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

by

Q. K. Chopra

Abstract

This progress report summarizes work performed by Argonne National Laboratory on
long-term embrittiement of cast duplex stainless steels in LWR systems during the six
months from April 1990 to September 1990. A procedure and correlations are presented
for predicting fracture toughness J-R curves and impact strength of aged cast stainless
steels from known material Information. Fracture toughness of a specific cast stainless
steel is estimated from the extent and kinetics of thermal embrittlement.  The extent of
thermal embrittlement is characterized by the room-temperature “normalized” Charpy-
impact energy. A correlation for the extent of embrittiement at “saturation’ le. the
minimum impact energy that would be achieved by the material after long-term aging, is
given in terms of a material parameter, @, which is determined from the chemical compo
sition. The fracture toughness J-R curve for the material is then obtained from correlations
between room-temperature Charpy-impact energy and fracture toughness parameters
Fracture toughness as a function of time and temperature of reactor service is estimated
from the kinetics of thermal embrittlement, which are determined from chemical compo
sition. A common “lower-bound” J-R curve for cast stainless steels with unknown chemi
cal composition s also defined for a given material specification, ferrite content. and tem
perature. Examples for estimating impact strength and fracture toughness of cast stainless
steel components during reactor service are described. Mechanical-property degradation
suffered by cast stainless steel components from the decommissioned Shippingport reactor
has been characterized. The results are used to validate the correlations and benchmark
the laboratory studies. Charpy-impact, tensile, and fracture toughness data for materials
from the hot-leg shutoff valve “nd cold-leg check valves and pump volute are presented.
The results indicate a relatively modest degree of thermal embrittiement.
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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 loss of toughness after
many years of service at 280-320°C (536-608°F). A program Is being conducted 1o invest
Rate the low-temperature thermal embrittlement of cast duplex stainless steels under LWR
operating conditions and to evaluate possible remedies for thermal embrittiement problems
in existing and future plants. The scope of the investigation includes the following goals
(1) characterize and correlate the microstructure of in-service reactor components and
laboratory-aged material with loss of fracture toughness to establish the mechanism of aging
and validate the simulation of in-reactor degradation by accelerated aging. (2) establish the
effects of key compositional and metallurgical vartables on the kinetics and extent of ther
mal embrittlement, and (3) develop the methodology and correlations for predicting the
toughness loss suffered by cast stainless steel components during normal and extended life
of LWRs.

Microstructural and mechanical property data are being obtained on 25 experimental
heats (19 In the form of static-cast keel blocks and 6 in the form of slabs) and 6 commer
clal heats (centrifugally cast pipes and a static-cast pump impeller and pump casing ring),
as well as on reactor-aged material of grades CF-3, CF-8, and CF-8M cas! stainless steel
The ferrite content of the cast materials ranges from 3 to 30% Ferrite morphology for the
castings containing »5% ferrite is either lacy or acicular

Charpy-impact, tensile, and J-R curve tests have been conducted on several experi-
mental and commercial heats of cast stainless steel that were aged up (o 30.000 h at 290-
400°C (554-752°F). Results indicate that thermal aging at these temperatures increases
the tensile strength and decreases the tmpact energy and fracture toughness of the steels
The Charpy transition curve shifts to higher temperatures. Different heats exhibit different
degrees of thermal embrittlement. In general, the low-C CF-3 steels are the most resis
tant, and the Mo-bearing high-C CF-8M steels are the least resistant (o thermal embrittle
ment. The increase in flow stress of fully aged cast stainless steels s « 100 for CF-3 steels
and ~20% for CF-8 and CF-8M steels. The values of fracture toughness Jic and average
tearing modulus for heats that are sensitive to thermal aging (e g.. CF-8M steels) are as low
as =90 kJ/m? and =60, respectively. Correlations have been developed for estimating the
increase in flow stress of the steels from data on the kinetics of thermal embrittlement

Embrittlement of cast stainless steels results In brittle fracture associated with either
cleavage of the ferrite or separation of the ferrite/austenite phase boundary. Predominantly
brittle failure occurs when either the ferrite phase is continuous, € g.. in cast material with
a large ferrite content, or the ferrite/austenite phase boundary provides an easy path for
crack propagation, e g . Iin high-C grades of cast steel with large phase boundary carbides
Consequentiy, the amount, size, and distribution of the ferrite phase In the duplex struc
ture, and the presence of phase-boundary carbides are important parameters in controlling
the degree or extent of therma! embrittlement.

Thermal aging of cast stainless steels at <500°C (<932°F) leads to precipitation of ad
ditional phases in the ferrite, e.¢., formation of a Cr-rich a' phase by spinodal decompos)
tion; nucleation and growth of a'; precipitation of a Nt and Si rich G phase, M24Cg, and yg



(ausienite), and additional precipitation and/or growth ol existing carbides at the fer
rite/austenite phase boundartes. Formation of a phase provides the strengthening mecha-
nisms that increase strain hardening and local tensile stress. Consequently, the critical
stress level for brittle fracture is achieved at higher temperatures. The kinetics of thermal
embrittlement of cast stainless steels is controlled primarily by the kinetics of strengthen
ing of ferrite. The log of the time of aging at 100°C for a 50% reduction in Charpy-impact
energy has been shown (o be a useful parameter to characterize the kinetics of thermal em
brittiement. Production heat treatment and possibly the casting process influence the ag
ing behavior at 40G°C and, therefore, the kinetics of thermal embrittlement.  Activation en-
ergy for thermal embrittlement Is high for those steels that show [ast embrittlement at
400°C and is low for those that show siow embrittlement at 400°C. Precipitation of G phase
in the ferrite has little or no effect on the kinetics of thermal embrittlement.  Material pa-
rameters that influence the kinetics of thermal embrittlement also effect G-phase precipi-
tation. However, activation energy for thermal embrittlement Is generally low for cast
stainless steels that contain G-phase.

This report presents a procedure and correlations for predicting fracture toughness of
cast stainless steel components due to thermal aging during service in LWRs at 280-330°C
(536-626°F). The fracture toughness J-R curve and Charpy-impact energy are estimated
from material information that can be determined from the certified material test record.
Fracture toughness of a specific cast stainless steel is estimated [rom the extent and kinet
ics of thermal embrittlement. The extent of thermal embrittiement is characterized by the
room-temperature “normalized” Charpy-impact energy. Correlations for the extent of
thermal embrittlement at “saturation.” fe. the minimum impact energy that can be
achieved by the material after long-term aging, are given in terms of a material parameter
that consists of the chemical composition and ferrite morphology. Different correlations
are used for estimating the saturation impact energy of CF-3 or CF-8 steels and CF-8M
steels. A comuion expression for the relationship between the material parameter and sat-
uration impact energy is used when metallographic information, { ¢, the measured values of
ferrite content and mean ferrite spacing. 1s known. Extent of thermal embrittlement as a
function of time and temperature of reactor service is then estimated from the extent of
thermal embrittlement at saturation and from the correlations describing the kinetics of
thermal embrittiement, which are also given in terms of chemical composition and the ag-
ing behavior at 400°C. The fracture toughness J-R curve for the material is then obtained
from the correlation between f[racture toughness parameters and room-temperature
Charpy-impact energy used to characterize the extent of thermal embrittlement. A com-
mon lower-bound J-R curve for cast materials with unknown chemical composition is also
defined as a function of material specification, ferrite content . and temperature. Examples
for estimating impact strength and fracture toughness of cast stainless steel components
during reactor service are presented.

Mechanical-property degradation suffered by cast stainless steel components from the
decommissioned Shippingport reactor has been characterized The results are used to
validate the correlations and benchmark the laboratory studies. Charpy-impact. tensile, and
fracture toughness data for materials from the hot-leg shutofl valve and cold-leg check
valves and pump volute are presented. Baseline mechanical properties for unaged material
were determined from tests on either recovery-annealed material, i e, annealed 1 h at
550°C (1022°F) and then water quenched, or material from cooler regions of the compo-
nents. The results indicate a relatively modest degree of thermal embrittlement.
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1 Intr ion

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 temperatures, 1e.. 280-320°C (536 -608°F)
Aging of cast stainless steels at these temperatures causes an increase in hardness and
tensile strength and a decrease in ductility, impact strength, and fracture toughness of the
material. Most studies on thermal embrittlement of cast stainless steels involve simulation
of end-of-lfe 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 lunger than can
generally be considered for laboratory studies. Thus, estimates of the loss of fracture
toughness suflered by cast stainless steel components are based on an Arrhenius extrapola
tion of high-temperature data to reactor operating conditions.

