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Long-Term Embrittlement of Cast Duplex Stainless Steels in LWR Systems
by

0. K Chopra

Abstract

This progress report suminarizes work performed by Argonne National Laboratary on long-
term thermal embrittlement of cast duplex stainless steels in LWR systems during the six
months from October 1990 1o March 1991, Charpy-impact. tensile, and fracture toughness
data are presented for several heats of cast stainless steel thal were aged up to 58,000 h at
temperatures of 200-400°C. The results indicate that thermal aging increases the tensile
stress and decreases the fracture toughness of the matertals. In general, CF-3 steels are
the leasi sensitive (o thermal aging embriltlsment and CF-8M steels are the most sensitive.
The increase it Dow stress of Tully aged cast stainless steels is =10% for CF-3 steels and
«20% for CF-8 and CF-8M steels, The fructure toughness Jic and average tearing modulus
for heats that are sensitive 10 thermal aging (e g, CF-8M steels) are as low as =90 kJ/m?
and =860, respectively.
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Cast stalnless steels used In pump casmgs. valve bodies, piping. and other components
in coolant systems of Ught water nuciear reactors (LWRs) suller a loss in toughness after
many years of service a1 temperatures in the range of 280-320°C (=536-608°F), A program
18 being conducted at Argonne Natiouul Laboratory to investigate .ne low temperature
thermal embrittiement of cast duplex stainless stecls under LWR operating cond/tions and
to evaluate possible 1emedies for the thermal embritlement problem in existing and future
plants  The scope of the mvestigation includes the following goals: (1) characterize and
correlate the micvostructure of (n-service reactor compenents and laboratory-aged mate-
ral with loss of fracture toughness o establish the mechanism ol aging and validate the
sunulation of in-reactor degradation by accelerated aging. (2) establish the effects of key
composifional and metallurgical vartables on the kinetics and extem of thermal embrittle-
ment, and {3} develop the misthodology and correlattors necessary for predicting the
toughness loss suffered by casl stalnless stoel components during the normal and extended
life of LWRS,

Microstructural and mechanical-propenty data hiave been obitained on 256 experimental
heats [static-cast keel blocks and siabs) and 8 commercial heats {centrifugally cast pipes, a
SLAUC Ccast pramp impeller, and a static-vas{ pump casing ring), as well as an reactor-aged
raterial of CF 3 CF B, and CF 8M grades of cast stainless steel  The ierrite content of the
casi materials tanges from 8 (o 30%_ Fervits morphalogy for the castings containing >8%
ferrite 18 either lney or acicnlar

Charpy- mmpact, tensile, and J-R curve tests have becu conducied on several sxpert-
mental and commercial heuts ol cast stainless steel that were aged up e 58.000 h st tem-
peratures of 200-400°C (554-762°F)  Results ndicate that thermal aging at these temper-
atures increases the tensile strength and decreases the tmpact energy and fracture tough-
ness of the steels. The Charpy transt‘ton curve shirts to higher (emperatures. Different
hedts exhithit dillerent degrees of thermal embrittlement: i general, the low-carbon CF-3
stecls are the most resistant, and the molybdenum-bearing, high-carbon C7" 8M steels are
the least resistant 1o thermal embnitlement. Embrittiement of cast stainless steels resuits
i brittle facture associated with either cleavage of the ferrite or separation of the fer
rite /austenite phase boundary. A predominantly brittle failure occurs when either the fer
e phase Is continuonus. eg . in cast material with a high ferriie conient. or the fer-
rite/austenite pliase boundary provides an pasy path [or crack propagation, e.g.. in F'sh-
carbon grades of cast steels with phase -boundary carbides. Consequently. the amount, size,
and distribution ol the ferrite phase in the duplex structure and the presence of phase-
boundary carbtdes are important paramiefers n controlling the degree or extent of thermat
embrittien snt

Thermal aging of cast stamnless steels at temperatures <S00°C (<932°F) leads Lo precip
ration of additonal phases in the ferrite matrix, eg. formation of a chromiwmn-rich o
phase by sp % wdi) decomposition: nucleation and growth ol & precipitation of a niekel- and
silicon -yieh G phase, MgaCe carbide. and o faustenite), and addittonal precipitation and/or
growth of existing carbides ot the ferrte/austenite phase boundarics, The addutional phases
provide the strengthening mechanisms that increase strain hardening and the local tensile
stress. Consequent, - the eritical stress level for briltle fracture is achieved at higher tem
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peratures.  The effects of material variables on the thermmal embritement of cast stainless
steels have been evalusted.

Tensile and fracture tonghness J K curve dala are presented for several experimental
and commercial heats of cast stamless steel that were aged ap Lo 58,000 h at temperatures
ol 200-450°C (554842 F1  fhe results indicate that thermal aging increases tensile siress
and decrsases fracture tonliness of cast stainless steels The increase 1 flow stress of fully
aged cast stainless steels s «10% for CF 3 steels and -20% for CF-8 and
CFAM steels The values of fracture totghniess Jic and average tearmg modutus for heats
That ate sensittve 1o thermal gging fe g, CF- 8M sterls) are as low as 90 k1/m? and <60. e
speciively, The results alse sadicate thal the fracoere toughness of cast stalnless steels can
hie jawer than that of The wronght stainless steels
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1 Introduction

Cast duplex stainless steels used in LWR systems for primary pressure-boundary com-
ponents such as valve bodies. pump casings, and primary coolant piping are susceptible to
thermal embrittlement at reactor operating lemperatures, Le., 280-320°C (536-808°F).
Aging of cast stainless steels at these (emperaiures causes an inerease in hardness and
tensile strengih and a decrease in ductifity, impact strength, and Iracture toughness of the
material. Most studics on thermal embrittlement af cast stainless steels involve simulation
of end of-life reactor couditions by accelerated aging at higher temperatures, viz.. 400°C
(7H2°F), because the wme period for operation of power plants (=40 y) is far longer than can
generally be considered for laboratory studies. Thuos, estimates of the loss of fracture
‘onighness suffered by cast stainless steel components are based vh an Arrhenius extrapola-
ton of high-temperatare data Lo reactor operating condi ons.

A pragram is being conducted at Argonue National Laboratory (ANL) to investigate the
significance of low temperature embrittlement of cast duplex stalnless steels under light
waler reactar [LWR) operaling condilions and 1o evaluae possible ranedies for thermal
embriftlement prablems i existing and futare plants  The scope of the program includes
the following goals: (1) characterize and correlate the microstructure of in-serviee reactor
components and laboratory-aged material with loss of fraciur  oughness to establish the
mechanism ol agmg and validate the stmulation of in-reactor \egradation by accelerated
aging, (2) establish the effects of kev pompositional and melallurg.oal variables on the Kinel:
fes and extent of thennal smbrittement, und (3] develop the methodology and correlations
for predicting the toughness loss sulfered by cast stamiless steel components during normal
and extended life of LWRs

Microstruciural and mechanical-property deo‘a are being obtatned on 25 experimental
heats (19 i the form of staticocast keel blocks and 6 in the form of 76-mm slabs) and 6
commercial heats lceniriugally cast pipes and a statfe-cast pump impeller and pump cas-
g ring, as well as on reactor-aged material of grades CF-3. CF-8, and Cr-8M cast stain-
luss steel. Specimen blanks for Charpy-impact. tensile. and J-R curve tests have been aged
at 290, 320, 350, 400, and 450°C (554, BOS, 662, 752, and B42°F) for times up to
58,000 b The reactor-gied materfal 1s Irom the recirculating=pump cover plate assembly
of the KRB reactor. which was in service (n Gundremmingen, Germany, for ~8 yr at 264°C
{543°F)  Fractured impac! test bars from five heats of aged cast siainiess steel were ob-
tatned from the Georg Fischer Co. [GF) af Swite cand for niwrostructural characterization.
The materials from GF are [rom a previous study of long-tenm aging behavior of cast stain-
Jess steel ! Data ore chemical composition, ferrite content, hardness, ferrite morphology.
and G.an structare of the expertmental and commerelal heats have been reported earlier 2
The chemical composition, hardness, and lerrite content and distribution of the cast mate-
rials are given ip Table | Results of microstructural characierization and mechanicai-
property data from Charpy-impact, teosile. and J-R curve tests un 16 heats o st stainless
steel aged up to 30,000 b ol termperatures between 290 and 450°C bav ., . been pre.
sented earher @ 1}

Work at ANL and elsewhere | 1217 has shown Lhat enrbriftlement of ¢ast stainless steel

components will occur Aunng the reactor liletime of 40 vy, Thermal aging al reactor tem-
peratures increases the tensie strengih and decreases the fmpact energy and fracture tough-
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. Table 1.

Product form, chemical compesition, hardness, and ferrtte morphology of various

i heats of cast stainiless steel
g Feerited  Hard  Ferrite
“ Chemicnl Caomposttion (wt Y] 1% nesy  Spacing
Heut  Grade Ma S D § Mo O Nr N € Cale Meas Ry lam)
: o 7 » gmm_mh S :
: S0 OFA 060 )10 00 0007 083 (78 614 0070 003 B0 44 Kol iS4
g 48 CF-3 080 GA5 0010 07 033 194! 1060 GOEs 0010 a9 72 Tae I8G
A48 CF-8 680 LOB 00 006 0% 1ash lo4n o072 00l 8. 87 7ol 127
. 47 CFX 080 106 DO0Y 008 05D 1981 0El 0028 0018 R4 163 m7 RL]
N 52 CF0 087 082 00iz Conh 085 1549 - 0a0 0052 0009 103 S - 86 68
Bl UF-3 063 a8t 0014 D005 052 20012 #08 0058 0010 148 180 838
S8 COF-&8 082 | IZ 00 o00s G353 1953 10RS 0006 G066 A2 24 77.1 303
% S e 085 108 G618 DO0A 088 194) 67 D08 0063 4 | 1.8 3R 317
57 CUF8 062 10Kk 0000 0004 0530 IS68 927 a7 00% 44 4.0 802 138
5 OPH O i 0012 0 039 1959 048 ooabh (00 63 K7 841 0
B CF-B  0A7 (05 0407 6007 084 TREH  9U9R 008 RO 73 10 Bi5 84
B0  CF& 060 108 Q008 0007 042 2053 834 apah 0062 BB 3 B2 75
6] (F & 065 0ol 0007 0007 O%2 2065 KEH 00K DORY too 13 He.3 L2
B0 CF-8 D67 085 008 006 QA1 2108 K34 00BE (Ded 154 L. . 867 a3
62 CF-8M 072 06E Go07 0005 257 1820 1230 00 0083 28 45 7Bl 140
A1 CF-BM 086) 088 G007 0006 AT I0AT 1185 0031 0055 64 104 #le §1
66 CF-AM 06 Oan o2 0007 230 1048 928 0029 Q47 ine 198 HA3 41
6 CF-HEM 050 048 0012 aob7 287 3078 063 00681 0040 208 234 HO0 41
B CFEM 080 081 CO06 D005 246 2075 D40 0038 D038 200 284 807 4l
6. mm Siabs
a8  OF-3 OEY § 13 aall 0005 0% 201K S8 003 00X 210 286 3.7 35
. . CF-8 07 1Le8 00U 0816 0% 1943 854 00kl oM 7o 1™ 788 253
B OF-R. ol 107 Ol odld O RO6d so8 hodz Go6s 149 284 B8 87
70 CF-BM 085 072 0021 006 2% 19§72 80l 0040 0066 142 1RO B6S 96
74 CF-BM o851 073 (52 0016 250 1911 wod oods 0 1568 84 5.8 o0
78 CPF-BM 083 Of7 0022 GN12 258 JORE wld 0052 OGS 24% 278 RELS L
b Reattar Umr_\.pgfmh‘ad
Py CF-3 L0 088 CiT 0004 001 Ixed Balk 06 002, 25 18 2.2 )
P2 CF-3 0 074 094 G000 G00s 01 00 09 0040 ools 125  IRE HAH ]
1 EF-3 047 Ok D0 GO1) D4R 2020 K70 002 0ot 04 171 510 o5
(. CF-8 1022 1R 0033 0008 D68 1000 937 0046 0039 TS 4.2 TS =
= PL GFS . 089 112 0096 0018 00d 2040 K10 0080 0038 177 M1 S4B w0
' P4 CF-BM 107 102 0018 00le 206 1864 1000 0151 00 B9 00 ALY 182
t 206 CF-BM 088 063 0019 857 178K RED - 0040 200 159 - i)
758 CF-8M 00l 002 00I% Rad (78l 870 D00 242 192 a2
= Reartor -f}“( ¥
3 RRB. CF-3 0Bl .17 017 200 Boad oA Boel 7 840 -
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. Table 1. (Conid.) i

RE— e —

| 7 » Ferrite® Hard- Ferrite
Chemical Composition (wi %] _ 7 {04:) . ness  Spacing
Heat Grade Mp S P s Mo Cr N N € Cale. Meas. Rp {um) !

i.ah}rﬂlofv~é‘c«1f
o8  CF-3 .50 1.37 0.01p 0006 025 2160 B0 0038 GO 863 #0.0 = 1 86

!. UK TF-R 028 10 G008 0019 G183 2020 E27 0030 0038 145 150 “ 174
' 202 OF-8 Q3 1567 00QJ8 0018 D13 2160 752 0038 0000 236 250 - -

286 CF-HM 040 [33 0044 G015 244 2020 813 0062 0072 188 220 " 201 ;

A Caleulated frum the composition with Hull's equivalont factor !
! Mrasured by ferrite scope AUTO Test FE. Probe Type F&P-1
- Stalte Cast Keel Hiacks Foor vy ESUO; Sige 180 x 120 x 90-30 mm '
€ Statlc Cast Slabs: Foundry Es. O, S 610 x 610 X 76 mim. !
d Cerir{fugally Cast Pipes:
P8 Foundry SANDUSKY; Sue 580 mm 012,76 mm wall
| P2 Foundry FAM, France; Size 080 mm 003, 73 mim wall
: Pl Foundry ESCC: Size BOO m OO0, 63 mim wall
P4 Foundry SANDUSKY: Stze 580 mm 0.0, 32 wins wall
| 208 Size 308 nun 0.4, 28 mm wall
u Static Cast:
Elthow 758 S 305 mpt O3, 80 nun watll, 3
Fumnp Impeller I Foundey B500, Size 660 mini dlameter ]
; Pump Cosing C1: Foundry ESCO, Size 600 mim O [, 57 mm wall :
Y KRB Reactor Pump Couer Plate: Foundiy GP; Size 890 mm diameter -
| I Aged Matertal from Geory Fischer Co., Switzerlund

R Pr—

ness ol the steels. The Charpy transition curve shifts to higher temperatures, Different
heats exhibit different degrees ol thermal embritiiement: the lew-C CF-3 steels are the
most reststant, and the Mo-bearing, high-C CF-8M steels are the least roststant to thermal
embrittlement. The extent of thermal embrittiement increases with increased ferrite con-
tent.

