R)O
69-262 ie) 320 WWMX) 250 2t k) 2 6 620 12.157
692-36 m 320 fa n>0 290 1617 5.937 11.512
69-263 #2i 320 N X 4k) 290 l H6. 4 6 264 11MG
693-10 U) 350 1M h k )O .-196 39.3 12.762 ifi570

691-11 tei M :(O O 9, a*iG 12. 9X7 18.172
643-16 Ut 330 RM M M) -50 M7,6 12.567 19 841
693-17 (D r.O Mno 20 106 5 12 001 IH M5
644-10 (H 350 3t' X X XJ O 9K8 10 H14 17.010
f dit ! 8 Di 3N) iKKOO 3 131 4 10.214 17.137
69-125 6t i 3N) Anw) 23 1< 18 7 10.194 16 316
694 11 (19 350 XM n ') 75 135.7 9.62M 15 428
694-12 69 350 30< w: o 100 157.5 9 33'' 15 106

A-- ! 1
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Toble A~l; (Con tcL)

Aging Aguig Test I mpact .. -Yield Max.
Specimen Temp. Time *remp. Energy Load lead

2ID !1 eat (T) (b) ('Cl U /cm ) (kN) - (kN)
GO4 13 (O 39) 'ke00 175 '47.7 R700 14 315
69 bl4 fD To NMOO 290 141.0 7.724 12,N8
09-126 fjo 3M) 30000 290 1786 7.372 12 870

76-mm Mibs (C%N Grade)
m 3-28 G9 290 3(XXiG -1DG 44.5 1&473 18.0x4
683-29 68 290 NXnX) -120 39.7 14.101- 1&395
684-28 C6 290 NKYK) -100 109 9 14 00 19.401
043-30 G9 290 30000 -80 G2.4 13 934 17.234
684-29 m 290 3(XOO -50 91.5 12.704 19 246
G8-141 M 290 30000 -20 192.0 1254 19411
Ca3-31 Ga 290 30MO O 222.5 11.776 18.040
m4-30 Ca 2< 0 30000 10 209 2 11,913 18.113

, fe3 32 f6 21 0 nrkoo 25 171.8 11.005 16.199
' - 68-142 fa 290 30m0 25 281.6 11.317 17.657

G83 34 m 240 3(X O O 50 3091 10.760 17.137
fe -143 m 290 30MO 75 299.7 9.921 16 072
IW4-34 m 290 $_Koo 125 411.9 R388 14.217
Ca3-36 m 240 30000 175 373 5 7,362 13 211
G84-35 m 290 3&xx) 2% 34G9 7.00 0 12.782
G83 35 Ca 290 3(K 00 290 341.4 GG01 I I.8G1
Go l44 fe 290 3XOO 290 335 9 RS41 11.~7%

G81-37 la 320 XKXX) -197 25 5 14E9 14 %>J
! G81-38 Co 320 3XOO -90 95.5 15.145 21.414

f&247 G8 320 30000 -50 67,5 ~ 13.895 17SOM
j G81 --39 68 320 30000 -20 99 1 12A20 18.101

% 248 68 320 N000 0 111.5 12.098 17.08d'

(W2 37 Ch 320 30000 25 128 1 11.630 16048
C&249 m 320 ;kKOO 25 14 2.I 1 ll>G 1 17,ti20

; G82-38 fa 320 30000 50 191 4 10.653 1R922
l 68-258 m 320 300(O 50 185 6 10.G82 In209

682-39 G8 320 3 00 100 2(x14 9.804 15.711
C&250 ra 320 30000 175 24GO 8 046 14 217
063-37 06 320 300(O 290 187.9 7.411 12 723
m-260 M 320 NXOO 2nd 254 4 6 728 11.747
G8 -208 GM 320 50000 -197 12 9 12.128 12.128
CM1-31 68 320 N_XOO -197 9.4 12.577 12.577
G82-31 fa 320 N1000 -125 25 4- 14 080 .14.393
C61-32 68 320 50CW -75 19.5 12.196 12.196;

062-32 CB 320 RKOO 420 4R1 12.899 14.314
G81-33 Ca 320 SXOO O 56 0 11.922 13.G11
C&2fi9 m 320 NxOO 10 83.6 11.473 14.412
0c2-33 (W 320 50(4 0 23 94,2 11.551 15.233
Cel-J4 f6 320 NXOO 25 105,9 11.258 15 447
G8 -270 M 320 SrXod 25 87.9 11 317 16 34G
682-34 68 320 NXOO 50 159 5 -10 692 16.951
681-35 m 320 5tXOO 75 225.5 9,745 15.Gti2
C&271 M 320 SONO 100 216 9 9 001 1R262
062-35 G8 320 9 000 125 203 7 9 384 14.910
GS t -36 fo 320 SXOO 175 - 254.5 7A72 13.590

| G8-272 m 320 NM io 250 308 0 n611 11.913
! Ce2-36 G8 320 NKOO 2(O 205.5 f1923. 12A59
(- f&273 ra 320 N 000 290 199.2 G 552 12 069

[ fe3 -10 m 350 30000 -196 15 0 12,791 12.791
083--11 68 350 30000 -- 50 33 0 13 924 15.272
683-12 fe 350 30W)0 0 56.I 12.713 15.037
043-13 FM 350 3M)O 25 65.1 12 098 15 7ti9

:. 06-135 68 350 30000 25 960 12.088 10.32G
G83-14 fa 350 30(00 N) 5GG 11.229 13.787
683 15 ra 350 30000 75 154 4 10.214 10.492
G83-16 G8 350 :VX OO 100 137.0 10.087 15tO)
68-13G G8 350 3ONO 125 165 9 9 315 15.252
G83-17 m 350 :0000 175 168.0 9 677 14.295
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Table A- 1. (Con tcl.)

Aging Aging Test impact Yteld Max.
Specimen Temp. Time Te m p. Ene rgy bud temd

ID lirat ( C) (h) ("C) IJ/cm'l (kN) (kN)

684-13 08 350 30000 225 187.I 8 620 13.829
G83 18 68 350 3(O'O 290 179 8 7 851 13.329
(a-137 (e 350 St k n o 2fo 195.5 7313G 12 G74

7rrmm % (CV-HM Gr. ole)
743 28 74 2'. K3 300~C -19G 35 5 16 883 1 UA%3

74 ' 't8 74 290 athno -196 34.1 IG G58 18.416
743-29 74 2% 3ikoo -120 130.0 15.223 21.511
744-29 74 290 :Xxx)O --100 116.2 13 G51 18 299
743-30 74 290 % u)o -80 256 5 12 977 22 224
744-30 74 25 0 30t 00 -50 3nB 5 13.973 21 072
74-131 74 290 30000 -20 286.4 11.717 18.308
743-31 74 29) 300 0 273 9 11.835 18.738
744-31 74 290 :k o_O 10 335.5 10.516 17.27'4
743-32 74 290 30too .5 :44.9 10.594 17.078
74-132 74 290 100 25 326 6 10.102 18 133
744-32 74 290 300t>0 75 261,1 8605 13 174
743-33 74 290 ;k O K) 175 235 6 7 773 13.133
743 34 74 290 3(O )O 2to 289 0 6.3HG 11.678
74-133 74 2io y o K) 290 283 3 6 God 11.971

741-37 74 320 AWX) -197 15 4 la 285 14.285
741-3H 74 320 huX) -96 G5.1 15 692 20 418
74-237 74 320 Ek oA) -50 53 8 14 451 15004
741-39 74 320 3to)O -2n 73 8 12 00G 15 018
74-238 74 320 '.p h o 0 1225 12 2m 17.508
742-37 74 320 3(nX) 25 954 10 600 15 092
74-239 74 320 30(o0 25 150 I i1649 17 537
742-38 74 320 3W)O N) 154 3 11.200 10.356
742-40 74 320 3 Moo 75 207.2 10.712 16 395
742-39 74 320 30mo 100 160 5 9 313 15 701
74-241 74 320 :K K OO 175 201.4 8.017 14.051
743-37 74 320 3tXoo 290 176.0 7.773 12107
74-202 74 320 XKoo 290 179.8 7.812 12 909
74-238 74 320 Suo -.197 22 2 15 31) 15C43
741-31 74 320 9.k oo -197 13.5 13 666 13 866
742-31 74 320 5tXOO -125 38 5 14 D41 16 N;

741-32 74 320 5mxo -75 17.5 13 123 12.123
742-32 74 320 COCu) -20 120.4 12 010 16100
741-33 74 320 3Xn) 0 105 6 11.500 16 551 *

74-259 74 320 9no 10 96.4 11.239 14.2G6
742-33 74 320 foooO 25 1005 11.200 ' vo
741-34 74 320 5mVK) 25 62.1 11.750 14.i'O
74-260 74 320 Sa 00 25 84 5 11.200 14 Est
742-34 74 320 Eno0 50 (A 5 10.438 2E55
741-35 74 320 50000 75 131.7 9.813 14.GMG

74-261 74 320 EiOOO 100 1 S0. 7 8.983 15 692
742-35 74 320 Nino 125 89 4 8 778 13 436
741-36 74 320 5t h)0 175 139 9 8 4GG 13 377
74-262 74 320 9OO 250 15h 0 7.2 % 13. L'7
742-36 74 320 Ex X 00 290 156 0 6. rw 12106
74-263 74 320 9 o 10 2M las 7 6 513 l'2 225

743-10 74 20 3R(o -190 15.1 14 735 14 735
743-11 74 d50 3:0XI -97 20 6 14 149 14.149
743-12 74 350 300 K) -50 49 0 13 592 15 281
743--16 74 350 30(0 0 -20 58 6 12.157 15.574
74 3- l i 74 350 M *XT 0 7 G.6 11.913 15.965
743-18 74 350 3rn_ OO 25 69.I 11.727 14.576
74-125 74 330 WK00 25 56.9 11.500 13 953
744-10 74 350 3XOO 50 89.8 10.876 15 233
744-11 74 350 300tO 75 93.3 10.155 14 910
741-12 74 330 3fKU0 100 87 0 10 321 14 feG
74-12b ,4 350 vXux) 125 127.7 9 4H1 15.311
744-13 74 350 1910 17- 141.6 8.7FM 14.207
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a

41-A

2HG 51 278 9 9R11 092 00JX3 053 57 721-57
881,41 %59 - 8 401 092 00003 053 57 81-357
178 41 4)Xf 01 1 09 522 00 Xt3 053 57 41c57
80541 02G.11 2 07 571 00 03 053 57 71-357
389 31 - 687 11 2 54 521 )M'03 053 57 021-57
814,51 263 21 8 65 001 )XYX(3 053 57 61-357
429 31 - 239.l1 6 64 57 -00(03 053 57 51-357
122 31 337 21 -7 42 05 1X003 033 57 41-357-
387 41 833 31 3/13 52 00003 053 57 521-57
634 31 815 21 7 92 52 00003 053 57 31-357

889 51:
272 429 31- 2 03 0 00o)3 053 57 31-457

41 477 41 9 32 05- OOX(3 053 57 11-457
192 51 192 51 5 01 691- ooK3 053 57 01-457

I 907,31 291 8 7 421 092 OOKN 023 57 362-57
.

-

- 941 41 1E8 G.041 052 00005 023 57 262-57
-

160 41 844 01 5 77 571 000r5 023 57 G3 157
-71G.41 575 01 420 521' 00005 023 57 53-257
843 31 922I1 3 16 001 0 1(05 023 57 1G2-57
GG0 31 582 01 1K4 67 )xx(05 023 57 53-157
33I.31 69711 4 03 05 OUXN 023 57 43-257
220 41 992 31 5 43 52 1MXN 023 57 062-57
931 41 480 31 9 63 52 00005 --023 57 43-157
087 31 04111 5 04 52 00005 023' 57 33-257
684 51 783 31 1 94 01 ooXN 023 57 952-57
983 51- 56431 3 94 O OOXN 023 57 33-157
8G3 31 8G3 31 6 22 02- 00005 023 57 23-257,

696 41 696 41 5 41 57- OXXtS 023 57 23-157
433 41 433 41 9 51 521- 'OOXN 023 57 13-257
45A11 454L1 47 791- OMN 023 57 13-157
847 31 847 31 3 01 791- 0 = (05 023 57 852-57
393 41 732 9 2 4GI 092 0)nX3 023 37 242-57

- 880 41 212 8 6551 092 00003 023 57 73 S 57
091 61 830 01 8 001 571 )X 003 023 57 142--57
174 41 583 11 0 56 001 00003 023 57 93-257'

386 71 024 21 9 521 57 )XXnC3 023 37 042-57
756 41 5GG 21 5 64 05 00003 023 57 83-257
388 61 584 31 9 57 52 OOX3 023 57 932-57
G19 51 853 31 7 25 52 00003 023 57 73-257
225 61 30f.31 2 26 0 00003 023 57 832-57
432 71 00441 6 94 O? )X(003 023 57 93-157
233 71 694 51 6 73 05- 0 0(03 023 57 732-57
181 81 522 71 5 52 G9- MW(03 023 57 83-157
118 21 118 21 39 791- 00003 023 57 73-157
132 31 5617 5 532 092 00(03 092 57 431-57
287 21 855 7 5.932 092 000(3 %2 57 53-357
702 41 351 8 1852 002 0W03 092 57 43-357
792<61 8m9 7=572 521 00003 092 57 53-457
898 71 51 Ell. 1052 05 ooc 03 092 57' 33-357
656 91 058 21 0482 52 OUX$ 042 57 331-57
144 91 263 21 4742 52 ooc 03 092 57 43-457
925 91 835 21 5 202 01 00003 092 57 23-357
873 02 285 31 0 942 0 00003 092 57 33-457
768 02 853 31 7 432 02- OOX3 092 57 13-357

| 326 02 081t 31 2 922 02- 00003 092 57 231-57
069 12 - 72U 41 6691 05~ )XXX3 092 57 23-457
200 91 535 51 5 711 08- 00003 092 57 92-357
776 12 80211 7 98 001- 00003 092 57 131-57
005 91 5N.51 7 G5 021- 0C003 092 - 57 13-457

| 803 81 803 81 7 52 G91- ot003 092 57 82-357

586 01 002 6 7 801 OE2 OOXN 053 47 721-47
598 31 G44 8 4,061 092 OOKK 053 47 41-447
)Nk( )Nk( )2na/ J( lCr )h( )CF tacII DI
daol dael ygren,F .pmeT emtT .pmeT. nemicepS

'
tam dielY - tcapmI - tseT _ gmgA gnigA.

JdtnoC( L - A elbaT

i

1
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. Table A-2, Charym-impact test results.for the EPRI heat Of cast slainless steel -
1

Aging -- Aging Test ' Impact Yteld Max.
Specimert Temp. Time Tem p. Energy lead- Inad

ID Heat ("Cl (h) l'Cl (J/cm I (kN) (kN)-
2Hi-06 CPRI 320 2250 ~197 222 15.594 15.594
2H1-07 EPRI 320 2250 -120 74.7 14.871 1G 522
2H 1-01 CPRI 320 2250 -100 101.8 15.50G 20.M7
2H148 EPRI 320 2250 -50 171.1 14.108 21.482
2H1-02 EPHI 320 2250 -20 259.9 13 080 20.867
2B143 EPRi 320 2250 25 35no 12.040 18.719
2H1-04 EPRI 320 22W 75 418.2 11J02 17.078
2H1 -05 EPHI 320 2250 125 427.8 10.282 15.516
2H2-01 EPRI 320 17350 -197 17.7 14.451 14.451
2H242 EPHI 320 17350 -50 5;.6 16.131 19 C4'(>
2H243 EPRI 320 173'30 25 128.5 13.719 10.304 -
2152 4 6 EPHI 320 17350 75 277.4 11.835 18.025
2H2-04 EPHI 320 17350 125 328.1 10.770 16.912
2H245 EPHI 320 17350 290 367.3 '8.886 13.817
2A2-Ol EPRI 350 1010 -100 45.1 15062 18.084
2A2 -02 EPRI 350 1010 -20 150.7 14.207 20.505
2A243 EPRI 350 1010 25 200.6 14.305 21.900
2A2-06 EPRI 350 1010 25 312.1 12TiDG 19.343
2A2--04 EPHI 350 1010 75 352.4 11.503 17.244
2A2-05 EPHI 550 1010 125 452.8 10 917 16.522
2H 1 -01 UPRI 350 '7600 -20 55.9 12.8h9 18.445
2H 1-02 EPRI 350 7800 25 80 5 13.134 17.010
2B 1 -03 EPRI 350 7800 75 105,9 11.815 1G658
2B1-05 EPRI 350 7800 100 181.4 11.208 17.410
2H 1 -04 EPRI 350 7800 125 318.7 11.776 18.172
2H 1 -06 EPRI 350 7t*'K) 290 236 0 9.784 14.G57

i
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Table A-3; Charpy-impact test resultsfcwlite evperimental heats Of cast stainless
. steelin the unaged,fullgj aged. and ann'caled condillons. The anneahxt
samples were originallt) agedfor 10.000 h at 400*C.

_

.Apng Aging Test impact Yleid Max.
S;cctmen Temp. Time Tem p. I;nergy _ load lead

ID lleat ("Cl thi ("C) (J/cm*) (kN) - (kN) - -
473 4 15 47 - - -196 133.3 12.400 -23 000
47G-515 47 - - -196 131.9 12.320 22.961
478 409 47 - - -125 256.5 11.122 21.248 .

478-S08 - 47 - -100 231.7' 11.t69 21.257
478 4 07 47- - - -75 270.5 11.258 -20.349
47840G 47 - - -50 304.2 11.120 19 076
478-S06 47 -- - -20 282.0 10.077 - 17.500
478 4 04 47 - - 0 301.5 9657- 16.258-
473 4 13 47 - - 25 235.3 9.G81 15.552 _
473-S14 47 - - 25 203.9 la202 15 035
476 4 13 47 -~ - 25 224.9 9 337 14 5G3
47G-514 '47 - - 25 250.3 8 984 14.805- *

478 516 47 - 75 N64 8,124 13 211
478-S17 47 - 290 317.7 5 478 . 11.024
477-C04 47 400 loao -197 33.9 12M32 15.175 ,

478-S10 47 400 100tO -197 54.0 -12 059 15.447
477-C08 47 400 10000 -150 73.4 12.840 18.709
477-C09 47 400 !Omo -130 59,8 11.590 14.020
478 611 47 400 10000 -125 153.7 11.708 21.912
477-C05 47 400 10000 -50 170.5 11.052 19.744

'

478-612 47 400 lomo -20 180.2 11.024 111513
477-COG -47 400 10000 0 122,0 10.389 15.594
47ti407 47 400 9980 25 153.0 10 166 1RN3
47G408 . 47 400 99NO 25 1749 10.273 1R 170
476-609 47 400 9980 25 174 7 9 44C 10.145
478-S13 47 400 10000 75 242 0 8 505 14.250
477-C07 47 400 10000 125 19 & O 7.2 M 13.280 .
478-S15 47 400 lomo 200 189.1 6.454 11.825
478 4 14 47 400 10000 290 130.2 5,888 10 555
476-Col 47 - Annealed 107 238.4 11 581 21802
47G-C02 47 - Annealed -150 165 G 11.132 20876
47CrCO3 47 Annealed -125 2Gl.4 10.790 21,150
476-C04 47 - Annealed -100 248.9 10 868 20.789
47G-C05 47 - Anncaled -50 297.I 11.219 19.285
476-C06 47 - Annealed 25 262.9 9 013 15f06

'477-C01 47 - Annealed 100 248.2 7.372 12.508
- 477-C02 47 - Annealed 175 330 9 0432 -11.584
477-CO3 47 - Annealed WO 3(XLG 5.136 9.901

513-C15 51 - -196 13& 3 13.797 23,330

516 4 15 51 - - 4196 139.9 14 = 369 . 74 454
518 415 51 - -125. 223.3 12.831 12.068
518-814 51 - - -100 -202.0 - 13 270 21.058
518 4 13 51 - -75 200 8 12.411 21.208- >

518 4 09 51 - -50 295.6 12.430 20.945
518 408- 51 - - -20 2ta l 11.903 19.334
518-S07' 51 - - 0 248 3 '11.307 17.976
515-C08 51 - 25 239.3 1021 17.519--
-516413 51 - - 25 213.5 '10.177 1R480

513 S14 51 - 25 220.5 10,4G3 16 565
515-C07 51 - - 25 251.2 11.000 17.451
516 S14 51 - 25 187.3 lo MG 16 865 -
513 4 13. 51 - 25 188.8 10.670 - 16645
518--S I 6 51 - 75 247.7 8 671 14.325
518-617 51 290 260 0- 5 859 10.N 1

51 G-C04 51 400 9950 -196 35 9 14.804 1RGl?
517 -CO8_. 51 400- 10000 -150 35.4 149w 17.029
511-S07 51 400 10000 --125 .113.1 13.436 22.341
511-508 51 F)O 10000 -50 1!O 9 13 NH 20.759

.
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Table A-3. (ContdJ

Aging Aging Test' Impact Yield . Mn.
Sperimen Temp. Time Temp. Energy load Imd '

2ID licat IT) thi (C) (J/cm ) IkNI . {kN)

SI G-507 51 400 9980 25 120.0 11.000 18.073
51G608 51 400 9980 25 159.8 11.617- I b,736
5 i G-SO9 51 400 9980 25 140.4 11.082 17.522
511 4 00 51 400 10000 75 172.2 9.520 15406
517-C09 51 400 10000 175 1586 7,138 12 870
517-007 51 400 10000 293 133.0 CA011 12 OG9

518 4 04 51 550 1 -107 159.1 12.701 24.226
518-605 51 -550 1 -125 227.9 12.586 - 23.532
518.S06 51 550 1 --75 2469 12.70/.; 22.107
518 S10 5: 550 1 25 288.9 10 58L 17.400
518 4 11 51 550 1 125 2G4.3 7.004 13,440

518.-512 51 550 1 290 229 5 6.132 11,092

523-S15 52 - - -106 175.1 12.273 24.344
52G415 52 - ml9G 1266 14 M O 22.020
528-S12 52 - - -125 231.7 11.522 22.087
528-SI1 52 - - -100 2GG 9 11 UJ 22.741

.528 4 10 52 - -75 294.7 11.532 21.710
521,S06- 52 - - -50 253.8 11.102 20.300
521 4 05 52 - - 20 292.8 10.422- 18.806
52l 4 04 52 - - 0 S itl4 10 102 17,G35
525-C09 52 - - 25 245.2 10.141 10.729
526 4 13 52 - 25 244.9 6.565 14.593
52G-S14 52 - - 25 295.2 9.135 15.739
523-S14 52 - - 25 241.3 10.136 16.150

- - 25 20G.2 10.288 15 533523-S13 52
528-S16 52 - - 75 305.7 8.261 13.231
528 4 17 52 - - 290 300.0 5 400 10.0 %

526-C04 52 400 9950 -196 3G7 13.376 17.377
526 4 17 52 400 10000 -150- 134.2 12.010 22.146
521-S07 52 400 10000 -125 17G.5 l i.N 2 22.292
521 4 08 52 400 10000 -50 173 5 llE69 20.193
526-608 52 400 9980 25 15G7 10.880 t 6235
52rwS07 52 400 9980 25 187.4 10.370 mN4
52G409 52 400 9980 25 158.5 10.911 17.,. 61
521-609 52 401 100tX) 75 2GG1 8.612 15.252
52641G 52 400 10000 290 171.0 5.781 11.278

528-604 52 - Annealed -197 179.7 10.917 23 611
:528,S05 52 - Annealed -125 2419 11.024 22.917
528-506 5'i - Annealed -75 201.1 11.464 _ 21.619
528 4 07 52 - Annealed 25 257.2 9.618 16.000
526 4 08 52 - Annealed 125 378.2 7.294 12.928
528 4 09 52 - Annealed 290 293.8 -5 253 9.960

593-S15 69 - - -196 75.3 IG 459 21.763
, 596-S15 59 - - -196 30.0 16.352 16.100
( 598 ,S15 59 - -125 168.7 13.455 22.986
l- 598-S14 59 - - -100 169.3 14.041 22.097
l 598-613 59 - - -75 237.5 13 G51 21.492 _
|- 598-S12 59 - -50 248.4 12.440 20.017
'

598-S11 59 - - -20 26a G 11.649 18 201
598-S I O 59 - - 0 271.5 11.024 17,781
593-S13 59 - - 25 247.1 10.549 -15.948

. 596-S14 59 - - 25 231.7 10.324 15.885
59G413 59 - - 25 210.5 10.998 3 826
593-514 50- -- - 25 21L 1 10.452 16.114
598-SI6 59 - - 75 303.8 9.509 14.979
598 4 17 59 - - 290 255.6 5.732 10.526 .
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TnMe A4 (COttttt)

_.

Aging Act o r, Test Iniparl . Yield Ma s ,

Spcrtinen - Temp. Tinir Temp I:ncerv load 1. nut
II) llent PCI (hi ("C) (J /cm+1 (it N) (kN)

I M C04 50 400 sr w ) -lon 13 5 14 768 14 7fi9
59H-SO4 rn ' 400 10000 -150 16.1 14.168 14.168
598 N#5 To am) 10000 -120 31.2 13 7M 14.4HI
S97407 bu 400 1(X u to -30 HH D 12 621 l tL 347
5911 507 54 400 two 25 K03 11.240 infi3l
S96-N M) 59 400 99H0 25 458 10 HBO lfi 742~~
59G-50H 50 4m 941H0 25 110 7 -10 500 InfM2
597 ~COM fA 4((;) lln O1 75 1 bl .2 H 954 ) fi 3)3

-

59H606 59 400 lOuik t 175 1731 7.441 13 024-
597-009 59 400 lu tki 9to 1834 niiSO 12254
501 SO4 fn Anne.ded -197 7141 14 559 19 383
591-NE 54 Annealed -125 113 6 12. 58G 19 529
591-506 bH Annealed -75 184 3 12.577 20 2H1
698 507 59 - Annealed 2S 259 4 10.428 16.24 H
59H 608 59 Annealed 12% 2H7.5 7.491 13 n19
598 509 50 Anncaled 2Ki 181.0 6 005 11.112

OOn Sib 14) 19ti 21 7 15 SG9 in Nns
603 S15 to 196 254 14 7/1 14 771
mH-bo9 m 125 179 8 14 F4h1 22,087
m8 N)H (O - 100 200 ? 14 079 22 SMS
m8 60 7 m 75 151.1 14 191 2 L404
WH SOG tu 50 22H H 13 6H0 20511 ,

MM-SOS m - 20 308.I 12 Glh 19 5GH
'

N18 SO4 (d O 301 1 12 0:11 18 094
too 613 m - 25 von 7 10 72H 16 532 *

i n)3 -b l 4 t id 25 200 3 10 509 16.180
Gi G-(XMi m 23 213h 11 702 18 076 ,

4R68 | 4 H) 25 196 5 11.191 17,397

603 613 m 25 l h 7.G 11 455 16A62
u)M-S13 m 7n 2763 9 667 14.871
mH S14 m 29) 319 2 6 279 10 770

N ECO4 m 400 i r +Ho -luu H0 14.910 14 010
mH -S IO ad> 400 Itkuo ~50 23 9 13 959 15 221
60H 417 m 400 looi o 20 44.5 13.397 15 145
606-507 m 400 9980 25 57,1 12XO I4.901
fati-SoH idi 400 mHo - 25 Gl.S 12Sto IG 140
60f b SOO fil lik) i tino 23 451 12 400 14 173
608,511 to 400 10000 75 73 0 lo til6 14.4S1
UIN SlH- fo loo ItnuM 100 14 1.6 10 104 16001
ts)H 512 u) 400 lu m.14 ) 12% 12n H 9 559 14.%'N

,99 (41.4 7.284 12 6ltit UFt S 14, IN M) 18 O I '

1o1 S07 m Annedal 197 id H 16 414 21 A33
60l+$08 m Annraled 125 128 6 14 uS9 22 221
Id I2 MI%I (i) AttitC d!Csl -- 75 174 4 13913 21458
t 07-C07 m - Annealed 2S 25L7 11 A15 17.H98
W)? COH to A n n r alr tl I?5 2154. H.t 51 13 787
607 CD4 u) Annraled 200 2no D 5N7 I I. lNI

U13--S15 61 lon il H 17689 1H 35)
616-S15 - Oi ~196 538- 1HIGO 19 571
(#18,609 61 -126 * 02.G 14 20/ _22A49 |

61 H '508 61 100 .U5. 3 15 252 22 068
618.S07 61 75 192.4 14 87) 2t,374

617. con 61 Ao 2075 13299 20ft7H
618 f-ilb 61 20 +I49 1 12 53h lH 75H.

617 COI ol 0 3203 I t,571 17 430
HlO 614 61 23 2%7 IO NS I n nl't.
616 413 61 25 252 4 10 700 id700
613 413 ed 2% 253 4 0 5HO IG 421
613 414 61 25 2 tn.7 .0 458i 16 052

254 6 9 9tio 15. :b l9O ! H- S 13 til -

,

618-514 G1 - 200 2276 S SMS 10167
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'' Tal>le A-3. (Coritd.)
E
)-
= Aging Aging Test impact Yictd Max,

Sped men Temp. Time Tem p.- Energy load ' lead
ID llcal PC) (hl PCI U/cm 1 (kN) (kN)

G 15-C04 Gl 400 10000 -197 17.3 14.930 14.930
618 401 G1 400 10000 -197 15.2 14.359 14 359
618-Son -C1 400 10000 -125 23.9 14.725 15 652-
G15-C05 61 400 10000 -50 44.6 14.051 15,135
6th-S06 61 460 10000 -20 77.8 14.119 1&307
617-CO3 61 400 10000 -10 107.0 12.137 I8IOG
615-C06 G1 400 10000 0 147.8 12 C45 17.879
618-512 61 400 10000 10 127.1 11.981 IG 854
C l G SO9 61 400 9980 25 130.0 12.128 17,658

616 4 08 61 400 9980 25 171.4 11.807 19.295
i- 616 4 07 91 400 9980 25 125.2 12.134 17.495 '
j' GlO S10 61 400 10000 75 177.5 10.145 in199
i G17-C01 61 400 10000 125 193.8 E798 14.088
f 617-CO2 61 400 10000 200 -162.9 7.304 -13.182
j 018,S i l 01 400 10000 290 173.4 S 00 1 12.293

| 641,501 61 - Annealed -197 97.8 16 844 22.859
611-502 61 - Annealed -150 115.8 15 701 23.239- '

611-503 61 - - Annealed -125 148.6 14.832 22.195
'

G12-S 10 61 - Annealed -100 190.7. 14.491 23.562
| 612-Sll 61 - Annealed -50 233.2 12004 19.754
i 612 4 12 Gl - Annealed 25 279.0 11.327 IG971
| 615-C01 61 - Annealed 100 431.5 8.837 14.862

G15-CO2 G1 - Annealed 175 319 8 _ 7.353 12.987.

GISCO3 61 - Annealed 290 259.2 6.240 11.461.

!'' 633 4 15 63 - - -!96 167.4 15.560 24.000
636 4 15 G3 - - -196 227.8 1&880 25.206

*e 638 4 15 G3 - - -125 257,3 13.299 21.208
638 ,514 G3 - - -100 236 1 12.557 19 480.

638-S13 G3 - - -75 314,8 13 006 19 400'
G31-S06 G3 - - -50 232,0 11.141 17 &lo
631-S05 63 - - -20 278 9 10.585 1G31G

,

,

|. 631-S04 G3 - 0 23R4 9 901 15f>55 >
~~

G33 ,S14 R1 - - 25 293.2 9 585 15.493
| 633-S13 G3 - - 25- 233.9 9.793 15.088

635-C07 63 - - 25 229.6 4565- 15.460
G36413 CO - - 25 221.9 10.112 15.519

'

G38-516 G3 - - 75 2406 9071 14.188 )

638-S17 Ca -- - -290 31n5 5.595 10.721 ,

| 638-S07 63 400 10000 -197 26.0 15,975 . l G 492
'

}- 63G-C04 G3 400 9980 -196 42.0 IE 179 19.604 '

1 638-SOS G3 400 100N) -50 75 8. 12.G15 15.565
G38-S11 00 -.00 10000- O l12.7 11.014 1a365

| G36-SO9 G3 400 9980 25 135.2 9 915 15.835 -I
} 036-S08 G3 400 .9980 25 130.7 9.897 1R760
1 G3G-S07 G3 400 9980 25 123.5 10.480- 15.770 -

G18409 G3 400 10000 -75 183 1 8 524 15.154 ~s
,

638-512 63 400 10000 175 173.1 R816 12G25t

638-SIO G1 400 10000 290 124.0 6fo l i 1E>81

! 631 407 G3 - An nealed -125 213.1 12.800 20.886
G31.,S08 rG - Annealed 25 271.9 129H 14 920 -
G31-SOO G3 f\nnea hrd 290 --234.9 5 331 10 663.-

,

G13 615 G1 - - .-106 74 2 19.572 21,541
.