A program Is being conducted to investigate the significance of low-temperature em-
brittlement of cast duplex stainless steels under light water reactor (LWR) operating condi-
tions and to evaluate possible remedies for thermal embrittlement problems in existing and
future plants. The scope of the program includes the following goals (1) characterize and
correlate the microstructure of in-service reactor coraponents and laboratory-aged matertal
with loss of fracture toughness to establish the mechanism of aging and validate the simula
tion of in-reactor degradation by accelerated aging. (2) establish the effects of key compo
sitional and metallurgical variables on the kinetics and extent of thermal embrittlement,
and (3) develup the methodology and correlations for predicting the toughness loss suffered
by cast stainless steel components during normal and extended life of LWRs.

Microstructural and mechanical-property data are being obtained on 25 experimental
heats (19 in the form of static-cast keel blocks and 6 in the form of 76-mm slabs) and 6
commercial heats (centrifugally cast pipes and a static-cast pump impeller and pump cas-
ing ring) as well as reactor-aged material of grades CF-3, CF-8, and CF-8M cast stainless
steel. Specimen blanks for Charpy-impact, tensile, and J-R curve tests have been aged at
290, 320, 350, 400, and 450°C (554, 608, 662, 752, and B42°F) for times up to 60,000 h.
The reactor-aged material is from the recirculating-pump cover plate assembly of the KRB
reactor, which was in service in Gundremmingen, West Germany, for =8 yr at 284°C
(543°F). Fractured impact test bars from five heats of aged cast stainless steel were ob
tained from the Georg Fischer Co. (GF) of Switzerland for microstructural characterization.
The materials from GF 2re from a previous study of long-term aging behavior of cast stain-
less steel.! The datc on (>emical composition, ferrite content, hardness, ferrite morphol
ogy. and grain structurt of the experimental and commercizl heats have been reported ear
lier. 2-6  The chemical ccupusition, hardness, and ferrite content and distribution of the
cast materials are given in “.bie 1. The results of microstructural characterization and me-
chanical-property data from Charpy-impact. tensile, and J-R curve tests on 16 heats of cast
stainless steel aged up to 30,000 h at temperatures between 290 and 450°C have also been
presented earlier 7-2!

Work at Argonne National Laboratory (ANL) and elsewhere! 22-28 hag shown that em
brittlement of cast stainless steel components will occur during the reactor lifetime of 40 y
Thermal aging at reactor temperatures increases the tensile strength and decreases the
impact energy and fracture toughness of the steels. The Charpy transition curve shifts to



Tabie 1.  Product form, chemical composition, hardness, and ferrite morphology of rartous
heats of cast statnless steel

Ferrite® Hard- Ferrite

" (%) ness  Spacing
Heat Grade Mn 8| P S Mo Cr Ni N C  Cale. Meas Ry {um)

CF-3 060 110 0016 0007 038 1789 914 0079 0034 30 44 80.1 194
CF-3 080 085 0010 0007 032 194) 1060 0066 0010 44 72 76.6 185
CF-3 060 108 0000 0006 030 19688 1046 0072 0011 &) 87 78.1 127
CF-3 080 106 0007 0006 0.5 108] 1063 0028 0018 84 163 70.7 L
CF-3 0857 082 0012 0005 035 1840 940 0052 0000 103 135 816 L
CF-3 063 086 0014 0006 032 20,13 006 0088 0010 143 180 838 52

303

a7

CF-8 062 112 0010 0005 0.33 1953 1080 0040 0086 42 29 77.1
CF-8 0855 103 0011 0005 035 193] 917 0084 0083 4. 1.8 833
CF-8 062 108 0000 0004 034 1868 027 0047 0088 4.4 40 80.2 138

CF-8 064 116 0012 0000 030 1053 923 0040 0065 63 87 83.1 "
CF-8 057 105 0007 0007 034 1065 ©28 0030 0086 73 101 82.5 2]
CF-8 060 108 0008 0007 032 2033 9034 0045 0062 88 35 832 b
CF-8 065 101 0007 0007 032 2065 886 0080 0064 100 '3 853 82
CF-8 067 085 0008 0006 031 2106 B34 0058 0064 154 . | 86.7 63
CF-8M 072 056 0007 0006 257 1820 1239 0030 00683 28 45 781 140

CF-8M 061 068 0007 0006 257 19.37 1185 0031 0085 64 104 B1.6 8]
CF-8M 060 049 0012 0007 230 1945 028 0020 0047 196 108 853 41
CF-8M 080 048 0012 0007 257 2078 9064 0064 0049 200 234 86.0
CF-6M 060 063 0006 0006 246 2076 040 0038 0038 200 284 897 L3

76-mm Slabs®

2R2BB B2PREILY T25888
b

@ CF-3 063 113 00156 0006 034 2018 650 0028 0023 210 236 837 a5
73 CF-8 072 1080 0028 0016 026 16043 54 0053 0070 70 7.7 788 253
68 CF-8 064 107 0021 0014 031 2064 808 0062 0083 149 234 846 87
7 CF-8M 055 072 0021 0016 230 1917 901 0040 0066 142 189 B6 5 06
74 CF-8M 054 073 0022 0016 251 1911 903 0048 0064 155 I8.4 B58 80
75 CF-8M 0853 067 0022 0012 258 2086 912 0052 0065 248 278 89.5 L ]
Reactor Components?
P3 CF-3 106 088 0017 0014 001 1889 845 C168 0021 28 19 822 -
P2 CF-3 074 084 0019 0006 0.16 2020 038 0040 0019 1286 15.6 838 e
1 CF-3 047 083 0030 0011 045 2020 870 0032 0019 204 17.1 81.0 65
Cl  CF-8 122 118 0033 0008 065 1000 937 0040 0030 78 22 76.6 -
Pl CF-8 080 112 0026 0013 004 2040 K10 0056 0036 17.7 24.1 849 80
P4 CF-8M 107 102 0019 0015 206 1964 1000 015 0040 59 10.0 83.1 182
208 CF-BM 083 063 0019 - 337 1788 B8O - 0.0 210 159 - ™
758 CF-BM 091 062 0018 - 336 179) 870 - 0030 242 19.2 - az
Reactor-Aged®
KRB CF-8 031 117 - - 0.17 21990 803 0038 0062 277 340 - -



Table 1. (Contd)l

Ferrite® Hard-  Ferrite

(5%) ness  Spacing
Heat Grade Mn St P S Mo Cr N: N C  Calc. Meas Ry (wm)
ubormog-wd'v_
20 CF-3 080 137 0016 0006 025 2160 K00 003 0028 363 400 - 186
278 CF-8 028 100 0008 0019 013 2020 827 0030 0036 188 150 - 174
202 CF-8 034 157 0018 0016 013 21680 752 003 0080 239 280 “ -
286 CF-8M 040 133 0044 0015 244 2020 013 0062 0072 189 220 - 201

@ Calculated from the composttion with Hull's equivalent factor.
Measured by ferrite scope AUTO Test FE, Probe Type FSP- |

b Static Cast Keel Blocks: Foundry ESCO; Stze 180 x 120 x 90-30 mm.

:mmmr«:mmmuoumxnﬂm

206 Stpe 305 mm 0.0, 25 mm wall
Static Cast:

Elbony 758: Stae 305 mm 0.0, 30 mm wall.

Pump Impeller I Foundry ESCO; Size 860 mm diameter.