)
R | Sy

The mechanisins of thermal embrittiement of cast duplex stainless steel have been dis-
cussed earlier 37 Thermal aging of cas! stainless steels at <500°C (<932°F) leads to pre- :
uipitation of additional phases in the ferrite, ¢ g, formation of a Cr-rich @' phase by spinodai :
decomposition; nucleation and growth of «'; precipitation of an Ni- and Si-nich G phase,
| M2aCg, and ya: and additional prectpitation and/or growth of existing carbides at the fer-
, rile/austentte nhase boundaries. 8-10.18.19 The formation of Cr-rich regions by spinodal de:

R Wy SR R S R——— LR

composition {5 the primary strengthening mechanism for ferrite, which increases strain
hardering and local tensile stress. Consequently, the critical stress for brittle fracture, fe.,
either cleivage of the lerrite or separation of the ferrite/austenite phase boundary, is
achieves at higher temperatures,

[y ——

The degree or extent of thermal embrittlement is controlied by ths amount of brittle

5 fracture, A predominantly brittle fatllure cccurs when either the ferrite phase (s continuous, rl
i €.£. i cast material with a large ferrite contenl. or the ferrite/austenite phas= boundary
provides an easy path lor crack propagation, e g, in high-C or high-N steels that contaii

phase-boundary carl 'des or nitrides. Conseguently, the amount. size, and distribirtion of :

! the ferrive i the duplex structure and phase-boundary precipitates are important paratae: j

| teys that contro! the extent of thermal embrittlement ]

I
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Current assessments of thermal embittlement of cast stainless steels involve simula-
ton of end-of-design-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) s far
longer than can generally be considered for laboratory studies. Estimates of mechanical-
property degradation of cast stainiess steel components are based on an Arrherius extrapo-
lation of high-temperature dala to reactor gperating condit‘ons

The temperature dependence of thermal embritilement is controlled primarily by the
kinetics of ferrite strengthentng, fe . the size and spacing of Cr Quctuations produced by
spinodal decomposition of leivite.  Small changes in the constituent elements of the mate-
rial can cause the kinetics of thermal embrittlement to vary significantly.  Activation ener-
gies of thermal embrittlement can range from 65 to 230 kJ/mole. Also, aging behavior at
400°C (752°F) shows signtlicant heat-io-heat varatton,  Production heat treatment, and
possibly the casting process, mfluence aging behavior at 400°C and therefore the kinetics of
thermal embrittiement. The log of the aging thme at 400°C for a 50% reduction in Charpy-
impact energy has been shown 10 be a uselul parameter for characterizing the kineties of
therma!l embrittlement 2021 Activation snergy for thermal embrittlement 18 high for steels
that show fast smbrittlement at 400°C and low for those that show slow embritilement at
300°C

Mechanical-property results trom the present study and data from other investigations
have been analvzed to develop the procedure and correlations for predictng the kineties
and extent ol thermal embrittlement of reactor comipanents from known material parame-
ters. An inittial assessment of the mechanisms and signtficwnc: of low-temperature thermal
embritilement of cast stainless steels in LWR sysiems has been presented 2020 This report
presents mechanical-property data on several heats ef cast stainless sieel aged up (o
58 000 K oy 280, 320, 350, and 400°C (554, 608, 662, and 752°%)

2 Impact Energy

2.1 Kinetics of Thermal Embrittlement

e Charpy-nepact data lor various experimental and commercial heats, aged up Lo
30900 h at 290-450°C (554-842°F). have been presented eariier ?  The vartation of the
room-temperature Charpy-impact energy Cy (J2em?) with time can be expressed as

j0g 160y = log1aCvsa + BI1 - tanh [(P - 8l /all, {1)
where P is the aging parameter. Cygy 18 the mintmum impact energy reached after long-
term aging. § is hall the maximum decrease in logCy, 0 Is the log of the time (o achieve fi
reduction in fmpact energy. and o 15 a shape factor. The aginyg parameter P is the log of the

time at 400°C and is delined by

10004 fare L b (2)

where Q is ihe activalion energy (kJ/male) and { and Ty are, respectively, The time fh) and

&
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Table 2. Activation energies for kinetics of thermal embrittlerment of
cast siainless steels

EC\'g,u(i . Conistinis e @ lkJ)/mole [keal/molel] ,
N Heal b /em?) # 8 i Avorage St Conlidenee Limil
47 1514 0 o8e 2,08 1,200 193 (46. 1) 103-278 {24 56672
| 11558 013 ah3 1152 205 (48.9) 129-28) (80.8-67.0] @
(79 841 0.2 3.2] 1.070 176 (42.5) 151-204 ({36.2-48 8)
P2 141.3 0258 281 10504 21:(52.2) 175-264 {41 4-69.1)
a4 B0 0.224 .48 1260 247 [60.1) 195-208 46.7-71.5)
0 448 0.427 a6 1025 212 B0.N 177-247 142.3-58.1)
6l s 0214 348 1,200 10K (47.3) 146-250 (34 .8-59.7)
68 56,8 0301 2.88 0 680 161 (38.5) 140-182 [33.4-43.8)
i 54,1 0.305 257 0748 253 (60 .4) 200.206 (50.0-70.8)
63 1163 0150 2.0 LaDs 154 (36.8) J00-208 (24.0-49.6)
4 a1 0,338 281 0.5a7 147135.2) 133161 (31.9-38.6)
5 50 1 nale 204 0.965 1682 (a8 187186 [32.7-44.4)
i K78 0,208 3.168 PRI 163 (36.2) 118-2 1) (28.1-50.2)*
74 63 1 0.269 aa4 0,790 o527 54136 (12/8-32.64
5 33 0436 262 0 500 138 {34.2) 122156 {29.2-37.2)
Pa 627 ;246 2.70 D.E1S 158 137.8) 140-177 (33.5-424)

8 Standard deviation is lage bevause of the relatively small decrease mn fimpact energy
and a large scatter i cits.

temperature (“C) of aging. The values of the constants in Egs. 1 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 earlter 2.5-7.20.21  The 450 and
290°C aging resulls were excluded [rom the analyses. since the former are not representa-
tive ol reactor operating conditions and the latter showed a slight increase instead of a de-
crease (n impact energy after aging 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 energles,

Charpy-tmpact data {or 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 determine
the kineties of thermal embrittlement; the 290°C aging results were included in these anal:
yses. Values of the constants in Eqs. 1 and 2 are given in Table 2. The change in Charpy-
imipact energy, as well as the best-{it curves for the various heats of cast stainless steel, Is
shown n 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 from the Electric Power Research Institute (EPRI) heat of
CF-3 steel.!” Charpy-impact specimen blanks were obtained from fractured CT specimens
of the unaged matenial. 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 resulls are given in Appendix A.
Table A-2. Bes -{il curves 1o Eq. 1 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 GF! and Framatome (FRA)!S
studies were also fitted o Egs. 1 and 2 to abtain a constslent set of values for activation en-
ergy. The chemical composition and (he constants in Eq 1 and 2 for the EPRI, GF. and
FRA heats are given in Table 4
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Flgure 3, Effect of aging time and (emperature on the room-temperature Charpy-tmpact
energy of static-cast CF-8M keel block

The Charpy-impact data obtained at ANL and elsewhere indicate that all cast stainless
steels reach a “saturation” impact energy, ie., a minimum value that would be achieved by
the matertal after long-tenn aging. The actual value of saturation impact energy for a spe-
cific cast stainless steel is mdependent of aging temperature but depends strongly on the
chemical compasition of the steel. In general, it is luower for the Mo-bearing CF-8M steels
than that for the Mo-lree CF-3 or CF-8 steels, and decreases with an increase in ferrite
content or the concentration of € or N in the steel. The effect of ferrite content is obvious
in Figs. 1-5 far all grades of steel  Influence of C content is seen by comparing the results
for Heats 47 and 59 or Heats 51 and 60 in Figs. 1 and 2, and ol N content by comparing the
results for Heats 63 and P4 in ¥igs 3 and 5. These compositional factors promo’e a pre-
dominantly brittle fatlure.  An Increase in ferrite content provides a continuous path for
crack propagation via cleavage of lerrite. The presence of carbides or nitrides at the fer
rite/austenite phase boundary provides an easy path for crack propagation via phase bound-
ary separation. Similar trends are observed in the data from GF,! Electricité de France
(EdF), '3 and FRA'S studies.

The results also indicate that the time (o reach saturation, e, the Kinetics of thermal
embrittlement. also shows significant heat-to- heat variationn. The decrease in Charpy-im-~
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Figure 4. Effect of aging taae and terciperalure on the room (emperaiure Charpy- impact
energy of stallo-cast stamiess sloel slabs

pact energy during thenmal agilog at 400°C for some of (Yo heats tnvestigated at ANL. 57
FRAS EPRLYT and GF' s shown m Fig. 7. The aging time to reach saturation varies by
more than two orders of magnitude for these heats, eg, «1,000 h for the EPRl heat,
OO 100G B for the ANL and FREA heats, and 10.000-30,000 h for the GF heats.  Longer
aging times are needed to aclieve saturation at lower temperatures: actual time depends on
the kineties of thermal embrittlement. For example, saturation impact enerigy 18 achieved
after aging for 30000 h at 350°C (B62F) lor Heats 63, 64. 74, 75, apd P4 (Figs. 3-5) and
alter 58,000 h at 3200°C (60O8F) tor Heat P4 (Fig. 5. Other heats do not reach saturation

even alter 58,000 b at 350 of 320°C. becaunse the aging behavior at 400°C is very slow

and/or the activation energy tor therma! =smbrittiement s high for these heats,

The constant @, Le, log of the aging time at 400°C (752°F) for a 50% reduction in
Charpy-impact energy. has been shown 10 be o uselul parameter for characterizing the ki
neties of thermal embrivtdement 2020 Activation energy for thermal embrittlement is high
tor steels thal show fast embrittiement wt 400°C and low for those that show slow embrit-
tHement at 400°C,  For exatple, the constant 6 and activatten energy for thenmal embrit-
tlement, respectively, are 3.0 4.0 and 60165 kJ, mole lor the GF heats, 2.3-3.5 and 95
250 kd/mole for ANL heats, and 2 1 and 225 kd/mole for EPRI heat. The resulis indicate
that the constant 6. which hasically defines the aging behavior at 400 C s msensitive ta the
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Tahle 3.

EPRI. andl Framatome heats of cast sialnless steels

Chemival composition and kinetics of thermal embritilement of Georg Fischer,
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chemical composition ol the steel. Production heat treatment, and possibly the casting
process. influence 6 and therelore the kinetics of thermal embrittlement.

The mfluence of .eatl treatment is observed tn GF Heats 280 and 280N.1 The two
heais have the same composition and were given a production heat treatment of 12 h at
1010°C (1850'F) and water guenched. Heal 280 was given a second heat treatment of 4 h
at 1050°C (1922°F) and waler quenched  The = _ing behavior is significantly different for
the two heats; 8 18 3.8 and 2.5 for Heat 280 - .d 280N, respectively. Microstruoctural exarm.
ination of aged cast stainless steels suggests (nal a large value of 8 and a low value of activa:
tor  sergy are assoe ated with the Ni-8§i, Mo-8i, and Ni-St-Mo clusters in the ferrite ma-
trix *10 These clusters are considered (o be precursors of G phase nucleation and precipl
tation. Casl stainless steels with low activation energy and large 8 value show G-phase pre-
cipitation after aging. ana seels with high activation energy and low 8 value do nol contain
G phase. The presence of Ni-SE Mo clusters in the ferrite matrix of the unaged materials
may be considered as an indicator for fast Kineties and a low activation energy for thermal
ML rittiement.

A procedure and correlations have been developed for estimating the saturation rogm-
temperature fimpact encrgy and kinetics of thermal embrittiement of cast stainless steels
from thetr chemical composition 2921 The room-temperature impact eriergy of a specific
cast stainless sieel 12 estimated as a function of Ume and temperature of reactor service,
The correlatins have been validated with Charpy-unpact data on reactor-aged materials 29

2.2 Charpy Transition Curves

Charpy transition curves have been obtained for four experimental and two commercial
heats ag' 1 up to 58,000 h at 290, 320, 350, and 400°C 1554, 608, 662, and 752°F) and for
nine exporimental heats aged for 10,000 h at 400°C. The results are presented in Refl. 2
and Appendix A, Tables A-1 through A-3 Tk Charpy data were fitted with a hyperbolic
tangent function of the fonn

Cy = Ko % B+ tanh T = CIZD), (3)

where K, s the lower-shelf energy, T is the lest wemperature ('Cl, B s half the distance be-
tween upper-shell enerdy (USE) and lower-shell energy. C is the mid-shell Charpy transi-
tion temperature {CTT). and D is the hall~wadth of the transition region, Values of the con-
stants in Eq. 3 are given lu Table 4. The effect of aging time and temperaiure on the
Charpy transition curves for the various heats is shown in Fige. 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. 11 Thermal aging decreases he impact energy and shifts the transition curves to
higher temperatures  Most ullay - partially aged cast stalnless steels do not show a flat
upper shelf as delined by Eq. 3 naximam between -50 and 100°C and decreuses at
higher temperatures

The resulls mdicate a "saturation eflect” lor USE (defined as Kq+2B in Eq. 3) after ag-
ing. The USE deocreases to a munimum saturation value in a relatively short time, ie.,
3,000 h at 400°C or «<106,000 h at 350°C, and dees not change lurther with longer aging
times. Alter saturaiion of USE, the decrease In room-temperature impact energy 18 due to
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Tahle 4.