646-S15 64 - - ~190 _ 90 0 18.880 25.636 i
618-609 G1 - -125 2201_ 15.740- 24.S87 -
618-S08 G1 - - -100 230.0 15.916 23.474
Gl8-507 C4 - - -75 230 8 15.711 22.976
048406 C4 - - ~50 22G4 14 012 2026
G18-505 G1 - - -20 225 4 13 299 19.763
648 ,SO4 r4 - 0 1984 12.G15 18 465 L

fGlG414 G1 - - -25 187 7 11.620 17.441

?
!
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TitlAe A4. (CorittiJ
_

: Aging Agin g ' .. Test finpart Yleid M.u.
- Sperimen

.

Te t u p . Time Temp. Encrry inad lud
~ ID licat - ("C) th) (* C) (J /cm') (i N) (kN!

613-613 G1 - 25 165 5 11.326 17.238
616-S13 Gl ' - - 25 220 i O OtX) O000
G13-614 G1 - 25 225,4 11.614 .I8 345

'

G15-COO G1 - - 25 62 6 lo3M 15.753
GlH-S I O G1 - - 75 2:11.0 10 400 16180
GlH 6 11' G1 - . 200 206 0 GEIS 11.766 ;

GIR C04 nl 400 9u80 -190 90 16 3G1 In378
GlH-Si4 GI 400 . Ax) -120 12 5 15 340 15 310
617-007 G1 400 1(wo ~BO 37 6 15 :D0 17.774'
G16.bO7 G1 4(x) 9mio 2S 473 14 271 17.474'

616 600 G1 400 0980 2S 57 0 14.GIO 17.657
Gl64WH Gl 400 9tni 25 TA i 14 240 17.140
G174 08 61- 400 10000 75 64 0 11.835 14 fvi5
til7-C04 61 400 1(K OO 125 92.3 10.46H 161H0
GlH SIS Gi 400 1(K OO 24) 10!.0 n 61H 141 011
G18-bl 3 Gl 400 |(h u o 240 1(LI O 9103 14.2( Ai

Gil-h07 Gl - Anocalel 197 135 2 17 SON 2S 8SO
Gil-808 61 - Annealed -125 2010 14.852 23M2,

Gi l- SO9 61 A n ne.ded -75 215 4 15 212 23 219
G18-S16 Gl - Annealed 25 226.2 12040 18 650
G18-617 Gl Annvoled 125 217.7 R530 15 496
GlH S13 GI Annealed 290 lHR:1 6 70H ll>97)

656-315 65 -146 99.6 20.4G1 2u 912
G53- S 15 (6 - - -Iun N3 20940 22 247
656 C04 iG - -125 231 8 15 HH7 25005
657-Coa (G >100 206.6 Ih.301 23.132
('67 -C07 (6 ~75 1s& 7 14.793 211i77
rGM S06 in -50 2434 14.276 20.750
658 405 (G - -20 227.7 13.390 18 7M4
(6&A04 (6 - 0 21R3 12.767 18.787
iL3 -81 1 ('6 25 238.5 11,245 18.267
(DG-SI3 tU 25 226 1 11.829 17 E12
650 514 tb 2S 222 5 11.554 1H 139
653 S13 65 25 109 1 12 247 .18.151
656 006 65 - 75 211,4 10 497 itL326
fM7- CO3 (6 24) 1H3 4 6 &l% 12 010t

'(GU blO G5 4GI 100t() -197 13 6 17.601 17Jiol
4GM bl5 t6 4( n.i 10000 .-120 15 4 13 983. 13Sc3
658 Sii t6 4(M 1(KK R) -- 50 28.9 14 920 15 Gl?
658 SIG (6 400 10000 -20 42.1 14 060 15 ull
65GR)8 (16 im queu) 25 79 7 13(01 I H 184
656-607- (U 400 0980 25 40.4 13 610 16 560 i

1 656 409 (6 40() H980 2h Sd4 14 dho 17#62
65H S11 On 400 loa O 75 80 2 11 141 I!1799
G58 613 (n 400 1(k OO 125 101.4 10.487 15.955
6S8-517 65 400 10000 17b i19 9 0 079 15 DIC
658-318 65 400 ukOO 226 131.1 9 061 14 098e

658=S14 65 400 10000 290 130 2 R310 14,333

65tL CO I On Ann n alr<1 197 138 2 19 110 2R589
- 65eLCO2 C6 Annealed -125 146.4 16 043. 23 GHil

' 65ECO3 46 A n n ealed. -15 200.7 14 508 2238
!' 65H-607 #W Anuraled 25 263.6 11 S 12 1H 32H

658 DOM (G - Anorated 125 232 6 8 281 14 9H0
658 4409 (6 Anorated 2' K 1 IM.7 R982 12 215

<
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Table A 4. Citarin)-intt>act test results On the rectnbrittlernent of reconv:ry-annealed
cast stain! css steels. All sam;Aes tvere originally arjedfor 10.000 h at
400"C and then annealedfor i h at 550'C and water quenched.

Aone Anne i v.t , vt Yield Max.'

S eTinlen Teinis. 'l t in t Tcn;p, Entl ge Im.id lead
ID lieut ( e) (h) PC) ld / em-) (kN) (kN)

- s._.

G83 55A US An nea!cd -197 70 0 15.838 19 007
GH4 52A (a An n caled -100 1U9 6 14.27G 21.472
6M3- 54 A Cc An neah d -50 155 3 12 977 20M1
681-53A w Annealed -10 253.3 11.893 18 572t

683-534 94 Auculed 25 237.4 10D16 16 785
G83-52A os An n e a h,1 125 315.0 9 2ti7 14.451
G84-51A GM Anncale 1 200 212.7 8 144 12.85
683-B1A (W An n eated 290 220.5 7.3H2 11.K83
68-317A tU :r20 3000 25 214.5 10.770 1C 021
G8-T1hA FA 32a 3000 25 184.3 10 926 17.322
68 --319 A Gs 320 10000 25 157.3 12.010 18A55 -

68 320A h4 320 . 04 h 0 25 '08 0 11 M93 18 211
6H-308A #x ai lou 23 2 in 1 11.327 17.F6 3
Hb -- 309 A is 3% No 25 2JO 9 1: 112 17220
6L 310A Fe 60 Ai 25 2.80.8 11 883 17.615
68-31lA 6h 3li INO 75 1m8 10 91t, 17273
Go 312 A GM Li HW 25 16&4 10 800 17.527
6H-313A US ,o 3000 25 84.1 11063 14.578
68-314A f6 350 3(O ) 25 G5 6 11.239 14.061
65-315A 68 10 1(W x') 25 55.2 12.782 15108
68-316A (W 350 lomo 25 71 1 12 352 16 0G3
ES4 -- 5S A M 400 fa 25 2137 11.278 161M1
US4-59A 68 VC 50 25 179.0 11.249 16 000
US 301 A (e 400 100 25 211.5 12.059 17.0A3-

UK4-00A m 400 mo 25 186 0 11.756 17.635
68--302A (W 4(u :V>0 'S 175 9 12.352 18.611
68-303A (a 100 :p) 25 199 7 11.835 18.317
08404A f6 400 1000 25 126 5 11.903 17.254
GR-305A ta 400 1000 25 103.9 12.79) 1 G 287 h
6H-306A Gs 400 3mo 25 73.7 11.678 14.803
68-307A fe 400 3mo 2a <85 11 962 14.783
GM3-5GA G' 400 10000 -197 12,1 13 358 :3 358
084-55A bH 4"O IMO -120 28.0 16277 16.277
GM3-li7A ta 4(xl HYUG -50 32.3 14.051 14.325 -

,
6MI-59A ra 400 10000 25 82.6 13 3G8 16 063
682-59A th 400 UOO 25 60.7 12.811 15. l f>l
6X3-55A Ch 400 10t u i0 75 62.2 10 800 15.076
683- 59A ta b') li WO 290 129.8 7.597 12.284

693-55A 64 An neah d -197 1941 11.249 25.251
694-51A 69 Anocaled -i20 242.7 10.966 23.474
694 -- 52 A W Annealed -100 258.5 11.219 22.600
093-54A 69 An nealed ~50 218 4 11 200 20.789
691-53A in An neabd -10 219 9 10 780 18 8G5
603-53A to An n eakd 25 253'i 9833 17.283
604-51A to Anneaicd 75 2 J03 8 Ks6 14 f>88
693-52/\ CD Annealed 125 373 5 7.G30 13 612
694-55A Gu Anneah d 200 246.6 7.187 12.323
603-51 A Go An n e;d ed 240 218.1 6308 11.239
69-305A 69 320 1000 25 244 7 9.939 17,0M8
69-30GA tU 320-- 1(00 25 270.7 10 223 17.391
69-307A 60 320 3mo 25 271.8 10.175 17.469
69 308A 69 320 3000 25 25M.2 10 487 17.723
04309A GO 329 18 'W K_! D 2H9 4 1},132 18 G99
09-310A GO 320 20 % 'n l . 5 10.741 18 015
69-318A Ur n 3.~,0 luO 23 261.8 10 516 17.498
642 56A cp 350 100 25 235 3 10 145 IG G88

A-21
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Table A-4. (Con td.L

Aging .A e n g . Test t rnpact Yield Ma n.-
Spect ruen Te.n p - Time Temp Energy Load Load

ID lleat Pel . !h) (T) (J km-1 (kN) (kN)

69-319 A 60 350 300 25 24R2 10.175 17.186
692-57A 69 350 300 25 - 234.3 10.191 17.879
69-30)A m 350 1000 - 25 212.2 10.487 17.996
692-59A 60 350 1000 25 219 2 10.380 17.332
69-320A W 350 3000 25 2290 10 477 18.230
692-58A W %0 3000 $ 2018 10.272 17.225
69-303A 69 350 10000 25 143.4 1R780 '17.723
69-304 A 69 350 10m.1 .25 16!L3 11.053 18304

,

69-311 A 00 400 50' 25 232 2 10.136 17A59
691-56A (D 400 50 25 22R2 10 526 17.361
69 -314 A 60 400 100 25 23R5 10 438 1R 133
691-59A m 400 100 25 230 6 10.54 6 18.035
69-312A W 400 300 25 248.9 10 032 1R523
691-57A 69 400 300 25 180.2 10 751 17.625 l

69-313A 69 400 1000 25 167.8 10.946 18 338
'691-58A 69 400 1000 25 129 9 10 839 17.273

60-316A 04 400 3m3 25 138 5 10,555 17.410
691-60A 69 400 3000 25 155.3 11.464 -17.459
691 -54 A GD 400 10000 197 39 3 12.831 17.49M
692-SIA 69 400 10000 -120 118 5 11.171 1R343
691-55A 69 400 10000 -50 10R9 13 690 19.900
693-60A 69 400 10000 25 103 7 11.571 17 G35
694-GOA W 400 10m0 25 130 2 11.874 17108
692-52A 69 400 10000 75 161.9 8 095 14 Sf4
692-53A. m 400 10000 240 129 6 7.528 12 635

754-57A 75 Annealed - 1W 86 6 16.142 24.12H
754-60A 75 A n nealed -197 103 8 1Rfol 25 300
754-58A 75 Annealed -120 205 2 16.717 25 192
754-59A 75 Annealed -100 174 8 16.453 24 987
753-60A 75 An nealed -50 19RO 13.631 21 003
753-59A 75 An ne.d ed 25 22R3 12M G1 IR 865 :
753 5SA 75 An nealed 125 lhu7 10.116 15.770
753157A 75 Annealed 290 201.5 R134 13 524

754-52A 75 320 3DN 25 184 8 12.821 1R953
754-53A 75 320 3000 25 209 2 12 411 1R709
754-54A 75 320 10000 25 185 a 13.153 19 832
754-55A 75 320 HX OO 25 170.I 14 nli - IR738
752-59A 75 350 300 25 2311 13.133 19 822
752-60A 7a. .15 0 300 23 244.8 11084 20 007
753-51 A 75 350 1000 25 182.8 11182 19 675
753-52A 75 350 1000 25 180 6 1117' 1R226
753-53A 75 350 3000 25 115.9 13 426 1&416
753 -54 A 75 350 3000 25 122.8 13 2'70 19.343

i

i 753-55A 75 350 H)o00 25 82 4- 14 705 19 500
754-51A 75 350 10000 25 33.7 15.467 15.789

751-56A 75 400 KK) 25 227.0 11250 20 525
751 57A 75 400 lon 25 2239 12 M 19foi-
~51-58A 75 400 300 25 2080 la 573 20.955
701-SDA 75 .KO 300 25 1818 11553 20.360
751 -60A 75 400 ItoO 25 662 13 553 17fe3
752-St A 75 400 IWO 25 GR3 13 700 16502
752-5/A 75 400 3000 25 57.3 11827 In 756
762-58A 75 400 3000 2S 70.0 13 963 17.098
70-301A 75 400 Mx 00 -107 91 15;130 15 330
75-302A ?5 400 10000 -50 30 7 1R277 1R277
75-o 5A 75 400 0000 25 434 14 871 1G531n
75-366A 75 400 Imoo 25 373 115.330 16980-
75-303A ?$ 400 KKno 75 62.4 13 211 16.404
75-304 A 75 400 lomo 200 95.4 R970 '14 334

d-22
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Appendix B

Tensile _ Properties

Tensile -tests were conducted at Materials Engineering Associates (MEA) and at - i

Argonne National !aiboratory (ANI,), Details of the test procedure and results for the tests at
MEA have been presented earlier u 40-2 Tests at ANL were perfonned according to ASTM
Specification E 8 and E 21 in an Instron tensile test machine with a maxin .n loading ca-

( pacity of 90 kN (20 kips). Cyhndrical specimens with a diameter of 5.08 mm (0.2 in.) and a
gauge length of 20.3 mm (Oi in.) were used for all the tests. An axial extensormter, with
an initial gauge length of 20.3 nun (0.8 in.), was used for continuous measurem, of strain
during room temperatun tests. An IBM i omputer was used to digitize lead, crosshead
movement, and axial displacement data and store it on floppy disks. Analog traces of load"
vs.-crosshead displacement and load-vs.-extensometer displacement were also obtained for

,

| each test.

The true stress strain data were calculated up to the maximum load using the con-
stant-volume criterlon which assumes a homogeneous distribution of strain along the gauge
length. llowever, most specimens showed inhomogeneous defonnation because of the rel-
atively large grain structure. The specimen surfaces along the gauge length were irregular,
and the fracture cross sections were often elliptical. These factors create some uncertainty
in the true stress-strain data. The true fracture stress was obtained from the fracture load
and cross sectional area at fracture. The strain at fracture, i.e., total elongation, was de-
tennined from extensometer displacements. Total clongation was also measured from
crosshead displaecments; the values obtained from extensometer were +64% of the values
detennined from crosshead displacement. Correlations between crosshead displacement
and total strain in the specimen gauge length were also developed from the room tempera-

4 ture tests. These correlations were used to correct the data for the elevated temperature
tests.

The tests at 290'C (~550T) were conducted in a forced-att recirculating furnace.
Thermocouples were mounted above and below the specimen gauge length to monitor and
control the temperature within 12'C. For the tests on samples aged for <10.000 h, an axial
extensometer was not used for the elevated temperature tests. Total stratn'in the specimen
gauge length was detennined from correlations developed from the room temperature

'

tests. The total elongation was detennined from the crosshead displacement multiplied by
0.G4.

Elevated temperature tests on the long-term aged samples were conducted with a ellp _
gauge mountad on the specimen gripsc Total strain in the specimen gauge length was de-
tennined from correlations developed from room-temperature tests conducted with both
clip gauge attached to the specimen grip 3 and extensometer mounted on the specimen
gauge length-

The results for 10 conunercial ano xperimental heats am a up to 58.000 h at tempera-
tures between 290 and 450'C are given in Table H-1; res ,, from the tests at MEA are also*

included in the table.

U-1
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Table D-L Tensile test resultsfor cast stainless steels

Engmecrtng Arme Condinon
Sperimen Orien- lleat Test 0.2% Yteld Ultuna t e Fracture Elong- Red. In Temp. 'lirue Ref)
Number tationa Te m p. Stress . Strens Stress ation Area

FC) IM Pa) (MPal (MPal (%) (%) ('C) (b)

CF-3 Grade
i1V-O1 L I 3 2Gl.8 - Su8 8 1636 6 M6 7R3 Unaged 2
11V-02 L 1 25 2421 583 4 1698.5 78A 79.5 ' Unaged 2-
12V-Ol L 1 25 2510 579 9 1274 6 77A 74.3 Unaged 2
12V-02 L 1 25 257.7 578.1- 1671.8 75.0 80 S Unaged . 2 *

13C-0l L I 25 239 7 E 17.6 1274 8 m2 ou 5 Unaged 2-
i2V-23 L i 25 2358 637.3 1387.7 72.5 GG7 320 30000 1
13C-14 L 1 25 27R2 633.9 1411.7 56.9 68.2 320 30000 1
13V-38 L ! 25 255 0 609 6 1432.6 Sn 6 68.5 320 3Co00 1
13V-39 L 1 25 282.5 452 7 808 8 12,7 50.5 320 30(o0- 1
IlV-26 L I 25 281.3 615 18E6 m0 ' 77.4 350 10000 2
IlV-27 L 1 25 303A G14.7 1445.0 - 62.2 350 |0000 2
12V-19 L 1 25 314,7 til2 O 12969 72.0' 68.4 350 K)OOO 2
12V--03 L 1 ao 169 2 400.2 75G.1 - 58.9 Unaged '2-

12V-06 L 1 24) 178.5 402 4 837.8 39.4 GL6 Unaged 2
13C-02 L I 21 0 158 6 387.3 810.5 33 0 66.2 Unaged 2
12V 24 L i 2(o 178 6 445.9 710.7 28.9 57.2 320 30000 1.

13C-15 L l 2fo 163 6 427.2 810A 27.9 67.2 320 30(X)0 1
13V-40 L i Wo - 470.5 N28.9 18.5 54.7 320 30003 I
IIV-28 L i 21 0 192 4 3 91.1 603.0 - 360 350 10000 2
IlV-29 L ! 24) 189.0 442 8 780 5 34.2 59.7- 350 10000 2

'

12V-20 L 1 21 0 1791 4 37.8 756 0 39 0 51.6 350 10000 2

P21T-01 P2 25 2in3 538.3 1000 4 72 6 59.9 Unaged 2''

P23T-01 C P2 25 2381 5568 1568 6 100.0 84 4 Unaged 2
P22A-O1 L P2 25 206 4 561.7 1094 5 73.7 75 7 Unaged 2
P23A-01 L P2 25 216.7 5369 887A 62 4 75.1 Unaged 2
P227-16 C P2 25 247.0 580 1 1547.8 65.4 79 9 2fo 30000 |-
P21A-31 L P? 25 242 6 571.1 2017.1 65 0 84.7 290 30000 1
P25 A--28 L P2 25 223.9 548.3 1797.3 57.2 87.0 200 30000 1-
P21A-36 L P2 25 263.fi 583.8 15GIA 58.3 79.3 290 58(YO I
P24T-14 C P2 25 229 4 6(o o 1944 4 73,1 82.3 320 30000 1
P25T-10 C P2 25 25R 1 581.8 1535.3 55 4 75 5 320 30000 i
P22A-36 L P2 'S 237A 603.0 1487 3- 77.8 80.5 320 30000 1
P21A-19 L P2 :3 249.7 605.2 1673.6 49A 7R3 320 55000- 1
P22T-04 C P2 .5 252.3 601.8- 2162.5 85.3 350 Ko00 2-

P23A-14 L P2 25 249 2 5N.3 2783.2 73.6 88.5 350 10000 2-
P23A-20. L P2 25 265.2 Cm5 1830.3 76 6 78.8 350 10000 2
P22T-11 C P2 25 249.3 62R4 1235 0 68.6 64 4 350 :KXoo 1
P22A-13 L P2 25 245.5 615 4 15985 65.5 76 2 .350 30000- 1
P24A-32 L P2 25 225.4 617.2 1799 8 GR9 70.0 350 30000 1
P24T-05 C P2 25 233 5 tirl l 12G8 2 -. 68 8 400 10000 2
P24A-04 L P2 25 236.2 616 8 2384.5 - 78 0 400 10000 2.
P21T-02 C P2 290 161,3 387.1 819.1 44.6 72.2 Unaged: '2
P23T-02 C P2 290 154 2 405.0 688 2 42A 65.9 Unaged 2
P22A-02 L P2 21 0 137.9 4009 755 7 47.2 65.9 Unaged - 2
P23A-02' L P2 21 0 144 0 3851 538 7 39 9 59 6. Unaged -2
P2LA-32 L P2 290 162.3 403 4 830.6 -36.8 74 5 290 300X) 1
P21Ast3 L P2 200 155.2 405.9 740.8 310 73 7 290 30000 1
P24T-16 C P2 290 N82 407.0 389.5 39 9 78 7 290 30000 1
P21A-37 L P2 290 164 2 410.7 11521 33 1 72.2 2to 58000 l-
P22T-17 C P2 290 177.5 422 7 104L7 37,9 72.3 290 58000 1
P21 A - 14 L l'2 290 153.2 428.9 . 968 A 31 4 73.0 320 30000 1
P21A-15 L P2 290 163 9 422 7 815,5 30.9 62 9 320 30000 1
P21A-16 L P2 2fo 152.6 407.7 870.6 28.8 7I 9 320 30000 1
P25T- 12 C P2 290 171 4 418 4 710.5 31.5 62.5 320 55000 1
P21A-18 L P2 290 lGR 6 41G.4 OMO 1 31.2 67.9 320 55000 1

lb3
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Table in (Con t<L)

Enginerring
S wein'en Orten- Ilcat - Test 0.2% Yield Ulttuiate . Practure Elong . Hnl. in- ~ Aging Condulonl Tenilt Titue Hef.I' '
Number tationa 'l e m p. M res a. '.t ree Stre w aOon Area

PC) (MPal (MI'al (M I'.61 (%) 1%) PC) Dil .
P21T-08 C P2 21 0 lbA 6 4215 8763 49.8 70.7 350- l(OOO 2
P22T-05 C P2 2' O 153 M 399 0 Gid n 43 0 04 9 350 1(xxX) 2
P23A-15 L P2 25 0 161 0 415A tKO 5 - 69.7 3ro 10000 2
P23A-27 L P2 2' O 151 1 4194 970 7 39 G 72.9 3 31 1(O X) 2
P22T-12 C P2 2 10 ' 67=0 - 436.2 740.2 28.2 56 0 300 3h00 1
P24A-30 L P2 21 0 1424 4321 H28 0 38 5 04) 9 350 N1000 1
P24A-33 L P2 2m 149.1 425 7 4617 4LS 62 6 3fo 31000 1
l'24 T.06 C P2 2' O 1(414 447.1 81& 5 40 2 56 4 400 1(X OO 2
P24 A-05 L P2 2W 146 6 430 6 tY6 0 40.2 53 8 400 10(00 2-

693 40 li 69 25 2788 040 0 1070.1 57,1 48 9 thmged 2
693-41 1i G) 25 273 4 5Kt6 1093 4 M1 54.4 Unaged 2
604-30 11 (H 2S 253 6 5917 1430 6 ho 1 71,8 2tn 'KK100 1

(194 31 11 Ot 25 2611 SMSO 17140 51,1 764 21 0 3X100 1
69-135 V On 25 244 7 N06 1617.5 C2.8 74.5 21 0 3XOO l-
694 21 1I (U 2h 2H6 7 624 ti 1757.0 52.2 76.I 320 100(O 1
604-25 11 to 25 232.1 585 4 1428 3 70.5' 75 2 320 10WC 1
fiO2-40 11 tU 25 2x9 6 622.0 lbl61 43 6 72,3 320 3fKOO l-
692-41 11 to 25 269.8 6M 4 1623 8 38 0 75.2 320 30000 1
64245 V H) 25 2725 485 8 - 12.0 25.4 320 30(00 1
691-28 11 69 25 Til 6 G37 9 14H4 8 45 7 69 2 320 N KOO - 1
691-29 11 Go 25 2X7.7 650 5 1rol 0 rata 71.7 320 50tOO 1
69 230 V 69 25 20H u 6m4 17111 53 5 71 8 320 04K KV) 1
692 25 ll (M 25 2854 t014 14 M3.2 67.7 76.2 350 2570 .2
692 +26 I| (U 25 :102 6 6is 2 1 m l.3 62.5 72 4 350 2570 2
641 06 11 IM 25 2921 652 0 ItKY2 3 51 2 7no 350- 10000 1
On!-07 11 64 25 2(,n 2 635.5 -1460 4 53 5 7L6 3ro IOct o 1
694 08 li (U 25 246S 6199 1561A 517 72.7 350 litK10 1
69 119 Y 60 25 249.6 617.3 1811.6 51.6 78 4 39) 10000 1
693-12 11 ra 25 270 9 674 0 17958 50 6 714 350 30000 .1
693-13 11 64 25 259 2 6%I 1665A 49 0 6M O 350 3(KM10 1
69-130 V to 25 25N 4 661.2 193& l 55.3 74 8 350 $X100 1
692,16 11 m 25 253 0 tDH 8 13bRM 57 4 72 4 400 2570 2
692-17 || 10 .'S N 0.9 6tu 2 1309 9 44 3 t u.6 400 2S70 2
6! S 15 Il (N 25 2S7 S 673.9 1409 6 43 6 56 ft 4(V.) 100tK) 1
692-22 !! tU 25 27R6 6m 1 1727,1 51.2 68 3 400 10000 1
692 2:1 11 m 25 200 5-- URIS 1653 4 53 3 72 0- 400 10000 1
60-109 Y m 25 27tl7 GHH O 679G6 fE7 73.5 400 1(KOO l
691 04 11 m 25 271.3 b91.9 M 7RO 30 S 71A 400 2570 2
691-05 11 m 25 2611 unl 6 1628 2 56 6 73 2 450 2570 2
693-42 11 69 70 190 H 420 9 90N.2 35.9 63 4 Unaged 2
691-10 11 69 .m 1770 417 0 Nno 33 6 59 7 Unaged 2>

601-32 11 (U 20 17G H 4019 422.9 29A 67.0 2tO 30000 -1
694-33 11 ib - 21 0 173 0 38R7 413J 21.b 51.3 2!O 30000- 1
69 236 Y (M 2W 1941 440 5 818 0 30 8 61.9 200 3kk)O - Ip
694-2G 11 f (i 21 0 174 4 40s7 647.5 2] 8 NL5 320 10000 1
694-27 11 (M 290 183 5 422 H 973 7 20 S 65.3 320 lomo 1 |

{ 692-42 11 H) 21 0 17K5 423 2 70i) H 21 6 55 0 320 300lO 1 |
694-39 11 la 7txi Itx2 413 8 692 4 21.3 51 7 320 30000 1
69'246 V 69 290 1655 4230 921.8 27.8 70 6 320 3#00 1
692-28 11 69 290 209.I 462 5 895.8 2R1 59 8 320 55000 1
692-20 11 m 290 212.3 4Gl4 011.6 27,9 58 5 320 55000 1
64130 V' 0) 21 0 2017 46h 0 7331 2* L 1 52.H 320 55000 1
692-27 11 CA 2mi 173 1 451,3 752 6 32 3 518 350 2570 2
694 09 II to 2m 1564 413.1 720 9 29 H 52.7 350 1(.K V 10 - 1.
64120 V to 2O 179 8 4 2' t h H751 23 2 68 8 350 1CKiOO l

11 4
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Table D-I, (Con td.)

Enoncenng Aang Condttw..

Specimen Orien- flcat Tev 0.2% Yteki Ultimate Fracture LClong- Red. in Tem p. Time Itef.b
Number tationu Temp. St ress Stress Strew ation Area

PC) (MPal (MPa) (M Pal (%) ' (%) (*Cl [h)

693-14 11 09 21 0 I6G 4 457.6 832,1 28 0: 58 0 350 3(X OO I.
693-15 Ii 09 290 195.8 444.0 639.2 32.5 4 G.9 '350 30000 1
69-270 V 60 2fO 193G 462.4 739 4 27.7 49.4 350 30000 1
692-18 11 m 21 0 163.9 444.8 556.4 21.8 33.2 400 2570 -2

692-24 11 69 25 0 173 3 4N.5 785.1 23.4 44.8 400 10000 1
69 110 V W 25 0 1960 481.6 802.3 26.1 51.5 400 10000 1
691-06 11 00 2(o 177.7 479.7 683 6 28 5 44.9 450 2570 2
692-09 11 m 2" O 175 7 477.1 793 4 27.4 51,0 450 2570 2

CF-8 Grmte

18 11 C KluI 2a JOR 2 ' 554 9 134R9 56 8 67.0 280 CaoO 1-
18-12 C Klut 25 288 5 555,9 1426.I 35.0 70.2 280 6Nxx) -1

I & 22 C KRll 25 291.9 568 9 1102 3 40 4 59 2 280 CMKO . I
13-12 C KIUI 25 317.3 567.4 1285 7 57 4 67.7 Reannealed 1

13-21 C K!dt 25 289 2 575.2 12091 43.4 67.0 Heannealed 1

13-22 C KiU1 25 287.7 531.2 1370 6 44.0 69.5 Reannealed -i
15-11 C K!UI 290 214.0 4 m.0 924.1 33 4 62 4 ~280 C&oO 1
15-12 C K!Un 290 208 4 444.5 774.1 28.9 51.1 280 CeotXs 'l
15-21 C KRH 290 199 6 482.5 842.1- 3R3 53 3 280 06u00 1
15-22 C Klu) 290 180.2 4 34.0 710.1 35.7 51.1 280 CMmK) 1
IG-21 C Kid) 21 0 184 0 405.0 605 4 25.9 41.5 Reannealed _1
17-21 C KUit 290 171.5 41R2 875 3 411 66.3 Rean nealed 1

,

PI3T-Ol C Pl . 25 244 7 DMS 122 L5 56 5 GR8 Unaged 2
P 13T-03 C P1 25 245 9 579 9 12066 M6 65.9 Unaged 2
Pila-01 L Pt 25 5%9 1127.0 57.7 64.0 Unaged 2
P13A-01 L P1 25 248 5 5MS 1579.5 62 4 72.9 Unaged 2
P 14T-09 C P1 25 266.2 596 2 1561.8 74.0 74.4 290 30000 1
P11A-25 L P1 25 285.7 595.2 1600 1 70.2 71.7 290 3mXX) 1

' 7 9912 42 7 Gl.6 290 30000 1P 14 A-26 1, P1 25 276 5
Pl1A-28 L Pt 25 263 5 : ea 19155 Ca t .7&3 290 58000 1
Pila-29 L P1 25 206 1 562.0 415 05 63 5 51.9 2to 58000 1
P1IA-10 L P1 25 2791 622 6 16259 62.5 70.7 320 30000 1
P 1 IT4)O C P1 25 - 569.3 1676.7 48.1 79.6 320 3 moo 1
P14T-08 'C P1 25 - - = 47.7 78.3 320 30(00 1
Pila-13 L P1 25 299.0 GIG 8 1100.7 61.3 53,1 320 SMOO 1
P12A-25 L P1 25 287.G. 68R3 14G16 60 9 . 60 3 320 55000 |
P12T-05 C Pt 25 2768 610.8 1315.5 67.2 58.9 350 10000 2
P12T-06 C P1 25 263 4 GOR 7 86L7 87.2 7R1 350 10000 2
P12A-08 L Pt 25 290 5 652.9 .1625.9 - 75.2 350 10000 2
P12A-09 L P1 25 271.2 UlRO 2322.0 - 80.2 350 10000 -2

P12T-11 C P1 25 266 6 - 617.0 1240.0 47.7 .61.0 350 30000 1
P12A-13 L P1 23 285.0 G37.0 100A7 67.8 55.8 350 30(00 1
P12A-14 L Pt 25 263.5 634.9 IG1R8 44.1 70.3 350 30mM 1
P13T-07 C Pt 25 285 0 660 0 1351.8 46.8 55 8 400 10000 2
P13A-07 L P1 25 28h 3 677.7 1429.8 68 6 5G4 400 10000 2

P13T-02 C P1 2f0 148 5- 408.8 C>l2 2 33.3 439 Unaged 2
P14 T-01 C Pt 2' o 157.0 437.5 622.3 32 6 4R4 Unaged 2
Pila-02 L P1 290 159.9 442.7 497.0 35 5 3R7 Unaged 2
P13A-02 L Pi 25 0 155 0 424 4 850 8 43 0 67.2 Unaged 2

P14T-10 C PI 21 0 166.1 415 3 769 1 35 4 G1.0 290 3(Koo 1
P1lA 2G L Pt 2CO 160 3 3R6 005 7 51.3 73.6 290 30000 1

! P14A-27 L Pt 290 167.8 421 6' 812 5 29 4 60.1 290 90GX) 1
P)1A-27 L Pl Zo 167.1 38R4 843.0' 34 8 Ril 290 58000 1
PilAa30 L P1 200 179.3 445 5 683 6 39.5 46 6 290 58000 1
P1lA-09 L P1 290 175_5 4351 unG 29 4 50 1 320 30WX) 1
Pl2A-19 L P1 290 174 8 456 9 731.1 27 4 51.6 320 3(X O O I
F,2A-22 L P1 2to 175.4 41R7 629 7 24.5 46.6 320 30000 1
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Table H-l (COrltdJ

Engineering
-

Agmg CondiUon
Speettnen Orien- !! cat Test 0 2% Wckl Ultimate I acture Elong- Ihd in 'l em p. T1mc Ilet)
Number tationa Temp. Sti ch Stress - Stre n anon Area

(*C) (MPa) (M Pa) (M Pa) (%) (%) l' Cl th)

P1 l A-12 L Pt 2to 188.2 424.8 hti5 0 - 39.5 SG 6 320 55000 -1
P12A-26 L- P1 240 200.4 472 0- 951.8 31.0 58 3 320 55000 1
P12T.08 C P1 21 0 180.2 4 54.2 981.5 - - G3 4 - 350 lout 2
P12A-10 L P1 240 173.7 451.3 919 6 43.4 62 8 350 10000 2
P12A-11. L P1 290 180 7 457.7 823 2 42.4 55 8 350 1(000 2
P12T-12 C P1 2'O 194.9 472.7 7865- 24.8 58.0 350 '30000 1

Pl4A-22 L P1 21 0 185.3 462.3 719.2 25 3 44:5 350 30000 1
P14A-23 L P1 240 1986 475.6 735.1 25.1 42.0 350 NKKO 1
P 13T-08 C P1 290 167.3 502 2 791.0 - 49.6 400 10000 2
P13A 08 L Pl 290 162.9 485ti 881.0 35.6 51.0 4(o 10000 2

683-40 li GH 25 274.1 530.0 9mi8 45.4 53 4 Unaged 2 .