Pump Casing C1: Foundry ESCO; Size 600 mm 0.0, 57 mm wall
KRB Reactor Pump Cover Mate: Foundry GF; Size 890 mm clameter
Aged Material from George Fischer Co.. Switzerland.

higher temperatures. Different heats exhibit different degrees of thermal embrittiement.
For cast stainless steel of all grades, the extent of thermal embrittlement increases with an
increase in ferrite content. The low-C CF-3 steels are the most resistant, and the Mo-
bearing, high-C CF-8M steels are the least resistant to thermal embrittlement. The flow
stress of fully aged CF-3 steels increases by ~10% and that of CF-8 and CF-8M steels in-
creases by ~20%. The fracture toughness Jijc and average tearing modulus for heats that are
sensitive to thermal aging (e g.. CF-8M steels) are as low as =90 kJ/m? and ~60, respec-
tively. Correlations have been developed for estimating the increase in flow stress of the
steels from data on the kinetics of thermal embrittlement. !5

The mechanisms of thermal embrittlement of cast duplex stainless steel have been dis
cussed.!2 Embrittiement of cast statnless steels results in a brittle fracture assoctated with
either cleavage of the ferrite or separation of the ferrite/austenite phase boundary. The de-
gree of thermal embrittlement is controlled by the amount of brittle fracture. Cast stainless
steels with poor impact strength exhibit >80% brittle fracture. In some cast steels, a frac-
tion of the material may fail in a brittle fashion but the surrounding austenite provides duc-
tility and toughness. Such steels have adequate impact strength even after long-term aging.
A predominantly brittle fatlure occurs when either the ferrite phase Is continuous, e g., in
cast material with a large ferrite content, or the ferrite/austenite phase boundary provides
an easy path for crack propagation. e.g.. in high-C grades of cast steels with large phase-
boundary carbides. Consequently, the amount, size, and distribution of the ferrite phase in
the duplex structure, and the presence of phase-boundary carbides are important parame-
ters in controlling ihe degree or extent of thermal embrittlement.




Thermal aging of .t stainless steels at <500°C («932°F) leads to precipitation of ad-
ditional phases in the ferrite, e g.. formation of a Cr-rich o' phase by spinodal decomposi
tion: nucleation and growth of a’; precipitction of 2 Ni- and Si-rich G phase, M23Cg carbide,
and yz (austenite); and additional precipitation and/or growth of existing carbides at the
ferrite/austenite phase boundaries !8-21 The additional phases provide the strengthening
mechanisms that increase strain hardening and local tensile stress. Consequently, the
critical stress level for brittle fracture 1s achieved at higher temperatures. The effects of
material variables on the thermal embrittlement of cast stainless steels have beer evaluated,

Phase-boundary separation generally occurs in the high-C steels because of the pres-
ence of large M33C¢ carbides at the prase boundaries. For CF-8 steels, the phase-boundary
carbides form during production hea. reatment of the casting. Consequently, the unaged
CF-8 steels exhibit low lower-shelfl energy and high mid-shell Charpy transition tempera-
ture {CTT) relative to the CF-3 steels. The fracture mode for CF-8 steels in the lower-shelf
or transition-temperature regime is predominantly phase-boundary separation.7.8.'2.13 I
contrast, the CF-3 steels show dimpled ductile fallure. Fracture by phase-boundary separa-
tion is observed In only a few “ ats of unaged CF-8M steels and is depen-dent on whether
the material contains phase-boundary carbides. Materials aged at 450°C (842°F) show sig-
nificant precipitation of phase-boundary carbides (also nitrides in high-N steels) and a large
decrease in ferrite content of the material.7 8.12.13 Such processes either do not occur or
their kinetics are extremely slow at reactor temperatures. Consequently. data obtained at
450°C aging do not reflect reactor operatiug conditions, and extrapolation of the 450°C data
to predict the extent of thermal embrittlement at reactor temperatures is not valid.

The cl.ewmical composition, production heat treatment, and the ferrite content and
spacing of the steel are important parameters in controiiing the extent and kinetics of
thermal embrittlement. Ferrite morphology strongly affects the extent of thermal embrit
tlement, whereas material composition and production heat treatment influence the kinet-
ics of embrittlement. Thanges in the heat treatment or chemical composition of the steel
can alter the kinetics of thermal embrittlement significantly;, activation energies for em-
brittlement can range from 65 to 230 kJ/mole. The kinetics of thermal embrittiement of
cast stainless steels is controlled primarily by the kinetics of strengthening of the ferrite,
te.. by the size and spacing ol a' phase produced by the spinodal reaction. The log of the
time of aging at 400°C (752°F) for a 50% reduction in Charpy-impact encigy has been
shown to be a useful parameter to characterize the kinetics ol thermal embrittlement '8
The aging behavior at 400°C varies significantly for the various heats of cast stainless steel.
For example, the time of aging at 400°C required for 50% reduction in impact energy varies
trom 200 to 10,000 h for the various steels. Production heal treaiment and possibly the
casting process influence the aging behavior at 400°C and, therefore, the kinetics of ther
mal embrittlement. Activation energy for thermal embrittlement is high for those steels
that show fast embrittlement at 400°C and is low for those that show slow embrittlement at
400°C. Precipitation of G phase in the ferrite has little or no effect on the kinetics of ther
mal embrittiement. Material parameters that iufluence the kinetics of thermal embrittle
ment also effect G-phase precipitation. However, activation energy for thermal embrittle
ment is generally low for cast stainless steels that contain G-phase. Estimation ol the me
clianical-property degradation suflered by cast stainless steel components, by extrapolation
of the high-temperature data to reactor temperatures, requires not only the activation en
ergy for thermal embritilement of that specific material but also a reference aging behavior
of the material at high temperatures. ¢.g . at 400°C




Extent of Embrittlement at Saturation




and Si) is considered 24 A sharp decrease in impact energy occurs when either the Cr con-
tent exceeds 18 wi1.% or the concentration of Cr+Mo+Si exceeds 23.5 wt. % The concen-
tration of Ni and Si in the steel, 1.e., the elements that promote G-phase formation, also ap-
pear to increase the extent of thermal embrittlement of the Mo-bearing CF-8M steels. An
increase in the concentration of C or N in the steel also increases the extent of thermal
embrittlement because of the contribution to phase-boundary carbides or nitrides and the
subsequent fracture by phase-boundary separation.

Based on the amount of information avallable, two different methods for estimating the
material parameter and saturation impact energy are presented. The first method utilizes
only the information available in the CMTRs, i.e.. chemical composition of the material. The
second methc llows an estimate of saturation impact energy to be obtained when metal-
lographic informadon on ferrite morphology Is also avallable, 1.e., the measured values of
ferrite content ':ind mean ferrite spact1g of the steel are known

21 Meth.. A - When Only a CMTR Is Available

The saturation fracture toughnress of a specific cast stainless steel, Le., the minimum
fracture toughness that would be achieved by the material after iong-term aging. is esti-
mated from the degree of thermal embrittilement at saturation. The degree of embrittle-
ment is characterized (n terms of room-temperature "normatized” Charpy-impact energy.
The variation of the tmpact energy at saturation for differeiit materials can be expressed (n
terms of a material parameter ¢, which is determined {from ti:e chemical composition.

The material parameter @ is estimated from the information available in the CMTR,

e.g.. chemical composition. The ferrite content is calculated in terms of the Hull's equiva-
lent factors2®

Creq = Cr + 1.21(Mo) + 0.48(S1) - 4.99 (1)

and

Nieq = (Nii + 0.11(Mn) - 0.0086(Mn)2 + 18.4(N) + 24.5(C) + 2.77, (2)

where chemical composition is in wt.%. The concentration of N is often not available In the
CMTR: 1t is assumed to ve 0.04 wt.% {f not known. The [errite content §. is given by

Bc = 100.3(Creq/Nieg)? = 170.72(Creq/Nieg) + 74.22 (3)

The measured and calculated values of ferrite content for the various heats used in studies
at ANL,7-1® Framatome (FRA),26 Georg Fischer Co. (GF),! Electricité de France (EdF) 2%
Central Electricity Generation Board (CEGB).25 and Electric Power Research Institute
(EPRI)28 are shown in Fig. 1. The chemicai composition, ferrite content, and room-tem-
perature Charpy impact energy of the various materials are given in Tables | and 2. For
most heats, the difference between the estimated and measured values is 6% ferrite. The
few heats for which the estimated ferrite contents are significantly lower than the mea-
sured values generally contain >10% nickel,
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Figure 2. Correlation between room-temperature Charpy-impact energy at

saturation and material parameter ® (Method A) for C¥-3, CF-8, and
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Jrom the predicted values in Figs. 2a and 2b, respectively.
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predicted values.

In the field, 8y would have to be measured with a magne-gage or a ferrite scope
(nonsaturation magnetic induction principle)} and A would be determined from metallo

graphiic replicas of the actual component. The N content is assumed to be 0.04 wt.% {f not
known.

Plats of room-temperature impact energy and the material parameter @, calculated
from Eqs. 8 and 9. are shown in Fig. 3, together with data from studies at ANL, FRA, GF,
CEGB, and EPRI. The saturation impact energies predicted from Egs. 8 and 9 for CF-3 or
CF--8 steels are comparable to those estimated from Egs. 4 and 5; those for CF-8M steel are
better than those estimated from Eqs. 6 and 7. As discussed in the previous section, Eq. &
also does not consider the effects of Nb on thermal embrittlement and, hence. may not be
conservative for Nb-bearing cast stainless steels.