Values of constants 1 Eq, 3 for Charpy transition

curve of cast stalnless steels
Ko ]
prem®)  lem?d) e rQ
40 1308 ~IB8.E 8 ¢
: o R b o 0
7R2 154 ST N
4 ‘ 0.5 “¥4.2 )
320 H0.000 B0 -G8} LER ]
a50 2870 601 =112 504
460 J 00K 7456 -4 6 LR
350 20,0080 503 <10 107 1
400 2570 586 A 7 ¥74
400 10,000 547 -16.6 0R.0
450 2570 506 “H5.0 1266
1 Uniagied - B0 GLE B07O 62
20 /0,000 ElB 184D 1279
50 £ 050 dul 264 617
400 Q.HA0 a6 R 2s
P Unaged 58} 1482 1 S iHBO 4.1
a20 A0000 1727 42.2 e
st 1 0G0 1407 481 BTN
a5 SO 000 V570 K 078
65 Uy - 15 1389 <558 R
200 $0,060 1600 ~12.1 Wieg
azo 10,000 uz.4 a0 5 40.0
220 400 0000 107 6 4.6 Ll
A2 50,000 11 5.1 480
460 5.TRO 785 ~12.6 607
as0 10,000 0.0 280 67.4
a0 40,006 B3 53 . 867
400 2570 708 s 768
400 10,000 LU 640 G40
ABO 2570 540 526 67
76 Usaged - 15 1197 1862 .6
50 2570 108 6 170 AR 7
B0 10,000 RO 2 236 1217
400 2ETO K74 =1.7 1162
400 10,000 7" 10.3 ELaR]
74 Unaged - 16 H8.5 w1775 a6
200 A0 ([ IVCTIN 1 40.7
020 14,000 8l A8 0 05 K
a0 S0000 B7.1 ¥ 6 B8
190 LM A0 076 -2.9 1342
Al _4T0 49.0 “HN.T A4
WhHo 10.000 716 ~an K7
350 30,000 51.2 76 1685
400 24570 6l 6 ~37.2 406
400 1A 65,6 19.2 1247
450 2570 ] ~47.0 B4 5
75 Unaged | n azo - 1568 437
200 A0A00 - 121.8 764 50.5
20 10,006 @04 SN a7.0
330 30,000 784 Hio 1401
40 30,000 67.6 1443 1468
850 2570 e ~10.2 1062
50 10,000 7i3 55 74.4
ant 40,000 are 2077 180. 1
Ao gh70 527 4556 831
4 10,000 6.9 140.7 138 8
150 2570 Mo 208 964
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Table 4. (Contd.)

"‘m’ ohaton Tonstants
Heut emp Time " Ko " " ¥

G th! fiein®) W omd) e Q)

87 Unaged :15 1209 2000 [0S
400 J 0000 94 120 8 LN

51 Unaged a5 1045 ~201 6 735
00 ) OO0 | 544 ~181.8 200

62 Uniged '\5 Hieo 195 7 64
400 10,000 752 ~1504 8 211

at Unaged 15 1146 1343 763
A0 10,000 | 5.0 1K 1192

iy Ulnagod H 1167 1203 770
A0 10,000 | 671 £7.2 79.2

Gl Uniagod 15 137.1 1234 1043
400 OO0 { ROB R Ak G

W Unagod 2o (L -2ALT 44
400 000 | 4 32 ¥5.3

o1 Unaged 5 gas w17 31K
4000 10 KK i 470 500 1277

ah Uvangend 15 1020 1842 674

w7

400 LK) ] 506 1202

an increase in CTT, Le., the value of constant B in Eq. 3 remains the same, and only the
constants C and D increase with longer agimg times. This behavior is observed at all aging
temperatures and lor all heats of matertal. Tuble 4 shows that the saturation value of USE
for aged cast stainless steels decreases with increasing ferrite content and depends on the
casting method and grade of the steel.  For comparable lerrite 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 staticcast steels. Satoration USE for the static-cast ANL
heats is between 110 and 185 J/em? (65 and 109 fi.1b); lowest values are «110 and 120
J/em? (65 and 71 fUIb) for Heats 64 and 76, respectively

As discussed in Section 2.1, most cast stainless steels reach a saturation room-temper-
ature impact energy after =3.000 1 at 400°C or =30.000 h at 350°C, e, when the aging pa-
rameter P 1s «3 5 Usoause both room temperalure 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 statnless sieel aged to P values of 3.0-4.0 are shown in
Fig 12 A saturation eflect an the transition curve is indicated for the matertals that have a
saturation room -temperature impact energdy Close to USE. The saturation  om-tempera-
ture impact energy for Heat 69 is <89 (53 111b) and the transition curves for ¥ values of 3.4+
4.0 are comparable.  Saluration condition is not reached after 50.000 h at 320°C (P = 2.86).
These resulls sugdest @ saturation effect on the transition curve, because an increase in CIT
would mean a Jurther decrease in romn-temperature impact energy. For such matertals,
fipact enerdy at reactor temperatures (280-320°C) would also saturate alter aging and the
value will be comparable to or shghtly higher than the saturation room temperature tmpact

energy.
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Figure 12, Charpy-transition cunes jor Heais 68, 69, 74, and 76 aged to P values between
3.0 and 4.0

The saturalion room-temperature impact energy lor Heat 76, e, 32 J/em? (29 ft-1)
is clase ta the lower-shell energy.  Also, the transition cutves for Heal 75 do not indicate a
saturation effect  Although thye room-temperawire tupact energy does not change for P val
ues »3.5, the impact energy at reactor temperatures may continue to decrease with time,
This behavior is alse observed for the EPRI heat, as shown in Fig 11, For such materials,
impact energy at reactor temperatures will be anywhere between the saturation values of
room-temperature hi.pact energy and USE. The transition curves for heats that a satura
tion room-temperature impact energy in the transition region may or may not saturate de
pending on whether the value 1s close to USE ar lower shell. For example, the saturation
room-temperature impact energy for Heals 68 and 74 is =57 and 63 (34 and 37 {t-1b), re
pectively. These values are greater than the mid-shell ampact energy for the materials,
and the transition curves sugdest a saturation (Fii. 12). Correlations have not been devel
aped for estimating the Charpy tmpact energy 4l reactor temperatures or the shift in CTT

during thermal aging

2.3 Recovery Annealing

Microstructural and annealing studies? 4510 gn Lyboratory- and reactor-aged materials
indicate that the mechanical propertics of aged cast stainless steels can be restored by
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nealing the embeitted muateral for 1 b af 550°C and waterquenching. The o' phase, which
& the primary cause for thennal embrittlenient, is not stable al temperatures *550°C and
theretore dissolves during the annealing treatment. The material s water quenched 1o
avord Tormation of @ and other mteometallic phases that may also degrade niechanical prop
erties. The influence of annealing an the Charpy tansition curves lor three laboratory - aged
heats and for service aged wateniads lram the Shippingport and KRB reactors hiave been
demonstrated 2022 The influence of apnealing on an additional nine laboratory aged heats
of CF-3, CF -8B and CF 8M steels has also been investigated The matenals were aged for
10.0G0 h At 200°C prior (o the annealing.  The results are given in Appendix A, Tables A3
a4 The effect of antealing on the transition comves of (he various heats s shawn in
Fig 18 The tesults indicate essentially compleie recovery from embrittlement: the transi
tlon curves for the antealed materials agree very well with these for (he unaged steel,
Mictostructural examination of the anncaled material showed po o phase, bot the size atd
distribution of the G phase were the saine as in the aged naterial # 10

Charpy data for laboratory-aged mutenals mdicate that the Kinencs of embriitemen
can alse be obtadned from (b remmbittement of recovery-anuealed material.  The Charpy
npact data Tor recovery anncaled CF 3. CEH 8, and CF 8M steels aged up o 10000 h at
406, A50. and 320°C are given in Appondis A, Table A 4. and the aging bebaviors of unaged
and recovery annealed steeds are shown in P 14 The setivation energies of the unaged
materigls are 168 + 87 1687 ¢ 48, and 140 10 21 KI/maoke Tor Heats 68, 69, and 75, respeg
tively. The Charpy data for recovery annealed and aged Heais 68, 69 and 75, respectively,
VICTE activation encrgtes of 122 4 40 176 0 49 and 130 4 28 kJ/mole. (e, the Kinetics of
teeembrittlement are wit! o, the 95% confidence imits of the experfmental values

The results tndicate 1hat baseline mechanical propettics, as well as the kineties of em
brittlement, of aged vast staindess steels can be deterinined (tom the recovery annealed
matertal  This may be very uselul tor evalusting degradation of mechanteal properties ol
service aged conponents, where the baseline miechanical propenies of archive material are
generally ot avatlabile

3  Tensile Properties

T e Y ST . BB  GETY ¥ Y E to~S— ~ rereG-

Tensile tests were conducted w1 room (emperature and 2000 (554°F) on three com-
mercial and five expertmental heats agded ap to SH000 h at 290 450°C (554 8427 i on
the KB pump cover plate material The veswts Prom (he tests, which were contducted at
ANL and Materials Engimeering Associates (MEAL are given in Appendia B The engmeet
ng stress vs strain corves lor Six of the heats of CF-3, CF 8, and CF SM stoel aged up Lo
50,000 h at 320 350, and 400°C and tested at 1oom temperatare and 2000C (554°F) are
shown in Figs. 15 20 Al both test temporatures, thermal aging led 1o an nerease in yold
and ultitate stress and a slight decrease in ductity. For all heats, the inorease in altimate
stiess is substantially greater than (he terease tn vield stress.  The Mo bearing Ch-8M
steels are the most segsitive (o thermal aging and Mo lree iow-carbon CF 3 steels the least
sensitive.  Some heats show uo chanige i yield siress. FPurthermore, spectimiens aged tor
short tmes al high temperatutes, ¢ @, -3.000 h at 400 (752 F), alfen show a decrease in
vield stress

LU
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4  Fracture Toughness

The J-R curve lests were conducted at room Loaperatvie and al 290°C (554°F) ac
cording (o ASTM Specihoation £ RLR 85 and B 112 87 Compact tension specimens
(CTY. 254 mim thick De, VY osizel, were used o the tests. Table Co1 Appendis C con
tains the resulls from tests conducted ot MEA and ANL on ndoe heats of cast stainless steel
aged up to 30,000 b ol temperatures between 200-450°C (554 B42°F). The data and anal-
yaes of the tests contducted al ANL are compiled i Appendix C The results indicate that
the deformation J values predicied lrom the power law relation are often higher than the
obsgerved vadues (o crack extensions of =4 win For the roon temperature tests, the values
calewlated from power law relation can be highier by a factor of 2 The discrepancy belween
the calculated and obseved values of deformation J s small (or the 1ests af 200°C. The
moeditied J ve. an data show good agreement with the power-law telation

4.1 Unaged Cast Stainless Steels

The fractute toughness S0 carves of unaged cast stainless steels vary signilicantly for
the various heats. Figure 21 shows fracture tonghness J R corves for centrifugally aad
stalic-cast steels af raom temperdtore and 200 32000 (554 608 F). Fracture Toughness ol
centrifugally cast steels s stgnificantly higher than than al of static-cast steels.  The
static-cast pump casing ving (Heat ©1 with & « B%) shows the lovest (ractore toughness
and the centritugally cast prpe (Heat 12 with & « 12%) has the highest.  The room-lemper
ature J Reurves for unnged Meast C1 are margimally higher than those at 290°C, At temper
atures up to 320°C, a lossr bound 3 R curve for onpged statlc cast stainless steels can be
expressedd as

i = 400AR I A0 {4)
and for centeiiugaully cast s amloss steels as

i GHOAaY 44, (5)
where Aa s inomap and Jg s o kJAn?