683-41 11 G8 25 279 4 517.2 811.9 36 4 49 2 Unaged 2
683-33 11 CA 25 263.1 502.3 2242.4 55.7 83,2 290 NMOO l'
684-31 || CR 25 2692 -531.5 20509 42-3 79.7 25 0 ;1(XKX) 1

68-145 V fW 25 2780 5(41.4 19030 42.1 78 9 2c0 30000 1
684-21 1I iW 25 :Kia 5. 614,1 12912 67.8 61.9 320 10000 1
684 22 11 68 25 281.0 571 2 1880,1 76 6 80.7 320 10(00 ~l
682-41 11 iW 25 305 7 621.0 1544.6 40.8 71.2 320 3fXOO I
684-39 1I fa 25 35d2 014 A 1716 43 4 75.4 320 30000 1
68-264 V 68 25 296.2 5725 1903 8 ra3 75.6 320 30(XX) 1
681-28 II re 25 3260 Gio.3 1130 7 51 so 66 6 320 5(XOO 1
681-29 II Ca 25 303 7 608.4 1600 1 50 7 71.I 320 f0000 1
68430 V 69 25 294 3 578 9 1Mki 6 47.0 75 8 320 RKOO I
682-25 11 ra 25 28L5 00 1.6 lat7.2 Gl.1 75.2 350 5780 2
682-26 ii 68 25 29i M 599 4 1620 7 62 0 73.5 350 5780 0
684-06 il 68 25 264,5 tkM 5 2014.0 53 7 78.3 350 10WU 1,

684-07 il re 2', 2M7 601.1 1953 4 47.4 7G7 350 10000 1
684-08 II fe 25 296 8 612 0 20St.7 52.6 78 5 L> itXUO 1
664-129 V UN 25 287b a95.8 1688 6 58 b 73 5 350 1(X 00 1
684-10 il C6 25 2990 652.8 2072 9 44.6 7 f.O 350 3 000 1
684-11 Il f3 25 231 1 628 2 1342.3 55.0 57A 350 30000 1
6A 139 Y rd 25 287 4 63R0 20106 44 5 77.0 350 30000 1
682-16 Il Ce 25 2941 657.8 1531.6 75 0 61 0 400 2570 2
682-17 11 C6 25 2898 629.5 1313.0 - GI O -400 2570 2
682-15 il (W 25 313 4 611.0 1526.3 36.8 64 4 4(O 10000- 1
b82- 22 !! tW 25 299 3 6'iO 4 1019 0 43.9 494 400 10000 1
682 23 11- ra 25 30tiO 657,4 941.5 31.8 42 2 400 10u0 1'
68-119 V 6H 25 624.3 1926H 44.0 72.9 400 10000.'l
6814M 11 69 25 ?lld 653.1 1030.9 41.5 3R7 450 2570- 2
681-05 11 re 25 30R4 632.9 1447 0 - 68 7 4E0 2570 2
6M3-42 11 68 2iu 162.7 397.3 815.4 29 2 57.8 Unwed 2
684-40 11 th 200 156 4 412 3 792.0 37.9 60 6 Unaged 2
684-32 11 e 290 14R5 333.2 5130 27,7 62 2 200 . 30W O 1
684-33 11 ti 2' O 1550 3906 7810 43 8 62 6 21 0 30(00 1
68-246 V f6 2io 1706 390 7 522.1 28 4 51 5 29) 3(XXO I-

684-23 li (W 200 173 4 416.6 1048,7 26.8 72.7 320 10000 1
684-24 11 re 240 164.4 442 M MfU 9 32 6 58 2 320 10000 l
682-40 Il GS 21 0 174 3 440.8 853.5 36 0 62,3 320 :kKOO 1
682-42 11 (N 2fu 176.9 451.6 788.3 3!i.1 - 59.6 320 30000 1
C&2G3 - V C6 290 In5.6 450.3 758.2 37.2 480 320 30(00 1
68 % 28 1i 03 21 0 203 3 479 0 1132 6 32.6 61.0 320 50(00 1
682-29 il CA 290 205.3 485 6 824.2 41A 47.1 320 50000 1
68-130 V E6 290 201 3 4752 644 1 3R9 462 320 50000 1
682-27 11 On 21 0 1851 452A 82G.3 41.7 57.8 350 5780 2
G&&-09 1i GM 2O lG13 500 765 7 30.5 51 9 350 1(XXIO 1

*

GS130 V th 2'.O 16M 9 447 2 7f6 4 27.0 499 350 ifM KO 1
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1 00003 023 76' 1 9751 0,716 8 872 52 47 - V 542-47
1 00003 023 6 36 2" '0041 6 366 A023 52 47 11 93-447
1 00003 023 4RG 2 01 68141 9 985 7 213 52 47 li 24-247
1 00001 023 8 08 9aC 47012 3 5G5 5 072 52 47 11 52-447*

1 00001 023 1 87 9 94 3 8481 0 155 1 372 52 47 11 12-447
1 00003 0 12 G 77 G .55 2 2381 A075 0952 52 47 V 531-47
1 00003 092 I.27 ! .83 69051 21OG 9 292 52 47 iI 43-447
1 00003 012 238 5 24 5 7512 6555 2 282 52 47 11 63-347
1 dganU 3 86 0 36 7 2G31 3 135 0 372 52 47 11 14-347
1 deganU 4 56 - 5 6531 4 245 5 372 52 47 11 04-347

-1 00081 004 2 44 G 12 7 007 1594 2 861 002 502 ,1 92-502
1 00081 00.- 2 94 0 72 3 007 N.705 3 771 092 502 L 82-502
1 -00081 004 6 44 6 32 1447 9,505 4 971 092 502 L- 52-502
1 OP081 OC4 G 07 8 14 7 6751 104( 7 842 52 502 L 03-502
I 00061 004 2,17 0 94 1,1961 A24f 0 452 52 502 L. 72-502
1 00081 004 0 56 3 63 7 7221 0076 5 842 52 502 ,1 62-502

elcarG M8-FC

1 0752 054 2 15 6 34 G.037 1 634 2 631 0 02 37 11 94237 '

). 0752 054 2 93 8 42 GR95 2 114 1 441 092 37 li 60-137
00001 004 715 A73 5 696 8 593 A931 O(2 37 V 011-37
00001 004 2 04 7 23 89 AC 1 424 0341 O <2 37 lI 42-237
00001 004 0 05 7 93 8 386 5 804 5R31 0 52 37 11 32-237

1 0752 004 3 95 0 83 7 007 1 444 - 0 12 37 11 81-237
1 00001 053 0 96 5 53 4 538 4 683 7 631 0 12 37 V 021-37
1 00001 053 3 35 9 82 9527 5 714 0 5G1 092 37 11 914 437
1 00001 053 6 86 7 01 31>09 7 773 7 721 of2 37 !! 80-437
1 0752 053 0 26 3 44 9 33F 8014 6 D31 002 37 11 72-237
1 00001 023 1 16 7 54 5 347 2/5G3 3 131 0 12 37 11 22-437
1 00001 023 8 33 6 33 4_624 0153 4 031 092 37 Ii 91-437
1 deganU 0 45 0 33 5995 0 563 9 331 0 12 37 11 04-437
1 deganU 8 57 5 04 1 079 G.14r3 9 831 0 12 37 11 24-337
1 0752 054 3 96 2 57 A1151 A07E 0 432 52 37 11 50-137
1 0752 054 1 35 4 43 5 440 1 394 5 652 52 37 11 40-137
1 00001 004 4 47 0 96 7 9171 o 435 2 222 52 37 V 901-37
1 00001 004 6 36 4 85 3 8921 3 035 8 512 52 37 II 22-237
1 00001 004 2 97 5 85 2 3812 3 305 3 532 52 37 I1 51-237
1 0752 004 1 27 1 GS 09141 7,555 6252 52 37 11 71-237
1 0752 004 4 27 5 95 9.of31 8,145 8042 52 37 11 01-237
1 00001 053 0 38 8 05 8. M02 18h4 8212 52 37 11 911'37
1 00001- 053 0 97 I .7G 0 5002 3 925 1 Ri 2 52 37 II 70-437
1 00001 053 0 87 5 35 1 5881 9 635 0822 52 37 !! G0- 437
1 0752 053 4 56 5 54 09011 4 825 4 442 52 37 11 62-237
1 0752 053 2 47 3 75 0 3541 5 625 0 442 52 37 lI 52-237
1 00001 023 0 87 3 27 15761 At25 2 M22 52 37 11 42-437
1 00001 023 0 87 7 2G 0 5381 A574 9 122 52 37 11 32-437 -

1 deganU 1 55 9.M 8 889 8 035 5 942 52 37 lI 14 337
1 deganU 3 14 5 64 9 288 0755 3 452 52 37 11 04-337

2 0752- 054 6 24 5 53 0 007 8 305 6 191 092 ar II 90-286
2 0752 054 8R3 - 4 007 8 664 7 901 05' MC |1 60-18G
1 00001 004 1 73 8 72 0 M7 4. M 4 9 391 0 12 60 V 02146
1 00001 004 674 4 43 8 008 6574 7 G71 092 ar !! 42-286
2 07 2 004 1 74 1 23 3 117 1 364 3 161 Cf2 8G 11 81-28G"

- 1 00003 053 6 35 6 13 8 284 0974 2 071 002 6C V 041-86
1 0)X(03 053 7 14 3 52 2 176 3 724 4 091 0 12 AC I1 . 51-486
1 00000 053 9 35 G.92 0 888- 7 584 0 012 Ot2 aC 11 21-486

)ht lC"1 )%( )%( lap M( laPM( laPMI lC*(
aerA notta ssertS ssertS ssertS .pmeT snoitat rebmuN

bfeR emit ,pmeT - nI . der -gnolE erutcarF etanullU dletY %2 0 tseT lacil ~ netrO nemicepS._.

notudnoC gmgA gmreemgnE

: ).dtnoC( 1-D elbaT
. -

1
1
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TuMe 11-1. (Con trL) i

Enoncertnc Aaing Cornhtton ,

Sporttnen Oricu- |leat bt 0,2 w Ywid Ultunate Trartuir lilong- Rnl in T em p. Titne Ref.b
Nurnlict tationu Te m p. Stre n Stre w Stre n 4thon Area i

. ("C1 |M Pal (Mit! IM Pal (H) Phl PC) (hl
i ;

741-28 !! 74 25 Nel bM. ] 10T#i? 42 2 52 7 320 f4KKO I4

| 741-29 il 74 25 NuS 6hl 15065 4R3 62.9 3W SfWoo 1 t
' 74-230 V 74 25 299 4 03).6 16231 47.1 bs 7 320 C4 k oo 1
; 742-25 11 7 f. 25 209 0 575 1 13N) 5 $M 9 GM I 34 2570 1

742-26 11 74 25 2G 1.0 $3d 8 15175 62 5 72 0 3rd 2570 i |
744-07 11 74 25 2Hl.7 (m) 149R4 57.1 63 4 3CO louro 1

i 744-08 11 74 25 27N ? 019 2 19030 38 7 74.0 350 1(K oo 1 I

74-110 V 74 25 267,5 5878 2081 4 49 3 60 9 3r0 10000 1
743-13 Il 74 25 265 8 R17.2 1198 4 55 6 51 H 3fo aiXOO 1
743 14 11 74 25 200 3 613 5 1375.6 3a5 03 8 350 3(K UO 1
74-130 V 74 25 272 3 624H 13316 37 0 (W) 0 3M NXoO 1
742-10 11 74 25 268 0 602 3 14w4 44.1 70 8 4(O 2570 1 |
742~17 11 74 25 267.7 579 7 130R7 41.7 71 8 400 2570 1
742-22 11 74 25 2G9A 626 3 991.8 40 7 GR1 400 1(40 1i

742-23 11 74 25 267.7 624 3 1170 2 46 4 72 0 4(o 10(00 1
74-110 V 74 25 259 2 eo7.9 14296 18 5 69 6 4(o . lomo 1
741-01 11 74 25 257 5 620 r. 12015 43 5 60 5 450 2570 1

f 741-05 II 74 25 259.1 616 7 1176 2 58 8 52 9 4ro 2570 1
1
' 744-40 11 74 2W 171.H 412 3 557.7 25.3 5K7 Utumed 1

743-42 11 74 2'u lbi n 442H 674 7 33 4 42 1 Unaged 1,
' 714-35 11 74 VW 193 6 424 7 1061.2 42 h 69 9 2to 3t4 0 1
| 744-36 Il 74 2m 165't 421 1 810.8 %) 54.9 21 0 NXOO 1

74-236 Y 74 2m 179 9 4303 14338 29.2 764 21 0 30000 1

744 26 11 74 Om 192 7 4401 hio 9 36 3 62 6 320 10000 1
744-27 il 74 2so 1 H 1.0 4200 K31.2 35 8 56 9 320 1(KKO 1,

742-40 11 74 2m 153 7 452.7 015 5 31,5 57.3 320 30000 1
742-41 11 74 2io 190 3 4 83.3 74H,7 24 2 42 5 320 3(40 1,

74 246 Y 74 2io 184 4 4H17 H34 4 33 5 52 5 J20 Nwoo 1
742-28 11 74 2m 203 5 4733 hM.5 33 ' 53 1 320 f(Koo 1,

742 29 11 74 2W 2152 474 4 7436 24 ~ 41.2 320 fwKoo 1.

74 .130 V 74 2m 2n1 D)7 7 741.1 29 5 .A 2 320 fdKoo 1 *

742-27 11 74 2to 1740 4r>1.3 7H7.2 31.5 05 ? 350 2570 1
744 a6 Il 74 2m lH5 4 4 -1M O 677.7 2A 'i 3h ' 350 1(X00 1
7 4 4 - (* 11 74 25 0 107.8 507.2 684 6 1 SU 350 3(KKO I -

74-120 V 74 30 176 6 4538 751.0 33 3 461 3E0 MWo *
i744-18 !! 74 30 22F 5 510 5 791.9 27 6 40 3 350 3fk oo 1

743-15 11 74 2m 180 0 503 8 MO7 34 0 , .s 0 UTO 30000
74-270 11 74 2' n 182 2 495 0 729B 31.2 10 2 350 %Koo .

742-1H 11 74 20 ltd2 4 k51 6m o 2H 5 57.1 4(o 2570 1
742 15 11 74 2m 17H 9 516 0 317 - 4to 10'00 1
742 24 11 74 2W 184 2 nm1 818 8 29.9 4H 9 403 10foO 1
"'-100 V 74 Zu 172 0 470 8 S4na .3 4H7 4(o 1(WKO 1
741-06 11 74 2m 172: 5(o 7 678 6 0 45 5 4f0 2570 1
742-09 11 74 2m 170 3 485 2 697 5 3 nh 450 2570 1

753-40 11 75 25 313 5 010 4 105a6 47 4 67 9 Unaged 1 |
75341 11 75 25 3305 580 R 931.7 39 9 74 9 Unaged 1 J

753-30 11 75 25 315 6 bro O 1f4 9 37 2 75 0 290 300(O 1
75F2H 11 75 25 321.7 619 2 1140 2 4R3 70.5- 2to 30000 .1
75435 Y .75 25 310 0 630 4 1448 9 48 3 - GR7 25 0 3(uO 1
754-21 11 75 25 355.9 693 7 1622 0 58 5 75 0 320 I t K' = 1

754-25 I| 75 25 406 3 7(60 17tR9 4G4 71.2 320 10((b 4

752-4I !! 75 25 337.9 726 8 121 7 3H 8 52 4 320 3tk 00 1
"

754+39 II 75 25 3951 7225 12012 39 2 52 5 320 30000 1
75= 245 V 75 25 323.1 691 3 141H 1 47.5 62 2 320 30(00 1
751-28 11 75 25 334 7 6x9 5 1118 9 2R1 40A 120 EdKOO 1
751-29 11 75 25 3520 729 8 ) Iin 6 27.0 432 320 50000 1
75-230 V 7fi 25 376 4 759 5 1179 8 32 'l 3N 6 320 fuod !
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Appendix C4

i

. J-R Curve Characterization i
1 - I
i

'

The J-H curve tests were conducted at MCA and at ANL Details of the test procedure
and results for the tests at MEA hnve been presented earlier.c-1.c-2 Tests at ANL were - ;

performed according to ASTM Specifications E 813-85 (Standata Test Method for Jic, a
Measure of Fracture Toughness) arul E 1152-87 IStandard Test Method for Detennining J-
R Curvel. Compact-tension ICTl speeltnens. 25.4 min (1 tri.) thick with 10% side grooves, t

* were used for the tests. The CT speelinen design. shown in Fig. C-1. is similar to the
.

specimen of ASTM Specification E 399, the notch region is ruodified in accordance with
1 ' Hi and E Si12, to permit incasurement of load- hne displacement by axial extensome-

s 1, Inc extensometer was ruunnled on ruor bhides that were screwed onto the speelinett i

along the load line.

I _ Prior to iesling. the specimens were latigue-precracked at room temperature and at
load levels within the unear clastle range, The final ratio of erack length to width (a/W)
after precracking was 0.55. The hnal 1-nun t-0.04-in.) crack extension was carried out at
a load range of 13 kN (2 92 kip) to 1.3 kN (0.292 ktpl. i.e, during preerarking 16u was
<25 MPa ml/2 (22.0 ksi in.1/2). Af ter precracking, all specimens were side-grooved by 20%
of the total specimen thickness. I c. 10% per side, to ensure unitonn crack growth during
testing. }

}
,

The J-R curve tests were perfonned on an Instron testing machine with 90 kN
(20 kip) maxmann load capaerty. The load and load-hue displacement data were digitteed
with digital voltmeters and stored on a disk for post-test analysis and correction of the test
data. The single-specimen compilance procedure was used to estimate the crack exten- !

sion. Rotation and modulus corrections were applied to the compliance data. Both defor-
mation theory and inodified Ionns of the J integral were evaluated for caeh test.

After each test, the specimeri was heated to 350^C to heat-tint the exposed fracture .

surface. The specimen was then fractured at litpiid tiltrogen teniperature. The initial (i.e..
4

" fatigue precrack) and final (testl crack lengths were measured optically for both halves of
the fr .ctured specimen. The crack lengths were determined by the 9/8 averaging tech-
nique. I c., the two near-surface measurements were averaged and the resultant value aver-
aged with the ternaining seven measurements.

The fracture toughness dic values were detennined in accordance with ASTM Specifi-
cation E 813-81 and E 813- 85. For the former Jje is defined as the Intersection of the
blunting line given by J = 2clAa. and the linear til of the J--vs-Aa test data between the
0.15 mm and 1.5-mm exclusion lines. The flow stress, of, is the average of the 0.2% yield
stress and the ultimate stress. The ASTM Speelfication E 813-85_ procedure defines die as
the intersection of the 0.2-mm of fset line with the power law-ht (of the form J = Caa ) ofn

the test data between the exclusion lines. J-R curve tests on cast stainless steels indicate
that a slope of four . anes the flow stress (4cfl for the blunting line expresses the J es Aa
data better than the slope of 2ar defined in E 813-81 or E 813 85. The fracture unghness
d e values were detennmed using the dal slope.i

C1
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The trattug inodulus was also evaluated for each test. 'ihe trasing uulutus is givent by '

T 1:1dJ/da)/oj , whrir 1-; h the Young's anodulus aiul of is the flow stress. The AWIM I2

; I: H13-81 value of trating intulutus is driennined isoin the slope dJ/da of the linear fit to .

the J-vs Aa data. l'or the power law rosve fils, a : average value of d I/da was calculatedb3'
,

3 to oblato average tearing inodulus. |

The Itattute toughness results lot lout comtneirlal afid (nur expertinental heats of cast
stainless ste ci aged up to 30,000 h at 320 3SO, 400, and 4SO'C, and for the scavice-aged *

Kill { puttip cover plate inattrial, ate given in Table C -l The test data as well an an analysis ;
'

atul qualthration of the data for 47 J l< rurve tests have been picsonted earliery-4 Data
analysis and qualtlication for an additional 24 J il curve tests at 290"C are presented in this ,

Appriulix.
,

Data Analysis Procedutos

' '

The cornpliante inethod was used to detestnine the riark length during the tests. The
_r 'equation ^ h used to telate thi sperinnen load line clasticlhulah Saxena cattot at iott

compilatu e C on an unloading / loading sequence with the crack icanth ai. The rotnpliance,i 3

t c , slope (AS/All of the load line displacement vers s load record obtained during the un-
'

loading /lo;iding sequence. is niven by

bIIII
ll - (ll t,;cc !!? . Iy

.

'

and
,

at/ W < l .000190 4.OhlilD(|JLt.1 4 11 212(UtAl2 - l OH.013(U ti)3

+ 46 l.335(liti)4 650 677(Ut t )U (C-21
,

f ,
, k h - g' . .

* 4

(!! < ll )2/li, aint W h spechnen width.as 11 N

Both tolation and tuoduhis correrunns air applied in the cornpliance data. The inodu-
ins coirection -5 is m.ed to at rount lot the inieertatuties in testing i.e., in the values of ini-C -

tial rinck length deterstiine by compliaure atul incasuted optically. The cliertive modulus !

10M ls determined lioin

1 W4 a
l'c pgg- )I /2 fla,-/W) (C-3),

,

and

1(a /W) x 2.163 + 12.219(no/W1 20.0GSla /W12 0.9925(a /W)3c n o

20 nouta /Wl' 9 9314(a /W)5 .(C- 4 )4 o o

where Co is initial compliance.11e is r!!ccitve specimen thickness, and an is the intital
physical crack st/c incasuted opttrally,

C '2
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To account for crack opening displacement in CT specimen, the crack size should be
cortreted for rotation.C-6 The corrected compliance is calculated from '

0 - Sin-1 |( ,[ + D)/(D2 + R2 1/2] - tan-1 ( ) (C- 5)3

i

and
4

Cc& Cm/|( Sino - Coso)( Sino - Coso)) (C-0)
i

3 where Cc and Cm are the corrected and measured clastic compliance at the load line, li' is
inillal half span of load points (i.e., center of pinholes), R is radius of rotation of crack een-
terline (=(W4a)/2), a is the updated crack length, D is one-half of the tuittal distance be-'

tween the displacement points (i.e. half gauge length), dm is total measured load line dis-
placement and 9 is the angle of rotation of a rigid body element about the unbroken mid-
section line.

The J value is calculated at any point on the load versus load-line displacement record
using the relationship

J a dej + Jpi (C-7)

where del is the clastic component of J and Jpi is the plastic component of J. For a CT
specimen, at a point cortesponding to the coordinates P and 6 on the specimen load ver-i

is (ao + A.i). the deformation J is given bysus load-line displacement record and at i

J nit = (K )2 (1-v2)/Ee + J yg (C-8)t i p

where from ASTM method E 309:

K = (P /(llll Wr)II2) f(Di/W) (C-9)-i i N

wit h

fla /Wi u [2 + (ai/Wll 10.880 4 4.01(ai / W) 13.32(ai/W)2 + 14.72(ai/W)3s

S.6(at/W)41/ll - (ai/Wil3/2 (C-10)
-

'

and:

J t!O = IJ ith.1) + (h ) ID) ll ( )(at - ai_ )) (C-11)P -p p

,

where u is poisson's ratio, b is the uneracked ligament. A t is the plastic component of thep

area under the load versus load-line displaecment record, and n a factor that accounts for
the teostle component of the load as given by

th = 2 + 0.522b /W. ' (C- 12)i

C-3
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, ,

;

and y a factor that acetnints tot liinited crack growth as given by |
i

yi = 1 4 0.7Uh /W. (C - 13)i

The tuodified J values (Jul ate calculated hom the relationships (froin 1(el. C-7)
|

JMio * Jolo + oJi (C - 14)

where i

!
r

% '

AJ * AJ r 1 4 l IJcHO I"' "'' I I IC ' I bI '

bg

l
According to ASTM bpectileation 1: libs H7, the J r l< curves ate valld 'anly for crack ;

t

growth up 10-10% of the Inillal unetacked ligatucht Also, they show a dependcHee on
,Ispecimen slee. The JwH curves have been denionsttated to he indepetalent of spechnen

site anal yleid valid results les langer rack growth. ;

Data Qualification i

The various validity critet ta specified in ASTM Speelheation E H13-85 for d e and tili

; ASTM Speellication E IIS2 87 foi J H culve, weie used to quality the tesults train each ,
'

test. The various calleita turhule maximutu vah cs of crat k extenskut and J-integral; hintts
fut inillal uneracked hg;unent, rHertive elastle tuodulus, aiul optically measuted phyalcal-4

; crack length; atul spacing of J Aa data points. The m ritteria (f rom Ref. C-8) was also used
to ensure that a region of J dominance exists.

For the ptesent investigallott, m o' t of the unaged n short-tesm-aged speelniens |
yichied luvalid d e values because of the telatively high toughness of the innterial. The sea- pi

sons for the discarpancies ate data-pmut spacing, shape of the final etack front, at st/c of '

the uneracked ligament. In general, the si/c of the uneracked ligament or the specitneti
thtekness was inadequate for the unaged or short-tenn-aged specimens because of the seb
alively high toughness of the material. The Jnm titutt for the J-vvAa data was ignoted til
inost tests to obtain a good power -law ht of the test data.

The shape of the crack tront was also very litegular hir most cast stainless 8tects. This
may he attilhuted to the coarse grain structure of the casting and dilleiences in ferrite i

snorphology. Cast stainless steels wil|: large cohnunar grains, in partteular, showed signift- |
catit vattalion in esack length along the width of a speelmen. l'ulthettnore, the crack tront
always had a leading etack near the edges of the specimen. The neat-surface nicasure-
tuents of the hnal physical enack length were oficu >d 1.02 nun, the maxtonnu value allowed
for data qualitication..

The fracture suilaers of ten showed uneracked ridges or ligainenti, along the disertton
of crack extension, The uneracked ligaments add significant citos to the estimation of
crack length by coinpliance. Therelote, the dtiletence between the crack extension pie-
dicted from clastic compliatice and the average measured physical cinck extension is anote
than the nuwimum s ahic allowed by ASTM E 1162.

C "1
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I

All tests showed significant load relaxation during the unloading / reloading cycle for
estiinating the crack length by clastic rotupliance. All unloadings were 25% of the load. ;,

j The load at the end of the unloading / reloading eyele is always lower than it was at the stait |
of the unloading cycle. The diderence is appreciable for the rooin temperature test,

*Therefore, the taillal 20-30% of the unloading curve was ignored in estiinating the crack
1ength.
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Table C-3. Deformation Jac and J-H curve resultsfor specimen 11S438 |
.

Test Nurnber :0076 Test Temp. ; 200'C

Material Type : CF-3 Ileat Nurnber . I
Aging Temp. 320'C Aging Tirne 30.000 h.

Spec. Thickness . 25.35 mru Net Thickness 20.31 rum
; Spec Width 50.83 nun Flow Stress 309.50 MPa :

*

Modulus E ,176.59 GPa (Effective)
Modulus E ' 180.00 GPa (Nominal) :

!Init. Crack : 28.7750 mm Init. a/w 0.56G1 (Measured)-

Final Crack . 40,2031 mm Final a/w : 0.7909 (Measured) :
,

Final Crack . 39.2841 nun Final a/w 0.7728 (Compliance) |
-

Linear fit J = U+M(Aa)
Intercep; O 195.479 kJ/m2 Slope M : 188.31 kJ/m2mm
Fil Coeff. R .0.9623 (8 Data Points)-
Jc : 230.5 h1/m2 (1316.3 in.-lb/in.2) :i

Aa (Jlc) . O. I86 nun (0.0073 in) ;

(J c at 0.15)T average 347.1 i

Power-Law Fit J = C(Aa)n
Coeft C 394.23 kJ/m2 Exponent n : 0.4938
Fit Coeff. R 0.9683 (8 Data Points)
J c(0.20) 251.8 kJ/rn2 (1437.9 in.-lb/in.2)i

Aa (Jic) * 0.403 nun (0.0159 in)
(J c at 0.20)T average : 343.8 i

J c(0.15) 230.0 kJ/m2 (1313.3 in.-lb/in.2)i

Aa (Jiel 0.330 mm (0.0132 in)
(J c at 0.15)T average 351.4 i

Kje 310.8 MPa-mOS

J c Valldity & Data Qualification (E 813-85)i
Jmax allowed 4S5.13 kJ/m2 (Jmaeboor/15)
Data Limit Jmax Ignored
Aa (max) allowed - 1.942 mm lat 1.5 exclusion line)
Data Limit 1.5 Exclusion line
Data Points Zone A = 4 Zone U = 2
Data polth spdchig .OK
bnet and bo te :OK ;

dd/da at Jlc :OK
at Measurement Near-surface outside limit
'nitial crack shape :OK

I Crack size estimate - Inadequate (by cornpliance)
E Effective :OK
J c Estimate INVALIDi

J-H Curve Valldity & Data Qualification (E 1152-80)
Jmax allowed : 314.33 kJ/m2 (Jmarbnetof/20)
Aa (max) allowed 2.206 mm ( Aa = 0. l * bol i

Aa (max) allowed . 4.569 mm (to = 5)
Data Points : Zone A = 9 Zone U r 6
Data point spacing inadequate
J-R Curve Data INVALID ;

i

C-13
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Tal>le C--4. Altul(fled Jac und J-Il cune results,lte st>ecliners 11S 08

! Linear Fit J = 114 M(Aa)
! Intercept 11 183.374 kJ/in2 Slope M 218.HH 1:J/in ntn2

,

rit Coeff, R O082'i (9 Data Points) ,

Jte 222 8 kJ/in2 (1272.0 in.-lb/in.2) i

Aa (J c) 0.180 Intri 10.0071 in) ii

T average . 403.S (J e at 0.15)t

Power-Law Fit Jm C(Aa)n
Corfl. C 414.79 kJ/in2 10xpnnent n .0.5489
Fit Coeft. H ,0,3808 (9 Data Points)
Jief 0.20) : 252.1 kJ/in2 (1439.5 in.-ll>/in.2)
Aa (J c) 0.404 nun (0.0159 in)i

T average 400.1 (J c at 0.20) |i

Jgc(0.15) 220.0 kJ/nt2 (1295.9 in.-lb/in.2)
Aa (Jac) 0.333 inni (0.0131 tri)
T avetitge 408.1 (Jte at 0.15)
ige 320 H Muminon ;

;
E

Crack Extension, Aa (in.)
0.0 0.1 0.2 0.3

3000 4-++ +- r+++ - + --- 4 -4 - +-} -+++ +
Heat I CF-3 s .aos -c 1 000 nr Static Cast shoc, men n s-oa c

E Pump Impeller Aged 30.000 h at 3NC ]
.