3 Kinetics of Embrittlement

The results from room-temperature Charpy-impact tests on the various heats, aged up
to 30,000 h at 280, 320, 350, 400, and 450°C (554. 608, 662, 7562, and 842°F), were
analyzed to determine the kinetics of thermal embrittlement. The variation of the Charpy
impact energy Cy (J/em?) with time can be expressed as

log1yCyv = log10Cvsat + Bl1 - tanh {(F - 61/l (10}
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within the 95% confidence limits for all the heats Egquation 17 is applicable for composi-
tions within ASTM Specification A 351, with a upper limit of 1.2 wt % for Mn content.
Actual Mn content is used up to 1.2 wt % and is assumed to be 1.2 for steels containing
>1.2 wi.% Mn, Furthermore, the values of Q predicted from Eq. 17 should be between
65 kJ/mole mintmum and 250 kJ/moie maximum; Q is assumed to be 65 kJ/mole If the
predicted values are lower and 250 kJ/mole If the predicted values are higher.

4 Estimation of Impact Energy

The room-temperature Charpy-impact energy of a specific cast stainless steel can be
estimated from the correlations in Sections 2 and 3. Based on the information available,
imapct energy at saturation Cygar can be determined from the two methods described in
Section 2. The first method utilizes only the information available in the CMTRs, le.
chemical composition of the steel. The second method 18 used when metallographic in-
formation on the ferrite morphology is also avatlable, i.e., measured values of ferrite content
and mean ferrite spacing of the steel are known. The saturation value represents the
minimum impact energy that would be achieved by the material after long-term aging.
Estimation of the decrease in impact energy as a function of time and temperature of ser-
vice requires additional information, namely, the initial impact energy of the unaged mate-
rial and the aging behavior at 400°C, i.e, the value of constant 6.

The estimated and observed impact energies for some of the ANL, FRA, and GF heats
aged at temperatures hetween 300 and 350°C (572 and 662°F), are shown in Figs 5 and 6.
For each heat, the impact energy at saturation was determined first, from Eqs. 1-7, ie.
Method A. The activation energy for thermal embrittlement was obtained from Eq. 17: ob-
served values of ® were used for all the heats. Then, the change in impact energy with time
and temperature of aging was estimated from Egs. 10-13. The measured value of Cyjp, 1€,
initial impact energy of the unaged material, was used in Eq. 12 to determine . The estl
mated change In impact energy shows good agreement with the observed aging behavior
for most of the heats. For some heats, the estimated Cyga: is higher than the observed
value, e g.. Heat B. Such discrepancies are caused by underestimation of the ferrite content
of the steel. As mentioned earlier, the ferrite contents estimated from Eqs. 1-3 for heats
containing 210 wt % Ni, are always lower than the measured values. A non-conservative
value for Cygat can be avoided by using the lowsr-limit expressions for Eqs. 5 and 7, i€, \i o
lower-bound curves shown by the dashed !ine in Figs. 2 and 3. ™ -

The values of @ are not available for cast siainless steel components in the field, and can
only be obtained from aging archive material for 5,000-10,000 h at 400°C (752°F).
Parametric studies show that the aging respoustc at reactor temperatures is relatively in
sensitive to the values of 8. Varying 6 between 2.3 and 3.3 results in identical aging behav-
for at 300°C (572°F). At 330°C (626°F), a low value of ® predicts slightly {aster kinetics and
at 280°C (636°F), a high value of 6 predicts faster kinetics. A median value of 2.9 for @ can
be used to estimate thermal embrittlement at reactor temperatures, i.e, 280-330°C
Charpy-tmpact tests have been conducted on reactor-aged components from the
Shippingport reactor to benchmark the laboratory data and validate these correlations 30
The results show good agreemant with the estimated values and are presented in Section 7
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5 _Estimation of Fracture Toughness

5.1 Saturation Fracture Toughness

Thermal aging of cast stainless steels decreases their fracture toughness at room tem-
perature as well as at reactor temperatures, f.e., 280-330°C (536-626°F). The fracture
toughness results are consistent with the Charpy-impact data, {.e., unaged and aged mate-
rials that show low impact strength also exhibit lower fracture toughness. The saturation
fracture toughness J-R curve for a specific cast stainless steel, i.e., the minimum toughness
that would be achieved by the material, can be estimated from its room-temperature im-
pact energy at saturation. The J-R curve is expressed by the power-law relation Jg = CAa",
where Jq 1s deformation J per ASTM Specifications E 813-85 and E 1152, Aa is the crack
extension, and C and n are coustants. The coeflicient C at room and reactor temperatures
and the room-temperature normalized Charpy-impact energy, Cy for aged and unaged cast
stainless steels are plotted in Fig. 7. Fracture toughness data from ANL.8.1% FRA.26.27 and
EPRI?® studies are included in the figure. At both temperatures. the coefficient C de-
creases with a decrease in impact energy. Separate correlations are obtained for CF-3 or
CF-8 steels and for CF-8M steel. the latter shows a larger decrease in fracture toughness
for a given tmpact energy. The correlations used to estimate J-R curves were obtained by
subtracting the value of o (standard deviation for the fit to the data) from the best-fit curve.
They are shown in dash/dot lines in Fig. 7, and help ensure that the estimated J-R curve is
conservative for all material and aging conditions. The saturation fracture toughness J-R
curve ~t room temperature for CF-3 and CF-8 steels is given by

Jd = 49[Cveat]®5aa)™; (18)
for CF-8M steel, it is given by

Jd = 16|Cvsatl® 7(Aa)". (19)
At 290-320°C (554-608°F), the saturation J-R curve for CF-3 and CF-8 steels is given by

Ja = B2[Cyeal 34[aa)"; (20)
for CF-8M steel, it is given by

Jd = 35|Cysat]49(Aajn. (21)
The exponent n of Aa is correlated to the coefficlent C, Fig. & The correlations shown in
the figure were obtained by subtracting standard deviation from the best-fit curves, and
help ensure that the estimated J-R curves are conservative. These correlations and the
best-fit curves in Fig. 7 are used to obtain .he relationship between exponent n and satura-

tion room-temperature impact energy. At room temperature, the exponent n for CF-3 and
CF-8 steels is given by

n =0.32 + 0.0131[Cygat]© 52, (22)
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for CF-8M steel, it 15 given by

n = 0.35 + 0.0025|Cygal®97. (23)

At 290-320°C (554-608°F), the exponent n for CF-3 and CF-8 steels is given by

n = 0.25 + 0.0293|Cygatl® 34, (24)

for CF-8M steel, it is given by

n =024 + 0.0083[Cygai]©4°. (25)

The values of J at any other intermediate temperature can be linearly interpolated from
the values at room temperature and 290°C (554°F). The fracture toughness J-R curve at
saturation for a specific cast stainless steel can be obtained from its chemical composition
by using the correlations for saturation impact energy given in Section 2 and Egs. 18-25.
Examples of the experimental data and estimated J-R curves at saturation, i.e., the mini-
mum fracture toughness that would be achieved by the material by thermal aging, are shown
in Figs. 9-15. For most heats, the saturation fracture toughness is achieved after aging for
25,000 h at 400°C (752°F). Experimental data and estimated J-R curves for the unaged
materials are also shown for comparison: the J-R curves were estimated from the measured
initial room-temperature impact energy of the unaged materials. The estimated J-R curves
show good agreement with the experimental results in many cases and are essentially con-
servative, The room-temperature J-R curves for unaged static-cast Heats 69 and 75
(Figs. 11, and 13) are non-conservative. The fracture toughness of unaged static-cast slabs
(e.g., Heats 68, 69, 74, and 75) Is exceptionally low, although their Charpy-impact energy is
comparable to other similar hcats of cast stainless steel. The poor fracture tuughness for
these unaged static-cast slabs is due te residual stresses introduced in the material during
the casting process or production heat treatment. Annealing these heats for a short time at
temperatures between 290-400°C (554-752°F) increases the fracture toughness and de-
creases the tensile stress without significantly affecting their tmpact energy. An example of
this is Heat 69, which was aged for 2,570 h at 350°C (662°F) ar.d is shown in Fig. 11. The
experimental J-R curve for the short-term-aged material is significantly higher than that
for the unaged material. Consequently, the fracture toughness of these heats would initially
increase during reactor service before it decreases due to thermal aging. Furthermore, the
overestimation for unaged Heats 68, 69, 74, and 75 is not considered important because
the matertals have adequate fracture toughness, i.e., Jjc values >250 kJ/m?2.