Fracture toughness dota lor unaged cast staimless steels miso inddeate that J-R curves
for structurally “weak” heats may be lower thian those for wrought stainless steels, J R
curves for wronght stainless steels?® 98 ai jemperatures #280°C are compared with the
lower-bound J-R curves for anaged cast stainless steels in Fig, 22, Practure toughness ol
wrought stainless steels s higher than the lower hound - R curve Tor static-cast statnless
steels

4.2 Aged Cast Stainless Steels

The effects ol aging time and Temperature an the fractore taighiness - R ¢ ves of the
varous heats of cast stainloss steel are shown o Figs. 2328 Therma! aging of st staln:
less steels decteases thetr fractoure toughoess gt both romm temperature and reactor tem:
peratine The values of Jye and average teaning modulus fr heats thal are sensitive 1o
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thermal aging arc as low as «90 kJ/m? and

ststent with the Charpy-impact results, e,

«60, respectively

The J-R curve data are con
unaged and aged materials that show low i
pact energy also exnibit lower fracture toughness.  All materials reach a minitan ssturation

fracture tonghness after thermal aging, e ¢, after 10,000 h at 400°C ¢or 30,000 h at 380°C,
The kinetics for the decrease in fracture toughness are identical to those observed for the
change ‘a Charpy-impact energy. o general, loss {n toughness ‘nereases with an increase
in ferrite content. The CF-3 steels show the smallest and CF-8M steels the largest tough-
ness loss, Also, for a specifie steel, the deorease in toughness 13 lnarget al room lemperature
than at 290°C (554°F)

The static-cast slabs (e g, Heas 68, 69, and 75 exhibit «n unusual aging behavior, viz,
the room teruperature fracivre toughness tnereased inittally after aging. For sxample the
J-R curves for these heats aged for 2,570 h at 400°C (762°F). or up to 10,000 h at 350°C
(B62°F), or up to 30,000 h at 520 C (GO are otten higher than those for the unsged mas
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Figure 26.  Zffect of aging trime ard temperdture an the fractre (oughness J-R curves at room
temperature and at 200°C for static-cast Heat 75

Thermally aged CF 8 steels (e, Heats 68 and P} exhibit unstable crack growth.
These events were generally observed heyond 5 mm erack growth. Crack growth was as
high as 2.5 mm, accompanied with a load drop of >10 kN (ses Appendix C for Heat 68 aged
30.000 h at 3500CL The lerrite/austenite phase boundaries in CF-8 steels contain large
carbide particles and provide an easy vath for crack propagation.  Unstable crack growth
occrs by cleavage of ferrite and separation of weak phase boundaries

5 Conclusiuns

Charmpy -nopact, tenste, and fracture toughness J-R curve dala are presented for sev
eral expertinental and commercial heats of cast stamnless steed that were aged up 1o 58,000
hi at temperatures of 290-400°C.  The .esults indicate that thermal aging increases the
tenstie stress and decreases the Charpy-impact and fracture toughness properties of cast
stainless stecls. In general, CF-3 ste s are the least sensitive to thermal aging embrittle
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Appendix A
Charpy-Impact Energy

The specimen blanks lor mechanical testa were ublained from the varlous experimen-
tal and commercial heats of cast stamless sivel  The ortentation and lecation of the me-
chanical-test specimens [rom pipe seetions, slabs, and keel blocks are shown in Fig. A-1.
The specimen blanks were aged up (0 58000 h al temperatutes between 200 and 400°C
(854 und 752°F)

Charpy- tmpact tests were conducied on Charpy -impact Vonoteh specimens according
to American Society for Testing and Materials (ASTM) Specilication E 23, Test specimens,
shawn in Fig. A-2, were machined from the blunks after thermal aging A Dynatup Model
ROOOA drap-eeight nupact machine with an fny cumented (up and data readoul system was
used for the Charpy-itnpact tests. The avallable energy and impact velocity of the machine
can be varied by altering the weight of the crosshead and the drop hetght; maximum energy
and veloeity obtainable with the machine were 1.5 kJ and 4 m/s, respectively. Load- and
energy-tume data were obtained lrom an insemented tup and recorded on a dual-beam
storage oscilloscape.  The fnstrumented tlup consists of a striking head and a strain gauge
with a four arm semicanductor bridge citeuit.  The strain gauge. which measures the com-
pressive load on the fup during the test, was caltbrated by a dynamie loading technique.
Inittal and final velociiles af the il were measured optically.  The load time traces from
cach 1est were digtitzed and stored on a floppy disk for pnalysis.  Total energy was com-
puted from the Joad thone trace: the vilue was corrected lor the effects of tup velocity.

The wstrumented tup and data readout instrumentation were periadically calibrated by
fracturing standard V- noteh specimens tabricated from 6061-T6 nluminusn and 4340 steel
with 4 hardness of Rockwell Re 4. Amplifier gain was adjusted from the load- and energy-
time traces for the gluminum specimen so thai the recorded load limit comeided with the
foad limit for the malerind (1e, 7.74 kKNI The linearity of the calibration was established
from the resulls for the 4340 steel specimen, which has a higher hmit load.  Aecuracy of
the anpact-test machine wus also checked periodically with Standard Pefercnce Materials
2092 and 2096 (having Chirpy-tapact energies of 16 41 and 16 12 J. respectively) ob-
tained from the Natlonal Institute of Standards and Technology  Tests on the reference
waterials were perfotmed at 40 C (40°F) in accordance with the testing procedures of
Section 11 of ASTM E 20

The specimens Tor highdemperature tests were heatsd by resistance heating,
Podumatic clamps weie used (@ make electrical connection and hokl the specitnens in po
sition on the anvils. The anvils were eleotrically insulinted from the basc plate. Power to
the specimen was interrupted immediaiely before impact 1o release the clamps and remove
~any constraint on the specimen.  The ftemperatute was monitored and controlled by-a
thermocouple altachied ta the specimen  Specimens for the Jow-temperature tests were
cooled in either a refeigerated bath or Hguid nitrogen,

Charpy-impact data for the various experimental and commercial heats aged up o
10,000 h at various temperatires have been presented earlier A1 The data for materials

Al
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that were aged longer than 10,000 h are given in Table A-1. The impact energies are nor
malized with respect to the cross sectional area of the speci.aens (impact energy in ftlb
can be obtained from J/cm? by multiplying by 0.59), Charpy-impact results for recovery-
annealed materials {from three experimental heats as well as the KRB pump cover plate)
that were aged up to 10,000 h at 320, 350, and 400°C are given in Table A-2. Material
from the experimental heats was originally aged for 10,000 h at 400°C whereas the KRB
pump cover plate was aged duri g reactor service. All materials were annealed for 1 h at
550°C and then water quenched.

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 lnstitute to study thermal embrittlement of cast stainless steels; the results for
400°C  vir¢ have been presented earlier -2

The values of 0 2% yield and maximum load for each test are also lisicd in Tables A-1
to A-3. and may be used for estimating tensile properties of the cast malerials. For a
Charpy specimen, the yvield stress is esimalted from the ex’ oession

oy = CPy B/Wh2 (A- 1)

taken from Ref. A-3, where Py is the yie d load, W is the specimen width, s the specimen
thickness, b is the uncracked Hgament, and C is a constant. The yield load was obtained
from the load-time traces of the Charpy tesis. Deviation from linearity in the load-time
trace occurred at 125 to 180 ps for the various hieats. The load at 200 us was estimated (0
represent 0.2% vieid siress. The sctual time lor 0.2% yield varies with the strain hardening
rate of the matertal; the load at 0 2% yield can be obtained (rom » power 'at fit of the data
The error in the estimated values was <5% for the various 1ests. 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 determined by comparing the tensile and Charpy-impact data, The best
value of the constant lor yield stress was 1 50 for steels of all grades. The constant for ulti-
mate stress was 228 for 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.  Eguativn A-1 should not be used for estimating
ultimate stress at temperatures corresponding to the lewer-shell and transition reglons.
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Orientation and location of the mechanical-test specimens taken from (a) and (b
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Table A 1. Charpy-impact test results for aged commercial and experimental neata
of cast stainless steol

Aging Aging Test Impact Yicld Max.

Specimen Temp. Time Temp. Ener Laad Load

¥ D Heat [*C) fh) "¢l b feme) {kN) ~ (kN)
<1 Keel Blocks ICF-3 Grade]

3 472-508 a7 200 OO0 b 2685 Q9.276 16682
472-809 47 200 JOOKK 25 2680 9.927 15672
4728138 47 200 BROO0 25 2122 462 165976
472814 47 50 BHOGD 25 U562 0042 15,816
474-516 47 80 JO000 26 2524 9618 16316
474-817 47 a0 OO0 il w68 0508 16,200
474 818 47 a0 0000 a6 1905 10,155 16.219
473507 47 H£20 B0 25 2234 8413 16024
472808 47 320 BHOOG 25 1887 9442 15082
475-815 47 350 30000 25 65,9 Q9647 16.492
475-8514 47 250 OO 25 154.2 9950 15.496
475-815 L ¥ asn SO0 25 1615 10175 16512
475816 47 350 HB000 25 1435 0872 14,920
475518 47 a5 HHOO0 25 1276 SH68 15 164
476810 a7 400 30000 25 1771 9 555 167692
A76-811 47 A0 KKK 25 1738 9575 16 338
A78-801 47 400 BABU0 25 197.2 §.579 16 180
478-80% &7 e SEROO 25 I1RS.8 0686 16040
612-507 8) 2900 OO0 a5 236.4 10,231 16805
5i12-808 51 250 RN ¥ 2600 10:477 17.234
512-808 51 200 SO0 a5 259.0 10654 16893
hl2-514 Bl 290 SRO00 25 204 2 10546 17.5647
512815 51 260 HROOO 25 230. 1 10 565 17.742
514-816 51 320 B0EK0 a5 1951 1147 17 880
514-817 81 420 HO000 25 2374 11424 1K 562
514818 51 320 SO0 25 251.1 11.454 19.009
51 3-808 51 J20 HH000 25 1628 1 1876 17.089
515806 §i 420 HH000 25 166.0 11266 17.503
515513 5 350 30000 5 1947 11620 {8338
515514 51 350 S0000 &5 197.5 1'1.24%9 17.047
515-815 51 a5 JOK 25 180 1§ 11415 18,084
516-518 51 50 55000 25 160 6 10.917 169851
515518 b 8 | ’hﬂ SH0CK) 285 thl6 1 1200 17.117
ABl6-S10 51 400 AKEN) a5 171.2 11,663 18,720
B16-811 51 300 FOO00 25 1589 i 1.907 18,437
518.801 5l #00 SR 25 1i68 11.561 16248
B1R-503 Bl 400 B4 H00 25 1117 11.55] 18141
522-8507 52 0 SO 25 2371 9618 16,258
22808 82 200 JOOKK) b1 201.5 606 16.258
522504 52 00 S0 25 2448.8 B HR2 16.482
532813 52 290 BREOO0 26 27250 10.077 16395
H22-514 52 260 H&OO0 25 2756 0794 16365
H24-516 B2 k) S0000 25 2425 10428 1 6.080
524-817 52 320 B0 25 283.5 10.321 17.439
524-818 82 320 00 25 262.2 10 380 17.804
H23-807 52 320 SH00 25 245.7 10,223 16961
523 808 62 33 S5000 25 2818 10.223 16843

| 525513 52 ash 30000 -3 950.2 .90 17156

| 525-814 L | 450 OO0 25 2709 28138 17.2256
525-81% 82 350 HOOO0 25 254 5 10,087 {7 166
525816 52 450 BH000 25 250.9 10116 1736
525-818 ad a50 H5000 25 2405 0879 17 048




Table A-1.  [Contd.)

Aging  Aging Test lmpact Yield Max.

Kpectmen Tomip. Titne Temp. Energ Lasad Load

1D Heat ') {hl *C) A fem?) {kN) {kN)

526 811 52 400 WO 25 3375 12,794 22 BRY
5288501 a9 400 SARO0 2% K66 10,624 16 824
H28-5043 a2 00 SAROO 25 170.2 10685 17107
562-8507 e 290 OO 25 2230 0.HA2 16 633
B2 -S0K b 25K K00 25 2030.2 el 158936
H562-800 H6 200 A 25 1086 10,087 16248
562-814 Sk 200 TR0 25 196.0 9.3a4 15164
502515 B 240 SHO00 5 2289 9413 16609
B64-516 T 30 NN 26 290.0 10116 16602
564 817 5 420 OO 25 Q087 10,380 16,306
564-518 B 5320 OO0 25 2190 10,350 16.98]
BOA-508 ) a0 A5000 25 230.8 9 684 16474
563 806 56 a0 ALOGO 24 2006.7 9716 16318
HEH-H1S 505 450 WA 95 2036 10 802 16,500
565 &14 T asn E e 25 PRV 10.067 170
H66-515 s 950 SO000 25 077 0 OK6 17 088
5516 56 Y] 50000 25 1933 10.292 15,978
565 S8 fH uho S5000) 25 L | 10087 16,258
566810 A6 A0 O 25 140.3 10.404 16,672
506-511 R 400 30000 2% 1617 08K 164048
HGK-S0 1 i 400 HAR00 285 IR Y 10477 14.205
068 803 s 00 AR 25 1204 10 565 raa

g RYa]

592807 50 Zo WRNK) 2% 2546 10.4v7 I 454
502508 50 200 JOO00 25 254.5 10,389 16512
502 -804 59 200 OO 25 208 6 116 17.0010
5R2-513 a4 2600 SO0 25 230.3 042K 16 580
52 -S14 5 200 RN 25 2HO.0 10 253 16, GRE
B4 518 56 B0 N0 25 76 10, 864 17.448
Bag 517 ) A6 AO000 5 1900 11.239 18.201
TO4-S1H 54 320 JOKK) 25 2184 11,8686 17 820
544 16 50 320 OO0 25 2176 145 H6S 17.44%9
H93-807 59 a20 SHO00 a5 1762 10607 619
5O%-8508 i 320 ARG 25 180.6 10,468 17,06k
HU5.513 54 a0 OO0 25 1464 11.5561 17,303
05514 56 50 SO0 25 1736 f12an 16706
Ha5-§156 54 350 30000 25 1752 11478 17,498
505816 ) A BAOO0 4533 127.5 142 BOS 16,551
506-818 B 350 SEN g 1390 10 751 16, 744
SO6-5]10 56 400 TR 25 874 10882 16.577
A96-511 e A N0 25 V76.4 12.843 21 806
HOK 501 i A0 AGRO0 25 “2.H 11230 14657
RO8 S0 ) d00 B ROO 25 B 11.258 12604
02 507 0 2001 AN &5 2302 11.076 17 4HR
B2-508 (Y 290 e ] 5 268.8 11.063 12,937
6OZ-50G i Py OO0 ) 2407 11517 17,752
602514 B 241 SHK0 25 2175 11190 17,625
62-515 ) 25 BROO6 5 2154 11.542 17.791
60§18 1) 320 AOO0CE 25 149.2 12001 18128
604517 (2] N0 OO 25 2180 L2030 18865
604 518 0 960 AN 25 26,6 12834 18963
B3 S0K i) A0 SO0 26 005 12.213 17.460
BO0-HOG ey 320 BRI 413 LA08 (VL] 17 682