7 290"C 7,.:m* 2000--
* o C
7

~ JD ^ 10000 C3^ JM J y43 Curvo 4
3 5C ^ *.9 \

5 3^(-
- -ca

.9
3- o 4"'5* _-:^ ^ - "'

$4 6 p,gTo A~'*Za
EE 1000 ,

g N ~ -5000 _E
'

i
,

'E 4 o

d*j re
J -IlCurvo ya D

O
t4 !; ; i 1: -+-4 > ; Ff00 +

0 2 4 6 0 10

Crack Extension, Aa (mm)

11gnie C-2. Deforttuallots avut snodilled J-R curtes at 200*C.[or llent I aged
30.000 lt at :120'C.
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Crack Extension Aa (in.),

0.00 0.05 0.10 0.15 i

|1500 ' ! ! | :----
;

t
i Heat I CF-3 8000 ,_,,

n 1250- -Static Cast "d
^

5 Pump impeller g
2 200*c - 6000 7

i
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,,.5g 3 h 4000 e

cu // . p N ,o
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E / /,V / 6 =20% 2000 g
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cQ -' 4 .

j/ Specimen 115-08 y'
,'

7 Aged 30.000 h et 320 C+,

O 1h-+ L . '. - H 0
0 1 2 3 4 5
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naure c-:s. t>vtonnatwn ,1 c at uwcjur itvot i anvil 30.000 In at :s20'c,1

Crack Extension aa (in.)
0.00 0.05 0.10 0.15

15001- -= | --i |

Heat I CF-3 8000
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-

- n
Pump impeller

-

-6000 *E

- da

,$
" ~

290*C o -

1000- J = 183 37 + 218 88Aa '

o y '- ~
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o li x
dy' S '

-
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7
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J
~h750-

x 4000 7u
$
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d.o ./ 3 f
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Crack Extension, Aa (mm)
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Table C-G. Deptrnallon J c amt J-R curte resultsfor specimen V2il-12t,

i Test Nornber 0058 Test Tensp. 200"C
Material 'lype : CF-3 Ifcal Nutuber . P2
Aging Tennp. 350*C Aging Time : 30.000 h ,

Spee. Thickness 25.30 inm Net Thickness 20.30 ruin '

Spec. Width 50.78 min Flow Stress 292.10 MPa ,

Mrdishis E 186.82 GPa (Effective)
*Modulus E 180.00 GPa (Nominal)

Init. Crack 28.8625 mm init. a/w . 0.5684 (Measured!-

Final Crack 34 A375 mm Final a/w 0.6782 (Measured).

Final Crack : 33.0979 inin Final a/w : 0.66a7 (Compliance)-

Lincur Fit Jm U+M(Aa)
Int ercept ' il 320A99 L1/in2 Slope M : 483AG kJ/m2 min

'
Fit Cocif. R O.9763 (15 Data Points)
Jic : E57.0 kJ/in2 (3180.3 in.-lb/in.2)
Aa (Jic) OA77 nun (0.0188 in)
T average 1058.6 (J:c at 0.15)

: Power-Law Fit J = C(Aaln
! Coelf. C 796.53 kJ/nj2 Exponent n 0.7260-

Fit Coeff. P * 0.9770 (15 Data Points)
Jic(0.20) : 650.7 kJ/in2 (3715.9 tucib/in.2)
Aa (Jic) 0.757 nun (0.0298 in)
T average 1078A (J c at 0.20)i

J c(0.15) 580.6 kJ/m2 (3315.5 incib/in.2)t

; Aa (Jic) 0.617 imn (0.0255 in)
T average 1090,0 (Jic at 0.15).

Kjr 570.2 MPa m 50

J c Validity & Data gualification (E 813-85)i
Jnmx allowed 426.71 kJ/in? (J nW x = boor /15) .
Data 1.lunt : Jnm4 Ignored4

Aa (max) allowed 3 021 nun (at 1.5 exclusion line)
Data Limit 1.5 Exclusion line
Data points Zone A = 0 Zone 11 = 3
Data point spacing :OK
bnet or bo st/c limdequate
dJ/da at die :OK
Initial crack shape :OK

' Final crack shape :OK
Crack size estirnate Inadequate (by compliance)
E Effective :OK
d c Estimate INVALIDi

J-R Curve Valldity & Data Qualification (E 1152-80)
Jnmx allowed . 200AH kJ/m2 (Jnmxubnhor/20)
Aa (max) allowed : 2.101 mm (Aa=0 l*bo)
Aa (max) allowed . 6A37 nun (m=5)
Data Points Zone A = 35 Zone 13 = 0
Data point spacing inadequate ,

J-R Curve Data INVAl.!D

C-17
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Tah!e C- 7. Mattilal Jac atul J-il cut (c resulty Jor specunen P2n i2;
,

,

Llucar Fit J = H+M(Aa)
Intercept 11 307.792 lal/in2 Slope M 534.10 kJ/in2:nin ,

Pat Coelf. It 0.9819 (16 Data Points) ,

dic . 567.0 lel/ni2 (3% A in !b/In.2) !
Aa (Ju ) O A 8S intu (0.0191 in)
T nyerage 1 I CH A (Jic at 0.15)

Power-Law Fit J = C(Aa)88
Coeff. C 824.76 kJ/in2 luponent n t0.7678
Fit Coell. It 0.98h3 (16 Data Points)
Jtc(0.20) : 6HG.7 kJ/in2 (3921.1 in. -Ibfin?)
Aa (Jir) 0.788 inin 10.0310 ini

; T average 1192A (Jtc at 0.20) .

','

Jjc(0,15) : 001.8 k.1/in2 (34S3 A incib/in,2)
Aa (Jjc) 0,00H unn (0,0203 in)

T average 120.L S (Jir at 0.15)
Kp- 610.5 M Pa-lu" 5

Crack Extension, Aa (in.)
0.0 0.1 0.2 0.3

5000- ! | | '+ |
'

> 1

p Heat P2 CF-3
Centrifugally Cast Pipe

4000 200=C
o JD Jy R Curvo 1 ~ 20000 g-

Ju x^ ^

"E 0000~ ' 's E- ' '
-

% D.k h-

u e s r.
y 2000- fo o" \

Jodl Curv 10000,

. rA *">

1000 6c * 13%
Specimen P2B-12

"f. J Aged 30,000 h at 350"C,

0 t -+ -f +++- - +-t+-4 +-H --- 0
0 2 4 6 8 10

Crack Extension, aa (mm)
-|

Vi(lute C-"b. Th:fonnallotl athl tuolifimi J R Curles al 2OO'C]or lirat P2 nyni
|

30.000 la at 350L }
!

C 18
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Crack Extension Aa (in.) ,

0.00 0.05 0.10 0.15,

I
. ,

3000- '! !- -+-* i .

Heat P2 CF-3 :
15000a_N 2500 Contrifugally Cast Pipe ,, d i

^

,

.E 290~C ,/ f// ,,

m - .

#,2000 - J -326 50 4 483 40Aa - o d''
,

f<N.-M o '
7 10000 C-jj N s

; ' I

.o 1500 i 'e,

n .&, A J = 796 b3(Ta)o 726
,

- -I '
. c

& // ' o

51000- 'S '

;$gb|6
// - 5000 E :o

T> / bc " ' ''* 5 '

O 500 p if ' specimen P20-12 Ii '

O/ Agtx130,000 h at 350"Cc

b ~4 +i +-++ " + +4 - 4-i ++-+ ~-i ++-+ n 0O

.0 1 2 3 4 5 '

Crack Extension, da (mm)

nonce c-a. netonnanon ,1,c at unirc. tor ucat 1>2 unca 30.000 h at ano"c,

,

Crack Extension Aa (in.) !

0.00 0.05 0.10 0.15
3000 -+-+ +- W ~+-4-+d~ ~ +-+- -f- H+++--'

Heat P2 CF-3 /

2500 Centrifugally Cast Pipe ,/ 15000 _, c
N 290'C d '

E J - 307 79 4 53410Aa ',cy e,
....

9 2000- . '.
's% 4 '/o

N -Q'

x ,' N. T
M/ J = 824 76(Aa)0.7a 00 yQ '

,

1500
, '; G,~# ,# ,'-

-,'V
- ,,

c) '

c - M,,a V
'

E 1000- 'd! $'

o / 5000 -u, f,(wh-

4 -

6' x. 13 % o '

500 2
. Speamen P28-12

~

<[ Aged 30.000 h at 350'O-

' ' -f ; l; 70O i ~~; ,

0 1 2 3 4 5
,

Crack Extension, aa (mm)

.

nyure C- 7. hh.dtlied J;c at 200"C.lvr llcall'2 ancel 30.000 h at 350'C.

t

.
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: Table C H. Test (lata jos sperunt'n Gill-07T
1 !

| Test Ntatubet- OOT/ Trst Tenip. 2tMl'C

j Mat et tal 'lype :O 3 lirat Ntonber 69
i

; Aglilg Tel:1p. 320'C Ar, lug Tilne 30,(Xiu h

Sper. 7hness 2hlib nuti Net Thichtless 20.21 1.nl*

Spec. Wulth 50 75 inni l' low Sitew 295.40 MPa ;,

1
-

1 i

j tinlinut Jd ,f h3 I"4nt 1)c tlet tlun fm
2 7Numbo lu/m) tu/nM hund (kN) (nun)

.

A

kNh 1 |Uh kh ! - h
4 2 :2 'il 42 ou O1021 10486 0(ou

3 74 OH 7.l !A 0 0316 21 blH O 18 41

6 IslH HH lon !4. O Os u) 2/ 9 (G 121 M ,

i % 144 28 14hl7 02//5 '28.179 8[de
j 6 192 16 1kt 1:t 0 2N r2 25 050 1.H 10

7 22 i so vn ni o inni 2n 8s9 zu2
! M 2(0 11 262h5 03111 26 401 2 409
| 9 :ku o/ 302 28 o1361 26 925 2 704

io uo 2s 3i7 is on27o 27 mn Son;
; i1 38140 |th7 't I o tinn 27 8't2 3 al| ,

! 12 42il V I 1:11 13 06702 2h 14'8 1.016 >

13 45u ;t2 47703 09214 28 31:1 3 910 r,

| 14 f o2 10 !al :t2 09:01 2h 4 41 4 213 ,

; th Ytl .20 54 eu n 1 Atou 2H 551 4 51 | !

j 16 $78 /3 011 04 1.39H0 2M 551 4 H 12 .

'

17 611.10 001:15 1.77/3 2Cill 5_117
| !H tan 91 701 12 1760u 2H 2S5 5 411 '

{ 10 a wi in 7r.2 57 2,1214 VH 166 h70H
| 20 729 ou 70s 67 2 2i.68 27MGl h(09

'l l 7Gi n/ MM 3 t '/ 74 2H 2 / Sil 6 3SHi

22 790 9, 9tw16 :t 21u'l 27 011 6 705i-

! 23. K1h !l 067 72 'l 2till 26 fil H 7,109

: n sa ai un? 07 a7mv 25 wo uc7 ;
I 15 4^t7 21 11o7 45 4 0H3/ 24 608 M.(07 !

26 071 42 1 luu 20 19119 2.4575 H(U0
i 27 101,621 12W,05 5 hnl 2/ 7W. O ?!1

28 1n1417 1372 H2 61402 21.2t o u hli
I N 1102 97 1 in/ Hi n6118 19 96.1 10 We
! :s i I13-8 73 1!41.21 7.317I IN 73H ll.211
{ :ll l 17G 72 16S'; 41 7 H212 17 NOH l1,013 i
'

:12 120.l f o 1747.9*i h 41:17 14 747 12 613 |

| 31 12n t..I i h1180 h9151 1519n 13 311 . [
: m mo in iom n onron u 378 i4 oii

4 as 12v, so t o< m 3n to 207o Izotu 147 1
- ...m,_.-_.._._..

$

|

!

f
f

s

i

!

!.
!

1

1

!
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!
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'Table C-U. De[orniation J c arid J R curre resnits.for specimen 691-07T1;

i !

Test Nurnber : 0072 Test Tennp. : 290'C
Material Type :CF-3 lleat Nunnber : 69
Agirig Ternp. ; 320;C Aging Titne : 30.000 h ,

Spec. Thickness . 25.35 inin Net Thickness . 20.21 stun
Spec. Width 50.75 snin Flow Stress * 295.40 MPa
Modulus E * 181.08 GPa (Effective)

j Modtilus E 180.00 GPa (Norninal)
liitt. Crack 28.9781 intn init. a/w 0.5710 (Measured)
Final Crack 40.3031 inin Filial a/w . 0.7941 (Measured)
Final Crack 30.2751 inin Final a/w ' O.7738 (Compliance)

Linear Fit J = 11+M(Aa)
Intercept H . 301.091 kJ/tn2 Slope M .185.70 kJ/in2rntn
Fit Coeff. R O.9628 (7 Data Points)
Je : 357,3 kJ/m2 (2010.0 in.-lb/in.2)>

i

Aa (Jic) 0.302 mm (0.0119 in)
T average , 385.5 (J c at 0.15)i

Power-Law Fit . J = C( Aa)"
Coeff. C 492.89 kJ/m2 Exponent n ' O.4101
Fit Coeff. R 0.9630 (7 Data Points)
Jic(0.20) : 37G.5 kJ/tn2 (2149.7 in.-lb/in.2)

! Aa (Jic) . 0.519 nun (0.0201 in)
T average 375.1 (J c at 0.20)i ,

Jjelo.15) 355.4 kJ/m2 (2029.5 in.--lb/in 2)
Aa (J c) * 0.4 51 m n t (0.0177 in)i
T average . 383.5 (J c at 0,15)
Hje 340.6 MPa-in 50

,

Jac Validity & Data Qualification (E 813-85)
J uan allowed . 428,82 kJ/m2 (Jnun=bool/15)i
Data Limit : Jmax Igtiored
Aa (max) allowed 2.001 min (at 1.5 exclusion line)
Data Limit 1.5 Exclusion line
Data Pollits . Zone A = 1 Zone il = 2
Data point spacitig :OK
bnet or bo size inadequate
dJ/da at dic :OK
Initial crack sbape :OK
Final crack shape :OK
Crack size estimate inadequate (by compliance)
E EITecttve :OK
Jie Estimate INVALID *

J-R Curve Valldity & Data Qualification (E 1152-86)
| Jmax allowed 298.52 kJ/m2 (Jmin = bneto f/ 20)
| Aa (max) allowed 2.177 mm ( Aa=0. I'bo)

Aa (inax) allowed 3.850 unn (w = 5)
Data Points Zone A = 13 Zone 11 = 0
Data point spacing inadequate
J-R Cutte Data INVALID

,

C-21
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Table C-- 10. Motl(fleet ,l c attel si li cur t s resultsfor specittu*ts 6!bi 071'i

1 1.incar Fit J = ll+ M(Aa) ;

intercept 11 2H9.027 kJ/in? Slope M 218 55 kJ/su2niin
Fil ~'orfl. !( 09820 (H 1)ata l'ottits)
Jic :151.6 kJ/in2 (2024.0 in -lb/in 7)

,

4

Au (J c) 0 300 ruin (O 01la lii) '
i

T avetage 4 S3.D (Jie at 0.15)
.

Power-1,aw Fit J = C( An)" '

Coell. C B 14.35 lul/in? lhponent n O.4752
'fit Cocl~l.14 0.978M (81)ati Points)

J te|0.20) 370.5 k.1/m2 12149.9 (11.-lb/in.2)
Aa (J;c) 0.519 inin (0.0204 1i)

' T average l!i3.1 (Jie at 0.20)
d r(0, I b) ; 350 H kJ/in2 - (2003.0 1:1, lb/ tti.2) >

i'
Aa (Jg.) Osl47 inin (0.0170 in)
T uvetage 462.1 (J;c al 0,15)

,

Kp .161.9 Ml'a ino f'

Crack Extension, Aa (In.)
O.0 0.1 0.2 0.3'

3000- ++ -4-+ 4 1-- H : } ?-+ :-
' ' *

Heat 69 CF-3 6 -?1%e
' M000Static Cast Slab specimon 691471

290*C Agod 30,000 h at 3?O'C
o JD ~

'

2000' ^ Ju a N,~
N ^ c,

E Ju-nenrw
^ 10000 e3

3 .os

J N A -
-

x 9a - l,
, A '4 . . o o .. e c- - -

~3 A _ ..o o g-
::'

;

^e.1_o-Q ,1000 j

g\A
JD -II Curve -

o .% ., +.4.. 4_##s.. q .y_ r,p.++- o
0 2 4 6 8 10

Crack Extension, aa (mm)

1%p tre C -H.. Ih|forstuttion tittti Intnl(flett il 14 rurav's tal 3tlOT_Jor llent G!) n!Icti
30.00018 at 320T

l
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Crack Extension Aa (in.)
0.00 0.05 0.10 0.15

15 0 0 ' - + -+-4 -4 H--+---+-4 i 4-+~

Heat 69 CF-3 - 8000 _
^

" 1250- -Static Cast Slab "dE 290 c :-

j. -6000* '

*1000 ,;

%.o J1 '__
'o ex' s ..j j

. 6q.jF'" #x '
-o 750- / /

x 4000 em
N O* / / s'M /

J 492 89(Aa)0 410 E
-

5 500- # ' / o /
s

.9 b y' 5 -

'
o .g/, p / S - 21 % 2000

c oO
250- j (a

-
,

.' Spoomen 691-071 y
/ / Aged 30.000 h at 320'Cr

0 M "-++ + m 4 --~ ~-t-+ 0*++4 --

0 1 2 3 4 5

Crack Extension, Aa (mm)

n ure c-o. Octortnativa ,1;c at 200 cfor sient av aned 30.000 it at 320 c.u

Crack Extension Aa (in.)
0.00 0.05 0.10 0.15

1500~' - ' H-+-~~----+-4+--4-+-+-
Heat 69 CF-3 8000

1250-- Static Cast Slab -
^ C. "

N 290'C -

o EE a 289 03 218 5ssa - t6000 -o -,~ 1000- a y- Bs
x 1 . u-g |

'

, j j ;>p --- r g-

7 750- 0"''
~

E ,/ '
s - 514.35(Ta)0 475

^A000 '
,

;;- s/
. c

15 500-- '/ $' '

o
f{ if g/

2 , 5 21 s 2000 og ',4
- 2250-

? ', Specimen 691-07T
,

h 'O7 '
Aged 30.000 h at 320'C

0 M ~ -- * - - 4- -,-+-4 - ~~ +-4--4 0
0 1 2 3 4 5

Crack Extension, Aa (mm)

l'tuute C'lo. Alodified t]te at 200'C Jot lleat GO aged 30.000 It at 320 C.
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Tethic C II. 'leM data for sIntinu n MIR'T ;

i

i TPSt NtlHilJet OOb7 TrSt TrtnI), . 2OOT I

r
i
, Matet tal ~l)">c : CI' 3 lirat Niittilier - 69 r

! Aging Tenty 350'C Agirig Titne IOJX)O li

|
Sper Tliiekness 25 2 itutu Net Tiilekness 20.29 intu

| Spec. Width 50.7H intu - I' low Stiess 294.80 MI'a
;

I

| t!nimal Jd Jm h Imul I k ilert t<m
j Numtwr (kJ/m ) (kJ / m ) !mm) (kN) Imm) |2 2

J-i

i 1 2091 2016 0 0217 17 770 0370
2 3!4 29 at 'M 0 0053 20.035 0,5Mi

i 3 nl m ta 20 01714 22 007 U. filu
4 02 n/ 92 77 0 0670 2:lR W ) 1.050'

,

5 122 24 12141 0 23rJ4 24.75H l'WIS
n 15:143 l Y104 0.1002 25(.67 1,551' ,

'

' 7 lb) 51 t hM 21 047M 2fi471 IJio l
H 217.51 220 09 015f n 27 144 2 050:

0 251 45 2r.G 65 O S4( O 27 HO:t 2JWi7 I
|

lo ?H3 75 24101 ON335 2H 393 2 557

f 11 323 40 inh 7 0 89< 6 2H403 2141
i, 12 ;GS on 3u.31 08936 2'l130 3 (w o

| 13 387.4n 40%25 1 2242 29 406 3 307
1 14 126 79 141.S7 1,102H 29 6nn 3 560
j 1% ab2 49 lH1 fr2 1 2h 12 2H bb t 3 807
; 16 496 40 '.21 2 G 14577 at70s 4 (W O
4 17 G10.o l 559 91 1 Glm 29 bud 4K 'H

*

i 18 5Nu f.H uin 47 1.9377 29 475 a fdi2
1 lu 347 47 t i'4 7 ]P 14 4)h 1 29 446'l NDH

20 h24 31 070=bb 2 31 H 1 2't l H3 LMil
j
; 21 650 7G 7iH BH 2 4059 2H 6H7 *22
i 22 Na 70 7eo HI 2 4217 2H :07 .577 -

23 714 51 79%17 2 9002 2H 114 .fil 1 !'

24 /:1946 h35 55 ;12196 27 N3I o 05H
;

25 775 | 1 hH2 60 3 4 5'W1 27 403 6 362 ,,

i 26 Hon 62 ins 38 3 84m 207b6 0 711 r

27 H51 41 toe 53 4 tent 20 013 7,10H'

28 89721 1077 OH 4 UHio 25251 7000
j 'E l 93H 70 11D2 1G 5 20!4. 21,107 ftION
. 30 HHN39 1241 bl 57972 22h"1 870H.
! 31 1016 n n 13/8ta 0.5177 21 eM5 0313

| 32 1049 12 14m W 71117 111735 U ni t t

; :n lOGM 91 14Ho 32 7 8014 IH 481 10 511
:O 107902 1 hui 4 3 N 5220 16 056 11,i1l

,

:n 1101.h9 1017.16 90277 15 7"4 11.711
j

36 1112.91 170027 isn20H 14 HO2 12 313
,

4 37 1135H:1 178958 IO.th1H 1 *l 74M 13 00H -

1
i
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!
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i
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Table C 12. Ik:forniattuts J c atul J-R curse results for sir men 691-02TI

Test Number 0057 Test Temp. : 290'C
Material Type : CF-3 ileat Nuniber ; 69

Aging Ternp. :350'C Aging Time .10.000 h
Spec. Thickness 25.34 nun Net Thickness : 20.29 rnm
Spee. Width 50.78 uun Flow Stress - 291.80 MPa |

| Modulus E : 182.03 GPa (Effect tvel
Modulus U * 180.00 GPa (Nominal)
Init, Crack 28.5250 :ntu init. a/w . 0.5617 (Measured)
I'inal Crack 39.5938 mm Final a/w * O.7797 (Measured)
Final Crack . 38.6888 inm Final a/w . O,7019 (Compliance)

! Linear Fit J = IhM(Aa)
Intercept 11 91.202 kl/m2 Slope M 202.92 kJ/m2m:n
Fh Coeff. H 0.9785 (13 Data Points)
Jc 121,3 kJ/m? (692.7 in.-lb/in 2)f

Aa (Jtc) : 0;103 imn (0.0041 ini
T average 550.7 (Jjc at 0.15)

Power-Law Fit J = C(Aa)n
Coeff C 362.50 kJ/m2 Exponent n 0.7559
Fit Coeft R O.9808- (13 Data Points)
J cIO.20) 158A kJ/m2 (904.4 in.-lb/in 2)i

Aa (Jic) . O.334 mm (0.0132 in)
; T average 5G 1.5 (Jrc at 0.201

Jjc(0.15) 131.0 kJ/m2 (751.3 in.-lb/in.2)
Aa (J c) 0.202 nun (0.0103 in)i

T average 507.8 (J c at 0.15)i' Kjr 335.3 MPa-in03

J c Validity & Data gualification (E 813-8F)i '

Jmax allowed 437.42 kJ/m2 (J rnax =b,,o r/151
Data LI: nit : Jam ignored
Aa (max) a!! owed 2.024 inm (at 1.5 exclusion line)
Data Limtl 1.5 Exclusion line
Data Points Zone A = 3 Zone il = 4
Data point spacing :OK
bnet and bo st/c :OK,

dJ/da at J c :OKl

!nfllal crack shape :OK
Final crack shai.e :OK
Crack stre estimate Inadequate (by compliance)
E Effective :OK
Jie Estimate INVALID

J-R Curve Validity & Data Qualification (E 1152-86)
Jmm allowed : 299.10 kJ/m2 (Jmm'h,etal/20)
Aa (max) allowed 2.226 nun (Aa u O.1 * bol
Au (inax) allowed 0.669 min (w=5)
Data Points ; Zone A = 9 Zone D = 10
Data point spacing :OK

,

J-H Cuive Data INVALID

,

*C-25
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Table C-13. Modtfied Jic and J-R curte resultsfor spechnen 69) 02T

Linear Fit J = B+M(aa)
Intercept B : 83.518 kJ/m2 Slope M : 288.11 kJ/m2mm
rit C oetT. R .0,9831 (13 Data Points)
JC . I 10.5 kJ/m2 (631.1 in.-lb/in.2)
Aa (J c) . 0.094 mm (O.OG 17 in)l

(J c at 0.15)T average 603.5 i

Power-Law Fit J = C(Aala
CoelT.C : 376.76 kJ/m2 Exponent n 0.7893
Fit CoelT. R O.9835 (a Data Points)
Jir(0.20) 158.8 kJ/m2 (906.8 in.-lb/in 2)
M (Jic) 0.335 mm (0.0132 in)
T average 608.6 (Jte at 0.20)
Jtc(0.15) 130.3 kJ/m2 (744.1 in.-lb/in 2)
aa (J c) 0.261 mm (0.0103 i ' '

i

T average 614.5 (JIc at 0.15)
Kjc 348.8 MPa m05

Crack Extension, Aa (in.)
0.0 0.1 0.2 0.3

3000' ! i
"

, , ,

E Heat 69 CF-3 S -21%c
15000

- Static Cast Slab Specimen 691--02T
- 290*C Aged 10,000 h at 350 C,__
__o Jo

Jy J y-H Curve ,- /_. N..2000_ ^m

"E - \,. j1MM^7__
4

,' _[

ox
~ k'D M o O1000--

Me {f;h o -- 5000o
b J -R Curve -~

j D
.- .-

z
A.e -! H- -O

'

0 >-e , i

3 2 4 6 8 10

Crack Extension, na (mm)

Figure C-11. Deforrnation and inodllied &, :urnes at 200*Cfor lleat 69 aged
10. '00 h at 350'C.
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Crack Extension Aa (in.)
0.00 0.05 0.10 0.15'

- + - 4 ' 4-H1500 ' : |
-

'
-

' *
.-- .

r ~
-8000 _.Heat 69 CF-3

-

~ 1250 -Static Cast Slab "d
,E j290=c f' g'

7 J = 94.26 + 262.90aa / - -6000
.

Id 1000- f.

g,A o: 2 -

4,o 750--- f f f \ - - 4000
J = 362.56(Aa)0.750 gE ##

5 500- - // / m
/ Eo / / A'5 ,f / 8 / S = 21% - - 2000 5c

0 dp / S ocimen 691-02T y
,

g Aged 10.000 h at 350(C _'

0-}9 > > > | H4 - -i bi ;-f ; ,0> >

0 1 2 3 4 5
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Figure C-12. Ikfonnation Jic at 290'Cfor llent 69 aged 10.000 in at 350"C.
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Figure C-13. Modifled J c at 290'Cfor llent 69 aged 10.000 In at 350*C.t
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Defortnatiott J c and J-R cune resultsfor specimert 69NO3FTable C-15. I

Test Nurnber .0048 Test Temp. ; 290"C

Material Type : CF-3 _ lleat Number : 69 -
Aging Temp. : 350"C Aging Time : 30,000 h
Spec. Thickness 25.32 inm' Net Thickness . 20.20 nun
Spec. Width 50.80 mm Flow Stress : 323.30 MPa
Modulus E : 181.77 GPa (Effective)
Modulus E 180.00 GPa (Nominal)
Init. Crack 28 4406 mm init. a/w 0.5598 (Measured)
Final Crack - 39A719 tum Final a/w 0.7770 (Measured)
Final Crack 38.8203 mm Final a/w 0.7641 (Compliance)

i

Linear Fit. J = II+M(Aa) ,

Intercept H 154.075 lcJ/m2 Slope M 197.58 Al/m2 nun
Fit CoefL R 0.9778 (9 Data Points)
de : 181.9 kJ/ina (1038.5 in.-lb/in 2)i

Aa (Jic) 0.141 mm (0.0055 in.) ,

T average 343.0 (Jac at 0.15)

Power-Law Fit J = C(Aa)"
Coeff. C 365AG kJ/m2 Exponent n ' O.5447
Fit Coeff. R O.9704 (9 Data Points)
J c(0.20) : 210,3 kJ/m2 (1201.0 in.-lb/in 2)I

Aa (J c) 0.363 mm (0.0143 in.)i

T average 339.0 (Jic at 0.20)
Jgc(0.15) 188.1 kJ/m2 (1074.2 in.-lb/in.2)
Aa (J c) 0.295 mm (0.0116 in.)t

T average .340.0 (Jic at 0.15)
Kje - 307.0 MPa-m 50

Jic Validity & Data Qualification (E 813-85)
J na3 allowed * 481.96 kJ/m2 (J nia xi 1,oc[/15)i
Data Limit : J n.n ignoredi

Aa (max) allowed 1.901 mm b t 1.5 exclusion line)-
! Data fJmit 1.5 Exclusion-line

Data Points : Zone A = 4 Zone H = 3
Data point spacing :OK
bnet and bu stre ;OK
dd/r'' at Jic :OK
Initial crack shape .OK
Final crack shape :OK
Crack size estimate inadequate (by complidneel
E Effective :OK
J c Estimate INVALIDi

J-R Curve Valldity & Data Qualification (E 1152-86)
J,nu allowed E 57 kJ/m2 (a ,aebnetor/20)n

Aa (max) allowed Va6 nun ( Aa = 0. l * bo).

Aa (max) ah v ed 4.991 min (o> c 5)
Data Points . Zone A r 9 Zone B = 5
Data point spacing Inadequate
J-R Curve Data INVALID
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Table C-16; Mod { fled J1c and :)-R curve resultsfor specirnest G91-03T

Linear Fit J _ = U+M(Aa)
Intercept 11 14G 805 kJ/m2 Slope M 220.78 IkJ/m2 mm
Fit CoelT. R ,09828 (9 Data Points)
Jic 177.0 kJ/m2 (1010.9 in.-lb/in.2)
Aa (J;c) ' O.137 mm (0.0054 in,)

(J c at 0.15)T average , 383.9 i

Power-Law F;t J = C(Aa)n
CoelT. C 381.73 kJ/m2 Exponent n 0.5803
Fit Coell R ' O.9748 (9 Data Polttts)
J c(0.20) ' 212.5 kJ/tn2 (1213.2 in -lb/in,2)i

Aa (J c) , 0.361 m m (0,0143 in.)i

(J e at 0.20)T avetage 375.3 t

d c(0.15) 188.2 lcl/in2 (1G 74.5 in.-lb/in.2)i

Aa (Jac) 0.296 nun (0.0116 in.)
T average 382.5 (Jie at O 15)
Ky 318.9 MPa-mOl>

Crack Extension, Aa (in.)_
0.0 0.1 0,2 0,3

3000 "+ !,,,.- <
,

Heat 69 CF-3 6 a 2"ec

Static Cast Slab Specimon 691-03T --15000

290cC Aged 30.000 h at 350"C

2000- $ I N7-
3,

- -10000 E"E --

JtyR Curvo n>

s

N e>d - T,'
x

%J # %^ .5#

&o,
1000- - sj g g. - .

-

g o '
gjVDu N

- -5000
,j

/ _y.e J -R CurvoD

OU --t M d-+ ! 0>>

' 0 2 4- 6 8 10.