The fracture-toughness data for unaged cast stainless steels indicate that the J-R curve
for some heats are lower than those for wrought stainless steels. The available J-R-curve
data at 290-320°C (554-608°F) for unaged cast stainless steels are shown in Fig 16a. The
static-cast pump casing ring (Heat C1 with 8, = 8%) shows the lowest and centrifugally cast
pipes (Heat P2 with §; = 12% and Heat C1488 with §. = 21%) have the highest fracture
toughness. Fracture toughness J-R curves for wrought stainless s'-<ls are higher than
the J-R curve for static-cast pump casing ring, Fig. 16b,31-36 The fracture toughness of
unaged cast stainless steels at room temperature is slightly higher than at 290-320°C. At
temperatures up to 320°C, a lower-bound J-R curve for unaged static-cast stainless steels
can be expressed as
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Jd = 400|aa)C-40; (26)
for centrifugally cas. stainless steels (t can be expressed as
Jd = 650[Aa)C 43, (27)

The correlations given in Eqs. 10-25 account for the degradation of toughness due to
thermal aging. They do not explicitly consider the initial fracture properties of the original
unaged material. To take this intec account, when no information Is avatlable on the fracture
toughness of the unaged material. the lower bound estimate given by Eqs. 26 or 27 is used
as upper bound for the predicted fracture toughness of the aged material, 1.e , Ens. 26 or 27
are used when fracture toughness predicted by Eqs. 10-15 s higher than that predicted by
Egs. 26 or 27. 1" the actual fracture toughness of the unaged material or the initial Charpy-
impact energy is known, use of the higher value may be justified.

52 Service-Time Fracture Toughness
The emphasis to this point has been on the saturation values of the fracture toughness,

f.e.. the lowest values that would ever be obtained. These, of course, represent conservative
estimates of the fracture toughness at any given time. Less conservative estimates of frac-
ture toughness can be ¢ stained by considering the kinetics of thermal embrittiement. As {n
the case of the saturation toughness, the thermal embrittlement for a specific time and
temperature is charecterized in terms of the room-temperature impact energy Cy, which is
estimated by the correlations described in Section 3. Once Cy is known, the service-time
J-R curve is determined from correlations described in Section 5.1. For convenience, they
are repeated here. The J-R curve at room temperature for CF-3 and CF-8 steels is given by

Jd = 49[Cy]0-52(aajn; (28)
for CF-8M steel, it is given by

Jd = 16{Cy]” 87[aa)n, (29)
At 290-320°C (554-808°C), the saturation J-R curve for CF-3 and CF-8 steels is given by

Jd = 82(Cy|0-34jaa)n; (30}
for CF-8M steel, it is given by

Jd = 35[Cy|0-49(aa)n. (31
At room temperature the exponent n for CF-3 and CF-8 steels is given by

n =032 + 0.0131|Cygar]?52 (32)

for CF-8M steel, It is given by

n = 0.35 + 0.0025(Cygat)® 87 (33)
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Al 200-320°C (554-608°C) tne exponent n for CF-3 and CF-8 steels is given by
ne029%+ 00203|Cypui® ™ (34)

for CF-8M steel, it is given by
n e 0.24 4 0.0063|Cyuu)” 4% (35)

A* described in Section 5.1, the J values at intermediate temperatures can be obtained by
Iinear interpolation between the values at room tem)erature and at 200°C (654°F). The
fracture toughness J-R curve for a speci{'c material and aging condition can be obtained
from the correlations expressed In Eqs. 28-35 the saturation room-temperature impact
energy Cyaat estimated from Egs. 1-7, and the kinetics of thermal embrittlement ex-
pressed in Egs. 10-13 and 17. Compeiisons of the experimental and estimated Jg values at
0.5, 1.0-, 25 and 5.0-mm crack extensions are shown In Figs 1. and 18, The est!
mated Jq values are always lower hut within a factor of 2 of the experimental values of Jg.
The estunated room-ten:perature Jg values for unaged static-cast slabs alone are higher
than the experimental values. As discusssd in St "toi 5.1, these heats have poor fracture
tou iness bacause of residual stresses in the :steral. fracture toughness of the static-cast
* s would Initially increase during reactor service before it decreases due to thermal
aging.

Exampies of the expertmental and estimated J-R curves for several partially aged cast
stainless steels are shown In Figs. 19-24. The estimated J-R curves show good agreement
with the experimental results and ure essentially conservative. Estimations for centrifugally
cast stecls tn particular are qu.te conservative. As discussed in Section 5.1, when no infor-
mation is avallable on the fracture toughness of the unaged material and & typical value of
200 J/emi? 18 assumed for room-temperature impact energy, lower bound fracture tough-
aess of the unaged materiul (Egs. 26 or 27) 1s used if the fracture toughness predicted by
Eqs. 26-75 is higher than that predicted by Eqs. 26 or 27 I-R curves estimated from Eqs.
28-35 should only be used when initial Charpy-impact energy Cyyn 18 known in Eq. 12,

The kineilcs of thermal embrittlement were estimated using the actual experimental
velues of 2 In Fgs. 10 and 17. A value of 2.9 for 6 can be used (o estimate thermal embrit-
tlemant at teniperatures between 280-330°C (536-626°F) With a assumed value of 2.9 for
6, estimations of fracture toughness before saturation, may be non-conservative for service
temperatures >330 and <2B0°C (»626 and <536°F) Comparisons of the coefficient C at
290°C (554°F), computed using the actual value of @ and 6 = 2.9 are shown In Figs. 25 and
26, respectively, for Heats 278, 28], and 287 (measured & value 3. 5-4.0) and Heats iR,
KRB, and B (measured 6 value 2.1-2.5). For all heats the two estimates are essentially the
same at a service temperature of 300°C (572°F). With 6 = 2.9, estimated values of C are up
to 20% higher at 280-300°C (536-572°F) for heats with 6 >2.9 (Fig. 25) and at 300-330°C
i572-626°F) for heats with 6 <2 8 (Fig. 26). A 8 value of 2.5 s*ould be used for estimating
fracture toughness at 330-360°C (626-680°F, and 3.3 for estimating at <280°C (<536°F).

The estimated J-R curves at 290-320°C (554-608°F) for some of the heats after ser-

vice for 16, 32, and 48 effective full power years (efpy) at 280 and 320°C are shown In
Figs. 27-32. The satvraticii fracture toughness for the specific cast stainless steel and the
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2.3 Lower-Bound Fracture Toughness
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saturation J-R curve of a material when the J-R curve estimated [rom the chemical
composition is higher than the lower-bound curve for the unaged matenal.

Estimation of service time J-R curves, i.e, fracture toughness at any given time and
temperature of service, is described in Section C. The service time J-R curves depend on
the kinetics of thermal embrittlement, e, the rate of decrease of fracture toughness as a
function of reactor service time. The initial impact energy of the unaged material and the
constant 6 are also required for estimating the kinetics of thermal embrittlement. The im
pact energy can be assumed to be 200 J/cm? if not known. The value of 8§ depends on the
service temperature: it 18 assumed to be 3 3 for <280°C («635°F), 2.9 for 280-330°C (536
626°F), and 2.5 for 330-360°C (626-680°F). If the initial impact energy of the unaged ma-
terial 18 not known, the lower-bound J-R curve for the unaged cast stainless steels Is used
when the J-R curve estimated from the chemical composition is higher than the lower
bound for the unaged steel

7__Cast Stainless Steels from the Shippingport Reactor’

7.1 Material Characterization

Cast stainless steel materials from the decommissioned Shippingport reactor offered a
unique opportunity to validate the correlations and benchmark the aboratory studies. Cast
stainless steel materials were obtained from four cold-leg check valves, two hot-leg main
shutofl valves, and two pump volutes. One of the volutes 1s a “spare” that had seen service
only during the first core loading, the other was in service for the entire life of the plant
The actual time at temperature for the materials was =13 y at =281°C for the hot leg com
ponents and «264°C for the cold-leg components. The components were at a hot standby
condition «204°C for an additional =2 y

The various cast materials were characterized (o determine their chemical composi
tion, hardness, grain structure, and ferrite content and distribution.  Samples were ob
tained from different locations of the casting and from different regions across the thick
ness of the wall. The chemical composition, hardness, and amount and distribution of fer
rite for the cast materials are given in Table 4. All materials are CF-8 cast stainless steel
Hardness increases with an increased ferrite content. Some differences in hardness and
ferrite content were observed for material from different locations in the casting. Such
dilferences appear to be related to compositional variations.