A-B




Table A-1.  [Conted.)
7 Aging Aging Test tmpact Yield Max.
Spectmen Temp Time Temp. xlénrr% Load Load
1D Heat ) ih (e Wiem fkN) ikN)
#05-.813 8 550 30000 25 1174 11.786 18.240
805-514 (e 380 Q000 25 26,0 12.274 i7.605
GOH-S15 (e 3501 RCE 25 568 12.362 13104
W5-Si6 0 A50 S5XK 25 741 12470 15,868
B05-518 £ A5G SHO00 25 759 12108 15.780
606-S10 (8] A 0000 25 58.7 12766 16250
GO6-51 | w0 GO0 30000 a0n 758 12.705 17.031
BO8-50 | (=] 400 54500 25 4649 12.489 13.221
BO8-503 €0 400 S EO0 25 82 12.538 15.026
6G12-807 61 280 SO0 25 250.1 11.073 17,195
612808 €l 200 0000 25 2920 1L.717 16717
612-K09 il 200 HOO00 i 206 4 10.819 17.703
G12-513 il 200 SHOO0 bE 2352 11161 17.203
612814 1 290 HHOOO FE 2877 11.054 17.33%
Bla-Si6 €1 a0 B0 5 2260 11464 17.683
Hl4-817 61 320 30000 5 /25 11971 18,533
B14-81K Bl 320 3000 25 2368 12,108 18.631
6158507 L @20 G000 25 M03.3 11.366 17.547
61 3-508 51 320 BEO00 28 2252 11.327 17.713
615-§1a 61 350 JOO000 25 202.8 11.620 18 065
6156514 &l 50 30000 25 1802 11727 18.035
615-8i6 61 450 BOO0G 25 197.9 11473 18.085
615-8148 £ 350 SHOGO 25 1477 11.805 17.166
615818 £1 450 HHOOG 25 1490 11745 16713
6168510 6] 400 FOOO0 25 137.2 11.761 17.724
616811 61 A0 30000 ] 15989 11341 18.118
G18-801 61 400 B4 HOO 25 o0 1 1L.600 16.721
61 8-503 fil AN 54800 a5 522 12962 14.129
Heel Blocks (CE-8M Cradel

632-507 B3 290 JOOK0 a8 195.7 9.686 15,701
632508 [ 250 30000 a5 2150 9.785 16506
832-508 a3 250 300K 25 2454 84,879 16.531
B32-S14 63 200 S8OG0 8 161 G667 15.958
632.81% [ 250 SROCK) 25 2131 4 554 18111
634516 63 320 3OO0 a5 1526 10,829 15,975
634-517 6l a0 30000 25 1710 10.262 16,3965
634-818 %3 320 SOO00 26 187.2 10,282 16.482
633508 Lin] 320 HH000 25 1776 10.262 16.434
B33-509 a3 320 SHO00 25 158.1 10,603 15617
635-813 LEN] aso 30000 25 137.6 10,386 15.584
836514 63 a50 JOO00 25 100.6 10.341 14.237
635818 63 as0 A0 25 178,1 10 360 16502
635-516 L% B0 BB 25 160.8 10,2638 17.010
45518 63 350 S5000 25 1229 9 608 15.701
636-810 fad 400 30000 25 101 9 IC M3 17.187
636-511 0 400 IO000 e 1821 10,268 15.604
BIR-501 63 400 H4R00 25 1241 10.875 15174
BIR-S03 13 AH) S4R00 25 130.0 10 848 16770
w2507 (& 260 SR 25 1981 12.010 18,748
E42-508 &4 260 30000 b 2148 2518 19.138
€42 500 L] 200 FOOOR) 25 2136 12.674 19.236
642-813 (23] 290 SROOO 25 148.7 12,684 18723
12614 el 290 HBO0O 25 1504 12.967 18.621
64-516 £ 320 AKX H 66.4 14 041 17.876
48517 o4 FI0 0000 bsd 675 13817 16941
g 51N (2 bt A0000 25 867 R 13963 18.240
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Table A-1. {(Contd.)
Agingg Aging Test Impact Yield Max.
Specimen Temp Time Temp. Ener Load Load
D Heat ra h) (¢ W /em (kN) (kN

V042 i a20 A0 20 2179 11,224 20.525
1IV-043 ! 320 30000 0 195.9 10,868 18260
1ivV-040 1 320 SO000 20 3198 15.073 2573}
11V-047 1 320 F0000 25 2209 10.214 17.244
12V-025 | 320 30000 26 2227 10,018 17.420
12V-026 1 320 NN 25 199.7 10.223 16,863
11¥-044 | 420 A0 75 227.4 306 16376
1TV-045 1 320 SO000 128 204 .8 B a3 14 061
11V-046 I 320 SO0 200 1941 6503 11,366
18V d 1 320 S5O0 25 1869 10.258 17.400
13V048 1 320 HH00 25 1994 10.594 17.847
13v.044 I 320 H5000 45 2013 10,460 17.615
13V.045 i 320 BHOO0 b 186.4 10087 17.000
13C-016 ! 320 SHOOK 25 162.1 9.511 16454
13C-017 | 220 HHO00 25 816 8.a0] 16.736
13V-0256 ! 350 SO000 26 1708 10,662 17.644
1AV-026 1 A50 G000 25 177.1 10.428 17.791
13V.027 | GH0 30000 25 IBOM 11.805 19,256
1av-01e | 400 KK 25 122.9 10841 16114
18V-017 I 400 BOO00 25 153.1 10.94 1 1%.232
P21-A30 2 200 OO0 25 4882 6.657 16697
P2 1-A40 {544 260 TR0 25 2055 09.452 16.746
P21-T19 P2 200 HROOG 5 4899 O 569 16.756
PRI-ATI P2 320 SO000 -197 692 12430 16512

21-A18 P2 320 O {20 130.6 13475 22439
PR2-A22 P2 320 30000 =80 174.7 12.176 21.631
PR2-A23 P2 420 OO0 -50 1485 12 196 18640
P22-A24 P2 420 SO000 20 2006.2 11.532 18.812
P22-A25 P2 320 30000 ()] 202.8 11,132 18.972
P21-T12 P2 320 F0000 28 309.8 S0l 16,980
122-A21 P2 320 OO0 25 4918 1GL00R 172,771
PR2-A27 P2 320 FO000 25 374.6 9 862 17.010
P22 A28 P2 320 FO000 25 49348 B.813 17. 186
P22-A26 P2 320 SO000 75 458 1 a413 15.807
P2i-Ti1 P2 azo 0000 125 412.1 8192 14 549
P21-Al2 P2 320 SO000 260 3513 HH62 12479
P25°T11 P2 320 30000 290 339.7 6,679 11,932
F21-A24 P2 dz0 AH0N0 25 254.3 10006 16 645
P21-T14 P2 320 BEOO0 25 263.0 £§.960 17.010
P23-A28 P2 450 SO00 - 186 584 12.907 18318
P23-A24G pa a50 FCO0 - 186 57 12674 16600
P23-T1) P2 350 30000 ~196 615 12.233 17.782
P23-A30 P2 350 30000 ~120 1046 1 L3285 20.505
P23-T12 P2 a50 J00040) =120 112.6 114158 21.121
23-Aa1 12 80 RN} -100 1169 12538 20847
P23.T13 P2 350 OO0 100 S 12,842 19.480
P23-A32 P2 350 HO000 78 Ka g 12,479 19.207
P23-Ti4 P2 350 J0000 -7 153 12313 19.871
P23-A33 P2 A50 30000 «H0 18 11,6688 17,186
P23-TIS P2 a50 30000 50 182.3 11561 20,847
P23-A34 P2 350 00 20 159.6 11,200 16,275
P23-Tis P2 450 SO0 -20 234.2 10.868 20,183
"23-A34 P2 350 SO000 0 204 4 10.878 18 406
P23-T17 P2 350 OO0 0 198.7 10.509 18250
P23-T22 L. 350 OO0 a5 233.2 10165 17. 156
P24-A27 P2 358 JOO00 25 2271 10.126 17.288
P25-A21 P2 as0 JOOO0 26 2126 10,155 16.531
P23-T23 P2 350 SOO00 50 307 2 9706 16.736
PA5-A22 P2 a5 OO0 50 2057 9491 16,043
P23-A36 P2 a50 30000 78 340.1 ©.286 165281
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Table A-1.  {Con.d.)
A Aging  Test hupact Yield Max.
Specimen Temp Time Temp Energy Laoad Lavudd
1D Heat [ ] thj () W /em®, {kN] (kN)
P23 TR P2 - A%0 000 7% 4348 8700 15.174
P23-A17 "2 350 30000 185 387.5 7.880 13.621
P25-T.5 P2 RE JO000 125 4a1.0 7.344 13.720
P23-T20 "2 350 [OO0O 200 ar64 6 2 13.250
123-A38 £2 350 J0000 260 3426 6.034 11.726
P23-A80 P2 450 J00K) 290 3408 6279 1 LB25
PR3-T21 P2 A50 20000 00 450.1 6.269 12010
P22-A12 P2 350 BHOO0 25 236.7 @ 735 17-156
PR2-AlG Pe a50 HHO00 @5 2066 9833 16717
P22-Ti4 P2 A60 BEO00 25 184.4 10,106 {6482
PP25-Al8 P2 400 A0 25 1769 10.277 16856
P25-Ale P2 400 SO000 25 139.5 ERUTE) 16.192
24-T0OQ P2 400 0000 25 200.1 10.048 17:265
P24-A11 P2 400 SEROG 25 177.6 aNl3 16,785
P24-A18 P2 400 SI800 25 1836 D872 16.482
P24-T11 P2 A0 BABOO 25 LS U059 16672
Commercial Meats [OF-58 Grado)
Cl-A0Q7 (a3 2950 S8000 25 THS B 78R 1282
C1-ADDK Cl 24 HHOO0 25 104.5 G 4071
C1-A082 1 420 AO000 25 525 GHTH 12.587
CI-ADE2 (o 20 00 a5 488 a0 11825
C|-ADSS 'l 320 B0 25 708 W GHE '1.747
C1-ADBG Cl 320 55000 25 685 9.315 15.21%
C1-A056 (8] 350 VOO0 25 68 O 6.335 1 2004
C1-ADS7 ¢l a5k LU0 25 56.5 a.824 153,534
C1-A066 Qi 50 SO0 25 ta7 4,390 ‘T2
C1-A067 Cl 450 0000 5 254 8257 0.725
Pli-A20 ) 20 KT 25 1836 10448 16444
Pll-A2) el Pt e BO0O0 o 2008 1123 165024
PlLi-Toa | 2800 FHNKIO 25 2328 11.532 16 905
Pll-A31 [ 290 DROH) 25 aM23 11,503 15,557
Pld-AZ28 " 29 DHLOR) 25 3305 11,376 18.123
Pl 1-T03 1 326 0000 25 1684 11.576 17.254
P12-A20 Py 330 OO0 25 2255 11.845 15640
Pl12-A21 Pl 330 OO0 25 208 | 1 1.62C 18948
P2-A24 i1 3320 BHOOO 25 1171 11796 17.078
P13-T12 " J20 SO0 25 1722 1 haeg 184556
P12-7oe Pl a50) 30000 25 734 L1BAG 15,272
P#i3-A23 1 350 SN 25 103.4 11844 16.795
i-A24 481 50 A0 5 R 2 11.062 155686
P12 Als Pl 350 S50 25 650.8 L1844 15,701
Pi3-A26 il a50 AA000 25 728 1 1L638s 14.657
Pl3-All 1 400 JO000 25 575 12,063 15284
Pl1a-A20 " 400 30000 25 914 16.765 20267
Pl13-TiO Pl A00 40000 25 66.7 11936 15,202
TC'(_qnmz‘rrml Heats fCF-NM Gracle]
P41-A41 P4 20 SO s 2884 11,971 17986
P41 -A42 4 F90 T 25 2807 12008 17.283
P4 1-A42 Pé 200 LROOG B 2328 11,722 17.127
P4 1-A43 4 280 HEO) 25 2972 L1 640 17410
Pa1-A26 4 320 3900 25 a6.7 12,667 15643
P4 1-A27 4 320 0000 25 H8.1 {2 52K 15106
P41 =Al0 B4 A20 5000 an 584 11 Bag 14641
Pa1-ABI P4 320 55000 25 T84 I BTE 14.178
P2-A44 4 60 XD 25 577 12,456 14.804
P42-ASB0 '3 a50 WMy = 685 0 130 18.207
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Table A-1.  (Contd.)

Aging Aging Test Impact Yield Max.

Specinen Tomp. Timie Temp. Eng Laad Load

1D _ Heat i {h) (R () fem®) (kN {kN)

- 604 13 (L] 350 JOOH0O 175 ‘AT B 700 143156
r 69414 (=] =i M0 260 1410 iy - ] 12,048
£ 60126 (£ A50 SOO00 200 7R 6 7.572 12 870

' TH-1tim Sl |C‘F-H ("'mgg

] GR3 28 64 P OO0 - 106 44.5 16473 18084
GR%.29 (2 25 SO0 ~120 397 14,901 16,295

. H84-28 o5 2040 LS T8 100 e R 14,00 19.461
E 68330 (5] 200 00K - 8O 62.4 13.454 17.234
. 68420 68 200 BOO00 50 916 12.704 19 246
68141 () 2K 00K 20 18926 12.2549 19.041

6841 e 200 WK 0 2225 11.776 16.640

68480 e 200) XKD 10 206.2 11913 18113

] 5332 O ) SO0 5 718 11.006 16196
| 6K 142 o 2K A0 25 2616 11,347 17 557
' 683 34 8 250 B0 Ty 308 | 10.760 17157
68 143 (0 266 Rres 7™ 2960 7 0.921 16072

- 684-34 ) 260 A0 125 118 K 388 14 217
: A8 36 1 260 JOO0D \75 a738 7062 13,211
684-35 B 21 OO0 206 MEa 7636 12.782

683 35 ¥ 2y e L) 200 HERIE ) B0} 11864

‘ G 144 ) K KN 200 3549 600 11,774
i8] -a7 = 320 URNH) 197 255 14900 14

] fR 138 e w26 30000 96 95.5 15 145 21414
68-247 (508 320 OO <50 8675 | 3,895 17.908

| 64 | -1e GH 320 30000 20 St 12420 18.191
, 68 -248 (5] 20 B0 0 1115 12008 1 7.084
v 622837 e 320 SN 25 1281 11.630 16648
[ 68240 [ kel RO Y a5 1421 11561 17.820
| 68208 fi 2o ARG B0 191.4 10,652 16922
I 68258 3 A0 30000 a0 M6 10. 6882 16.209
682-19 & 320 0060 10 2004 .04 18711