Crack Extension, da (mm) _

Flyure C-14. Delortnatton and Iriodified J-R curves at 290'Cfor lleat G9 aged
30,000 h at 350"C.
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Figure C-15, [k:formattort Jic at 2OO''Cfor '!::: 60 aged 30,000 h at 350*C.
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Figure C-16. Shxlilled sl c at 200"C for Heat 69 aged 30.000 h at 350"C.i
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Table C-18. Defortnanon Jtc and J-R curve resultsfor spectmen 697-01T

Test Number 0063 Test Temp. : 290'C
Material Typ CF-3 Ileat Number 69
Aging Temp. 400;C Aging Time : 10.000 h :
Spec. Thickness : 25.34 mm - Net. Thickness 20.30 mm
Spec. Width . 50.82 mm Flow Stress 336.60 MPa
Modulus E 179.80 GPa (Effective)
Modulus E 180.00 GPa (Nominal) -

Init. Crack 28,6719 mm Init, a/w : 0,5642 (Measured)
Final Crack 38 S344 mm Final a/w ' O.7642 (Measured) -
Final Crack 38.5845 mm Final a/w ' O.7593 (Compliance)

Linear Fit J = H+M(Aa)
Intercept B 126.178 kJ/m2 Slope M 162.35 kJ/m2mm
Fit Coeff. R -0.9670 (8 Data Points)
Jc 143.5 kJ/m2 (819.3 in.-Ib/in 2)i

Aa (Jic) 0.107 mm (0.0042 in)
T average 257.6 (d c at 0.15)i

Power-Law Fit J = C(Aa)n
= CoefT. C : 296.40 kJ/m2 Exponent n 0.5102
Fit CoefT. R : 0.9408 (8 Data Points)
Jic(0.20) 166M kJ/m2 (952;2 in.-lb/in.2)
Aa (Jic) 0.324 mm (0.0128 in)
T average 243.0 (J c at 0.20)i

J c(0.15) 149.3 kJ/m2 (852.8 in -lb/in.2)l
Aa (J c) , 0.261 mm (0.0103 in)l
T average 248.6 (J e at 0.15)t

Kjc 268. I MPa-mo5

J c Valldity & Data Qua!!!1 cation (E 813-85)i
Jmr.x allowed 496.89 kJ/m2 (Jmaeboor/15) ;

Data Limit :Jmas Ignored
Aa (max) allowed 1.797 mm (at 1.5 exclusion line)
Data Limit - 1.5 Exclusion line
Data Points Zone A = 3 Zone U = 2
Data point spacing :OK
bm.i. and bo size :OK
dd/da at d c :OKi
Initial crack shape :OK
Final crack shape :OK
Crack size estimate :OK (by compliance)
E Effective :OK
J c Estimate VALIDi

'J-R Curve Valldity & Data Qualification (E 1152-86)
Jmm allowed - : 341.68 kJ/m2 (Jma x =hncto f/ 20)
Aa (max) allowed 2.214 mm (Aa=0. l * bo)
Aa (max) allowed 4.705 mm (m = 5)
Data Points Zone A = 1 Zone B = 12
Data point spacing Inadequate
J-R Curve Data * INVALID
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' Table C-19. hicthfied J;c and J,R curve resultsfor specisnen G97-DIT

Linear Fit J = U+M( Aa)
2-lialercept il 121.389 lul/in2 Slope M

_

180.48 kJ/ni min
Fit Coeff. R 0.9737 (8 Data Points):

'

Jic ,140.2 kJ/in2 (800.5 in.-lb/in.2)
~

Aa (J c) O.104 titm (0.004 l In)-i

(J c at 0.15)T average 280 4 i ,

Power-Law Fit J = C(Aa)u
Coeff. C 309.87 kJ/nt2 Exponent n 0.5414-

Fit Coell H 09478 (8 Data Points)
J1c(0.20) 168.7 kJ/in2 (963.3 in.-lb/in.2)
Aa (J c) 0.325 nun (0.0128 in)i

T average 207.9 (Jic at 0.20)
J c(0.15) 149.8 lu1/in2 (855.5 in.-lb/in 2)i

Aa (J c) 0.261 nun (0.0103 in)i
T average 273.6 (Jic at 0.15)
Kje 2 77.5 M P,i- tug >f'

1

,

Crack Extension, Aa (in.)
0.0 0.1 0.2 0.3

3000- i i i & i -4 |i!' '
1

Heat 69 CF-3 S = 21%c
Static Cast Slab specimen 697-01T - 15000

290"C Aged 10.000 h at 400'C
O Jo m

2000- 6 Jy N.-
N C
E

- -10000 ::

5 S
JM-H Curvo I,x

, . cw ,

7 \ ^a C

a f ^. *:L A ,; 5000
000~ % *

s]Q, ^-45-5%o o 0 0 6
gAbW N.

o@[+-r-*
': JD-R Curve

+++- r+H+- ; I , H- 0 1

0 2 4 6 8 10 |

Crack Extension, Aa (mm)

Figure C-17. Ikfortnalton arid modified J-R curves at 200*Cfor llent 69 aged
10.000 h at 400'C.
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1'igure C-18. Ex:fonnation si e at 290*CJar IIcat 69 aged 10,000 h at 400*C.t
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Figure C-19, Modified ri e at 200*Cfor ilent 39 aged 10,000 in at 400*C.t
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Table C-20. Test dataJ0r specimen P1H-12
i

Test Number 0074 Test Temp. : 200*C
. Material Type : CF-8 Ileat Number : P1 i
Aging TempJ ; 320'C Aging Time ; 30,000 h

,

Spec. Thickness + 25.34 nun Net Thickness : 20.31 nun :

Spec. Width . 50.83 mm Flow Stress : 306.10 MPa |
|

Unload Jd Jm An imd DcIlection
2 2Number (kJ/m ) (kJ/m 1 (mmi (kN1 (mmi

1

1 14.05 14.08 0.0697 15.238 0 30'i |

2 39.73 39 58 -00302 18 423 0008
3 60 19 CD OG -0.0252 20.I34 0.909
4 in98 100.13 0.0288 21.295 1.205 1

|5 137.93 138.71 0.I135 22.385 1.553 '
0 178.33 179.32 0.l'14 7 23 237 1. TOG
7 218 91 221.93 0.2005 23.936 2.256
8 264 81 2G3.35 -o0005 24.587 2.006
0 305.76 310/78 0.3064 25.198 2.960
10 351.88 353.84 0.2176 25.768 3 309 ,

11 388 9G 395 39. 0 4145 2 GOO 7 3.011 )
12 427.10 435.12 0.47F,1 26.414 3 910 ,

13 466.56 47G.46 0.5471 26.622 4 211 '

14 502.30 518.55 Oc7598 26.917 4.510
15 538.39 S m.42 0 9388 27.057 4 800
16 575.01 003 36 1.1204 27.140 5,110

17 613.39 (kl5.79 1.2295 27.122 5.408
18 G55.44 Cea36 1.2426 27.I18 5.707
10 G85 46 7'R 16 1.G152 27.110 G.010 I

20 718.53 777.15 1.8360 27.152 G.310
21 755.31 819.71 19589 27.035 6.m2
22 794 40 8C6.88 2.1000 26 835 6 911
23 828.73 910.47 2.2942 26.571 7.212
24 856.40 955.19 2.0028 26.378 7.512
25 893.90 997.88 2.6924 2G207 7.8 !O
26 92600 1051,45 3.0347 2(1022 R 100
27 961.71 1103 19 3.2940 25.932 8.511
28 1015 47 1162.21 3.3724 25N16 R911
29 1074 47 1239.02 3.0258 25,676 9.412
30 1137.93 1314.39 3.7717 25A03 9.909
31 1184.81 1407.53 4.3303 24A52 10 612
32 1227.15 1495.63 48510 23.736 11.112
33 1248 44 1581.75 5.5512 21.90G 11.710
31 1263 06 1662,1 G fi2286 19805 12.312
35 1271.30 1750A0 7 0170 18 434 13.010
36 1294 G1 1837.32 7.0059 17.578 15.709
37 1335 06 1924.00 &O132 16 394 14.413
38 1366 ?.3 2009.13 & 4 417 15.706 15.I10
39 1375 61 20913W 00532 14.850 15.808

a

~

i
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Table C-21. Deformation J1c and J-R curve resultsfor specimen P1B-12

Test Number 0074 Test Temp. : 290*C .
Material Type : CF-8 Heat Number . : P1
Aging Temp. : 320'C - Aging Time. 30,000 h
Spec. Thickness : 25.34 mm -Net Thickness : 20.31 mru
Spec. Width 50.83 mm Flow Stress : 306.10 MPa
Modulus E 172.27 GPa (Effective)
Modulus E 180.00 GPa (Nominal)
Init. Crack 29.0063 mm Init, a/w 0.5706 (Measured)-

Final Crack 39.4344 mm Final a/w 0.7758 (Measured)-

. Final Crack + 38.0595 mm Final a/w 0.7487 (Compliance)*

Linear Fit J = B+M(da)
Intercept B : 353.900 kJ/m2 Slope M : 207.18 kJ/m2mm
Fit CoelT. R *0.9881 (10 Data Points)
Jjc 426.0 kJ/m2 (2432.4 in.-lb/in 2)
Aa (Jic) - 0.348 mm (0.0137 in)
T average , 380.9 (JIC at 0.15)

Power-Law Fit J = C(aa)n
CoelT. C - 571.23 kJ/m2 Exponent n 0.4030.

Fil Coeff, R 0.9847 (10 Data Points)
J c(0.20) 456.3 kJ/m2 (2605.5 incib/in.2}!

Aa Ulc) ' O.573 mm (0.0'!25 in)
T average 366.1 (J c at 0.20)i
Jrc(0.15) 433.4 kJ/m2 (2474.7 in.-lb/in.2)
Aa (JIc) , 0.504 mm (0.0198 in)
T average 374.0 (Jte at 0.15)
Kjc 365.4 MPa-m .5o

Jac Valldity, & Data Qualification (E 813-85)
Jmax allowed 445.41 kJ/m2 (Jmax= boor /15)
Data Limit : Jmax Ignored
Aa (max) allowed 2.133 mm (at 1.5 exclusion line)
Data Limit * 1.5 Exclusion line
Data Potuts : Zone A = 3 Zone B = _4
Data point spacing :OK
bnet or bo size : Inadequate

i dd/da at d e :OKi

ao Measurement 9 outside limit
no Measurement 1 outside limit
ar Measurement * Near-surface outside limit
Crack size estimate . Inadequate (by compliance)
E Effective :OK
J c Estimate INVALIDi

J-R Curve Validity & Data Qualification (E 1152-86)
Jma.s allowed : 310.84 kJ/m2 (Jmax=bnetar/20)
Aa (max) allowed - 2.183 mm (Aa=0.l*bol
Aa (max) allowed - 3,792 nun (m = 5)
Data Points Zone A = 15 Zone B = 4
Data point spacing Inadequate
J-R Curve Data INVALID
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Modified J c and J-R curve resultsfor specunen Plu- 12
.

Table C-:'2. i

Linear Fit J = H eM(aa)
2Intercept 11 338 806 kJ/in2 Slope M 247.33 kJ/n1 ntn

Fit Coeft'. R O.9910 (10 Data Points)
die 424.6 k1/in2 (2424.4 in.-lb/in 2)
Aa (J c) 0.34 7 ti:m (0.0137 in)i *

T average 454.7 (Jie at 0.15)

Power-Law Fit J = C(aale
CoelT. C 597.61 kJ/ni2 Exponent n O A 531

F81 Cocll R O.9870 (10 Data Points)
Jic(0.20) 167 6 Iv)/in2 (2670.0 in.-lb/in.2}.

an (J c) 0.582 nun (0.0229 in)t

T average 429.3 (J c at 0.20) ,

Jic|0.15) 440.3 Iw!/in2 (2514.3 in.-lb/in 2)
-

Aa (J c' O.510 inin 10.0201 in) s

i

T average 437.9 (Jic at 0.15)
K;c 383 5 MPa inD5

Crack Extension, Aa (in.)
0.0 0.1 0.2 0.3

3000y !4,

Heat P1 CF--8
15000Centrifugally Cast Pipe 7

290'C _.

h
^ ~

R^2000- 3-

Jg 1 Curve4 ^
3

_ -10000 E -

g Na __ . .o-

%- o-o^ 1^.:e 3Aa o L S \qf * g r .5*

7

4 F~~
y

\
..

-eur s
1000- a 'J 41Curvo -5000Dfi Sc " 18N

.

4 Specimen P18-12
ju Aged 30.000 h at 320'C

0 ' t+- | -0*

t
,

0 2 4 6 8 10

Crack Extension, Aa (mm)

n ure c 20. ndormanon ana inutyled J-R curn:s at 290'Cjbr Heat P1 ageda
30.000 h at XO'C.

C 38

________-_______ - -



. _. . .- .- . . _ . - . . .-

Crack Extension Aa (in.)
0.00 0.05 0.10 0,15

| | --1500-' *

Heat P1 CF-8 --8000 _
N 1250-~ Centrifugally Cast Pipo 1
^ "

0 d
.h 290 C o -. t0

S7 J = 353.90 + 207.18Aa o ^-6000
%, *

_.

"
.

/ / g' \ _c
4000

J = 571.23(aa)DA03 -/ / C /

5 500- 'fr' ~'

73
- jef

-- Eo- . rf /

f s . 18*4 - 2000
c o

j 0' Specimen P1B-12/

0 j/' /
/ Aged 30,000 h at 320'C _.

'' 'i j i it |,
'

,- 0, ,
1

0 1 2 3 4 5
Crack Extension, Aa (mm)

Figure C-2L Iklormation J c at 200'Cfor lleat I'l aged 30.000 h at 320*C.i
.

Crack Extension Aa (in.)
0.00 0.05 0.10 0.15

1500 : |-+ |~w c-.

Heat P1 CF-8 - 8000

1250- Centrifugally Cast Pipe o _
/_ nn

N 290"C J = 338.81 + 247.33Aa / - dU
o

' _ g'C750 -- f J = 597.61(aa)0.453 _
, /y

.y Ii ' t y

E 500 - / / ~~ $o t;; i
-

..
j 5 = 180,'o 2000 3E /h e

0 of I Specimen P18- 12
it / / Aged 30,000 h at 320"C _.

'0- t | >l | | | 0-+>

3

0 1 2 3 4 5
Crack Extension, Aa (mm)

Ihgure C-22. Modified JIc at 200*Cfor Eleat I'l aged 30.000 h at 320*C.
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Table C-23. Test datafor specimen PID-10

iTest- Nuluber 0062 Test Teinp. :290cc
Material Type - : CF-8 Ileat Nurnt er . P1
Aging Temp. : 350"C Aging Time 30.000 h
Spec. Thickness 25.34 mlu - Net. Thickness - 20.31 nun
Spec. Width : 50.81 mtu Flow Stress 351.60 Ml'a

U nio..d Jcl Jm Aa I. cad lielleCiluu
2 2Number (kJ/m ) (kJ/m ) (nun) (kN) (mm)

1 21 28 21."2 0 0536 IN 000 0.373
2 38 00 3M.01 0.0357 20.030 0.555
3 53.37 52 81 4)1950 21.297 0.707
4 74.89 75 mi O.1G83 22.546 0.909
5 OG 57 96.89 0 0775 23.513 1.109
6 120.06 120.96 0.17(0 24.284 1.310
7 144 09 144.74 0.1375 25.162 1.509
8 170.57 108 G1 -.O 1492 25 772 1J/08
9 194 82 liMi 23 0.1708 26 386 1.910
10 219 25 221 GH O 25m 26 857 2.I12
11 244 83 2 4 H.55 03532 27.422 . 2.314

'
12 271 9i 274,53 0.2 % 5 27.H35 2 509
13 303.82 31011 0.49n1 28.271 2.759
14 33H 00 344.89 05314 28 799 3 010
15 377.89 378 93 0.2536 29.000 3 257
16 40M.00 419.43 0 0774 29 492 3 SIG
17 44641 451,84 04632 at703 3.757
18 475.3G 491 M2 0.8610 2' tG40 4 008
19 510 45 527 16 08762 29 813 4.259
20 541.24 5tM47. l1471 29 870 4.512
21 578.13 001.27 1.1743 24 889 4.770
22 005 53 G41,95 1 A626 29 985 5.008
23 639 16 GMLD6 1.5810 30.115 5.261
21 f ol H2 719 91 1.03rti 29 754 5 512
25 701.14 750.35 1.0393 29462 5.761
26 728 02 797,92 2 2498 29.303 6 0iH
27 7GM 58 833 47 2.IG20 29 0 to G.263
2M 780 22 875 40 2 0001 28 652 R517
24 830.33 917.34 2.Gl 80 28.2f D 6.M13
30 850 92 9Gl .92 3.I192 27 858 7.107
31 884.G5 1008.43 3 2924 27.527 7.408
32 906.73 1055 m 3.7241 27.348 7.710
33 054 44 1107.43 A7856 27.204 8.061
:L1 987.33 1163 68 4.1432 26692 8.412
35 1022 G1 122't.71 4 5028 ?G 08-1 8 807
3G 1000 31 1300 08 5 0326 24 695 9.311
37 1080.61 l 'l?2.29 53087 23 510 . 9.807-
38 1140,39 145611 6 0005 22,007 10 410
39 1168 44 1542.24 n0671 21.529 11.006
40 1171 M 162290 7.5144 10.704 1 1.00M
41 1202.51 169H M7 7.9838 18.518 12.210
42 1211.98 1775 30 8 G187 17.422 12.808
43 1221.92 1848 19 9 2474 16551 13,406

44 1248.73 1919 76 96529 15453 14.004
45 1267.98 1992.14 to 1130 14.603 14 005

e

L

<
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; Table C-24. Deformation J1c and J R curve resultsfor specimen P1B-10
.. . {Test Number 0062 Test Temp. ; 290'C |

Material Type : CF-8 Heat Aumber . P1 '

Aging Temp. 350*C Aging Time . 30.000 h
Spec. Thickness - 25.34 mm Net. Thickness 20.31 mm
Spec. Width 50.81 mm Flow Stress : 331.60 MPa
Modulus E 175.70 GPa (Effective)

'

,

Modulus E 180.00 GPa (Nominal)
Init. Crack 28.0031 mm init. a/w 0.5511 (Measured)

t Final Crack 39.1750 mm Final a/w 0.7710 (Measured)-
Final Crack 38.1161 mm Final a/w 0.7502 (Compliance)

Llucar Fit J m . B+M(Aa)
L Intercept B : 216.945 kJ/m2 Slope M 261.34 kJ/m2mm -

Fit Coeff. R 0.9595 (12 Data Points)
-Jc : 270.2 kJ/m2 (1542.8 in.-lb/in.2)i

Aa (Jic) 0.204 mm (0.0080 in)
T average 417.6 (J c at 0.15)i

Power-Law Fit J = C(Aa)n
CoelT. C 491.48 kJ/m2 Exponent n 0.5951
Fil Coeff. R 0.9821 (12 Data Points)
JIc(0.20) : 294.0 kJ/m2 (1678.6 in.-lb/in.2)
Aa (Jic) 0.422 mm (0.0166 in)
T average 439.8 (J c at 0.20)I

Jic(0.15) : 262.0 kJ/m2 (1496,3 tu ..lb/in.2)
Aa (JIC) 0.348 mm (0.0137 in)
T average . 447.6 (J c at 0.15)i
Kg 365.0 MPa-m 5o

JIc Valldity & Data Qualification (E 813-85)
Jmax allowed 504.18 kJ/m2 (Jmax = boor /15)
Data Limit : Jmax Ignored
Aa (max) allowed 2.072 mm (at 1.5 exclusion line)
Data Limit 1.5 Exclusion line
Data Points Zone A = 5 Zone B = 4
Data point spacing :OK
bnet. and bo size :OK
dd/da at J c :OKi
Initial crack shape :OK
Final crack shape :OK
Crack size estimate . Inadequate (by compliance)
E Effecttve :OK
J c Estimate INVALIDi

J-R Curve Validity & Data Qualification (E 1152-86)
Jmax allowed 336.74 kJ/m2 (Jmax=bnetor/20)
Aa (max) allowed 2.281 mm ( A a =0. l * bo)
Aa (max) allowed 5.404 mm (m = 5)
Data Points Zone A = 18 Zone B = 7
Data point spacing Inadequate
J-R Curve Data INVALID
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Table C-25. Mcxitfled <1;c and J-R curve resultsjor spectulen P1D-lO

Linear Fit J = D+M( Aa)
Intercept 11 205.777 kJ/in? Slope M 291.60 kJ/in2 nin
Fit Coell l< 0.9G98 (12 Data Points)
Jic . 264 5 kJ/in2 (1510.5 in.-lb/in.2)
Aa (Jic) O.199 inin 10.007G in)

(J e at 0.15)T average 470 7 i

Power-Lhw Fit Jx C(Aa)"
Coeff. C 513.90 kJ/in2 Exponent n O.6331
Fit Coell. H 0.9867 (12 Data Points)
Jic(0.20) - 299.2 kJ/in2 (1708.5 incib/in.2) ,

Aa (J c) 0.426 intu (0.0168 lu)i

(J e at 0.20)T average 487.8 i

J c(0.15) 2G3.9 kJ/in2 (1506.7 in.-lb/in.2)!

Aa (J e) O349inni (0.0137 in)t

T average 195.7 (Jic at 0.15)
Kg 381.1 MPa- rn0 5
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_ Table C-26. Test datafor specirm n d83-0GH
,

Test Number '0070 Test Temp._ 200"C
Malertal Type : CF-8 Ileat Number : 68 -
Aging Temp. . S50'C - Aging Time 1h
Spec. Thickness 2!i.39 mm Net Thickness . 20.44 mm
Spec. Width 50.83 Inm Flow Staess 282.20 MPa

Utilmid Jd Jm 6a Inau !)cDertion
2 2Numlwr (kJ/m 1 tkJ/m ) Imm) (k N) (mm)

_;

1 10 fwi 10.93 -00923 15474 0.255
2 28 02 28 07 -00276 IN302 0,457
3 56 79 56.86 --O O I D7 20 329 0//58
4 93.23 93 92 0.1074 21.725 1.I10
5 131.Ni 13246 0.1376 22 851 1.400 ;
il 175 47 175 72 0 0705 23.736 1,835

-I
7 215 20 214 69 0 0071 24.4 2H 2.101
H 25910 201,58 0.1591 25.103 2 fi35 1

9 301.73 302 13 0 0818 25 6x0 2,862
10 312 23 34M1in 0.3MR) 2ei 200 3.210
11 3M4 75 3n1.23 05258 26 543 3 559
12 440fd 441 17 0 5721 26.024 3 900
13 475.14 4tn41 0 73H5 27.214 4.263
14 520 Ni %38 65 0H267 27.533 4.6iO
15 Ni2. l l 590 15 1.1261 27Ai74 4.966
16 G)7.N1 6N442 1.2033 27.853 5.:00''

17 619 63 iHo 26 1.4515 27.830 5 659
'18 Ut2 b5 740 88 1.6259 27.891 6 008
19 737 30 79112 1.7973 28 02i G 300
20 779.97 v46N2 2.0247 28.007 6.717
21 836.Ni 80ti22 18.958 28.008 7.060
2i HbH H2 951.71 2 3101 27.870 7,407
23 '66 70 1001 16 2.6625 27.768 74762
24 ikl8 nl 10fR88 2.74 fkl 27.G12 8.10925 10275 1118 93 3 0180 27,380 8 SLO26 1037 50 1 Itn77 3 2687 27.251 H.91227 1106 65 12NL73 3 3620 2G775 9 41228 1151.02 1335 43 3N049 26.522 9.91129 1216 72 1427.36 4.1206 26 297 10.51230 1276 25 1520 98 4MlH 7ai>53 11.115
31 1312.97 1628 03 4.92n 1 24.910 l l.P IO32 1387.12 1735,07 S5487 23,913 12.51333 1450 76 i H38.20 5 0146 23 503 13.200
31. INW52 1945.31 6.3361 22.938 13.01035 IN12.48 2052.19 6 7797 h lO6 14.61636 1630 00 2 lM.78 7 0520 21.558 15 310

. _ - - -

|

|
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Table C-27 Defortnation J c and J-R curve resultsfor specimert 683-0611I

Test Number 0070 Test Temp. : 200'C -
Material . Type : CF-8 Ileat Number 68
Aging Temp. 550"C Aging Time : Ih
Spec. Thickness 25.39 mm Net Thickness . 20.44 mm
Spec. Width 50.83 tum Flow Stress + 282.20 MPa
Modulus E 176.88 GPa (Effective);

Modulus E : 180.00 GPa (Nominal)
init. Crack 28.6813 mm init. a/w 0.5643 (Measured)'

Final Crack 36.9031 niin Final a/w : 0.7260 (Measured)
Final Crack - -35.7332 mm Final a/w : 0.7030 (Compliance)

Linear Fit J = II+M(Aa)
.

Intercept B 272.385 kJ/m2 Slope M : 267.16 kJ/in2mm
Fit Coefl. R 0.9832 (11 Data Points)
Jc : 356.8 kJ/m2 (2037.6 in.-lb/in.2)i

Aa (Jic) 0.316 mm (0.0124 in)
T average 593.4 (Jje at 0,15)

Power-Law Fit J = C(Aa)"
Coeff. C 553.11 kJ/m2 Exponent n 0.3130
Fit CoelT. R O.9876 (11 Data Points)
J c(0.20) 413.0 kJ/m2 (2358.3 in.-lb/in 2)i

Aa (Jic) 0.566 mm (0.0223 in)
T average 549,9 (J c at 0,20)i
Jic(0,15) ; 383.5 kJ/m2 (2189.8 in.-lb/in.2)
Aa (J c) 0.490 mm (0.0193 in)i
T average 560.2 (Jic at 0.15)
Kje 384.7 MPa-in .5o

Jtc Validity & Data Qualification (E 813-85)

Jmax allowed 416.69 kJ/m2 (Jmax= boor /15)
Data Limit :Jmax Ignored
Aa (tnax) allowed 2.241 mm (at 1.5 cxclusion line)
Data Limit 1.5 Exclusion line
Data Points Zone A = 4 Zone U = 4
Data point spacing :OK>

bnet er ha size inadequate
dd/da at J c :OKi

at Measurement Near-su rface outside limit
initial crack shape :OK
Crack size estimate inadequate (by compliance)
E Effective :OK
J c Estimate * WVAl.lDi

J-R Curve Valldity & Data Qualification (E 1152-86)
dmax allowed 288.44 kJ/m2 (Jmax=bnetor/ 20)
Aa (max) allowed 2.215 nun (Aa=0. l *bol
Aa (max) allowed * 4.730 mm (c)= 5)
Data Points Zone A = 18 Zone 11 = 0
Data point spacing Inadequate
J-R Curve Data INVALID
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Table C-28. Modlfled J;c and J-R curtw resultsfor spectinen 683-00H

Linear Fit J = D+M(Ap)
2Intercept 11 262.843 kJ/in? Slope M . 301.96 kJ/in tnin

Fit Coeff. R 0.9902 (12 Data Points)
Jic 358.8 kJ/m2 (2019.0 in.-lb/in 2)
Aa (J c) 0.318 mm (0.0125 in)i
T average 670.7 (Jic at 0.15)

Power-Law Fit J = C(Aa)n
Coeff. C 579.91 kJ/in2 Exponent n 0.5622
Fil Coeff. R 0.9915 (12 Data Points)
Jic(0.20) 425.8 kJ/in2 (2431.2 in.-lb/in 2)
Aa (J c) 0 577 nim (0.0227 in)i

(J c at 0.20)T averagr- 631.0 i

JIC(0.15) 391.3 kJ/in2 (2234.1 in.-ib/in.2;
Au (dic) 0.497 rain (0.0196 In:

(J c at 0.15)T average 6 11.8 i

Kjc 406.0 MPa-m 5u
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Table C-29. Test datajor specimen G82-07T
,

Test Number 0077 Test Temp. : 290'C
Material Type :CF-8 Heat Number ; 68

Aging Temp. 320*C Aging Time 30,000 h
Spec, Thlckness * 25.35 mm Net Thickness 20.27 mm
Spec. Width 50.78 rum Flow Stress - 309.90 MPa

Unload Jd Jm Aa load De flection
2 2Number (kJ/m ) (kJ/m ) (mm) (kN1 (mmi

1 15.77 15 85 01543 16.552 0.306
2 43.75 44.23 0.3633 19.9 61 0 607
3 70.03 m OR O.2998 21.596 0.859
4 M11 98 41 0.0814 22.665 1.I10
5 128.74 129.00 0.2213 23 663 1.361
6 160 24 158.17 -0.0468 24A97 1.611
7 190.58 102.11 0.2953 25.207 1.862
8 221.43 223.00 0.2991 25.816 2.110
9 253 14 257.14 0.4686 20.271 2.360 -
10 285.98 291.09 0.5305 26.703 2.611
11 316.81 326.43 0 7825 27.011 2A58
12 3M89 361.19 0.81G3 27.408 3.110
13 385 00 397.35 0.8802 27.669 3.260
14 418.49 4N.20 1.0403 27.718 3 609
15 450.82 471.20 1.2130 27.754 3.861
16 485.58 507.01 1.2808 27,848 4.113
17 516.26 545.78 1 5)99 27.829 4.361
18 549.32 582,16 1R)89 27.526 4.610
19 575.89 620.95 1.9513 27.528 4.861
20 608.44 G57.55 2.0579 27.258 5.115
21 634.17 695.09 2,3675 27.033 5.361
22 663 56 732.52 2.5437 26644 5.613.

23 691.51 771 A0 2.78MH 26.372 5.870
3 24 745.71 843.79 3.1509 25.535 6.351

25 779.88 897.71 3.5388 25,143 6.718
26 815.32 955 10 3 9347 24.57. 7.109,

27- 865.51 1027.00 * 3114 23.752 7.f 08.

28 909 05 1100.01 4.7546 22.736 8.109
29 927.97 1170.97 5.5174 21 GIO 8.610
30 972.62 1252.53 60197 20468 9.218
31 1003.33 1332.09 6 6426 19 117 9.812
32 1036 20 1408.72 7.1674 18.232 10.411
33 1058.23 1485.43 7.7867 17.104 11.011
34 1093 33 1558 49 8.1924 16.314 11.613
35 1116.N IG32 4s 8.7089 15.543 12.211
36 1122 01 1705.08 9.3563 14.372 12.824
37 1131.67 1770 23 9.b692 13.380 13.413
38 1142 46 1833.55 10 3510 12.421 14.008
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Table C-30. DeJorinattorn Jc and J-R curve resultsfor specimen 68?-07Ti

-Test Number : 0077 Test Temp.. : 290'C
Material Type : CF-8 llent Number : 68
Aging Temp. : 320*C Aging Time 30.000 h
Spec. Thickness 25.35 mm Net Thickness 20.27 mm -
Spec. Width 50.78 mm Flow Stress : 309.90 MPa
Modulus E 178.39 GPa (Effective)
Moduhis E 180.00 GPa (Nominal)
Init. Crack 28.9656 mm Init a/w * 0.5704 (Measured)
Final Crack 40.4406 mm Final a/w 0.7964 (Measured)-
Final Crack , 39.3166 mm Final a/w : 0.7742 (Compliance),

Linear Fit - J m' B+M(Aa)
1 Intercept B * 164.144 kJ/m2 Slope M 230.22 kJ/m2mm

Fit Coeff. R 0.9825 (11 Data Points)
Jlc : 201.6 kJ/m2 (1151.1 in.-lb/in.2)
da (Jic) ' O.163 mm (0.0064 in)
T average 427.6 (Jic at 0.15)

Power-Law Fit J = C($a)"
Coeff. C ' 401.94 kJ/m2 Exponent n 0.6013
Fit Coeff. R 0.9898 (11 Data Points)
J c(0.20) : 225.3 kJ/m2 (1286.3 in. -lb/in.2)i
Aa (Jic) 0.382 mm (0.0150 in)
T average 432.0 (J c at 0.20)i
J c(0.15) 199.0 kJ/m3 (1136.1 in.-lb/in 2)i

Aa (J c) 0.311 mm (0.0122 in)l
T average .439.7 (JIC at 0.15)
Kjc 329.3 MPa-m05

J c Valldity & Data Qualification (E 813-85)i
Jmax allowed 450.73 kJ/m2 (J nuu = boar /15)
Data Limit : Jmax Ignored

*

Aa (max) allowed ' l.990 mm (at 1.5 exclusion line)
Data Limit * 1.5 Exclusion line
Data Points . Zone A = 2 Zone H = 3
Data point spacing :OK-
bnei and bd size :OK
dJ/da at Jlc :OK
at Measurement Near-surface outside limit
Initial crack shape :OK
Crack size estimate Inadequate (by compliance)
E Effective :Oh
die Estimate INVALID

J-R Curve Validity & Data Qualification (E 1152-86)
Jmax allowed * 314.07 kJ/m2 (Jm4u=bnetoi/20)
Aa (max) allowed 2.182 mm ( A n = 0.1 * bol
Aa (max) allowed 5.451 mm (a> = 5)
Data Points : Zone A = 8 Zone H = 11
Data point spacing ;OK
J-R Curve Data INVALID

C-49

_ ___ , . . . - . . . - , _ _ _ _ . _ . . . _ . , . . _ . _ . . . _ . _ . , - - . . , - , _ _ , , , _ . . ,



. . . - - -. - - .. . - - _~ . -. - - . _ . _~ -. - -

,

|

|
,

Table C-31. Modified J c and J-R curt >c resultsfor specimen 682-07T }i
l

Linear Fit J = D+M(Aa)
Intercept 13 152.808 kJ/in2 Slope M * 257.63 kJ/m mm2

<

Fit Coeff. R - 0.9875 (11 Data Points) |
Jic 192.9 kJ/m2 (l 101.5 in.-lb/in.2)
Aa (J c) 0,156 nun (0.0061 in)i

T average 478.5 (Jic at 0.15)
i

Power-Law Fit J = C(Aa)n
Coeff. C 418.12 kJ/m2 thponent n O.6403
Fit Coeff. R O.9917 111 Data Points)
J1c(0.20) 225.9 kJ/in2 (1289.8 in.-lb/in.'e)
Aa (J c) 0.382 min t0.0150 in) ]!