The results of metallurgical characterization of the materials have been presented ear
lier.37 All valve materials have a radially oriented columnar grain structure. Typical exam
ples of the grain structure for the check valves and main shutofl valves are shown in Figs 37
and 38, respectively. The inner surface of all the valves contained repatr welds. an example
is shown In Fig. 38. The pump volutes have a mixed grain structure of columnar and
equiaxed grains (Fig. 39). The ferrite morphologies of the check valves and main shutoll
valves are shown In Figs. 40 and 41, respectively. The materials contain a lacy ferrite with a

‘Work performed under NRC FIN No A2256]
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instrumented tup and data readout system was used for the tests Tensile tests wure per
formed on cylindrical specimens with a diameter of 5 mm and a gauge length of 20 mm.
The tests were conducted at an initial strain rate of 4 x 104 ¢!

7%.1 Baseline Mechanical Propertic

The baseline mechanical prope..tes for the unaged materials must be known to estab-
lish the thermal-aging effects during reactor service. Microstructural and annealing stud-
les '2-15.18-21 on laboratory and reactor-aged materials have been conducted to investigate
the possibility of recovering the mechanical properties of embrittled materials. The results
indicate that the formation of the a' phase by spinodai decomposition is the primary mech-
anism of thermal embrittlement. The o' phase is not stable at temperatures >550°C
(1022°F). The mechanical properties can be recovered by annealing ths embrittled cast
stainiess steels for 1 h at 550°C and then water-quenching to dissolve the a' phase while
avolding the formation of o phase. The influence of annealing on the Charpy transition
curves for three laboratory-aged heats and service-aged material frorm the KRB reactor is
shown in Fig. 42. The results Indicate an essentially complete recovery from thermal em-
brittlement; the transition curves for the annealed materials agree well with those for the
unage . steel. Microstructural examination of the annealed material showed no a' phase, but
the size and distribution of the G phase were the same as in the aged material '8-21 The
results indicate that baseline mechanical properties of unaged material can be determined
from recovery-annealed material.

Charpy-impact tests were also conducted on material from a cooler region of the
Shippingport Loop A matn shutoff valve to obtain baseline properties. The Charpy transition
curves for MA9 and recovery-annealed matertal from MA9 and MA1 are shown in Fig. 43
These materials are from the same valve, although MAS is from a cooler region »f the valve.
The results indicate that MAS material suffered little or no thermal-aging thermal embrit-
tlemeat: annealing Lad no effect on the transition curves. The results for annealed MA1
material also show good agreement with the transition curve for MA9. The upper-shelf en-
ergy (USE)} for both materials is not constant but decreases with an increase in tempera-
ture. The average impact energies at room temperature and at 290°C (554°F), respectively,
are 356 and 253 J/cm? for MA9, and 320 and 254 J/cm? for annealed MA1.

The Charpy data were fitted with a hyperbolic tangent function of the forin
Cv = K, + B{1 + tanh (T - C)/D}). (48)

where K, is the lower-shell energy, T is the test temperature (n °C, B is half the distance
between upper- and lower-shelf energy, C is the mid-shelf CTT in °C. and D is the haif-
width of the transition region. The bes(-fit curves for MA9, with or without annealing, and
for annealed MA1 indicate that the latter is marginally weaker; the CTT is =10°C higher and
the average USE is ~30 J/cm? lower for MA1. Such differences in impact energy ace most
likely due to minor variations In composition and structure of the materials from different
locations of the casting. The Charpy data for MA9 and annealed MA1 may be represented by
a single transition curve; the best-fit curve is shown in Fig. 43,
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Figure 42. Effect of annealing on Charpy transition curves for thermally
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dashed lines are the curves of embrittled laboratory heats.
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72.2 Charpy-impact Energy
Charpy impact data for the various cast materials {rom thes Shippingport reactor are

given in Tables 5 and 6 and the Charpy transition curves are shown in Figs. 44-46. The re

sults for MA9 and recovery-annealed MA1 materials are shown as the baseline Charpy tran
sitfon curve for MA1l In Fig. 44. The baseline tr.nsition curves lor CA%1 and PV are repre
sented by the results for recovery-annealed materials. The Charpy date were fitted with the
hyperbolic tangent expression given in Eq. 48: the values of the cons.ants lor the various
materials are given in Table 7 'he results indicate that the room-teraperature impact en
ergy of the materials 1s relatively high and the mid-shelfl CTT, iL.e., constant C in Eq. 48, 1s
very low. The check valve materials CA4 and CB7 are weaker than MA in V, e.g.. the
mid-shelf CTT 18 =100°C higher for CA4 and CB7. The higher CTTs are due he pres
ence of phase-boundary irbides in the heck valve materials (Fig. 4f The irbides
weaken the phase boundaries a thus provide easy path for fractur

The decrease in impact strength from v service at re per es Is minl
mal for the materials. The room-temperature !mpact ergy of PV, MA nd CA4 iterials
is decreased by =90, 70, and 40 J/cm<, respectively [he ge diflere I SE for the
unaged and service-aged materials from row MA] (Fig. 44), Is fuie ermal aging
The inner 15-mm reg f the MA1 valve bhod i i {law
and is inherently weal e er suriace ¢ ves ! dr weld There 1s
significan Hliere e 4 Nt emi 0Sitl I 1¢ € nate i
across the thicknes he valve !




Table 5. Charpy-tmpact test resulls for cast stainless steel materials
Jrom the Shippingport reactor

Specimen Material Temp  Impact Energy Yield Load Maximum Load

D 1D £ W/em? (kb (kN) _ (kip)  (kN) _ (kip)
~Beacter Servicel,

CA43-01 CA4 -1e7 311 163 13182 29066 15213 3420
CA41-0] CA4 -100 28.1 166 12391 2786 123081 2788
CA43-03 CA4 -78 338 199 10965 2472 12420 2792
CA42-02 CA4 ~50 114.1 673 11522 2580 17532 02806
CA42-01 CA4 -20 126.8 748 10046 2461 16854 3789
CA44-01 CA4 0 843 407 10145 2281 14051 3159
CA41-02 CA4 > 162.1 5.6 0354 2103 15836 3492
CA44-02 CA4 <} 1285 758 9580 2156 1488] 3345
CA43-04 CA4 50 138.2 815 8427 1884 13211 2870
CA45-02 CA4 ™ X8 1197 7948 1787 138582 3053
CA41-03 CA4 125 2814 1660 7118 1600 13123 2050
CA44-03 CA4 200 1833 1081 6142 1381 11473 2579
CA42-03 CA4 200 1790 1056 6546 1247 9891 2224
CA43-05 CA4q 200 1788 1056 5300 1212 10419 2342
CB72-01 By -197 7386 434 12430 2764 18B680! 4.182
CB71-01 cBy -100 83.8 484 1L717 28634 16531 3716
CB72-02 cB? -850 107.0 63.1 10956 2483 15360 3455
CB71-02 cB7 -20 142.4 B840 10262 2307 16822 3804
CB73-01 By 0 2112 148 8983 20190 15428 3468
CB71-03 cB7 >3 162.4 95.8 6022 2028 14012 3150
CB73-02 o7 = 2087 1202 ET700 956 14666 3.207
CR73-03 cB? 50 2684 1589 7733 1738 13802 3056
CB73-03 cB7 s 20590 1746 7489 684 13502 3056
CB73-04 cB7 100 6 1797 €454 1451 11317 2544
CB71-04 cB? 128 2415 1425 €474 545 12313 2768
CB72-05 ca7 200 3393 2002 §458 1227 11464 2577
CB71-05 cB? 200 202.) 1723 097 146 10712 2408
CB72-04 CB7 290 256.1 151.1 €488 234 10302 2316
CC43-02 cCa -197 265 156 12350 2878 12850 2.889
CC44-01 ©C4 -120 39.1 23.1 14022 3.152 14022 3152
CC44-03 CCa 0 104.2 615 10458 12351 14041 3.157
CC43-03 o4 25 121.7 718 0686 2177 14.198 3102
CC44-02 oCa 128 2163 1276 7079 1501 12186 2740
CC43-01 oc4 200 3063  180.7 56805 1260 11239 2527
MA11-06 MAI ~19% 494 20.1 13924 04130 15.115 3.308
MA11-01 MAI -100 1806 1125 13026 2028 21802 4924
MA11-02 MAI ~20 2288 1350 9764 2195 16580 3727
MA11-03 MA!I -3} 1445 853 10,106 2272 14207 3194
MA11-06 MAI % 2100 1239 8524 19016 14325 3220
MA11-04 MAI 125 167.0 08.5 8671 1649 1288¢ 2808
MA12-01 MA!I -197 96.9 57.2 12001 2608 19.148 4.306
MA12-05 MAI -120 149.3 88.1 11649 2618 18631 4.188
MA13-04 MAL ~100 3186 1880 11,661 2500 22,185 4.987
MA12-02 MAI -50 281.1 1658 10887 2447 180256 4.052