65 2549 s ago OO0 175 2460 R3] 14217
68347 6B 320 FOO0) 2456 1879 7411 12,723
68260 (5] 320 JO0O0 praty] 544 6 728 11.747
68 268 (R 320 ROCOO ~-197 126 14128 12128
681-31 (&3 320 FO000 187 a4 12577 12577
682-31 (s 320 BOOON 126 254 14.080 14.393
, 681:-92 (308 520 SN 78 05 12196 12 166
fR3.32 (3] 320 HOO00 ~20 461 12.809 14.344

8133 (P2 420 SO0 (43 H6f 11022 13641
552649 G 320 SO0 10 H#3.4 1473 14412
682043 68 20 SONNN ] 942 11.651 15.283
as]-34 6 azo DN b 1058 11,258 15447
68270 L 330 SO0 Pl 879 11217 16346

BRI -34 () 20 RS L 50 1545 10692 16.951
Be1-a5 68 ago SOOCH)Y b 2255 €745 15,662
6R-371 8 330 SO0 100 2169 8061 16,862
68295 L2 320 OO 125 37 8384 14.910
68136 351 X220 DO 75 254 6 7472 13,580
68272 68 320 AN 250 J0K0 6611 11913
68236 68 a0 SO0 250 2068.5 65923 12,459
BR-273 65 a20 SN 290 199.2 6.5062 12 089

68310 o5 d50 RUSTS 1) 106 156 12,7491 12.791
EHG1 ) (3] 450 0006 ~Hl A30 13924 15.272
H6RY- 12 68 i AN o 6.1 12.713 15.037
68313 s o JONEK) 25 65.1 12 058 15 789
6R-135 e 350 00 25 G0 12088 16326
BRI 4 (¢ ann RS [i'3] 566 i1.229 15.787
68315 [5C] 380 K 75 54 4 10.214 16,402
BHEA-16 (&3 350 RO HK) 1375 TO.ORT 15 BO8
65146 tiH 360 N 128 659 985 10.252
68517 ¥ Wi NN 175 8.0 D677 1 268
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Table A-2.  Charpy-impact test results for the EPRI heat of cast stainless steel
Aging Aging Test lmpact Yield Max.
Specimer : Temp. Time Temp Energy Lond load
1D Heai °C) {hl *C) J /em (kN] [kN}
28106 EF 320 2250 ~197 222 15,564 16.564
28107 EPRi 320 2350 -120 747 14.871 16522
2R1-01 PRI 320 2250 - 100 1018 15.506 20.847
2131 -08 EPRI aa¢ <250 ~50 1711 14,168 21.482
2i1-02 EPRi 320 2250 ~20 569 13,680 20.867
280103 EPR. 320 2250 25 4569 12.040 18.719
2B1-04 EPRI 2420 2200 78 4182 11002 17.078
28105 EFRL 20 2250 125 4278 10.282 15516
28201 EPRl 320 17350 -1a7 17.7 14.451 14.451
203202 PRI 20 7350 ~B0 5 8 16131 19666
2H2-03 EPRi 320 17550 26 1285 13719 19,304
282-06 EPR] 330 17850 75 774 11,835 18025
212-04 EPRI 420 17350 125 agsi 10770 16912
26205 EPRI 29 17350 200 367.3 K886 13817
2A2-0) EFR] 350 e i A0 451 15662 18.084
2A2-02 EVRI as56 1010 ~20 1507 14.207 20.505
2A2-03 EPii 350 G0 25 260.6 14,306 21.990
2A2-06 EPRI a5 1910 on M2 12 606 19,343
2A2-04 Eliti 480 iolo 75 3524 11,503 17.244
2A2-05 EPRI 350 FOI0 125 452.5 10917 16.522
2i1-01 EPRI 350 THOG 20 556 12 869 18445
28102 EPRI aso THOD Pl RO & 13,104 17.010
28103 EPR] 350 THOO 75 10509 11818 16.658
2B1-05 EPR| 450 FHOO o 1814 11268 17410
28B1-04 EPRI 450 TROO V25 ai8.7 [L.776 18172
28106 EPR 380 THOO %0 23640 9D.784 14.6567
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Table A-3.

Charpy-impact test results for the experimental heats of cast stainless
steel in the unaged, fully aged, and annealed conditions. The annealed
samples were originally aged for 10,000 h at 400°C.

Max.

Aging Aging Test Ithpact Yield
Spectmen Tenp. Time Temp f:nerq Load Load
¥ Heat {*C) {h) (%) Jiem*) (BN} (kN) L=

473-815 47 % -146 1333 12.400 28000
476-515 47 ~-196 13190 12.320 22961

478-509 47 ~ 128 2565 11.122 21.248
47R-508 47 <100 261.7 11 659 21.257

478-507 47 -75 2705 11.258 20349
478506 47 B0 304 2 11.126 19.076
478-50:0 _]7 -20 2.0 .07 17 566
475804 47 0 015 Q657 16.268
473-813 47 26 2353 G068 ) 15552
473514 47 25 203.9 1. 202 15 035
476-512 47 25 2249 9,337 14 563
476-814 47 25 2503 8 O54 14 BOS
478-816 a7 75 364 H.124 321

4788517 47 200 3177 5478 11.024
477-C04 87 A0 10000 197 RS 12:982 15.175%
478510 a7 400 OO0 197 5.0 12050 15447
A77-CO8R 47 400 10000 150 234 12,840 18,708
477-Con a7 400 OO0 =130 Ba K 11 590 14,920
478511 47 400 OO 125 154.7 1708 21912
477-C05 47 400 JOO00 50 1705 11,982 19.744
478-812 47 400 100K ~20 %02 11.024 1,513
477006 47 400 OO0 Q 1229 10.289 15 504
476-507 47 0 HOBRO 25 1830 10 166 16343
476-508 47 400 D00 25 1749 10,273 16.170
476509 47 40%) ERIK0 25 1787 Q440 16 145
478-814 a7 400 10000 75 W20 8505 14,256
4T7-C07 a7 400 10000 125 D80 T 284 13.280
478-515 47 A00 LK) 200 186} 6454 11825
478-514 a7 400 LOOO0 XKy 130.2 B 5K 10.355
476-CO1 ¥ Annealed | a7 2984 11581 24 802
476-C02 47 - Anncaled =150 1656 11,132 20876
476003 47 Annealed 125 20644 10700 21150
476-C04 47 Annealed 160 248 %1 10, 868 20.786
476-C05 47 > Anncaled 850 207.1 11210 19.285
476-C06 a7 Anneated bi51 2.9 G013 15508
477001 7 Annealed 100 2482 7.372 12.508
477-C0O2 47 Anncaled 175 J302 £432 11,584
477-C03% 47 Annealed 243 3006 5138 9.901
513156 al 146 1383 14,797 20330
516-815 51 1695 1289 14368 24454
5iIN-5156 ol 125 2233 12831 % 008
5188514 51 <100 202.0 13.270 21.658
518513 al 75 A6 8 12411 21.208
H1R-809 b i 5l 2956 12.430 20 945
518508 51 X0 208, 1 11,903 19334
S518-807 ol 0 2483 11,307 17976
515-COR Si 25 2ia.a 108G 7518
516813 ol 45 2135 0177 16 480
513-514 51 25 2305 10,463 165685
515-CO7 51 25 2651.2 11000 17.451
516-814 51 26 1874 10 546 16 R6H
513-513 ol 28 1888 10.670 16645
H18-516 A1 7 247.7 8871 14.325
518517 51 : 280 26490 5800 10,534
Hl6-004 51 400 DRI - 196 asn IR a7
317-C08 51 AN 10000 150 9454 14.9¢iR 17029
511-807 5 0 JOO0R: 126 113 13436 22.341
51 1-B0OK 51 A6 1000 50 199 13 30% 20). 754
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Table A-3. (Condd.)
Aping Aging Test Impact Yield Max
Specinien Temp. Time Termp. Ene Load Load
10 Heat ¢ (k) "Cl W o 1kN] (kN)
516-867 51 400 GURO 25 120.0 11600 18.073
516-S08 51 4083 QLR 25 158 8 11.847 16,736
516-8500 a1 400 SR 25 1404 11082 17.622
511-S0G 51 400 1OE00 7% 172.2 8 520 16 908
B17-C08 51 400 10000 176 158.6 7.138 12.878
517007 5) 400 10600 250 133.0 6611 12.068
A16-504 51 S50 1 - 197 1591 12.704 24 226
518-8505 51 550 i <126 2279 12.566 23.532
518-806 51 850 1 ~75 2169 12.765 22107
518810 M 550 1 25 28K 9 10.58¢ 17.400
518811 al 550 1 125 264.3 76804 134,446
S18-512 51 50 | 240 22905 8132 i1.092
523-818 52 - ~ 196 175.1 12.273 24.344
826-515 n2 166 1266 14.640 22.020
528-8§12 a3 = 25 2317 11.522 2208”7
528511 H2 ~ 400 2669 (RRE L] 22.741
528-S10 A2 ~75 204.7 11.632 21.716
521806 52 ~54) 2548 11,102 20,300
52 1-505 o - ~ 20 2028 10422 18.806
52 1-504 52 * 0] 3164 10302 17 635
525-C09 52 25 2452 10,141 16729
526-512 oa & 2449 8565 14.593
H26-514 D2 = -] 2052 6135 15739
523-514 82 26 2413 10,136 161680
522813 a2 - 25 2063 10288 15.5343
528-8186 52 = piil 2057 #8261 13.231
6528817 52 200 URLO 5400 10.08%¢
H526-C04 52 4043 HORO 196 87 13476 17.377
H26-8517 82 J00 10000 150 1342 12.01@ 22.146
821807 52 A0 OO0 ~128 1765 11.942 22292
521-8S08 62 40K FOOO0 -850 1735 11 658 20,193
AR6-50H 52 40 SR 28 15667 10,880 16,295
S26-807 52 400 VRO 256 187.4 10,379 PR )
526809 52 #OO SOR0 25 186.5 {0901l 17..64
521-80% 52 400 OO0 75 2066 1 B6i2 15.252
526 516 52 G0l 1006 206 1710 5781 11.278
528-504 52 Annealed -187 179.7 10817 25611
528-805 52 Annealed 125 2439 11024 22017
H28-8086 52 - Annealed 75 261.1 11464 21619
528-S07 52 Anncaled 25 2572 9618 16.600
526-S0R 52 Annevaled 125 2782 7.294 12,928
GAR-506 82 Annealed 2640 2038 5253 G 660
53815 oo - 1 96 7583 16456 21.763
BO6-816 756 -198 300 16.352 16160
HO8-515 a5 -125 1687 13,455 22986
508-814 5 - L1060 16895 14.04 | 22.007
598-513 88 -75 2375 13.661 21.492
BOR-S12 56 50 2484 12 440 20.017
S08-811 5 ~20 2606 1649 18 201
598-S10 59 - 4 2715 11.024 17.781
Ha3.5148 4 25 247.1 19549 15.648
BUG-S14 58 - - 25 231.7 10.324 15 B85
506 813 50 25 2108 10 008 R (1
503-514 50 25 b3 10.452 161 14
BAR-S16 ] 75 3038 2,566 14479
5GR-8 (7 A4 200 255.6 5732 10526
A-17
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It Table A-3.

. (Contel )
I Aplig Aping Tost Tinpuaet Yield Max.
Speciiien Temp Time Tewmp F.mng‘ farand Lavael
1 iteat {0y My ("¢} fem kN) kN
Bh6-C04 59 ¥ £I0 « 196 an 14 708 14 768
HUK S04 0} 400 LS T 161 14168 14168
HOK- SO5 s A0 XX A0 32 147 148
W7 07 Ho 4K TOOON0 B0 H8H 12:42) R34
5040 BGT e 400 G 5 1063 11240 16511
S 509 e 00 (il 5 Oh K 10 HRO 16 742
AN SON 56 A0 TR0 25 1197 10 500 16582
507008 3 00 100K 75 1642 R O54 15 204
S04 S06 &4 A0 JOONK 178 (g B 7.441 L0
07 000 B A0y OO0 Y] 834 6650 12.254
a1 804 o Atinenied o7 %13 14 555 19,383
5l H05 it 3 Annealed A EH 1156 | 2 GHG 16.520
FLR LTS T o Annopied 5 1843 12.577 40 28\
Sun 807 540 Anneulod 25 5494 10428 16248
RGH A ) Anncaled 25 HTH T.40) 1040
B SO0 B Aancaled a0 iB1.0 G0k RS
Gl 816G &) Lo R 15 Sein 15 08
W sEs ) e 254 W47 8771
OB SO0 it 135 {708 14 500 22087
GO SOm w0 00 M7 14 ure 22 A8
OB &0 7 {u 5 1541 14401 21904
BOB SO0 (T i e (L P80 20.544
BOE &S00 [T 20 0K 1 12 645 18 568
OK S04 ey 0 W {2401 (T840
GO S 4 i . an WKL 10128 16 532
03514 ey a5 2003 10 400 16 1RO
(e R WY [ i3 218 1. 200 TR O76
6514 %) i 1965 11154 {7907
HOLS1 0 (8] 25 18746 11.A85 FLE A
BOR - S13 i) pi- 2763 [IRZ 1hy 14,87t
SOl 514 s 24 A 6270 16,270
(EY RSN (0 M) I 111 LR 14 910 A BIG
Bl S 10 (Y 400 HEELE 50 59 13 95 H5.221
s 517 i 30K TOO00 20 adh 15807 15,145
BOG-SO7 ) 00 RS 25 571 & RO BB
BOE-508 W 400 SN 25 5 19 B W6 140
s 500 w Aw) HO 5 451 12 40ny 14 174
B8 %1 ) KR HECE ™ AL JONG 14.451
OR-B 18 (4 A JOKEN) Yoy W6 1 104 T
GOB-512 i 400 PO 125 1268 1.500 14890
BOR-S ) W 4o RN L2 1218 728 12616
507 W) Aunndaled iy 5 K indld 21048
6O 1 =508 W) Anrealed L2 1286 {4 s 2220
2 S Y Aniwalied Fis 1744 1A 22 454
GOT 07 i Anvicaled a8 a3 My i 1.004% 7808
BO7 OOk (4] Anrraled ras 245 4 ERAS | 13 TH7
0 i Anpealed JLLTES g0 M7 [
g o ) AT e 1 7 it L& 05
BiH-S1S il AT RS TR 60 AT
B SOu 6l ian D 13.207 22449
HIR-SO8 61 160 Yas 15,252 22 OnH
BIH-2N07 Gl 25 109 4 14.87) a8
G170 o] K w7 s 144 280 AR
GIE.S16 il &t 240§ 12.50a L8 THE
B oo 1 i 2260 141,871 17420
g6 814 Bl 25 2557 L e
616513 &l an an2 $43 Towa b i Tk
I S A il PN 2534 .58 16,424
BG4 61 o 28 7 (4B 16603
HiH-519 i Y ii 2596 SR 15 069
Gif &4 1 2UH) 9270 5085 VT
N8