T average 477.2 (J e at 0.20)t

Jic(0.15) 199.7 kJ/m2 (1140.0 in.-lb/in.2)
Aa (Jic) 0.315 mm (0.0124 In) |

T average 484.3 (Jie at 0.15)
Kje 342.6 MPa-m0 5
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3000' |' | |
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Figure C-29. Delormation and modified J-R cunes at 290*Cfor Heat 68 aged
for 30.000 h at 320*C.
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Figure C-31. Mod {fied J c at 290'Cfor IIcal 68 aged for 30.000 h at 320"C.t
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Table C-32 Test datajor spectinen G82-03T

Test Nuinber 0075 Test Temp. : 290 C
Material 'lype : CF-8 llcat Nutuber . | 68
Aging Temp. - 350'C Aging Tlrne 10,000 h

: Spec. Thickness 25.34 nlm Net Thickness . 20.30 inm
Spec. Width 50.84 nun Flow Stress 320.20 MPa

U nloat! J c] Jm Aa loaci Dellecuon
2 2Number (kJ /m ) (kJ/rn ) (mm) (kN) (mm) .-

1 1649 1G.G5 0.3275 17.305 0.304
2 40. lG 40.22 0270) 20.702 0 558
3 G7.44 67.14 0.1575 22.567 0.807
4 Wi85 97.30 0.31(M 24 005 1.058 --

.I5 128.08 120.56 0 0100 25.089 1.307 -

6 15930 101 20 0.34 fo 26.014 1.5G1
7 193 14 191.93 0.1051 2G797 1.H04

'
H 226 02 227,95 0.3500 27.472 2.059
9 202 24 200 81 0.1200 27.989 2.310
10 293.71 2 % 37 05547 28.350 2Si2
11 328 00 333.19 05243 28.76H 2.810
12 363 03 3'71 00 0 Rno 29 267 3iCl
13 399.93 40H25 06783 29 533 '313
14 432 51 447.09 0 02to 29.824 3.561
15 46G 08 485 20 1.0937 30 073 3 811
16 503 40 524.52 1.IG10 29.984 4 000

-17 533.17 561.31 14762 30 190 4.311-
18 570.20 001.98 1.4050 30.242 4.559
19 002 75 G13 45 1.7304 30 169 4.810
20 63R38 GS3 04 1,8415 29.982 5 063
21 069 03 723 99 2 0917 29.929 5 31)
22 007.93 763 58 2.33M 29.945 5 55G
23 730 79 41.28 2.50W 2R705 5.809
24 763 21 844.94 2 CA08 29 427 6 058
25 806.92 89R18 2 86G1 29 319 6.382
26 &l4 A7 950 94 3 1452 28 827 6.702
27 897.80 1017.16 3.3052 28.367 7.110
28 f43.56 1082 23 3 6743 27.859 7.508
29 085 98 1161.22 4.2 619 26 892 Rolo
30 103R82 1242.78 4 6510 20 067 8.517
31 1004 C0 133G65 5.1161 25.135 9.111
32 1141.27 1429 70 5 6746 24.040 9.7 t o
33 1178 77 1520 07 6.2722 22.775 10.310
31 1200S1 1008 13 E9776 21.000 10.912
35 1239 76 1692436 7.4301 20 492 11.509

'

Sfi 1250.98 1778.35 R0668 19.300 12. I i 1
37 1276 93 !850.99 8 0579 18.204 12.710
38 1312.07 1940.I1 9 e179 17.369 13.310
39 1322.30 2021 G7 - 9 6385 1R280 13.910
40 1:05.1 H 209i01 10 1257 15.165 14.508

.
t

+
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Table C-33. Defortnation J1c and J-R curve resultsfor specimen 682-03T

Test Nutuber 0075- Test Temp. : 290*C
Material Type : CF-8 11 eat Number : 68
Aging Temp. ;350"C- Aging Time 10.000 h
Spec. Thickness 25.34 nun Net Thickness 20.30 mm
Spec. Width 50.84 mm Flow Stress 320.20 MPa-

Modulus E 187.02 GPa (Effective)
Modulus L 180.00 GPa (Nominal)
Init. Crack 28,6094 mm Init. a/w : 0.5628 (Measured)
Final Crack 39.3031 mm Final a/w 0.7731 (Measured)-

Final Crack. 38.7351 mm Final a/w 0.7619 (Compliance)-

Linear Fit J = B+M(Aa)
Intercept U 207.622 kJ/m2 Slope M 234.30 kJ/m2mm
Fit CoefT. R 0.9829 (11 Data Points)
Jc : 254.1 kJ/m2 (1451.0 in.-lb/in.2)i

Aa (Jic) 0.198 mm (0.0078 in)
T average 427.4 (J c at 0.15)i

Power-Law Fit Js C(Aa)n
Coeff. C 451.45 kJ/m2 Exponent n - 0.5437
Fit Coeft. R 0.9807 (l1 Data Points)
J c(0.20) : 281.6 kJ/m2 (1608.2 in.-lb/in.2)i

Aa (JIc) 0.420 mm (0.0165 in)
T average . 422.8 (J c at 0.20)i

J1c(0.15) : 254.6 kJ/m2 (1453.9 in.-lb/in.2)
Aa (J c) 0.349 mm (0.0137 in)i
T average . 431.2 (J c at 0.15)i
Kje 351.6 MPa-m .5o

JIc Valldity & Data Qualification (E 813-85)
Jmax allowed 474.51 kJ/m2 (Jma x = boar /15)
Data Limit

.
: Jmax Ignored

Aa (max) allowed 2.016 nun (at 1.5 exclusion line)
Data Limit 1.5 Exclusion line
Data Points Zone A = 4 Zone B = 4*

Data point spacing : OK
bnet and ba size : OK
dd/da at d c : OKi
Initial crack shapc : OK
Crack size estimate : Inadequate (by compliance)
E EfTective : OK
Jic Estimate INVAI.!D

; J-R Curve Validity & Data Qualification (E 1152-86)
Jmax allowed : 325.00 kJ/m2 (Jmax=bnetGf/ 20)
Aa (max) allowed 2.223 mm ( Aa =0.1 * bol
Aa (max) allowed 4.986 mm (m = 5)
Data Points Zone A = 12 Zone H = 9
Data point spacing : OK
J-R Curve Data INVA!JD
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T a ble C- |I l. Modified Jjc atul <!-H c une results for slutittlern GH2-03T

Linear fit J = U +M' Aa)
7Intercept H 105 74( x.1/in? Slope M 263.99 kJ/ni inin

rit Coell. It 0.987: ('1 Data Points)
Jie 216.6 kJ/in2 g . 407.9 in.-lb/in.2)
Aa (Jic) O 193 t*un (O 9070 in)
T averate 181.5 (Jic at 0.15)

Power-Law Tit J = C(Sa)"
Corfl. C 4G9.52 6.J /ni- Exponctit n O.b850'

Fit Cor!l. l( O.9812 (l 1 Datin Poluts)
Jlc(0.20) 2R3 O LJ/It:2 (1616.2 in.-lb/iti.2)
Aa (Jic) Os121 tuin (0.0166 in)
T ave'rade- 171.8 (Jic at O 20)
Jic(0. l b) 253 0 kJ/in2 (1444 8 tri.-lb/in 2)
An (J c) 3.31H turn (0.0137 in)t

T av" race 180.4 (Jic at 0,15)

Kp 360 0 MPa in" h
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Table C-30. DeJorinallon Jac ana J-n curve tcsultsfor stwconen 082-05T

Test Nurnber .0060 Test Tenip. : 290*C ,,

Material Type : CF-8 lleat Nurnber : 68'

Aging Tranp. : 350'C Aging Tiene 30.000 h
Spec. Thickness 25.30 inen Net Thickness 20.28 inin - i,

Spec. Width 50.81 inin Flow Stress : 328.10 MPa
Modulus E 172.80 GPa (Effecttve)
Modulus E 180.00 GPa (Norninal)
18:11. Crack 29.0531 ruin Init. a/w 0.5718 (MeaN :cd) '

.

Firuit Crack 40.2969 inin Final a/w 0.7930 (Measured).

Final Crack 39 3204 inen Firud a/w 0.7738 (Connpliance).

Linear Fit J = !!+M(Aa)
Intercept H : 234,095 kJ/in2 Slope M 192.42 kJ/in2 nun.

Fit Coeff. R : 0.9537 (12 Data Points)
Jc : 274.3 kJ/rn2 (1566.4 in.-lb/in.2)1

Aa (Jjc) 0.209 nun (0.0082 in) ,

T average 309.0 (Jie at 0.15)

Power-1.aw Fit J = C(Sa)n
Coeff. C 438.62 kJ/in2 Exponent n 0.4370-

Fit CoelT. H ' O 9702 (12 Data Points)
JIc(0.20) 303.8 kJ/in2 (i734.7 in,.-lb/in.2)

,

; Aa (Jjc) 0.431 inrn (0.0170 in) !

T average 290.8 (Jte at 0.20) ;
'

*

d c(0.15) : 0 %.5 kJ/in2 (1612.9 in,-!b/in.2)i

Aa (Jic) ' O 365 nun (0.014 4 in) ;

(J e at 0.15)Y average 291.0 t

Kje 318.5 MPa-in05

Jge Vali:lity & Data Qualification-(E 813-85)
Jmax allowed 475.96 kJ/in2 (Jmu=bo t/15)o
Data Linnit :Jmn ignored i

Aa (inax) allowect 1.947 inen (at 1.5 exclusion line)
Data 1,tmit : 1.5 Exclusion line
Data Points ' 7.nne A = G Zone H = 3-
Data point spacing :OK
bnet or bo size inadequate
dJ/da at Jrc :OK:

Intilal crack shape :OK
Final crack shape :OK *

Crack site estirnate < Inadequate (by cotnpliance)
E Effective :OK
d e Estirnate ' INVALIDi

7

J-R Curve Validity & Data Quallfication (E 1152-80)
-- J max allowed 332.61 kJ/in? (Jnmx=baetar/ 20)
Aa (inax) allowed . 2.176 nun ( Aa = 0. I ' ho)
Aa (inax) allowed 4 084 inen ((ou B).

T'ala Points ! Zone A = 15 Zone H=G
Data point spacing * inadequate
J-R Curve Data LNVAl lD

,

C-57
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Mal (fled J c arnd J-H curve reuuttsfor specinten GH2-UST
'

Table C-37. t

Linear Fit J = II+ M(Aa),

Intercept il 230 571 IJ/tu? Slope M 206.91 kJ/in2nini
l'11 C ocil. It 0.9091 (13 Data Points) ,

de 280 9 kJ/in? (1603.8 in.-lb/in.2)i

Aa (J c) 0.214 nitu (0 0084 in)i

T average 332.3 (J;c at O.15) >

Power-Law Fit Jn C(Aa)n
CoclT. C 45H 28 kJ/in2 1:xponent n .O.4f01,

Fit Coeff. H 0.9808 (13 Data Polnis),

Jic(0.20) * 311.8 kJ/in? (1780.2 in.-lh/in.2)
Aa (Jic) * O.438 in:** (0 0172 in)
T average 322.0 (Jie at 0.20)
J c(0.15) . 288.2 kJ/in? (1645.4 in.-lb/in 2)i

Aa (J rl O 370 nun (0.0145 in)i

T average 329.2 (Jic at O 15)
K p. 330.0 MPa-in0 S

Crack Extension, Aa (in.)
0.0 0.1 0.2 0.3

|| ; 4 '3000- i-1++- ! 4
'

, 1
i

Heat 68 CF-8 s .15%c
Static Cast Slab -15000

specimen m2451
290*C Agod 30,000 h at 350"C
o JD 72000 Ju - g7 ^

E
- '10000 e-a

Ju41 Curvo A ,os 37 s A -

^^6 ^ ,' 'g '^;
.. - _ d

- . -[[o~ c, 1000- ^a1.-rf 5 0 0 ,a
. eg 6-ro%p -5000

b ' \g4
,f J ry41 Curvo

0 M-+-H+,-r-r++H--H-H-e- 0

0 2 4 6 8 10

Crack Extension, aa (mm)

Inqure C 3b. Deforination and anod(fled J-H cuttes at 290'Cfor llent 68 oged
for 3: .000 li at 350'C.

,
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! Crack Extension Aa (In.) |
0.00 0.05 0.10 0.15 |

1500- |- | * :- I

Heat 68 CF-8 - -8000 ,,,
,^ '

1250. -Static Cast Slab "d
4 'u

E 290*c e- ,

7' -6000 .o7x 1000~ '

J . 234.10 4192 42Aa g

) 750- -

f f f
\

cW - -4000 e

'

_a ' 6' Q/ / /
,o n;
5 // ,fW' .9

|500- , [, 'g'#
/ /

J 430 62(aa)0 d37 ~,
E - 2000f s .35%
O 250 ,Ma,/,/ c 7 o

*
.

wimen 682-05T *
fU/ ._130,000 h at 350'C -

i

0'' t Is4 9 ( . +-- m t 1 ; | i0
0 1 2 3 4 5

Crack Exf ension, aa (mm)-:

,

1%;ure C-3G. Ihfortnation <1)c at 290'Cfor llent GH ayectfor 30,000 h at 350'C.

.

Crack Extension Aa (In.).

0.00 0.05 0.10 0.15
1500 ' d, i> , ,

'Heat 68 CF-8 ~ 8000

1250- . Static Cast Slab .-
^
u 290*C "db
7' 1000- - J - 236.57 + 200 94aa o - 6000 <o

o
.

X N O,/' . T. >

'
~

,'750- //y /,74- \ _ -.4000 y.

.O I i <Y/ (/ J . 458.28pa)0.406 .M
~

~

E 500- - # # 4, A
o ! /f' / -

c
g2 j j $c = 15% 2000 o
E250-

q*# '< Specimen 682-05T/

+0/ / Aged 30.000 h at 350*C -
''0- e+ r 4- -i i e-t ! ' ; -4 : | -; m 0

0 1- 2 3 4 5
Crack Extension, Aa (mm)

Ftgure C- 17. blodillect slw at 200'Cfor llent 68 ape <lfor 30,000 h at 350'C.
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Defonnation J c and J H curse resultsfor speconers G81-02T ITable C-39. 1,

'

q. tem Nutuber .0061 Test Temp. : 290"C
'

Material 'lype : CF-8 Heat Nutuber 68 '

i Aging Temp. 40(rC Aging Time : 10.000 h i
iSpec, Thickness * 25.3G mm Net Thickness : 20.31 inm"

Spec. Width 50.78 mm Flow Stress : 332.70 MPa
Modulus E 176.25 GPa (Elfective)

'
Modulus E 180.00 GPa (Nominal)
init. Crack . 28.8875 mm Init. a/w . 0.5689 (Measured) |,

Firial Crack 40.2625 mm I inal n/w : 0.7928 (Measured)
'

final Crack . 39.4389 mm Final a/w 0.7766 (Compliance)

Linear Fit J = U+M(aa) ,

Irderrept 11 .181.449 kJ/in2 Slope M . 204.28 kJ/m2 min
Fit Coeff. R : 0.9596 (13 Data Points)
dic : 214.4 kJ/m2 (1224.0 in.-lb/in.2)
Aa (Jic) 0.161 mm (0.0063 in)4

T average + 325.3 (Jie at 0.15) .

!Power-Law Fit J = C(Aajn
Coeft. C 396.19 kJ/tn2 Exponent n *O5102
Fit Coelt R .0.9514 (13 Data Points) ,

J ac(0.20) : 212.5 kJ/m2 (1385.0 in.-lb/in.2)
Aa (Jic) 0.382 imu (0.0150 in)

(J e at 0 20)T average 312.3 i

Jic(0.15) : 219.8 kJ/m2 (1255.1 in.-lb/in 2)
Aa (Jic) 0.315 inm (0,0124 in)

(J e at 0.15)T average < 310.1 i
'

Ky 311.0 MPa-m f'0

J1c Valldity & Data Qualification (E 813-85)
Jmu allowed 485.62 kJ/m2 (Jmn = boor /15)
Data Limit :Jmo ignored
Aa (max) allnwed 1.915 mm (at 1,5 exclusion line)
Data 1.imit .1.5 Exclusion line ,

Data Points : Zone A = 5 Zone 11 = 4
i Data point spacing :OK

bne andbo size :OK
dJ/da at die :OK
at Measurernent Neat surface outside litnit
Initial crack shape :OK
Crack sim estimate . Inadequate (by compliance)
E EITective :OK
J;c Estimate . INVALID

J-R Curve Validity & Data Qualification (E 1152-86)
Jmo allowed : 337.91- kJ/m2 (J ma x=bnetor/ 20) - - - -

'.
Aa (max) allowed . 2.189 nun ( A a=0.1 *bo)
ha (max) allowed 4.702 unn (co= 5) .

Data Points. Zone A 4 13 Zone U s 8 .

Data point spacing :OK
J-R Curve Data . INVALID

.

C-61 |
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' Table C- 10. Modilint J:c urul J -14 nove vrsults Jor spectinen GH1-02T

Linent- Fit J = II+ M( Aa)
Inter < ept il 173.779 kJ/in2 Slope M 229.10 kJ/in2:ntu
l'It Cocil, it 0.96H1 (13 Data Points)
J;c ; 209.9 kJ/in? (1198.7 in lb/in 2)
Aa (Jt() 0.158 Intu (O 0002 in)

(J c at 0.15)T avesary 301.9 i

l'ower-Law I'it J = C(Aaln
Coef f. C 413.74 k1/in2 Exponent n 0.5455
1*lt Coell. It O9588 (13 Data l'olnts)
Jic(O 20) 245.7 kJ/in2 (1402.H in.-lb/in 2)
Aa (Jic) 0.385 niin (0.0151 in)

(J e at 0.20)T average 316 9 t

J u;(0.15) 220 0 kJ/in2 (1259.7 in.-lb/in 2) -

Aa (Jn:) O 316 rntu (0.0124 in)
T average 353.9 (J;c at O 15)
Kp 323.9 MPa ino3

Crack Extension, Aa (In.)
0.0 0.1 0.2 0.3

|' a3000 W + -+- ; -

Heat 68 CF-8 3c .1ss 1 000Static Cast Slab specim en csi e l
290 C Agtd 10,000 h at 400 C

2000- '2 D eT
o3 .4 c~

E a g.n curve
' ~10000 g .,3,

7 N A
-

.x N 3,_^_.- - 1

e. , 3 ~
~

-m .c-~
,

. y t ,g .--..m gg~,o
5 ,

o0 00 ~1000- o ,-5000ny qo
gp86o0

A JD H Curvej
'v

o | )# _ ._ 4-p _. _+._4_+_, . ; ,_-y ._ } _.r _4__,_E o

0 2 4 6 8 10

Crack Extension, Aa (mm)

Vigure C 3H. Ih'[ortnation utsti nuulilled J 14 curses at 2OO"Cfor llent GH aged
for 10.000 lt at 40WC.

C-62
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Crack Extension Aa (In.)
0.00 0.05 0.10 0.15 ,

1500 ' | | -

'

Heat 68 CF-8 -

- 8 0 0 0 ,,,,,,

n 1250----Static Cast Slab 1 "d
~

6 290"C u-

- 6000k1000- -

J = 181.45 + 204.28aa _d
3 .a4 .

.

c

f.' %O - 4000 e
~

750- - '' I$ 6 K - ,g#p,
,

to // c
5 500- // ,[/ J = 396.19(aa)0.510 %

-

{.o //
E / / 6 -15% - 2000

c o
Q 250 - -

df/ Specimen 681 -02T yI

1 Po / Aged 10,000 h at 400*C - .

' '-
0 -" | ! ; i -0. , 1 1 , 4

0 1 2 3 4 5
'

Crack Extension, aa (mm)
,

naure C-39. Defortnattott Jac at 290'Cfor llcal G8 agedfor 10.000 h at 400*C.
,

Crack Extension Aa (in.)
0.00 0.05 0.10 0.15

1500- i | : - -, , , , ,

Heat 68 CF--8 - -8000

1250- -Static Cast Slab i
u 290 C _ "d
^

1000-- - J = 173.78 + 229.16Aa T-6000 y
b \- - ),, ,,

.

0~ ~ '' & - - 4000
,,

J -413.74(Aa)0.54 _500- - / / / ,

O Ii / /
-

2000 E
'~

/p.['2 '

f S -15% -

c
250; y/f6 2/g Specimen 681-02T ..

,

LY,o/ / Aged 10.000 h at 400*C -
|; '; i !M ii! ; ; ;|- ii - -O0-- 1 i ,

O 1~ 2 3 4 5
.

!Crack Extension, aa (mm)

ngure C-40. biodified J c at 29tYCfor lleat G8 agedfor 10.000 h at 400"C.i

C-63
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Table C-42. DeJortnation J c and &R curve restatsfor stwconen 741-05Ti

Test Numtxr *(X)71 Te8t Temp. : 290*C !

Material Type :CF-8M lleat Nurnber 74
Aging Temp. 400'C Aging Time : 3.000 h

i Spec. Thickness * 25.33 mm Net Thickness 20.32 mm i

Spec. Width : 50.81 mm Flow Stress : 325.70 MPa
'

Modulus E : 173.59 GPa (Elfective)4

'Modulus E : 180.00 GPa (Nominal)
init. Crack : 29.3063 mm Init, a/w- ' O.5768 (Measured)
Final Crack ' 40.1938 mm Final a/w 0.7911 (Measured)
Final Crack 39.4802 mm Final a/w : 0.7772 (Compliance) ,

'Linear Fit J = D+M(Aa)
latercept il 251.968 kJ/tn2 Slope M 170.02 kJ/m2mm
Fit Coeff. R : 0.9544

_

(10 Data Points) |
*

Jic : 292,1 kJ/m2 (1068.0 in.-lb/in 2)
Aa (Jjc) - 0.224 mm (0.0088 in) '

T average * 292.0 (Jje at 0.15)

Power-Law Fit J = C(Aa)"
Coeff. C 438.16 kJ/in2 Exponent n .0.4212
Fil Coeff. R ' O.9505 (10 Data Points)
J c(0.20) : 309.3 kJ/in2 (1766.2 in.-lb/in.2)i

Aa (J c) 0.437 mm (0 0172 in)i

(J c at 0.20)T average : 284.5 i

JIc(0,15) : 288.8 kJ/m2 |1G49.1 in.-lb/in.2) ;

Aa (J c) . O.372 nun (0.0146 in)!

T average 291.3 (Jje at 0.15)
Kje 317.3 MPa-m 50

JIC Valldity & Data Qualification (E 813-85)
Jmn allowed 406.87 kJ/m2 (Jnuu= boot /15) +

Data Limit : dm.a ignored
Aa (max) allowed 1.945 rnm lat 1.5 exclumn line)
Data IJmit 1.5 Exclusion line
Data Points Zone A = 3 Zone H = 2
Data point spacing :OK
bnet or bo size : Irradtquate
dJ/da at J c :OKi

Initial crack shape :OK
Final crack shape :OK
Crack size estimate inadequate (by compliance)
E Effective :OK
Jic Estimate . INVALID

J-R Curve Valldity & Data Qualification IE 1152-86)
_ _

. J mu allowed ; 330.94 kJ/m2 (Jnm= bnetof/ 20) - ,

aa (max) allowed 2.150 mm (Aa =0. l * bo)
Aa (max) allowed 3.947 mm (m=5)
Data Points ' Zone A = 11 Zone 13 = 9
Data point spacing :OK
J-R Curve Data INVALID

>
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Tuhle C l|l. Alcul(llnt .I c utad J-Il curve tesnlis.for speronett 741--ObTt

II+ M( Aa)Lincur Yit J =
2 ninlittercept il 241 (Fl9 hl/in'- 'ilope M 207,19 k1/st' i

IP Corfl l< 09601 (10 thita Points)
Jic ?!M).3 kJ/in2 (1657.b in. lb/in.2)
Aa (Ju:) 0.223 uun (0.00HH in)
T avrim'c 339 0 IIn at O.IS)

Power-Law Fit J = C(Aa)n
Co< ll. C 1Sil O's Ll/in? luxponent n O4624

i it Corill H O9662 (10 thita Points)
J clO 20) 314 5 kJ/in? (1795.9 in. lb/In.'J)i

Aa (.l c) 0.441 intu (0.0174 in)i

(J c at O 20)T avesar,c 325.3 i

Ju (0.15) 201.1 kJ/in2 (1602.3 in. -lb/in.2) -

Aa (J c) 0.373 inni (0.0147 in)i

'I avr av,e 332.6 tJic at O 1S)
Kp 330 / 31Pa tuo f*

Crack Extension, Aa ('n.)
0.0 0,1 0.2 b.3

. - 4+rH-+-6 **H"-+-"3000- F

Heat 74 CF-8M 3 . . us

Static Cast Slab $,c,n,en7.uara '5UU

200^C A(gd 3.000 h at 4004C

i'D E"
2000

M d"
n

^- -10000 t-E Jg H Curvo n <* ,o
- ^

a s 3 l.
n ^N r.x A C

-a n _ 4
-v ^ *: -0 ~, , . . .cc o ~ o -

,

. nog gv i " "4,v 7 ~
'

1000- ^
3 ,

t 5000

ef' g,iu & J[yl Corvop
Y

0 % - ~+ + t ,-~ + +--4 + ~+ M- + - 0
0 2 4 6 8 10

Crack Extension, Aa (mm)

1%Inte C 4 l. Deli >rtstatioti atul niodified .1-H cutts's at 230'C for llent 74 oval
:l,000liut LOO'C

C- 66

.- . - - _ _ _ - - _ _ _ _ _ - - _ _ _ - _ - _ _ - . .
_



_ . - - - . . - . - _ . - . - - . . ~-- ~ - - - . - - - - - --

Crack Extension Aa (In.) |
0.00 0.05 0.10 0.15

1500- | | --

|
Heat 74 CF-8M - 8000 _ |^

~ 1250-- -Static Cast Slab
~~

"d l

E 290*C -

6000k |

':

1000 -
-

J = 251.97 + 179.024a f
w
' \ p C

3 [.g 0- // - 4000.

5 500- "[ / J 438.16(Aa)0.421 - E'/

O 250 .
/ b .16*/, 2000

c )-- o i Spucimen 741-051 y
/ / Aged 3.000 h at 400"C

''
0- | | | Hi ; -0r . ,

c 0 1 2 3 4 5
Crack Extension, Aa (mm)

ngure C-42. Defortnation .lc at 290*Cfor lleat 74 agect 3,000 h at 400*C.t
.

Crack Extension Aa (in.)
0.00 0.05 0.10 0.15

1500 ' | -+-t-+ > ., >

Heat 74 CF-8M -~8000

^ 1250-. -Static Cast Slab
~~

.

n 290"C _- "d
-6000 j-1000 .. J = 244.10 + 207.19Aa O-

.g

| | | k'O c/y TX \ 0

d-*

7
--

, , ' o'- g2 A
~ O

} 750- \ -
/

_7 4000 7
-

^^/ J = 459.05(Aa)0.4621_.5 500- - //
O / / og / --

g6
-

/ 5 .16% - 2000 E5 p
250- 2'

/c ~
Specimen 741-05T _

C/ / Aged 3.000 h at 4000C -

90-/ ' , ! i i 'i - t ;;, . - | -t ; i i t-- ,- 0i

0 1 2 3 4 5-
Crack Extension, Aa (mm)

ngure C-43. Mocl(ficci Jjc at 290'Cfor lleat 74 c.gect 3.000 h at 400*C,
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| 'Dible C-44. Test clutafor sp;runen 741 -02T 1

Test Nuniber (K)50 Test Tentp. : 290 C
,

j Material lype Cr 8M lleat Noinber 74 <

q Aging Teinp. 400T Aging Tllue 10.(XX) h }'

Spec. Thickness 25.37 imn Net Thickness 20.33 min
j Spec. Wl(Ith 50.75 inlu Flow Stress : 335.50 MPa

! thilom! .ld J ni Aa in*l 1)c Net tion

| Nutuber ikJ/en ) (k.1/in ) (rnto) IkN) (intal2 2

I 10.1r 1 10 97 -0 09.43 16.OG1 0 240 4.

j 2 IH 40 lH 57 01272 17.938 0 '82 6 !

! :t 29 92 29 91 0.0302 19 901 0.453
j 4 47.97 48 23 0.I562 21.940 0625 <

5 67.93 67.09 -O0021 23.399 0 HOS |
6 92 24 92 MS O1910 25.015 1 OIHi j
7 117.43 116 74 -o 0307 2fl.ON9 1.2(WE ;

. H INMri 152 04 0.27G1 27.389 1.457 !