MAI3-01 MAI 2037 1739 10389 2338 16346 3.675

0
MAI12-06 MAI -3 2792 1647 8817 1982 14959 3363
MA13-02 MAI b} 3376 1992 9237 2077 15877 3.568
MAI3-06 MAI s 280.7 1656 8032 2030 15174 341}
MA12-03 MAI » 249.0 146.9 78577 1703 13143 2955
MA13-08 MA!I 125 2603 1580 6532 1468 12284 2702
MA12-07 MA]L 200 2278 1324 5468 1220 11063 2487
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Table 5.  (Contd.)

Specimen Material Temp. Jmpact Energy Yield Load Maximum Load
1D 1De £ W/emd (MILIL  (kN)  (kip) (kN (kip)
MA13-07 MAI 200 2317 1367 6786 1526 11551 2597

MA12-04 MA! 200 1976 1166 6318 1420 10604 2382
MAI3-08 MA) 290 1762 1034 5156 1.15¢ 0640 2235

MADI-01 MA9 -197 66.8 394 14412 3240 17.361 3902
MAB3-01 MA® -197 106.2 62.7 12625 2838 19617 4410
MA92-01 MAS® ~120 2524 1489 12038 29009 20720 4.658

MAS4-01 MA® -120 1162 686 11766 2645 16746 1765
MA91-02 MAS -100 2123 12563 12069 2713 19724 44M

MAB3-02 MA®9 =100 2107 1243 11317 2544 19168 4309
MAS2-02 MAS® ~78 20686 1743 11249 2520 19226 +.322
MAD4-02 MAS -78 1812 1066 10184 2280 18562 4.173
MAB1-03 MA® -80 2007 1768 9640 2235 17.522 3804
MAB3-03 MAP -850 3147 1857 1OB78 2445 18006 4048
MAD2-03 MAD -20 431  250.1 9208 2070 16658 3745
MAS4-03 MA9 -20 4116 2428 0872 2219 16805 3778
MA92-04 MA® 0 w327 1963 B661 1947 14910 2352
LiAD4-04 MAS 10 702 2184 8015 2004 14852 3330
MAD1-04 MA9 3 3602 2086 85156 1914 15233 5425
MA93-04 MA® 7, 4086 2411 8993 2022 15223 3422
MAD2-05 MAS ™ 3167 1869 7401 1684 134685 1027
MAB4-08 MAS ] 312.1 184, 7226 1624 13270 2983
MAS1-06 MA9 126 3385 1907 7011 1676 13.182 2066
MA92-06 MAS 125 2668 1533 6718 1510 11971 268
MAS3-06 MAS 126 3142 1854 6601 1484 11522 2590

MAB4-06 MAS 200 2513 1460 5487 1236 11444 2573
MAD1-0E€ MAS 200 2464 1454 6927 1332 9852 2215
MAD3-06 MASG 200 2353 1388 538 1208 9901 2226

PVI-0i PV ~187 06.5 6569 11766 2645 18748 4215
Pv2-01 1Y -197 136.0 802 10790 2426 20730 4.660
PV3-01 PV -120 1925 1136 11454 2575 20544 4618
PV1-02 PV -100 2564 1513 11522 2580 19841 4460
PV2-02 PV -100 2068 1745 11210 2520 21023 4726
PV3-02 bV ~-80 2774 1637 10311 2318 10008 4.204
PV1-03 PV ~20 3382 1995 10917 2454 18025 4082
PV2-03 PV ~20 3742 2208 9970 2241 17781 2997
PVi-04 PV 25 311.0 1835 8856 1991 15116 3398
PV2-04 PV 25 3168 1870 8817 1982 15106 35396
PV3-03 PV 25 337.3 1980 8212 1.84€ 14666 3297
V304 PV 75 4114 2427 7851 1768 14.150 1183
PV1-06 PV 178 as76 2110 5850 1317 12362 2779
PV2-05 PV 175 3421 2018 6240 1403 11220 2524
PV3-08 PV 200 317.1 187.1 5654 1271 11112 2498
P -06 PV @90 19356 114.2 5468 1220 100860 2320
Pv2-06 1 260 2828 1669 6341 1201 9345 2101
PV3-06 PV 290 2756 1626 5322 1.196 9550 2147
PVE-01 PV -167 746 44.0 11317 2544 16277 1.650
PV6-02 PV =100 1925 1136 11454 2575 20544 4618
PV6-03 PV ~20 2562 1506 10936 2450 16541 3719
PV6-04 PV 25 2624 154.8 93356 2000 15496 3484
PV6-05 PV 175 2356 139.0 7.021 1578 12284 2762
PV6-06 PV 200 2786 1844 6.327 1422 10507 2.3€2

69



Table 5.  (Contd.)

Specimen Material Temp.  Impact Energy Yield Load Maximum Load
1D D% Q) W/emd (bl (kN)  (kip)  (kN) _(kip)
Annealedd
CA42-10 CA4 ~197 384 227 12235 2751 14637 320)
CA41-12 CA4 -120 727 429 12203 2764 17478 3929
CA44-08 CA4 ~100 61.2 361 12010 2700 15115 2498
CA42-11 CA4 -850 83.1 549 10770 2421 16443 36087
CA43-11 CA4 -20 144.2 851 10760 2419 16385 3683
CA41-10 CA4 25 196.1 1157 8503 1932 14373 323)
CA42-12 CA4 25 1798 1061 9149 2057 14705 3.306
CA44-09 CA4 75 191.7 1131 8095 1820 13387 3012
CA42-10 Jaq 175 2168 1280 6484 1458 115851 2507
CA41-11 CA4 200 2263 13290 5331 1198 10321 2320
MA11-12 MAI -106 669 305 12167 2735 14508 3282
MALl1-11 MAI -120 1196 706 10966 2465 14793 3326
MA11-10 MAIL ~-80 1867 1102 10760 2419 17.752 3991
MA11-08 MAI -20 3032 1789 9804 2204 15184 3416
MA11-08 MAI 25 622 367 10164 2202 11522 2580
MA12-12 MAI -196 156.3 922 12235 2751 21540 4842
MA12-11 MAI ~100 2183 1288 11.786 2650 19431 4.368
MA12-10 MAI -50 2047 1739 10243 2303 16736 3762
MA13-12 MAI 0 336.1 1968.3 9003 2024 15526 3400
MA12-00 MAI 25 2671 1576 8476 1905 13.768 3005
MAI3-11 MAI 75 3349 1876 8026 1804 13133 2052
MA12-00 MAI 100 3803 2179 6923 1556 12645 2843
MA13-10 MA! 200 2616 1543 6376 1433 11922 2680
MA13-09 MAI 200 2540 1400 4492 1010 9638 2167
MAS1-168 MAS -197 2330 1375 12645 2843 24753 5565
MA92-15 MAS -120 2007 1715 10741 2415 19605 4428
MAS4-16 MA® ~50 3480 2059 10843 2393 16922 3804
MAS5-02 MAS ~20 3441 2030 10066 2463 16824 4782
MASS5-01 MAS % 388.1 2200 9286 2088 14276 3.209
MAS4-17 MAS 175 3326 1964 5976 1.343 12030 2704
MAB5-12 MA9 260 2785 1643 5781 1.300 9774 2197
PV1-09 PV -197 2282 1346 1135 2553 22742 5113
PV2-09 PV -187 2334 137.7 10995 2472 22,107 4970
PVi-10 PV ~120 3686 2175 11208 2540 21511 4.836
PV3-08 PV -120 270.7 1597 10887 2447 18797 4.226
PVi-11 PV ~-100 2708 1508 12508 2812 22185 4.087
PV2-10 PV ~100 160.3 946 11063 2487 166802 3.800
PV2-11 PV -80 301.2 177.7 1055855 2373 19.168 4.309
PV3-10 PV -8GC 2603 15898 1076¢ 2307 18416 4.140
PV3-11 PV ~-50 4155 2451 10331 2323 19236 4324
PV3-12 PV ~-20 3224 190.2 0000 2248 15526 3490
PV2-12 PV 0 436.7 257.7 8769 1971 15106 3.396
PVi-12 PV 25 4046 2387 9032 2030 13885 3.121
Pv2-13 PV 25 4429 2613 8827 1984 15018 3378
PV3-13 PV 75 3759 2218 7597 1708 13368 3.005
PVi-13 Y 125 3537 2087 6609 1499 12128 2726
PV3-14 PV 290 309.1 182.4 5576 1254 11444 2573
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Table 5 (Contd