Table A-3. Centa)
Aging Aging Tes) Impact Yield Max.
Bpecimen Tenip Time Temp. Energy Load load
1D  Heat ¢y thi ¢y 1J frm®) LN} (kN)
F15C04 &1 400 L0000 -~ 197 17.3 14.930 14930
(8-804 61 400 10000 =1a7 152 14.350 14 356
61780 €1 300 OO0 ~125 249 14.725 15.652
H15-C05 i 400 LT <50 446 14.061 15,155
615806 6l 40 1OGOO -20 TR 14,119 16.307
817-C0C 61 400 1OO00 10 107.0 12137 18,006
E15 006 Gl 400 10X (1] 1478 12 665 17.879
BIR-S12 6l SO0 10000 10 127.1 11081 16,854
C16-8509 6} 400 SO80 26 1396 12,128 17.658
616508 1 400 SAB0 25 1714 11.807 19.205
616-507 51 400 QO8O 25 1252 12,134 17.468
G18-S10 6l 400 10000 75 1776 10.145 16199
617-C0) 61 400 10000 125 1938 K798 14 988
617-C02 &l 400 10000 200 1629 7.304 13,182
618811 61 47 10000 290 1734 H.601 12.293
61 1-501 &l Annealed - 197 978 L1684 22.850
6] 1-802 ()] = Annealed ~150 JISH 15.701 23,239
611803 Gl Annealed 128 1486 14.632 22.195
612-510 £l - Antcaled 100 190.7 14.49) 23.562
B12-€11 61 Annealed B0 2332 12 694 19,7564
612-512 6l e Anncaled 25 279.0 11.337 16,971
615-C01 6l Annealed 130 4315 K.B37 14.862
615002 6l - Annecaled 175 J19.8 7.353 12987
©15-C03 &l Anncaled 200 2692 6.240 11464
683A3-515 63 - - 186 167 .4 15.560 24,060
636-515 63 E “1986 2278 16 8RO 25 206
638-8515 63 - = 125 2B7.3 13,209 21,208
G35-8§14 63 - =100 2361 12.557 18480
638513 63 - <25 3148 13.006 19490
6531-8S06 €3 - -50 232.0 11181 17,840
631-805 43 - -20 2789 10.585 16316
631804 63 Q 236.4 9.66] 18.565
f33-S14 £ 25 283.2 9 585 134894
633-813 83 - - 25 2338 9.793 15088
835-C07 83 - 35 2296 9,565 15460
636513 63 - - 1 2921.0 10.112 15510
638516 63 75 230.6 9.071 14.188
838-517 63 - = 260 3165 5.505 10.721
638-807 63 300 FO00 “197 26,0 15978 16492
636-C0d 63 400 SUBO -196 420 16179 19,6654
638-S08 63 00 10000 -50 758 12645 15,565
638-5] 1 63 00 OO0 a M7 1LDl4 16 165
B36-509 53 4060 D980 25 135.2 RUCTE B3 15 835
636-S08 o3 400 QORG 25 0.7 9.897 16,760
636507 (% 400 9980 25 1235 10480 I8.770
638809 L 400 OO0 ¥ty 1IR3} B.524 16154
638-812 83 400 10600 175 1751 AR 12.625
B8-S0 63 G086 1 000K 206 i24.6 60 11L.68]
6831807 &3 Anncaled -126 2131 12860 20.886
631508 63 Annealed 2 oy B 4298 14920
611-8S09 63 = Anneried 200 2249 54831 10663
B13-515 £ ~1G4 742 19.672 21 5641
B846-515 4 - - -1 DG w6 I 8. K80 258636
648-509 4 -125 2201 15.740 24.587
HBAK-50R 64 - ~ 100 230.0 15816 23474
G4B-507 64 - 75 2308 15711 22,976
HIR.506 ! 56 2464 14012 20906
648-505 (e 20 2254 13209 19.763
B4R-504 L " O 1982 12645 18 465
6814 il - 25 iR7 7 11,620 17441




Table A 3. (Contd.)

- ARIng Aging Tost Yicld Max.

Specimon Tomp Tie Temp Energ Laoviad Lawiel

n Hewt o) o ra ffewd (k) (N

BlA510 (3] - 25 l&h 11426 17,248

BA6-510 i - ~ 25 2% 0.000 0.000

Gaa-514 L] - 25 2254 11644 18,345

45000 o - - - 1] Hae O304 15.768

GAR-510 >l - 75 241.0 10400 16 180

LETICER 51 . . 290 A0 .85 11.766

646 04 6 400 B0 -1 98 g6 16 3 16478

BB &1 i o LR < i20 125 16340 1640

47007 & 400 LONK M) 50 37.6 180 V2770

BAGB-HOT 4 A 50 25 A7 5 1427 17474

6 SO0 v J00 D 25 570 14640 17.56%

B 6 H08 1 4051 Q) 26 &0} 14,240 12140

647 COf = 40 TG00 5 Ha.0 11.835 14 306

647000 [ An) TR0 125 092.3 10 4068 164 180

GBS0 ¥ A0K3 100 M 10 @ RG] 14 S

GBS0 o 400 KON 200 1046 §.003 1423605

eS0T €} Anneaisd ~ 187 882 17 808 25.H56

611 HOR ) Annzaled il 204.0 14,853 2a.08%

™ | 508 1 Anneuled ~78 2184 15 244 2494

G485 6 t+ Arnealed 25 226.2 12040 16 650

48 817 =i Anneatsd 125 2477 9550 15 406

BAKSTR i Annealed Fowo 1Ha.a 6 708 11.67)

L B56G-515 ol 1 e i 20464 20047
658810 68 ~ | 14 20 240 23207

E G56-CO% s - 125 PaL8 15887 UL
HET-CON o5 100 2065 1H 301 24,182

: Gh 707 i N 18T 19,793 21.627

‘ GHY RO 6% B FERE 14,276 20,750
GHN-&08 (15 20 2277 15300 LR

i BHE- 504 B 0 2463 12789 18787
- BEN-514 (S L R T 11245 K247
Ghée &1 6h 5 o L 115240 17642
' G565 L4 05 s PRY et 11.654 18130
654810 1 25 19, | 12947 18151
' GEG-CO0 ) 7% 211.4 10407 16 324G
' B57-C0% 604 K IRAR HAS 12010
l HhHH-S 10 (78] A TUHKH} <197 146 1780} 17 80
I BER-S18 o A0 1OO0K) 120 5.4 1063 PRET
. GO8-511 0 G0 1000 5O 289 14 920 S04y
668518 i A0 e -t} 431 14 Ol 1He

56 SOR 65 400 N g T 1 e 1" 1Ka
GHG-507 4] 400 SR 25 4 13616 14 G800

GHE-HOD RS 400 O 25 s 14 480 17,682

658511 () 400 LORRKY 75 KOQ 1 15790
' Ga8 - S13 G5 400 ORI 125 1014 TOAKT 1HooBs
: G58.S17 (138 GO0 LK) \ 75 e fO7H iRple
d G55 818 s 400 HRKO 235 1Ay il 14 Dos
K a58.514 s 00 LK) @0 and ERUIT 4.4
- HR6 o 135 Aninoaled 187 1882 19 118 2GS
) BO6002 6 Anneilzd 135 1464 043 20 689
3 G560 S Agaeiled i 3.3 2007 F4 564 22204
658507 s Anisealed wn FURE 11042 1R 328
0K MOK e Avmieaaded 125 26 o8l 14 069
GHE K 8 Annvaled 20 1LY £ O82 12045
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{Contd 1,

Tahle A-4.

Aging Aty Test Hnpact Yield Max.

Specimen Temp. Tiine Tomp Eieq Load Load

1 Heat Q1 {h) 1 [ Jem (kN (KN}
60-319A ) 350 400 25 24872 10175 17 186
6O2-5TA () 450 300 25 234.3 10194 17 870
HO-JO 1A (] 550 1000 58 2122 10487 179646
692 -59A a9 a50 1000 25 2192 10.380 17.332
6543204 o 350 200K 25 2280 104377 18230
HU2-BHA € ano Q00 e 2038 10.272 17,225
HU-3034 (23] 350 FOURX) 25 PR 10.780 17.723
HG-304A 60 anG 10000 25 1683 11,063 PR T
6931 1A 2 400 &0 25 2322 10,136 17450
68 1-HEA [F3) 400 o) 25 228D 10.526 17,861
G9-214A 46 J000 100 25 2365 10.438 i8.133
691 -H8A i 400 100 3 2306 10. 946 18.035
BH.3 124 B 400 3K 25 2489 10.652 18,583
6U1-57A 659 400 400 25 180.2 10751 17.625
BTN (s 400 1000 25 167.5 10946 18338
6O 1 -BEA (5 4] 00 100 .. 12914 10 839 \7.273
60-316A (e 00 SO0 25 1385 10.555 17410
49| 6GOA 5 40 SO0 25 165.0 11464 17.459
641 -54A 655 400 100G 1Y 393 12 831 17498
682-51A o 400 10006 «120 1iRS L7 16.343
601 -HHA i A JOEKM) 50 ek 13.680 16,900
69 3-GOA (=Y 400 10000 3 W33 11,571 17 6035
54 - BOA (3 00 1000 25 130.2 11.874 17 808
682-52A 65 400 10000 73 1651,.8 ]G5 14.064
692.-58A 6 460 e 2 1294 7.528 12635
754-B7A 73 Arneuled -1y 56.6 I8 142 24 124
T54-60A 75 Annealed -187 1008 1866 ) 285300
754-G8A 75 Annealed ~126 2052 16717 25192
754504 75 Anncaled 100 174 8 16.453 QLOHT
ID3-BOA 75 Anpéalen a0 198.0 13.681 21003
753604 ™ Annealed 25 283 12964 18,863
755 -48A 758 Annealed 125 INGT ile 15770
7589-87A Vi) Annealed 2050 GO1A 1 18624
754-524 75 330 SO00 25 1548 12 421 18.95
7B4-53A H a20 JO00 26 206 2 12411 L8708
754-54A 75 a0 FOOD0 20 L 14 153 Yo BAZ
TH4-55A 5 Aa5 108X} 5 1701 1460 1K.738
752597 75 HA{L 3Ry = 2931 15132 19822
752-60A 75 450 0 25 2448 12084 20007
T63-B1A 75 450 LXK 25 1828 14 182 19675
TR3-62N H 360 1000 25 (806 18417 19.226
7H3-53A P 350 OO 25 1155 13426 [5.416
753-54A s as0 3060 = 19458 ] 13270 [9.843
TH3-58A 7 250 10O 2B 2.4 L 703 19500
754-51A 5 aso Lo 5 ) i5.487 15,7859
751-56A 75 10 HX) %5 222 13250 20.525
Ta1-67A ! 00 {3183 b 2269 128 16 B
TH1-58A ] A46K) WM 285 2080 13.578 2009655
7L -H0A 7% A0 e 25 1RO H 15553 0,360
TH1-60A 74 400 4 ) n SHa2 {3.651 17 683
TEI-HHA 75 400 L {x0 5 8¢ 13 70 16 ma

752-5/A 75 SO0 30600 25 573 14827 16706

T335KA 75 400 0G0 285 7a0 063 17 0538
Ta-301A i 3K 1000 {87 & 1 15.330 15 230
76-3025 5 400 100K B0 30.% 16,277 16277
TH-aR54 75 400 OO0 oh W34 14.871 16.55)
75-36BA 75 400 100 o 472 N5.230 16960
TH-303A 78 ETY OO0 4B 624 13.2%1 16404
753057 75 400 LOOD1) 260 S5.4 9470 14,5534
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Appendix B

Tensile Properties

Tensile tests were conducted al Matertals Enginecring Associates (MEA) and at
Argonne National Labaratory (ANL]  Detatls of the test procedure and results for the tests at
MEA have been presented earlier B 252 Tests at ANL were performed according to ASTM
Specification E B and E 21 in an Instron tensile test machine with a maxin .»n loading ca-
pacity of 90 kN {20 kips). Cylindrical specimens with a diameter of 5.08 mm (0.2 in) and a
gauge length of 20.3 mim [0 C in) were used for all the (ests. An axial extensor-eter, with
an tnitial gauge length of 20 4 mun (0.8 In ), was used for continuous measurem - of strain
during room temperatur. tests.  An IBM computer was used to digitize lead, crosshead
movement. and axial displacement data and store ot on floppy disks.  Analog traces of load-
vs -crosshead displacement and load-vs ~extansamieter displacement were also obtained for
each test

The true stress-sirain data were caleulated up to the maximum load using the con-
stant volume criterion, which assumes a homogeneous distribution of strain along the gauge
lengtl:  However, most spectmens showed inhomogeneous deformation because of the rel-
attvely large grain structure. The specimen surfaces along the gauge length were {rregular,
and the fracture cross sections were often elliptical. These {actors create some uncertainty
in the true stress-strain data. The true fracture stress was obtalned {rom the fraciure load
and eross sectional area at {racture. The strain at fracture, e, tolal elongation, was de-
termined from extensometer displacements.  Total clongation was also measured from
crosshead displacements; the values obtained from extensometer were «64% of the values
determined from crosshead displacement.  Correlations between crosshead displacemant
and total strain in the specimen gauge length were also developed from the room tempera
ture tests. These correlations were used to correct the data for the elevated temperature
iesls

The tests at 290°C 550°F) were conducted in a forced-air recirculating furnace,
Thermocouples were meounted above and below the specimen gauge length to monitor and
control the temperature within +2°C. For the tests on samples aged for <10,.000 h, an axiai
extensometer was not used for the elevated (emperature tests.  Total strain in the specimen
gauge length was determined from correlations developed from the room temperature
tests. The total elongation was determined from the crosshead displacement multiplied by
0.64.