]. 9 183 82 Ibl bl O lHT44 2ft.3to 1.704
10 2 iH 61 222.17 0 41M 'M 17H 1.Of>G

. 1I 253 35 259.I1 05751 2is 623 2 2OH
l 12 2 Flit 3 290 80 07444 30 132 2 457
1 13 324(U 335 53 0 87en 'Kl= 30H 2.710
l 14 30146 374.37 0 9776 |R3H 1 2 INil i
3 15 393 97 413 30 12Nwi :10 351 3.204 '

i 16 429.11 4b2 40 14100 30.207 3 45H
! l7 4io fs0 4(82 43 1.7320 20805 3 707
! 1H 402146 531.23 1.9403 29 420 3 959

19 524.74 571 As0 2199) A4140 4 212'

I
| 20 5'i2 57 610 09 26271 2N h53 4Aun
| ?! 676 91 648 97 2.92H0 27.H71 4 710
| 22 UK)10 689 87 3 1527 27.413 4.9M4
' 23 1;29 13 727,79 3 5926 27.158 5?23

24 93226 770.13 3 8042 20 657 5 NMI
25 U16 25 825 74 4 2tHwi 25 902 5 660
2fi 726 13 87H.32 4.7270 24 983 R 210

! 27 7bH.14 937.U2 52393 23.334 n613
1 2H 776 15 991 32 5 9259 22 lu) 7.010
j 29 79757 1018 bH 64771 21 016 7.412
1 30 628 On 1iln 11 7.0425 19 704 7.910
| 31 b50 Hs 11 h2_29 7 6977 18.637 H 411
) 32 876 71 1245 45 H2107 17 695 8 911 ;
i 33 899G1 130881 H7401 Ifi&98 9_413
! 31 918 36 _13f a h5 9 2618 15 470 9 914 ;
I 35 922.63 1427.93 9894) 14.106 10,416

3G 939 16 14 $41 A 5 10 3119 13.3H) 10 909
_ _ _ . , _,_,

1

c.
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Table C~iS. Deformattors Jjc and J-R curse resultsfor specunen 741-02T

:
Test Ninnber 0050 Test Ternp. : 290*C
Mat erial 'Iype CF-8M llent Nunnber : 74
Aging Tennp. . 400*C Aging Time : 10,000 h |Spec Thickness 25.37 initu Net Thickness * 20.33 tuin '

Spee. Whith 50.75 inin Flow Stress : 335.50 MPa,

Modulus E 180.45 GPa (Effective)
Modulus E .180.00 GPa (Noniinal)
Italt. Crack : 28.4375 ruin Init, a/w . 0.5603 (Measured)

' l'inal Crack 39.35G3 nun Fuial a/w : 0.7754 (Measured)
Final Crack 38.7404 intu Final a/w : 0.7635 (Cornpliance) ;

Linear Fit J = D+M(Aa)
'Intercept 11 : 151.434 kJ/m2 Slope M .189.78 kJ/m2 giin

FilCoefL R O.9860 (8 Data Points) |
Jrc 170.4 kJ/m2 (1007.1 in.-lb/in.2) ;

Aa (J c) * O 131 tiim (0.0052 hill
T average . 301.2 (Jac at 0.15)

Power-Law rat J = C(Aaln4

'
Coell C 348.86 kJ/in2 Exponent n 0.5460
Fit Coelf. H '0,9950 (8 Data Points)
JjetO.20) 195.3 kJ/m2 (1115.0 in.-lb/in.2)
Aa (Jac) 0.346 turn (0.0130 in)
T average 302.6 (J c at 0.20)i

J c(0.15) ' 174.0 kJ/in2 1993.4 in.-lb/in.2)i
-

Aa (J c) 0.280 ruin (0.0110 in)i

T average 308.9 (J;c at 0.15)
Kje . 297.5 MPa-inD 5

Jic Validity & Data Qualification (E 813-85)
Jmm allowed * 499.15 kJ/in? (Jmn = bocr/15)
Data 1,imit :Jmm ignored
Aa (max) allowed ' l.865 tsun (at 1.5 exchtsion line)
Data I,lmit 1,5 Exclusion line
Data Points Zone A = 2 Zone U = 2
Data poliit spacing :OK

,

bnet and bo size :OK
dJ/da at Jje :OK
at Measurement Near-surface (outside limit)
Intilal crack shape :OK
Crack size estimate Inadequate (by compliance) -

E Effective :OK
J c Estimate INVAt.IDi

J-R Curve Validity & Data Quallfication (E 1152-80)
Jmm allowed : 341.04 kJ/m2. (Jmumbncior/20) - -

Aa (max) allowed 2.232 nun (A at 0. l * bo)
Aa (niax) allowed * 4.997 inm (ms5)
Data Poirits Zone A = 5 Zone 11 = 11
Data point spacing :OK
J-R Cuive Data INVAl.lD

C-69
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Table C - Ili. Alvd([ led Ju arvi .I H curiv results for spectinen 7 3 l- 02T

Linear l'It J = 11+ M( Am)
Inte (ept il 144.332 kJ/in2 Slope M 211.41 k.I/in2 inin]
Fit Coefl. It 0.9fxPi (54 Data l'otnts)
JIc 171.3 kl/ni? (978.3 tri. lb/in 2)
Aa (J c) 0.128 tiirn (O 0050 in)i

T average 338 9 (Jic at 0,15)

l'ower-1,aw I'It J = C(Aa)n
Cocil. C 363 52 kJ/m2 I:xponent N O.5804
Fit Coell. It O9960 (8 Data l'otnts)
Jic (0.20) 196.5lal/in? (l 1218 in. lb/in.2)
Aa (J c) O 310 inin (0.0136 in)i

T average 3335 (J e at O 20)i

Jn. (O 1b) 173.3 kJ/m2 (989.7 in.-lb/in 2) -

%a (J c) 0 279 inrn (0.0110 in)i

T avriage 339.9 (J c at 0,15)i

K 30x 2 Mpa in03'g

Crack Extension, Aa (In.)
0.0 0.1 0.2 0.3

3000 + + + - - ' - - + 4Y4+ *

Heat 74 CF-8M s . un.c
Static Cast Slab -15000

sp,c, men 741_o21
290'C AgW 10.000 h at 400"C

2000- [ '' D c{~3M
m
u c-
E 10000 9

J y n Curve .d _
s

's 2.A^- I.'N 0

e,.,,, ,.

n 2 f / ''

j f, o C' D C -5000^_ , _ n.

g, A^ A h,
.- ' N, ;;; ; o

~

JITH Curvo

od -+ +++-t~ ++ -+ -i-+-- H - H~- 0
0 2 4 6 8 10

Crack Extension, Aa (mm)

I't!Inre C ll. Ih:fortnniton und twal(hed J H cutivb at 290'C for llent 74 aged
10.000 la at LOO"C.
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Crack Extension Aa (In.)
0.00 0.05 0.10 0.15

1500-
Heat 74 CF-BM 8000 _

^ "
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1000,
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v
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e s

;>9 ' 'o ' n 7o 750- / / ,
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/ / /./* J - 348 86(Aa)O'546 E
u

/ / . /o
E / S 1n 2000

# ' '' '
c o
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/p/ ,'= Suomeq 741-021 y
4p Aged 10,000 h at 400'C/

0D ': i c0
' '

,

0 1 2 3 4 5

Crack Extension, aa (mm)

1' inure C 15. Ikformattorn .1 c at 290'C for lleal 74 aged 10.00011 at 400*C-

1

Crack Extension Aa (in.)
0.00 0.05 0.10 0.15

1 5 0 0 -+--+--+-~~ ++ -+--4+- + +-

Heat 74 CF-8M - 8000
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w 290'C "g^

E - 6 0 0 0 '--
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\^ - 6,g'' "~ c/ / /1 ~

750-
- -g .4 5r - 4000 no ., , .

-

. n ' p 6'',' f.* ! / / v-

O
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S / / / / :5
f / / / 5 - 16% 2000 oe
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# 2
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4/ / Aged 10,000 h at 400"C
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ngute C-46. Mod {Ded Jw at 290 C for llent 74 aged 10.000 ft at 400"C
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Table C-4H. Uqforrnattor: Jac nnd J H curve resnitsfor sjoectiner: 741-04T '
,

i

Test Nurnber ,0049- Test Tennp. ; 290''C

Material 'lype : CF-8M lleat Nuinber :74 '

Aging Ternp. : 450'C Agins T1:ne : 3,000 in
Spec. Thickness : 25.33 rum Net Thickness : 20.33 nun .

Spec. Width * 50.83 rrun Flow Stress : 332.10 MPa4

Modulus E .169.48 GPa (Effective)
Modulus E 180.00 GPa (Norninal) |

Init. Crack : 29.3219 inin Init. a/w : 0.5709 (Measured)
'

Final Crack : 40.6281 rum Final a/w . 0.7993 (Measured) '

Fitral Crack * 39.7699 rnin Final a/w . 0.7824 (Cornpliance)
,

Linear Fit J = D+M( Aa)
Intercept II : 67.001 kJ/nd Slope M : 157.51 kJ/in2 nini
Fit Coell. H - 0.9794 (11 Data Po.ats)
dic 77.0 kJ/rn2 (439.9 trulb/in.2),

An (Jic) 0.058 niin (0.0023 Iri)
(J e at 0.15)T average . 242.1 i

| Power-Law Fit J = C( Aa)"
Coeff. C 232,00 kJ/in2 Exporient n :0.0511
FilCoeft R O.9772 (11 Data Points)
J c(0.20) .100.7 kJ/in2 (574.8 in.-lb/in.2)i

- Aa (Jic) 0.270 rum (0.0109 in) '

(J c at 0.20)T average . 238.8 i

Jge(0151 : 85.4 kJ/m2 (487.8 in.-lb/in.2) '

Aa (Jic) 0 214 min (0.0084 in)
(d r at 0.15)T average : 242.6 i

Kje 238.5 M?a'm0 T'

J c Validity & Data Qualification (E 813-85)i
Jmax allowed * 476.19 kJ/in2 (J narboar/ I d)i
Data Lirnit : dmax Igtlur ed
Aa (inax) allowed 1.753 inm (at 1.5 exclusion line)
Data 1.linit * 1.5 Excitision line
Data Points : Zone A = 5 Zone 13 a 3
Data point spacing :OK
bne_ and bo st/c :OK
dJ/da at dic :OK
Initial crack shape :OK
Final crack shape :OK
Crack size estimate : Inadequate (by compliance)
E Ell'cetIve :OK
J c Estiinate : IWALIDi

J-R Curve Validity & Data Mustif1 cation (E 1152-80)
-Jmax allowed : 337.58 kJ/m2 |Jmax=bnes r/20)o
Aa (ruax) allowed 2.151 inn; (Aa=0. l * bol
Aa (ruax) allowed 5.857 :via (m = 5)
Data Points Zone A = 0 Zone il = 14
Data point spacing inadequate
J-R Curve Data ' INVALID

,

C-73
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1

TalAe C~lv. Motl(lhul Jac atul J~R canc resultsfor specttnen 741-04T

Linear Fit J = Il^M(Aa) [
Intercept 11 : 64.1. kJ/in2 Slope M 170.84 kJ/in2 neni

Fit Coc!I. H . 0.98 . (11 Data Points)
Jic 73.u Ice /rn2 (420. I tri.-lb/iti,2)
Aa (Jac) 0.055 tam (0.0022 in)
T average 262.5 (J e at 0.15)t

Power-Law Fit J = C(Am)n
Coell C : 242.22 kJ/in? Exponent n ' O.6777 -

Fit Coeff. R , 0.9708 (11 Data Points)
Jie (0.20) 101,3 lcl/tri2 (578.4 in.-lb/in.2)
Aa (J c) 0.276 rntn (0.0109 in)i

T average 257.3 (Jic at 0.20)
J gc(0.15) 85.2 kJ/in2 (486.7 in.-lb/in.2)
Aa (J c) 0.214 inin (0.0084 in)i

T average 201.2 (Jic at 0.15)
Kr 215.8 MPa -in SOj

Crack Extension, Aa (In.)
0.0 0.1 0.2 0.3

3000- | ! !' |' || | | |-
' '

, ,

Heat 74 CF-8M 7, . , cy,
- -15000Static Cast Slab Specimen i 41-04T

290''C Aged 3.000 h at 450*C - -

JD {2000_ $.,
r., M e
E

- -10000 :-
s _ . .o
] JM-41 Curve _ _ T,

N c

3-6
'

c, 1000- - Js Q L.
-

,
- 5000

-.
- u-a

g:gg$ o -k'*x .oOo o o o o 61

"

.. . ,/ Jgy41 Curvo

i ; | E -i ; -- -0-O +~4- H -4- H ; ;
'

,
;

| 0 2 4 6 .8 10
|

| Crack Extension, da (mn,)

Figure C--47. Ih:|brination attd nuxl(11NI J-R tunes at 290'CJcu Heat 74 a[ sed
3.000 h al 450'C.
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#
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1%Iure C-18. Deformattorn sl c at 200*Cfor Heat 74 aged 3,000 In at 450*C,i
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Table C-bo. Test datafur specunets 753 0511!

Test Ninnber 0059 Test Tenip. 290 C
Mat erial 'lype CitHM lleat Nuniber 75
Agirig Ternp. SSO C Agitig Titue Ih
Spec. Titickfiess 25.31 trun Net Thickness 20.34 nun
Spec. Width 50.78 nun I' low Stiess 333.50 MPa

Utilo.ul Jd Jm Aa lead ik flertton
2 2N u rnl>c r (nJ/m ) (kJ / m ) (mm) (kN) Imm)

-

1 14 (Ji 14 ti7 0 0153 18 000 0.280
" 'll .u s 31(di -0 0196 21.478 0.454
3 514 H M.70 0 0895 23.841 0 G53
4 79 23 79 17 0013G 25.272 0857
5 1 1 'e.12 112 4H OOWO 26 699 1.10H
6 14 6 a 14h 67 O (M o7 27.777 13(O -

7 l ho.75 1H2 70 0.2543 28.701 1(08
8 217 02 219 15 02702 29 530 1 84di
9 254 21 25G70 0.2911 30 206 2.1 OM

10 2'42.1 1 29:^. 54 03110 30 H2O 2 357
11 329 43 335 = 30 0 4H71 31.4W 2 6D's
12 3GH 56 375 09 O5159 31.7G2 2 856
13 407.(G 416 DG O 61tal 32.212 3.106
11 416.53 459.I8 0.7G35 32 539 3 360
15 4 H5. l h 501.09 0 H701 32 742 3 G10
16 52.120 544 68 1.Of to 32 902 3 862
17 561 87 586 50 1.15Ho '13 018 4.109
14 m143 ON) 54 1.2805 32 976 4.361
19 fi t 7.4 5 674 78 14953 33 250 4 GlO
20 677.97 717H5 1.5574 33 333 4 860
21 715 31 7(il 64 1.7765 33 203 5.I10
22 753to Ni7 G2 1.8867 33 314 5 360

23 Nut 22 H72 37 2 0791 33.274 5,713

24 M9 64 915 56 2.I124 32.780 5.960
25 882 H2 DG2 79 2 3G91 32.644 6 213
26 921.23 IM O O3 2 4485 32.574 6 462
27 951.16 1055 15 2.7140 32 221 6 725
28 1 Ell .13 1104 53 2 N77 31.380 7.006
29 1023 N) 1 IG3 57 3 2meu N1769 7.333
30 1003 31 12 m 13 3.3M57 30.309 7(OH
31 10'41.38 12m 12 3 7939 211754 7,919

32 1128 59 133291 4.1642 2R116 8 308
33 1184.79 1419 18 4.5322 28.144 8 HOH
31 122291 15W,12 5.0865 26.897 9,311

35 1251.13 1587 40 5 6250 25 424 9 609
36 12M5 t.h lu.H 05 G1367 24.783 10 312
37 1335 82 1746 44 64111 23 941 10810
38 1309 37 1828 17 G8G10 22 737 11.312
39 1387.15 1903.30 7.3900 21.493 11.813
40 1414.54 197H 5H 7.7817 20 757 12 311
41 14 4 2.!!! 2053 32 8 1691 19 958 12.811
42 1452 91 2126 65 8 Ca n8 18421 13 311
43 1421.31 2192 61 0.4082 16 300 13 8;2

41 1425.50 22f6.57 0.9233 15653 14.412
45 1449 51 2312 fa 10.2916 15.157 15 008
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Table C-5I. Defortnation J c and J-R curve resultsfor specimen 753-OSHI

Test Number .0059 Test Temp. ; 290'C '

Material Type : CF 8M lleat Number :75 :,

Aging Temp. 550*C Aging Time Ih '

Spec. Thickness . 25.34 rum Net Thickness . 20.34 mm
Spec. Width 50.78 mm Flow Stress : 333.50 MPa
Modulus E 185.61 GPa (Effective)
Modulus E : 180.00 GPa (Nominal)
Intl Crack ' 28.8400 mm Init a/w + 0.5079 (Measured) |
Final Crack + 40.1438 mm Final a/w 0.7905 (Measured)
Final Crack - 39.1322 mm Final a/w 0.7706 (Comp!!ance)

;

.

Linear Fit J = U+M(Aa)
Intercept 11 . 219.619 kJ/rn2 Slope M 287.94 kJ/m2mm

" Fil Coeff. R ' O.9939 (11 Data Points)
J1c 280.1 kJ/m2 (1599.3 in.-lb/in 2)
Aa (Jic) . 0.210 mm (0.0083 in)
T average . 480.5 IJ e at 0.15)t

Power-Law Fit J = C(Aa)n
Coell. C 518.40 kJ/m2 Exponent n .0.5622
Fit Coeff. R 0.9956 (11 Data Points)
J c(0.20) : 329.8 kJ/m2 (1883.2 in.-lb/in.2)i

Aa (J c) 0.447 min (0.0176 in)1

T average . 451.8 (Jjc at 0.20)
Jic(0.15) 298.0 kJ/m2 (1701.5 in.-lb/in.2)
Aa (Jic) : 0.373 mm (0.0147 in)
T average 460.3 (Jlc at 0.15)
Kje . 381.5 MPa-mo5

J c Validity & Data Qualification (E 813-85)i
Jmax allowed : 487.83 kJ/m2 (Jmax = boor /15)
da (max) allowed : 1.866 mm (at Jmax)
Data Limit : Jmex
Data Points : Zone A i Zone H = 3
Data point spacing :OK
bnet or bo size inadequate
dJ/da at J c :OKl

ar Measurement Near-s irface . outside limil
Inillal crack shape :OK

( Crack ,, estimate ' Inadequate (by compliance)
| E Effetove :OK
| Jjc Estimate INVALID

J-R Curve Validity & Data Qualification (E 1152-86)
Jmax. allowed : 339,22 kJ/m2 (Jmax=bneto r/ 20)
Aa (max) allowed 2.194 m m (Aa=0. l *bo)
Aa (max) allowed 5.133 mm (w = 5)
Data Points ; Zone A = 17 Zone U = G
Data point spacing . Inadequate
J-R Curve Data INVALID

C-77
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Talde C-h2. Modilled Jjc arni J R curte results Ikar specimers 753 05H

Linear Fit J = 1hM(aul
Iritercept il 207.060 kjf in2 Slope M 321.01 kJ/in2nirn
Fat Coeff. H 0.9957 (11 Data Points)
Jc ''73.5 kJ/in2 (1561.6 in.-lb/in.2)i

Aa (J c) 0 205 nun (0.0081 in)i
T average 535 7 (J c at 0.15)i

l'ower-Law Fit J = C(Aajn

Coef f. C 539.77 kJ/ni2 Exponerit n 0.5993
Ftt Coef f. R O.9961 (11 Data l'oints)
Jic(0,20) 335.0 kJ/n12 (1912.0 in.-lb/in 2)
Aa (Jic) 0.451 rum (0.017H in)

(J c at 0.20)T average 500.2 i

Jtc(0.15) 299.7 kJ/in2 (1711.4 in.-lb/in.2)
Aa (Jic) 0.375 nun (0.0148 in)
T average 50H 8 (Jic at 0.15)
Kp 397.5 MPa-:n" 5

Crack Extension, aa (in.)
0.0 0.1 0.2 0.3

3000- |

Heat 75 CF-8M
Static Cast Slab

-- -15000

290 C &
c^

62000- J pyO Curve 3 -
,

E < a^ S ' / ~~ 10000 e'

,, f ' ',y w.,obg ac.. -[
as .os

-">

M 'tW"[
h' b

~ - 5000

s- J -R CurveD
, f.

,

1000- ,
5 b,. - 25%

/ Speamen 753--038
d Aged 10.000 h at 400"C & -

1,8p Anneated 1 h at 550cC i

o I --+- | 0-- ,

0 2 4 6 8 10

Crack Extension, Aa (mm)

n ure c-50. nefonnation and inod(ned J-n curws at 200<c)< Icat 75 ancao
10.000 h at 400'C and .rntealed 1 h al 6bo"C.

I
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Figure C-51. Ik*fortnation Jac at 200"Cfor llent 75 aged 10,000 h at 400"C
and antwaled i h at 550"C.
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Figure C-52. Stadilled J c al 290''Cfor llcat 75 aged 10.000 h at 400'C andi

annealed i h al 550'C

C-79

.

....-w-r-.-..t -m,.,1-v.w, 4- - , - ,#,m.- % ry --+---.-+ym.. p#- , , ww y ,, . + ,-vv.--y--

n r ta+er-.- - w,e-e.w--- -- , . . ere ,



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _

i

Table C-53. Test darO _for <.pecutten 752-07T

Test Nurnber 0051 Test Terup. ' 200"C
Material Type C F- 8M lleat Nutuber 75
Aging Tetup. 320' C Actng Titue 30.000 h
Spec. Thickness 25.38 tutu Net Thickness 20 34 tuni
Spec. Width 50 83 :nio Flow Stress 389.00 Mpa

Unload J,1 J Aa lead Defkottonm
21 (kJ /in ) (m m) (kN1 (mm)2Numb < r (kJ /rn

1 114G 11 49 0.1279 17.109 0.241

2 19 2H 1029 0 OK82 20 045 0 331
3 41.03 41.65 4)2044 23 879 0007
4 71 17 71 ti3 0 02m 2G.701 0,767

5 102 9) 104.3:s 02408 28 603 1 006
b 13M N 139 18 OO5k$ 30.300 1.255 _

7 177 0) 17994 02941 31.3H2 1.505
*t 216 lu 219 07 0.3375 32 377 1.755

9 2'Ai o l 26118 0 ML19 32 990 2(UG
10 247 21 :gr214 050n) 33 420 2 257

11 334 70 318.12 ONm 33 454 2 50H

l' 373 23 39574 1 140'i 31449 2.7 M

13 4 )n 45 43303 13344 33 $9K 3 006
14 413 79 49109 1 b)M M.) 33.15G 3 2Gl

15 482 24 519 49 1.9124 32 hM4 3 f69

1h 518 27 bui 2't 2 25m 32 210 3 759

17 553 m u% 17 2 4403 31.010 4 007
lh 582 A1 ISt7H 2 t a(og 3r)749 4 201

19 014 H0 nu179 3 10.0 19472 4.511

20 ra5 8x 73763 3 6634 2H 521 4 763

21 9i2 10 775 01 3 9134 27.4 f:3 5 010
22 675(Ni H26,15 47220 2f.203 5 311

11 70.'t U2 878 20 52302 25 263 5 912
21 74 4 ( " 9.m 51 5 6t li 24 593 604)

25 779 77 1011 33 6 2393 23 475 6 511

2G F22 twi 10K1tN 6 7254 21.726 7.011

27 H38 95 lim in 7 bl55 31.397 7.519
28 tG9 N 1225 83 82391 19 019 8OW
29 M9142 1297 b4 87267 17 099 8Ml
30 90H 91 13IU M 9 3257 16.581 9 012

31 92M 10 1423 63 9.8385 15 571 9 512 (
32 036 12 14XS 36 10 4 35+. 14 292 10 00H

C-80
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Table C-54. Ikfortnallon Jic and J-H curte resultsfor specimen 752-07F

Test Number 0051 Test Temp. : 290^C
Material Type : CF-8M lleat Number 75
Aging Temp. , 320*C Aging Time : 30.000 h
Spec. Thickness . 25.38 min Net Thickness . 20.34 mm
Spec. Width 50.83 mm Flow Stress ; 389.00 MPa
Modulus E 182.48 GPa (Effective)
Modulus E .180.00 GPa (Norninal)
Init. Crack 28.6969 mm init. a/w : 0.564G (Measured)
Final Crack . 39.7750 mm Final a/w : 0.7826 (Measured)
Final Crack 39.1325 mm Final a/w 0.7699 (Compliance)

||Llucar Fit J = II+M(Aa)
Intercept 13 : 153.189 kJ/m2 Slope M : 196.18 ks/e- mm
Fit Ceeff. R : 0.9620 (7 Data Points)
Jrc 175.3 kJ/m2 (1000.9 in.-lb/in.2)
Sa(JJc) * O.113 min (0.0044 in)
T average. 236.0 (J e at 0.15) -jt

Power-Law Fit J = C(Aa)u
Coeff. C 357.9G kJ/m2 Exponent n 0.4870
Fit Coeff.11 0.9674 (7 Data Points)
J c 10.20) 210.0 kJ/m2 (1199.1 inelb/in.2)i

Aa (J c) . 0 335 mm (0.0132 in)l

T average 212.1
_ (Jic at 0.20)

d c (0.15) 189.7 kJ/m2 (1083.1 in.-lb/in.2)i
Aa (Jjc) 0.272 nun (0.0107 in)
T average : 217.1 (J c at 0.15)l
Kjr 295.2 MPa-m0 5

J e Valid!ty & Data Qualification (E 813-85)t

Jmax allowed 573.86 kJ/m2 (Jmax= boot /15)
Data Limit : Jmax Ignored
da (inax) allowed * 1.807 mm (at 1.5 exclus:on line)
Data 1,imit 1.5 Exclusion line
Data Points : Zone A = 4 Zone 11 = 1
Data point spacing :OK
bnet and bo stre :OK
dd/da at Jic :OK
ao Measurement 1 outside limit
at Measurement . Par-surface (outside limit)
Crack size estimate Inadequate (by compliance)
E Effective .OK
J c Estimate Ti.IDi

J-R Curve Valldity ., Data Qualification (E 1152-86)
Jmax allowed ' 395.52 kJ/m2 (Jmax=bnetor/ 20)
Aa (max) allowed . 2.213 mm ( Aa = 0. I 'bo)
Aa (max) allowed . . 4.516 mm (w = 5)
Data Points : Zone A = 5 Zone H = 8
Data point spacitig :OK
J-It Curve Data ' INVALID i

C-81
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Table C-55. Modified Jac and J-R curve resultsfor specimen 752-07T

Linear Fit J = 11+M( Aa)
Intercept B 149.312 kJ/m2 Slope M 215.09 kJ/m2 mm *

Fit Coeff. R 0.9689 (7 Daa Points)
J1C 173.3 kJ/m2 (989.4 in.-lb/in 2)
Aa (Jic) ' O.I11 mm (0.0044 in)
"I average 259.4 (Jic at 0.15)

Power-Law Fit J = C(Aa)n
Coell C 373.14 kJ/m2 Exponent n 0.5147
Fil Coefl. R O.9726 (7 Data Pcints)
J c (0.20) : 213.2 kJ/m2 (1217.3 in.-lb/in 2)i

aa !! c) 0.337 mm (0.0133 in)!

T h.crage 232.0
.

(Jic at 0.20)
Jie (0.15) 191.3 kJ/m2 (1092.1 in.-lb/in 2) J
Aa (J c) 0.273 mm (0 0107 in) :

i

* averrige 237.2 (J1c at 0.15;
Kje 304.7 MPa-m 5o

Crack F ' n, Aa (in.)
0.0 0,1 0.2 0.3

! | ,}3000-b
'

& ,

Heat 75 CF-8M 6 = 25% ,.

'~ Static Cast Slab speamen 752-07T
2903C Aged 30,000 h at 320"C

2000 -$ fm - -

"
7
E

- -10000 =-

.::3 J g-B Curve ^; - :9 -

6 \^3 ^
,

A 2- c
Ap_- yo1000: ;

-

,oo -5000
454 Y,($s-c e o

6 ~~

#Af J -R CurveD

0 b,
~

, , i i 0; i , .,

0 2 4 6 8 10

Crack Extension, Aa (mm)

Figure C - 3. Defortnation and modified J-R curves at 290'Cfor Heat 75 aged
30,000 !. at 320'C.
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' Table C-57. Deformatiott Jjc and J-R cune results fo: specimen 752-03T

Test Number 0056 Test Temp. ; 290=C

Material Type CF-8M Heat Number 75
Aging Temp. 350'C Aging Time 10.000 h
Spec. Thickness 25.34 mm Net Thickness 20.31 rum
Spec. Width 50.77 mm Flow Stress 409.90 MPa
Modulus E 186.26 GPa (Effective)
Modulus E 180.00 GPa (Nominal)
Init. Crack 27.9844 mm Init. a/w 0.5512 (Measured)
Final Crack 38.6594 mm Final a/w 0.7615 (Measured)
Final Crack 38.1014 rnm Final a/w 0.7505 (Compliance)

Linear Fit J = H+M(Aa)
Intercept B . 89.444 kJ/m2 Slope M 189.41 kJ/tn2mm
Fit Coeff. R 0.9879 (10 Data Points) -

Jtc 101.1 kJ/m2 (577.5 in.-lb/in.2)
Aa (Jic) 0.062 nun (0,0024 in)

T averaRe 210.0 (J c at 0.15)i

Power-Law Fit J = C(Aa)n
Coeff. C : 28818 kJ/m2 Exponent n .0.6266
Fit CoelT. R 0.9909 (10 Data Points)
Jrc(0.20) 129.5 kJ/m2 (739.5 in.-lb/in.2)
Aa (Jic) 0.279 nun (0.0110 in)
T average 205.5 (J c at 0.20)i
J c(0,15) 110.8 kJ/m2 (632.9 in.-lb/in 2}i

Aa (Jic) 0.218 min (0.0086 in)
T average 209 2 (Jic at 0.15)
Kc 276.1 MPa-m 50j

Jac Validity & Data Quallfication (E 813-85)

Jmax allowed 622.57 kJ/m2 (J max = boar /15)
Data Limit : Jmax Ignorul

Aa (max) allowed 1.750 mm (at 1.5 exclusion line)
"

Data Limit 1.5 Exclusion line
Data Points Zone A = 3 Zone B = 3
Data point spacing :OK
bnet and bo size :OK
dJ/da at d c :OKi

Initial crack shape :OK
Final crack shape :OK
Crack size estimate inadequate (by compliance)
E Effective :OK
d c Estimate INVALIDi

J-R Curve Validity & Data Qualification (E 1152-86)

Jmax allowed 416.25 kJ/m2 (J ma x = bn e to r/ 20)
Aa (max) allowed 2.278 mm ( Aa =0. l * bol
Aa (max) allowed 5.653 mm (m = 5)
Data Points Zone A = 1 Zone U = 15
Data point spacing Inadequate
J-R Curve Data a .'ALID
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Toble C--58. Alcul{ fled Jsc und J R cursue restsltsfor sinectinen 7b2 +03T

Linear fit J = II+ M(Sa)
Intercept 11 : 84.358 kJ/ni2 Slope M 205.21 k1/in2 min
Fit Coelf. R 0.9903 (10 Data l'otuts)
Jc : 96.4 kJ/en2 (550,6 In.-lb/in 2)i
Aa (Jje) 0.0S9 inin (0.0023 in)
T average 227.5 (Jge at 0.15)

Power-Law Fit J = C(Aa)" j

CoefT. C 298.74 kJ/in2 F.xponent n , 0.6540

Fit Coeff. R , 0.9920 (10 Data Points)
Jte(0,20) 129.7 kJ/ia2 (740.3 in.-lb/in 2)
Aa (Jic) 0.270 inin (0.01 to in)
T average 2')l,3 (J c at0.20)i

J c(0.lS) 110 0 kJ/in2 (628.2 in.-lb/in.2)i

Aa (J c) 0.217 inin (0.0085 in)i

T average 225.0 (Jic at 0.15)
284.0 MPa~inOSKg

Crack Extension, Aa (in.)
0.0 0.1 0.2 0.3

3000- -+ ~+-H , i :-f i f-H ---j i |-
'

Heat 75 CF-8M s - 25 %
Static Cast Slab .shnion 733033

15000

290"C Agod 10.000 h at 350^C

2000- [ Rm
on C
E 10000 e
Q Jy H Curve
x N- - .

5 % 3 y; L}~ 5,,

c: ,,gn51000-- '
,.

5000

U c~b\o
- o o o

_g4fo __o
,gu l

J -R Curvo
'g O

o 4f H--4 + +-4-+ .- | -+ - ; ' | ; -0
0 2 4 6 8 10

Crack Extension, Aa (mm)

Vtanre C-bG. Thp>rtnathon and tuod!jled J R curtvs at 200"CJar llent 75 oged
10.000 it at 350"C.
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Crack Extension Aa (in.)
0.00 0.05 0.10 0.15

1500 ' !' | |

Heat 75 CF--8M s - 25a,'. - 8000 _
^ c
n 1250- -Static Cast Slab ' "

specimen 752-03T cE 290"C Aged 10,000 h at 350*C 5
)1000-- - 7 -6000 7,
*

n .C
/ / J = 89 44 + 189.41aa - 5c

,o 750- -

f f ,
_. .- 4000 c

500- - I ' '
g;g @

-o //
E // / 2000j 1 jr''(" J -2aa.1a(aa)0427 - o
O 2507 i %8 - O

O_k .,|, ,

i 1 , , ,.
.

,
,. -0i i i ,

0 1 2 3 4 5
Crack Extension, Aa (mm)

thgure C--57. Defonnallan J c at 290'Cfor Heat 75 aged 10.000 h at 350'C.t

Crack Extension Aa (in.)
0.00 0.05 0.10 0.15

1500' | |

Heat 75 CF-8M s -25%
~ ~bu00

_ 1250 --Static Cast Slab specimen 752-03. - um 290'C
E Aged 10,000 h at 350c0 c

9 1000- -
6000 <0

$

-

I.x

36 + 20E21aa f 5-
750- f j '

, y N , ,4
- - 4000 7, ,

IE -hd \ EV 500- -- -,, /
A';5 st :=

0 // :gE
'

J - 298.74(aa)0.654 -- 2000 oj''g #// /
2250-- f f f

0 M= ;
'

,= ;
-, , ,,

; i i; -0,

0 1 2 3 4 5
Crack Extension, Aa (mm)

Agure C-58. Afod(fled Jac at 200"Cfor Heat 75 aged 10.000 h at 350"C.
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| Table C-59. Test fiata JOr specitnett 752-05T

Test Nutubet 0055 Test Tetup. : 290'C
Material Type - CF- 8M lleat Natuber 75
Aging Tetup. 350 C Aging Time 30.000 h
Spec. Thickness 25.31 nun Net Thickness 20.28 ruin
Spec. Width 50.79 nun Flow Stress 408.70 Mpa

.

Unimul Jl Jm Aa [ mad Dellcotton
i

2 2Number (kJ/m | (kJ /in ) (mm) (kN) (mm)

i 10.62 16 60 0 0828 IH.037 0.301
2 31.fih 31.77 0.1279 21.277 0.453
3 4H 71 48 ti7 0 0654 23 380 O (US
4 67.57 (6 06 0 2414 25 189 0 756
5 b6 r4 86 92 0.1911 26 533 0.006
G 107.33 1OH SO O 3(KO 27.700 1.055 .