Elevated temperature tests on the long-term aged samples were conducted with a clip
gauge mount~d on the specimen grips. Total strain (n Uhe specimen gauge length was de-
termined from correlations developed from room-temperature tests conducted with both
clip gauge attached to the specimen grips and extensometer mounted on the speeimen
gauge length.

The results for 10 commercial ana  xperimental heats a1 up to 58,000 h at tempera-
tures between 290 and 450°C are given tn Table B-1; rer ' . from the tests at MEA are also
included in the table
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Table B-1. Tensile (est results for cast stainless steels
E;nimeﬂ# e i
Spevimen Orien-  Heat  Test O e Htiraate Fracture Elong- Red. in
Number  tatian® Temp, = Stress Stress Stress atlon  Area
& {MPa) {Mia) (Mita) (%) (%) (*C) {h)
CF-8 tirade

HIV-01 L ! 8 264 8 S8 8 6366 846 743 Unagrd 2
11V-02 L | 25 2421 H83 .4 16085 784 795 Unaged 2
i2v-o1 I ] 25 B0 s 1274.6 774 743 Unaged 2
12vVe02 L | @ 257.7 678 16718 75.0 82 Unaged 2
3C01 L i 5 2307 FiT6 1274 8 0.2 o b Unaged 2
i2v.29 L 1 25 2858 6375 1a87.7 725 667 320 30000 |
18C- 14 L 1 25 k2 G33.9 1411.% 56.9 682 320 30000 1
13V-38 L 1 p 265.0 GRL6 1432.6 56 685 320 30000 |
{3v-39 L 1 25 QK26 asg 7 BO8 8 127 505 320 30000 |
11v-28 L | 25 2813 61% - 1897 .6 0 0 774 380 10000 2
1v-27 L t a5 303.4 44 7 14450 - 622 450 000 2
12v-19 L ! 25 N4y 2.0 1206.0 720  GRY A% 10000 2
12v.03 i I 20 166 2 4002 75061 - 559 Unaged 2
12V 06 i, i 200 1785 402 4 #4578 9.4 616 Unaged 2
13C-02 L P X0 1586 357.8 E19.6 a3 662  Unaged -2
12V <24 ¥ I 240 178 & 44h.O 7107 W9 572 220 30000 1
18C-15 L 1 290 |66 4272 R100 278 67.2 320 80000 |
13V-50 L I 280 - 470.5 H28 0 185 54.7 420 80000 1
11V-28 L. i 200 1954 a8l 503.0 - 46.0 450 10000 2
{1v.29 L 1 200 1RO 4428 THO 6 342 69.7 aso 10000 2
12V.20 L I 200 1791 AT R THaO aso flé 360 10000 2
PRIT-01 - g 25 264 53K.9 106004 2.6 59.9  Unaged 2
P2at-0)  C P2 25 238 | 656 8 15686 1060 844 Unaged 2
PR2A-01 L P2 o5 2064 BE1.7 1094 5 73.7 757  Unuged 2
P23A-01 L P2 26 2167 536.6 BR7.4 62,4 7681  Unaged 2
P2oT-16 . € P2 25 247.0 580. 1 1547 8 654 799 200 30000t
P2IA-31 L P2 25 226 5714 171 656 847 200 30000 1
25428 L P 25 2289 548.3 1702.% 47.2 87.0 200 30000 |
P2LA-36 L 2 25 2556 H59 8 1564 4 58.3 0.8 200 58000 |
P24T-14 € 2 25 220.4 6000 1044 .4 731 523 320 30000 |
PST-10  © P2 25 258.1 5818 15453 554 55 420 30000 |
P22A-38 L P2 a5 2374 H01.0 1487 O 778 K05 420  sooe )
P21A-18 L P2 - 299.7 05 2 1673 6 494 THA 320 55000 |
P22T-04 £ P2 e 252.3 601.8 21625 N 853 350 oo 2
PROA-14 L "2 o8 2402 3.3 27832 73.6 BE.S a5 10000 2
P23A-26 7 "2 25 265.2 Gied 5 1830 3 766 788 as0 10600 2
P21 14 i P2 25 2408 628 4 14350 64 6 644 450 30000 |
P22A-13 L b 25 2455 6154 1HO8.5 65 5 762 450 30000 |
P24A-32 L P 25 225.4 617.2 1700 8 089 79.0 as0 50000 |
P24T-05 ¢ peg 25 AN (U 1268,2 - 65 8 400 10000 2
P24A-04 L P2 25 236.2 tilon 23845 - 7RU 400 10000 2
PIT-02°  © r2 20 161.3 387.1 £19.1 G4 6 722 Unaged 2
PRyaz2 P2 200 154.2 408.0 GBR2 424 659  Unaged 2
P22A-02 L 'z 990 1a7.9 406G 7557 472 656 Unaged 2
P23A-D2 L Pg 280 1440 a8, 1 548 7 306 596 Unaged 2
P214-32 L P2 290 162,83 403.4 R30.6 368 745 290 30000 |
PRIA=aY L P2 20 155.2 4056 7408 350 737 200 30000 |
PRaT16  C e 1482 407.0 389 5 3G9 8T 200 30000 |
P2IA-87 L p2 20 104.2 4107 i182.1 B4} 722 200 58000 |
PR2T-Y7 £ P2 290 1776 4227 10847 37.0 723 20 5000 |
PRIAS L b2 20 1532 4289 065 4 4l4 730 320 80000 1
P21Avis L P2 2080 1639 4227 H155 500 629 H20 0 30000 |
PLIAIE L P2 - 290 1526 079 H70.8 288 719 320 30000 |
PasT-12  © "2 2w 1714 H1R .4 7905 ats 625 20 58000 |
PIA IR L 12 2N 6H. 6 416.4 (80} a1 679 420 5000 |
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 TableB 1. (Contd)
& ’ F..;‘% feerte : ‘W—
I ' m Orten-  Neat Test 620 Yie timate Fracture  Elong- Red in “Temp.  Time Refd
_ tation® Temp  Siress Stress - Stress  atlon  Area _
} _ , . (’J {MPa) MPPa)  (MPa) () () 1'C) h
bl P21TO8 | v} P2 pat b} 1Ha 6 4245 HYG.0 EUR 0.7 ano 10000 2
r P22T.08 ¢ 2 &K [ERE 3.0 GO 5 430 664 450 o 2
: - P23A- 15 iz [1F X 610 4154 800 B . w7 450 10000 2
P23aA-27 L 2 290 1541 di04a W07 an 729 s oo 2
t p22r-12 ¢ P2 B0 4362 702 W He.0 350 80000 |
1 P2AA-50 L 92 20 1424 412} H25.0 b6 o0 a5 0000 |
v P24A- 23 L P2 6 1401 4257 4607 41 8 626 a0 A0 )
P PRAT06  © "2 20 104 4471 RIS A0 2 564 40 1000 2
P24A-05 L 2 AKX 1456 42068 fH5.0 102 BAK 400 10000 2
j 693 40 u 6 28 278 M GOGO 10708 871 48 Unaged 2
‘f B34 H 6 25 2754 B 6 10834 B 544 Unaged 2
6.0 # G 25 2536 Ha2.7 140 6 501 TILB 200 0000 )
08431 2] F] a4 264 | GRS 240 61.1 784 20 NN
{ 69105 v {31 25 44,7 f0K6 16175 B2 745 200 30000 )
| 694-21 H an P 2867 £24.6 176%0 522 761 320 000 1
| Hiehg - 25 H i 25 a2 ) 5HG4 1428 1 Jo.5 52 {30 10000 |
| 68240 ] ¥l a8 265 a22.0 1516.1 EREE T2 420 40000 |
: BA2-41 i Lt 25 2004 GOH A (62K a0 T2 320 W00 |
245 v G i) 2108 485 5 > 124 2654 32 OO0 1
| A0 28 i @ % 291 6 GATH 1AM B 457 62 420 S0000 1
G029 I ik 28 A57.Y (R L6 O W 717 320 BOOOO )
G020 \ () A PO K R 171481 836 718 420 0000}
(52 25 i H 25 2R6.4 A 4 (AR 2 67.7 762 an 2570 2
66226 I 23] 25 Wwe s 6AR 2 1 [0 124 a0 a8 2
(TS ] 1 a5 2921 652.0 1024 M2 76.0 450 10003 1
L 60407 i B30 25 662 615 5 1480 4 53.5 716 80 0000 |
669 0K i ) 25 2468 Gl1a6 15644 547 7 a0 10000 |
B5-119 v i 5 246 G173 I81Ln 581.6 R4 REY OO0
. #aa3-12 H i 25 2700 6740 F7Os K Mo 714 AB0 3000 )
HO%- 14 1l £ 25 2599 #5641 |65 A 4.0 BCRY 450 800 |
G- L 30 v i 2h 58 a itk .2 TEEse | 55.3 T4 R ano SO000
E BU2- 16 il e 28 2530 AN ¥ LT 8] H24 724 A0 2570 2
69212 H W b WK BHA2 1R o #4.9 e 400y 2570 2
E 6m21n M 60 25 PETE GX9 [0S6 436 BB 400 J0000 |
, 692- 22 fl Vi 25 TR (e V220 51.2 [FUE A00 10000 |
F GO2-25 i Te 2 450 5 (RTES S R IE 8an TR0 400 1o |
B O \ 0 25 a7 GHM O T w7 3.5 40 o000 |
- € 04 i 0 25 a7TLs 1t .9 R T 71.4 450 a&BI0 2
| . G0i-05 tH ey 25 26533 [ {D28.2 G866 782 450 2570 2
693 42 H (] it 190 K 4909 POR.2 R LR 634 Unaged 2
‘ 69440 1 M0 1710 A17.0 LR RRIE S0.7  Unaged 2
i 60432 N 2w 1768 401 9 4229 904 GRO 200 30000 |
G040 i Hu 20 1750 a8 7 % & 2.8 a1 2000 30000 )
[ 0 236 v 5 2 10 aan s BIHO 08 G119 00 ax00 )
GO 265 H Q) MK 1744 4087 G756 218 805 20 1T COR
g 6927 £l s 2uK 183 5 ARLH LY 209 6543 320 0000 1
H92-42 5} W 0 (P8 4290 TR 216 550 a% 30000 |
60439 ] U 16h2 CARE K a4 A - 8y 20 0000 1
69 246 L] ) 20 1685 A0 NEA ] b g8 TG d20 0 30000 )
G922k i (1%} 20 J0 | 4625 HOG.H @81 9K 320 S5000 |
GL2-20 H W 200 21T 461 4 a1l 279 ARE 420 55000 |
i 1 30 v %) 20 K047 460 a8 200 Has A2 660 |
60227 t ) o 1781 A51.3 546 423 HaB 360 2870 2
BOG 00 t [£8) 2000 1hE 4 #0351 7204 L) hai? A0 1060 L
69120 v 21 DK i ALK Cri 232 6H ¥ i 15) oo |
18]

B e

DL Y I LR G ST R o |~ i - m——— =




Table B-1. (Conid.)
Specimen  Orfen~  Heat  Tes' 0.2% Yic Himale Fracture Elong- Red. in mp. me Ref b
wmber  fation® Temp.  Stress Stress Stress atfon Area =y
°C) M Pl iMPa) - (MPa) (6} (%) (¢} (1}
66314 H a8 200 186 4 4576 8321 250 58.0 anc a0 |
693 15 1 & 290 165 8 d44.0 B2 828 460 360 0000 )
86270 v @ 20 1936 4624 739.4 2717 49.4 350 %0000 |
HI2-18 H @ 2 1639 444 8 H56.4 218 332 400 2570 2
0224 1 260 175.3 494 5 7851 284 448 400 10000 | !
BO-110 v W 20 1964 48] 6 802,53 26.1 51.5 400 - 10000 1 ]
66106 i1 fa 200 e b g §70.7 BH16 255 448 450 2570 - 2
66209 H ©® o0 176.7 4771 9.4 27.4 51.0 A50 2570 2
CF-8 Grade
18-11 [ KRI 25 306.2 554 4 {3489 568 67.0 280 GROOO )
18-12 > KR4 26 288 5 558.4 1226.1 450 702 280 68000 |
18-22 & KRR 25 L0 68 9 11629 40.4 542 R0 BROOG 1
13-12 v K 25 3173 367 4 1285 7 574 67.7  Reannecaled I
13-21 & K 25 M0 2 n75.2 [0 434 870 Reannealed 1
18-22 e K 25 2RTT 531.2 1370.6 440 895  Reannealed 1 .
1511 « KRB 260 2140 4600 G241 45 4 624 280 68000 ) ;
15-12 o, KRiY 2090 2084 444.5 774 2R G 81.1 280 BROOG 1 :
15-21 Kits 200 199 6 Adzh B42. | G54 53.9 28O BHOOO |
1622 ¢ KRR 200 |80 4340 710.1 857 511 280 BROOO ) ‘]
16-21 L Kl 200 184 0 J05.0 BO5 4 2549 41.8 Reannealed 1 ;
1721 = Wil 290 171.5 4162 H76.8 421 664  Reanncaled 1
PLAT-00 (o 1 25 2447 554 5 1221.5% 56 5 688  Unaged 2 ]
PIAT-03 C el 25 2459 576G.9 12066 546 655 Unaged 2 :
PLIAOY L Pt 25 : GLTRY) 1127.0 577 6.0 Unaged 2
Pi3A-01 L 1 25 24K 5 584 5 1579.5 aza 729 Unaged |
PHT-080 © Pl 25 266.2 506 2 1561 8 74<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>