7 128 52 129.22 0.2H62 28 078 1.200
H 15H 51 161 <01 0. 50(D 29 6HH 1.407
9 188 76 19106 04905 30 449 llkPJ
10 219 13 225 04 07919 :V) 912 1.810
l1 248 16 255 96 0 9:Ko 31.344 2 Ot)7
12 278 47 2:0 61 1.2101 31.771 2.210
13 310 70 321.49 11324 32 141 2.407
14 342 11 359M7 14H52 31.924 2 G13
15 371.11 392 59 1.65G1 31,613 2.812
16 397.13 42601 1.9683 :WLHN7 3 003
17 4?1.29 460 36 2 2186 30 76fi 3.209
IB 4481K 493 H2 2 5048 30 040 3 405
19 47301 527 47 2 H720 29 472 3100
20 496 66 560A1 3187H 28 419 3 NOH

21 517.71 f a3 89 3 8442 27.531 4 000
22 518 57 650 95 4 2835 26 506 4.365
23 577,91 707.1 H 4 9522 25.066 4.710
24 610 08 769 41 5 N139 23 377 5.I13
25 (116 f si H27.81 6 2'M i 21 ra2 5.511
26 ifi?.71 885 01 7 0025 20 039 5 913
27 676 09 937.01 7.62&l IH207 6 311
28 GH6 57 989 09 R3262 17.032 6.710
29 702.74 1043 21 8.9355 15 549 7,149

:V) 712 71 lost 85 9 4205 14041 7.510
31 718 68 1131.59 10 0130 13.385 7.911 ,,

C 88
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Table C-60. Deforination JIc and J-R curtse results for specimen 75245T

Test Number :0055 Test Temp. ; 290'C

Material Type : CF-8M Heat Number :75
. Aging Temp. : 350"C Aging Time : 30,000 h

Spec, Thickness : 25,31 mm Net Thickness : 20.28 mm
Spec. Width 50.79 mm Flow Stress : 408.70 MPa
Modulus E 186.80 GPa (Effective)
Modulus E .180.00 GPa (Nominal)
Init. Crack . 29.1438 min Init. a/w : 0.5738 (Measured)
Final Crack , 39.6375 mm Final a/w : 0.7804 (Measured) .
Final Crack 39.1568 mm Final a/w : 0,7709 (Comp 1tance)

Linear Fit J = B+M(Aa)
Intercept D - 71.597 kJ/m2 Slope M .184,98 kJ/m2mm
Fit Coeff. R 0.9797 (10 Data Points) ,

dc : 80.7 kJ/m2 (461.0 in.-lb/in.2)
-

i

Aa (Jic) * O.049 mm (0.0019 in)-
(J c at 0.15)T average 206.9 i

Power-Law Fit J = C(Aa)n
Coeff. C 262.59 kJ/m2 Exponent n :0.6669

Fit Coeff. R 0.9693 (10 Data Points)
Jlc(0.20) 108.4 kJ/m2 (618.8 in.-lb/in.2)
Aa (Jic) 0.266 mm (0.0105 in)

(J c at 0.20)T average 202.1 i
Jgc(0.15) : 91.2 kJ/m2 (520.8 in.-lb/in.2)
Aa (J c) : 0.206 mm (0,0081 in)i

(J c at 0.15)T average : 205.2 i

Kje 266.1 MPa-in .5o

JIc Validity & Data Qualification (E 813-85)
Jnmx allowed : 589.84 kJ/m2 (Jmax = boar /15)
Data Limit : Jnax Ignored
Aa (max) allowed 1.732 mm (at 1,5 exclusion line)
Data Limit : 1.5 Exclusion line
Data Points . Zone A = 4 Zone B = 3
Data point spacing :OK
bnet and bo size :OK
dJ/da at d c :OKi

Initial crack shape :OK
Final crack shape :OK
Crack size estimate Inadequate (by compliance)
E Effective :OK
J c Estimate INVALID!

J-R Curve Valldity & Data Qualification.(E 1152-86)
Jmax allowed . 414.50 kJ/m2 (Jnux=bnetor/ 20)
Aa (max) allowed * 2.165 mm ( A a = 0,1 * bo)

Aa (max) allowed 5.993 mm (m = 5)

Data Points : Zone A = 1 Zone B = 15
Data point spacing Inadequate
J-R Curve Data INVALID

C-89
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I Table C-G1. Sfodllied Jic and J-R curve resultsfor specimen 752-05T

Linear Fit J = B+M(Aa)
Intercept B : 60.083 kJ/m2 Slope M 199.87 kJ/m2mm
Fit Coeff. R O.9831 (10 Data Points)
Jic - 76.0 kJ/m2 (433.8 in.-lb/in.2)
Aa (Jic) - 0.046 mm (0.0018 in)

(J c at 0.15)T average 223.5 i

Power-Law Fit J = C(Aa)"
Coc!T. C 272.29 LI/m2 Exponent n 0.6970
Fit CoelT. R 0.9722 (10 Data Points)
Jic(0.20) 108.3 kJ/m2 (618.1 in.-lb/in 2)
Aa (J c) 0.266 mm (0.0105 in)i

(J c at 0.20)T average 217.3 i

J c(0.15) : 90.3 kJ/m2 (515.6 In.-lb/in.2)
-

t

Aa (J c) 0.205 mm (0.0081 in)i

T average 220.4 (Jic at 0.15)
Kg 273.9 MPa-m05

Crack Extension, aa (in.)
0.0 0.1 0.2 0.3

! ,i| | !3000 i
'

i1

Heat 75 CF -8M S -25% *Static Cast Slab specimen 752-osT
290oC Aged 30.000 h at 350'C -

2000 : $ [ np
E

- -10000 :- o

:9 -

9 - J g-R Curvo
- |x

bN^ ^
1000- -

c; -X' ^ -- -5000 *

;W^. Y o o o o oo
g6 5 0 hy

0

p

0,M. /
J -R CurveD.

> i i 01 >;
i i. . .

0 2 4 6 8 10

Crack Extension, Aa (mm)

Figure C--59. IMforntation and mod (J1ed J-R cunes at 290"Cfor lleat 75 aged
30.000 in at 350oC.
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Crack Extension Aa (in.)
0.00- 0.05 0.10 0.15

15002 | | !>

Heat 75 CF--8M s 25=/.
- -8000

-c^
mStatic Cast Slab specimon 752-osT "d[1250-

a
290 C Agod 30,000 h at 350*C -' -$

1000- - T I.
/ /

J = 71,60 + 184.98,iao 750- -

f f p; 7

500-- / /
, ,

E // e'i - -2000
28 J - 262.59(aa)0.669

o
O 250- -f f f

0 ,W.
'

, i'
; !. i.!i -o,. , ,

0 1 2 3 4 5
Crack Extension, Aa (mm)

Ryure C-GO. Deformation Jic at 200*Cfor lleat 75 aged 30.000 h at 350*C.

Crack Extension aa (in.)
0.00 0.05 0.10 0.15

1500 ' | |- --

'

Heat 75 CF-8M S -25% 1
~8000

_1250- .-Static Cast Slab specimen 752-05T - u
^

n 290*C Aged 30,000 h at 350"C - d
1000--

- ,

5 J = 66.68 + 199.87Aa f' 5
. .

750- .

! ' 'g /o c -4000 ,,

5 . ' , ' , g-f4'N
~

E
'

,

g 500- - ,! g, ,

# # [ J - 272.29(Aa250

0 M,ff -,' -

, ,

,0, ;. i ; . -

0 1 2 3 4 5
Crack Extension, Aa (mm)

Rqure C-61. Mod { fled J c at 290'Cfor Heat 75 aged 30,000 h at 350'C.1
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Table C- G2. Test datu for specisnert 751-05T '

Test Number , O(El Test Tennp. : 29(FC
Material Type CIA HM licat Nunnber i75-
Aging Temp. 40(PC Agirig Tline - 3,(XX) h
Spec. Thickness * 25.35 inm Net Thickness 20.32 mm .
Spec Width 50.83 mm Flow Stress * 397.20 MPa

Onlmnd Jd Jm ad Imd I-)C IIC Cll0"
2 2Numlwr (kJ/in ) (kJ/in ) (nun) (kN) (m n)

1 13 67 13 67 0 0172 17.thk1 0 2fti
2 'M) 27 29 34 0 085'i 22.0 11 0.420
3 Ed) 67 N)47 -O04D5 24 OS$ 0t07
4 M3 01 M4 40 0.2314 27.H27 0.855
5 110.17 I ltt79 0 0176 29 868 1,i10
O ID7bi 1 Tai 87 0.29M 31.359 126
7 104.42 IOM rd) O5222 32.480 1.f KMi
8 226 00 231.01 05%3 3't.258 IR)H
9 257.59 2Gi44 0 tu w6 33 M1H 2(W)5
10 Zo 7N :Rx t02 0.Wl 3 34 200 2.2m)
11 322 3'6 336 20 1.1516 !Lt .46H 2.407
12 3 % 20 370 53 12274 :tt .345 2M)H
13 387.26 4mf3 15510 34 026 2.H I N
14 412 t16 443 23 1.8n14 33 570 3 (u)8
15 441.83 4 78.4 fi 2.1215 32 046 3 212.

16 407.48 514 55 24916 32.560 3.411
17 493 59 M 8.11 2.7422 31.641 3 WJ
lH 5171x1 SM4.22 3 1385 31.034 3fil2
19 M M.OH 621.07 34184 'V128 3 4.0 %
20 669 95 (Wil .32 3 H I38 29468 4 2(tt
21 Fn) 70 711.M 4 3324 28fd)2 4 557
22 63251 770 17 4 0292 26447 4.913
23 rdil MG H370H S M17 24622 5.NMI
24 f t L1 fe t 892.17 6.1911 23 057 5 711
2'i 713.3H 950 06 tLoloS 21.511 (i108
26 735.4H 10639 7 1717 20 16S 6 604
27 71674 1061 05 N 19'ki 18.735 6 416
28 763 23 1112 01 8 733H 17.484 71K17
29 778 72 1163 18 u 25tW) 16 513 7.705,

:W) 791.!3 1213 65 9.7891 15.528 H.106
31 800 (ki 1261.c6 10 2281 14 610 8.!d >5

. . - - . _ . _ _ . . . . , _ _ - . _ - . _ _ , - _ , _ _ .
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Table C-63, Defarinallon J1c and J-R curve resultsfor specimen 751-05T

Test Number ' 0054 . Test Temp. : 290'C
Material Type : CF-8M. IIcat Number 75 <

Aging Temp. :400*C Aging Time : 3.000 h
Spec. Thickness : 25.35 mm Net Thickness 20.32 mm
Spec Width . 50.83 mm Flow Stress : 397.20 MPa
Modulus E : 183.90 GPa (Effective)
Modulus E 180.00 GPa (Nominal)
Init. Crack . 28.6313 mm intt. a/w 0.5632 (Measured)
Final Crack . 39.1875 mm Final a/w . 0.7709 (Measured)
Final Crack 38.8594 mm Final a/w : 0.7645 (Comp!!ance)

Linear Fit . J = B+M(6a)
Intercept B 105.785 kJ/m2 Slope M : 190.88 kJ/m2mm
Fit Coeff. R .0.9904 (8 Data Points)
Jc .120.2 kJ/m2 (686.5 in.-lb/in.2)i'
aa(Jrc) * 0.076 mm (0.0030 in)
T average , 222.5 (Jjc at 0.15) e

Power-Law Fit J = C(An)n
Coeff C : 301.92 kJ/m2 Exponent n 0.5712
Fit CoelT. R 0.9918 (8 Data Points)
Jic(0.20) 150.2 kJ/m2 (857.7 in.-lb/in.2)
Aa (Jlc) 0.295 mm (0.0116 in)
T average 206.0 (J c at 0.20)l

J c(0.15) .131.3 kJ/m2 (749.5 in.-lb/in 2)i

Aa (J c) 0.233 mm (0.0092 in)i
T average *210,2 (J c at 0.15)i

K,j e ?77.0 MPa~m05

J c Validity & Data Qualification (E 813-85)I
Jmax al' ,wed . 587.90 kJ/m2 (Jmax = boar /15)
Data Limit : Jnm ignored -

,

Aa (max) allowed 1.763 mm (at 1.5 exclusion line)
Data Liinit 1.5 Exclusion line
Data Points Zone A = 3 Zone B = 2
Data point spacing :OK
bnet and bo size : OK-
dd/da at JIC :OK

i ao Measurement 9 outside limit
( ao Measurement 1 outsidt limit

Final crack shape :OK!

Crack size estimate Inadequate (by compliance)
E- ElTective :OK
J e Estimate INVALIDt

J-R Curve Valldity & Data Qualification (E 1152-86)
Jmax allowed : 403.56 kJ/m2 (Jmax=bnetof/20)
Aa (max) allowed 2.220 mm - (Aa=0. l * bo) -
Aa (max) allowed 5.211 mm (m = 5)
Data Points > Zone A = 3 Zone B = 11
Data point spacing :OK
J-R Curve Data INVALID

C-93
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Table C41. MrnitJled J;c attd J-R cutw resultsfor spectinen 75l-ObT -i

Linear Fit 'J m th M(Aa)
- Intercept 11 101.254 kJ/nt2 S'. ope M : 207,32 kJ/m2:ntn
fit Coeff. R O.9927 (11 Data Polnis)
Je 116.4 kJ/m2 (564.9 in.-lb/in.2)i

Aa (J c) - 0.073intn 10.0029 in)i

(J e at 0.15)T average . 241.7 i

Power-Law Fit J = C(Aaln
CocII. C : 313.07 kJ/tn2 thponent n *O.5970
Fit Coeff. R O.9922 (8 Data Points)
J c(0.20) ' 151 A kJ/in? (864.7 in.-lb/in.2)i

Aa (Jic) 0.295 inin (0.0116 in)
(J c at 0.20)T average 222.6 i

Jac(0.15) 131.3 kJ/u12 (750.0 in.-lb/ind)
Aa (Jic) 0.233 min (0.0092 in)
T average 226 8 (J c at O 151i

Kjr 2H5.2 MPa-in03

Crack Extension, Aa (In.)
0.0 0.1 0.2 0.3

3000- | || |, | i | | |
' ' '

. ,

Heat 75 CF-8M
s[pe.,25% *Static Cast Slab e cimon 7st-Ost

290*C Aged 3.000 h at 400'C

2000-$ $ Em
** C
E -10000 t-

Q Jg-H Curvo
-

E N e4
~3 M10002 - - '

. g g ag -5000

~go o s
.#0 ,^

J -R Curvo |# D

$.,,i ti i . . , _00 , , i ,. ,. , , , , i <

0 2 4 6 8 10

Crack Extension, Aa (mm)

Aqure C-G2. DeJortnation and modilled J-R curtes at 200*Chr llent 75 aged
3.000 h at +1OO*C,
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Crack Extension Aa (in.)
0.00 0.05 0.10 0.15

1500 ' !
'

3
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^
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11gute C 63. Defortnation J c at 290'Chr llent 75 aged 3.000 h at 100*C.i
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1500 ' i
'

Heat 75 CF-8M S -25%
- 8000
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^

"
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x T
f ; J = 101.25 + 207.32aa d*

7 d C750
Q , ' , ' ' \, ' zf ' o ' 4000 n
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Figure C-61. hiodified JIe at 200'Cfor lleat 75 aged 3.000 h at 100''C.
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Table C-G5, Te:t datapr specimen 75FO2V

Test Number _ 0053 Test Temp. ; 290"C

Material Type : CF-.8M lleat Number -75
. Aging Temp, 400"C Aging Time - 10.000 h
Spec. Thickness 25.39 mm Net Thickness . 20.29 mm .
Spec. Width 50.81 mm Flow Stress 409.00 MPa

1

,

Unload Jd Jm M imd Dellecuon
2 2Number (kJ/m 1 (kJ/m ) (mm) (kN) (mm)

'
1 14.35 14.24 -0,3523 18 059' O.280

l 2 19 67 19.37 4) 6950 19.489 024
3 32 89 33 05 -0.2935 22 *19 0.453
4 4895 48.96 -0.3697 24.486 0131 '

5 74.70 75 52 -O1403 26.829 0.805
6 101.95 102 70 4) 1430 28.7G1 1.008
7 130 75 13245 0 0109 30.187 1.205
8- Ira 53 I ti2 O ! 01058 31.400 1.405
9 102.02 193 94 00191 32.237 1.(03
10 T25 32 227.70 0.0881 33108 1.804
11 233 92 25H.96 02852 33.444 1.985
12 282.12 289.51 04411 33.729 2.167
13 309 20 320 90 0.6937 33.760 2.34 0
14 338.47 350 84 0.7326 33.814 2.527
15 366 72 3M 34 0 9878 33 G72 2.710
16 393 41 41M10 1.3413 32.922 2.906
17 419.17 448.86 1.5110 32.670 3089
18 443 25 480 65 1,8069 32.239 3 268
19 406 35 510 32 14708 31.9 ' . 3.447
20 499 33 555 85 2.4493 30 858 3.R18
21 522 63 5tnO4 2.7800 m 249 3.10 9
22 M 3.79 G23.47 3 1443 29.555 4.I10
23 572 29 (6123 3 4782 28.586 4.357
24 50R 39 705.51 3.0173 27.550 4.608
25 61'/.63 753.98 4 5691 2G. I 21 4.005
20 C.12 09 797.83 5 0038 24142 5.205
27 666 N M3.55 5.4 4 GH 23 803 5,507

28 668 02 ik)3.72 R211G 21.736 5.905
29 7n3.67 95841 RO314 20 244 GlOG
30 718 08 1010.40 7 5847 18.674 R706
31 739 37 106)49 8.0733 17.852 7.107
32 759.17 1112.13 8.5500 1R652 7.506
33 779 00 1161 88 8.9880 15.838 7.905
31 800 38 1211.I5 9 3743 14,970 R311
35 811.77 1258 78 9 # 5 34 13.928 8=706
36 818 48 1303 65 10 3345 13.004 9 106

I
I
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Table C-GG. Deformation Jac attd J-R curve resultsfor specimen 751-02V

Test Number 0053 Test Temp. : 290 C
Material Type : CF-8M l-leat Number 75
Aging Ternp. 400 C Aging Time 10.000 h
Spec. Thickness 25.39 mm Net Thickness 20.29 inm
Spec. Width 50.81 mm Flow Stress 409.60 MPa
Modulus E 171.06 GPa (Effective) -

Modulus E 180.00 GPa (Nominal)
Init. Crack 28.9219 mm Init. a/w 0.5693 (Measured)
Final Crack 40.0656 mm Final a/w 0.7886 (Measured)
Final Crack 39.2564 mm Firni a/w 0.7727 (Compliance)

Linear Fit J = B+M(Aa)
Intercept H 234.029 kJ/m2 Slope M 123.52 kJ/rn2mm
Fit Coeff. R 0.9810 (6 Data Points)
Jje 253.1 kJ/m2 (1445.3 in.-lb/in 2)
Aa (Jic) 0.154 mm (0.0061 in)
T average 125.9 (Jie at 0.15)

Power-Law Fit J = C(Aa)n
Coeff. C 363.55 kJ/m2 Exponent n 0.3204
Fit Coell R O.9848 (6 Data Poluts)
d c(0.20) : 262.0 kJ/m2 (1494.4 in.-lb/in.2)i

Aa (Jic) 0.360 nmi (0.0142 in)
T average 120.7 (J c at 0.20)i

J c(0.15) 247.5 kJ/m2 (1413.1 in.-lb/in.2)!

Aa (J c) 0.301 mm (0.0110 in)i

T average 124.4 (J c at 0.15)i

Kjc 273.2 MPa-m05

J c Validity & Data Qualification (E 813-85)I
Jmax allowed 597.56 kJ/m2 (J max = boor /15)
Data Limit : Jmax Ignored
Aa (max) allowed 1.766 mm (at 1.5 exclusion line) _

Data Limit 1.5 Exclusion line
Data Points 72me A = 1 Zone H = 2
Data point spacing :OK
bnei and bo size :OK
dd/da at Jic :OK
Initial crack shape :OK
Final crack shape :OK
Crack size estimate Inadequate (by compliance)
E EITective :OK
J e Estimate INVALIDi

J-R Curve Valldity & Data Qualification (E 1152-86)
Jmax allowed 415.58 kJ/m2 (Jma x =bneto r/ 20)
Aa (mex) allowed 2.188 rnm ( A a= 0.1 * bo)
Aa (max) allowed 3.059 mm (w = 5)
Data Points Zone A = 6 7,one H = 7

Data point spacing Inadequate
J-R Curve Data INVALID
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Table C G7. Mexlific<l J;c arul J R curte results.for sturum'n 751-02V

Linear l'It J = H+M(Aa)
Intercept il 231.319 kJ /m2 Slope M 144.64 kJ/in2rnni
l'lt Coell. II 0.9868 (ti Data Potttts)
Jic 253.7 IJ/in2 (1448.8 in.-lb/in.2)
Aa (J c) 0.155 tiun (0.0061 in)i

(J e at 0.151T average 147.5 i

Power-Law Fit J = C(Aaln
Coefli C 382 SIkJ/ni2 Exponent n 0.3559
l'il Coe!L R O.9880 (6 Data Points)
Jic(0.20) 266.6 kJ/in2 (1522.6 itt.-lb/inc )
Aa (Jte) 0.3G3ruto (0.0143 in)

(J e at 0.20)T avelage 139,9 i ~

d c(0.16) 250.0 kJ/in2 (1427 4 in.-lb/in.2)i

Aa (J c) O 303 mni (O 0119 in)i

T average i13 9 (Jic at 0.15)
K- 283 6 M1 a-inU3
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Figure C-GG. Defortna:iott Jjc at 200'C for lleat 75 aqect 10.000 h at 400*C.

Crack Extension Aa (in.)
0.00 0.05 0.10 0.15

1500-j | ; -.

'
1 , ,

8000Heat 75 CF-8M S - 25% 7
1250- -Static Cast Slab -

N 290"C Swim n 751-02V n,^

9 1000-- - 6000 .E -
E Aged 10.000 h at 400'C

- g
X l
* ~

d/ / J = 231.32 + 144.64Aa7 750--- , , , x o
- O

y , ' , ' 'g , ,' 0 - 4000 7

du'- C' _9
g f' ,

r;

3
o,

Ei
o 500- - f ' s =.,f ! \o 1 i 32

. / 2000 og/ < # J - 382.54(sa)0.356 3250- ,

'I |

o-? ! ' ' +- | , o; -

0 1 2 3 4 5
Crack Extension, Aa (mm)

Figure C-67. Modified Jic at 200'CJar Heat 75 aged 10.000 h at 400'C.
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Table C-69. Deformation J c and J-R curve resultsfor specimen 751-02T -I

Test Number : 0073 Test Temp. : 290*C -
Material Type : CF-8M Heat Number : 75
Aging Temp. ; 400'C Aging Time : 40,000 h

'.

Spec. Thickness 25.33 mm Net Thickness- 20.30 mm
Spec. Width 50.79 mm Flow Stress : 409.60 MPa
Modulus E * 183.03 GPa (Effective)
Modulus E 180.00 GPa - (Nominal)
Init. Crack 28.8375 mm Init, a/w 0.5678 (Measured).

Final Crack 39,3656 mm Final a/w : 0.7751 (Measured)
Final Crack 39.2374 mm Final a/w 0.7726 (Compliance)-.

Linear Fit J = B+M(da)
Intercept B : 137,383 kJ/m2 Slope M : 133.02 kJ/m2mm
Fit CoelT. R : 0.9315 (G Data Points)
Jc : 149.5 kJ/m2 (853.8 in.-lb/in 2}l

Aa (J c) 0.091 mm (0.0036 in)t

(J c at 0.15)T average 145.1 I

Power-Law Fit J = C(Aa)n
CoefT. C : 274.23 kJ/m2 Exponent n 0.4618-

Fit Coeff. R 0.9287 (6 Data Pufnts)
J c(0.20) 156.1 kJ/m2 (891.6 in Ab/in.2)t

Aa (J;c) 0.295 mm (0.0116 in)
T average 144.7 (JIC at 0.20)
Jic[0.151 140.8 kJ/m2 (803.8 in.-lb/in.2)
Aa (J c) 0.236 mm (0.0093 in)i

(J c at 0.15)-T average 148.4 i

Kje 253.7 MPa-m05

J c Validity & Data Qualification (E 813-85)i
Jmax allowed 599.31 kJ/m2 (Jmax= boor /15)
' Data Limit : Jmax Ignored
Aa (max) allowed 1.715 mm (at 1.5 exclusion line)
Data Limit - 1.5 Exclusion line
Data Points * Zone A = 2 Zone H = 2
Data point spacing :OK
bnet and bo size :OK

. dd/da at J c :OKi

!_ Initial crack shape :OK
' Final crack shape :OK

Crack size estimate :OK (by compliance)
E EfTective :OK
Jge Estimate : VALID

J-R Curve Valldity & Data Qualification (E 1152-86)
Jmax allowed . 415.74 kJ/m2 - (Jmax=bnetor/20)
Aa (max) allowed 2.195 mm (Aa=0. l *bo)
Aa (max) allowed 4.294 mm (w = 5)
Data Points Zone A = 3 Zone D = 12
Data point spacing :OK
J-R Curve Data : VALID

,
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Afwllfled J c and J-R curt >e results.[W sin cirnett 751-02TTalile C-70. i

Linear Fit J = IleM(Au)
Intercept il 132.033 kJ/n:2 Slope M .148.39 kJ/in2mm
Fit Coeff. R 0.0445 (6 Datu Points)
Je 145.2 kJ/in2 (829,0 in.-It)/in.2)i

Aa (J c) ' O.089 turn (0.0035 in)i
T uverage . 101.9 (Jte at 0.15)

Power-Law Fit J = C($ala
CoefT. C . 284.38 k,/in? Exponent n O.4973
Fit Coeff. R 09404 (6 Data Points)
J e(0.20) 154.8 IrJ/in2 (884.2 incib/in.2)t

Aa (Jjc) 0.295 intu (0.0110 in)
T uverage 160.5 (Jie at 0.20)
Jic(0.15) 138.2 kJ/m2 (789.2 in.-ll>/in.2)
An (Jrc) 0 234 inin (0.0092 in)
T average 161.3 (Jic at 0.15)
Ky 261.4 MPa-rn 50

Crack Extension, Aa (In.)
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Figure C-GS. DeJorraatton utui tuodified ,1-R curtes ut 290"C_for Ileat 75 aged
10.000 Il at 400*C.
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Figtne e 69. Deformation J c at 290cCfor Heat 75 aged 10.000 h at 400*C.t
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Figure C-70. Modtfied J c at 290 Cfor Heat 75 aged 10,000 h at 400*C.t
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e
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: Tabh? C-71. Test data for sprimern 7bl-03Tr
;

| Test Number- 0052 Test Temp. : 290*C
: Material Type : CF-8M IIcat Number ;75
| Aging Temp. -4 50"C Aging Time : 3,000 h
j Spec. Thickness ' 25.38 mm Net Thickness 20.36 mm

_

Spec, Width 50.82 mm _ Flow Stress : 405.20 MPa
'

Unlomi Jd Jm an Imad De f)cetton,

2 2Number (kJ/m ) (kJ/m ) (nun) (kN) Imm)
i
,

j 1 14.57 14,57 -0 0198 18.041 0.280
' 2 33 17 32 65 -0.4 4 G1 22.113 0.474

3 55.30 . 55,70 -0.0433 24.881 0166
4 H6.1 I H7.15 0.1103 27Id10 0.007
5 120.41 121.76 0,1724 2, 526 1.1553

q 6 -156 07 1tal .3H 0.6032 31,025 1,407
i 7 lHGol 110.53 0.5797 31.878 1.008
( 8 2iG 38 225 02 0,0435 32 200 1.808
* 9 245Ni 256.9H 1,1320 32 448 2 009

10 276 Wi 210 05 1.3410 32431 2.211,

11 305 SO 32 i S1 1.6125 32.256 2.400
-12 335.03 357.94 1.8208 31,529 2 613,

13 354.'J 393 22 2,5673 30 163 2.810>

! l4 373 26 423 40 3 0827 28.920 3.013
15 39101 4fL169 3 9141 27,451 3.267

i 16 418.41 41n tu 4 2880 25,937 3.517
i 17 437(M 547.21 52MU 23.816 3 819
' 18 458(6 5f448 5 7715 22.356 4.112
| 19 473.56 627.54 n5890 20.715 4.416

.

| 20 486 G2 661.46 7.2386 19 257 4.711
21 493.35 703 M 80751 17.550 5 021

| 72 N)5.26 738.99 8 G345 16 334 5.335 -|23 522 tr2 787,40 0 3253 14.896 5.738 i,

i 24 533 71 833 99 10 Ofia) 13.499 G.1SO '

i

r

!

|

!
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Table O-72. Deformation Jtc and J-R curve resultsfor specimen 751-03T

Test - Number - 0052 Test Temp. : 290'C
Material Type : CF-8M lleat Number -75
Aging Temp. : 450*C Aging Time : 3.000 h
Spec. Thickness . 25.38 mm Net Thickness 20.36 mm
Spec. Width 50.82 mm Flow Stress . 405.20 MPa
Modulus E 178.21 GPa (Effective)
Modulus E 180.00 GPa (Nominal)
Init. Crack ' 28.4313 mm Init. a/w . 0.5594 (Measured)
Final Crack . 38.7938 mm Final a/w . 0.7633 (Measured)
Final Crack 38.4913 mm Final a/w . 0.7574 (Compliance)

Linear Fit J = B+M(Aa)
Intercept B : 92.477 kJ/m2 Slope M .133.97 kJ/m2mm
Fit CoefT. R 0.9817 (6 Data Polnis)
Jc 100.8 kJ/m2 (575.6 in.-lb/in.2)i

Aa (Jjc) 0.062 mm (0.0024 in) -
T average 145.4 (J c at 0.15)i

Power-Law Fit J = C(Aala
Coeff. C 230.05 kJ/m2 Exponent n 0.5773
Fit Coeff. R 0.9674 (6 Data Points)
J c(0.20) 107.1 kJ/m2 (611.7 in.-lb/in.2)l

aa (Jic) 0.266 mm (0.0105 in)
T average 151.1 (J c at 0.20)l
J c(0.15) : 92.7 kJ/m2 (529.5 in.-lb/In 2)I

Aa (J c) 0.207 mm (0.0082 in)i
T average 154.1 (Jze at 0.15)
Kje 235.7 MPa-m .5o

Jgc Valldity & Data Qualification (E 813-85)
Jmax allowed 604.88 kJ/m2 (Jmax = boor /15)
Data Limit : Jnu., Ignored
Aa (max) allowed 1.692 mm (at 1.5 exclusion line)
Data Limit 1.5 Exclusion line
Data Points Zone A = 1 I'one B = 2
Data point spacing :OK
bnet and bo F... .OK

, dd/da at JIC :OK
at Measurement Near-surface outside limit
Initial crack shape :OK
Crack size estimate Inadequate (by compliance)
E EITective :OK
J c Estimate INVALIDi

J-R Curve Validity & Data Qualification (E 1152-86)_
Jmax allowed : 412.51 kJ/m2 -(J max =bneto f/ 20)
Aa (max) allowed 2.239 mm ( Aa =0. l * bo) .

Aa (max) allowed 5.261 mm ((o = 5)
Data Points . Zone A = 2 Zone B = 7
Data point spacing inadequate
J-R Curve Data INVALID
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. Table C-73. blodWed J c and J-R curve resultsfor specunett 751-03Ti

Linear Fit J = U+M(Aa)
Intercept B : 88.656 kJ/m2 Slope M 147.67 kJ/m2mm

~

Fit CoefT. R O.9849 (6 Data Points)
Jic : 97.5 kJ/m2 (557.0 in.-lb/in.2)
Ja (J c) : 0.060 nun (0.0024 in)i

T average 160.3 (Jic at 0.15)

Power-Law Fit J = C(Aa)n
CoefT. C : 240.00 kJ/rn2 Exponent n O.6087
Fit CoefT. R : 0.9715 (6 Date Points)
Jtc(0.20) 107.2 kJ/m2 (612.' a.-lb/in.2)

,

Aa (J1c) 0.266 nun (0.0105 in)
T average 165.0 (Jic at 0.20)
Jic(0.15) : 91.9 kJ/m2 1525.0 in.-lb/in 2}
Aa (Jic) : 0.207 nun (0.(X)S 1 in)
T merage 168.1 (JIc at ( .15)
Kg 243.3 MPa-m 50

Crack Extension, Aa (in.)
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Figure C-71. Ekformath>n and mod! fled J-R curtes at 200*Cfor llent 75 aged
3 000 h at 450*C,
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v'igure C-72. Defonnation Jic at 290*Cfor Heat 75 aged 3.000 h at 450*C.
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Figure C-73. Modijled J c at 290*Cfor Heat 75 aged 3,000 h at 450*C.l
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