\ Specimen Material Temp Impactiool .odlesd

» 1D D& {*C) W/em®  (fi-lb)t kN Kip
‘uu re Volute®

VRI1-02 VR o7 833 37.3 12 5 2.5605

VR2-02 VR 120 133.3 786 13.534 1.043
VR2-04 VR 80 206§ ] ! | 1.659

s 4 4621
VR3-02 VR 240 B 142.1 13.172 2.96
| A - L &£

VR]-03 Vi 0 232.3 37
l VR1-01 VR 38 200 ( 118.0
VR3O} VR 2 274.2 161.8
VR2-03 VR 7% 194 .2 114 6

VR2-01 VR 1 25 975 1165 | 848
VR3-03 VR 125 1.3 201 .4 7.8¢ 1.765
VR3-O4 VR X |80 6 1 12.( £.503 462
VRI1-04 VR V.* 2063 .5 155.F 6.2 | .384
\ & The first digit represents the type of « anent, | id leg check valve M
main <hut-off valve, V = gpare pump volute
¥ Impact energy in ft-Ib for a standard Charpy impact specimer
ft-Ib multiply by 0.8 and divide by 1.355818
€ The compons: 18 were al the operating lemperature 28| lor
cold leg for =13 y 13,900 |
¢ Annealed at 550°C for | h and water quenche
€ In service only during the Inftial core loading and thus 18 csse
-
P - " " / o o |5 ¢
able 6 Room temperature Charpy-impact data for Shippingport ¢
3 :
) aged further tn the laboratory
Specimen Malteria Aging ( o1 )
‘ - - =
iDe 1Dt
CA41-10 CA4 | ¢ -+ 8.58
CA43-12 CA4 Reannealed 70 .8 1061 9. 148
CA4 102 CA4 Reactor Aged 62 1 on ¢ 0.954
CA44-02 CA4 Reactor Agle 8.k 75.B 9 584

CA41-04 CA4 15 Q¢ 14 B 67.7 } RO

M
CA44-06 CA4 150 WRE 66.4 08 .2 2F
CA4 |07 CA4 } WK 0672 56. 8 0618
CA42-07 CA4 154 YOOK 20§ 29
CA41-09 Ad X . 4 { 3.22
CA44-07 Ad 10 2 2.3 &0 4 9 ¢
Ad | -OF { 4 X Wit R4 19 ¢ 1. B5Y
A4 2-0€ CA4 AKX el 28 'S¢ ). 83
{ 4 05 CA4 10X XX ¢ - Wi
42 -0F Ad L OX X H g i
>
CR7 03 CB 3 Ay e ‘ = 5 ;
B73-02 s g ; 202 v
CR71-07 1 1O ¢ »
B 06 ! WX 2 2
O 10X e’
137 O } 1Ox A §
¥ A4 (X UXK f }
v ¥a A4 N X




Table 6.  (Contd.).

Specimen Material Aging Condition Impact Energy Yield Load Maximum Load
iD* Db Temp. (°C} Time (h) /em?) (fuib)e (kN !!mﬁx (kN) E“ﬁ%
MA11-08 MAI| Annealed - 62.2 ‘ 10.194 - 11 ;
MA11-08 MA1  Reactor Aged - 2100 1239 8524 1916 14325 322
MA11-04 MA1  Reactor Aged - 1445 853 101086 2272 14207 3194
MA11-18 MAI 350 1082 68.1 402 9364 2105 11610 28610
MA11-17 MAI 350 2087 1502 939 6403 2114 14256 3205
MA11-19 MAI 400 379 563 332 9580 2156 11092 2494
MA11-15 MAI 400 1052 479 283 B632 194] 9833 2211
MALl-14 MAI 400 2087 963 568 10428 2344 13885 3.121
MA11-20 MAI 400 2087 581 343 9930 2232 10321 232
MA12-08 MA1l  Annealed - 267.1 1576 8476 1905 13768 3005
MA12-06 MAl Reactor Aged - 2792 1647 BBI17 1082 14950 3.363
MA13-02 MAI Reector Aged - 3376 1902 0237 2077 15877 358
MA13-05 MAI Reactor Aged . 2807 1656 9032 2030 15174 3411
MA12-18 MAI 350 1052 2802 1653 BS24 1916 14508 3282
MA13-18 MAI 350 1052 2533 1494 8612 1036 14715 3308
MA12-17 MAL 350 2037 3048 1798 8739 1965 14783 3323
MA13-17 MAL 350 2087 2347 1385 9794 2202 15208 3418
MA12-19 MA! 400 379 2634 1554 B437 1897 14852 3330
MA12-16 MAlL 400 1052 2368 1397 B007 1800 14012 3.1%
MA13-15  MAI 400 1082 2364 1395 B4l7 1892 149008 3272
MAI2-14 MA) 400 2087 1933 1140 9481 2131 14334 3222
MA12-20 MAI 400 2987 2303 1359 10253 2305 15545 3495
MA13-14 MAI 400 2087 2160 1274 9911 2228 15682 3525
MA95-01 MA®  Annealed - 3881 2200 9286 2088 14276 3200
MA91-04 MA9  Reactor Aged - 3502 2066 8515 1914 15233 3425
MAS3-04 MAS  Reactor Aged - 408€ 2411 8993 2022 15223 3422
MAG1-14 MA9 330 2089 2874 1806 9911 2228 15340 34490
MAD2-14 MA® 320 2989 2625 1549 BBI17 1982 14325 322
MAO3-18 MA@ 350 311 334.1 1971 B788 1976 14403 3.238
MAS4-18  MA9 350 311 3079 1817 B749 1967 14666 3297
MAO5-14 MAS9 350 311 4167 2459 8993 2022 15028 3378
MAD1-18 MA9 350 985 2869 1603 9882 2222 14608 3284
MA@2-18 MAS9 350 6 3190 1882 8954 2013 13953 3137
MA91-13 MAS 350 2087 2423 1430 9442 2123 14491 3288
MAS2-12 MA@ 350 2087 25863 1524 0003 2024 14130 3.7
MA92-13  MA9 350 2087 3247 1916 9061 2037 14996 3372
MA91-17 MA9 400 118 3038 1792 9188 2066 14471 3253
MA92-17 MAS® 400 118 3902 2302 8192 1842 14442 3247
MA93-15 MA® 400 312 2431 1434 B358 1879 14647 3203
MAO5-11 MASQ 400 312 2228 1315 9188 2066 14471 3253
MA91-16 MA9 4% 986 1865 1100 9520 2140 15018 3378
MA92-16 MAS9 400 9RE 1997 1178 9354 2103 14315 3218
MAS3-14 MA® 400 2087 2054 1212 9423 2118 14832 33%
MAS4-14 MAD 400 2087 1584 935 9462 2127 14393 3236
MA95-10 MAS 400 2087 1598 943 10458 2351 14080 3165
VR1-01 VR  Unaged - 2000 1180 12479 2805 167668 3.760
VR3-01 VR Unaged - 2742 iol.8 10.8390 2.437 16,395 3.656
VR!-13 VR 320 2989 2239 1321 11434 2570 15916 3578
VR2-13 VR 320 2089 2719 1604 10477 2355 16746 3.765
VRI1-18 VR 350 311 1935 1142 10438 2347 15242 3427
VR2-19 VR 350 311 2047 1208 9081 204! 15125 23400

72




s

! Tabie ¢ {Conid

& e " M S " A
LK . ALt «l i ey ) ¥
v -— - - - —— —_— — - e - - - — - - -
‘ A Kt Kit KN Kil
- - - - — » - . 4
V3 : V3 » 247 | ) (W % i 1 ¢
' & Y » At ) % % 6 824
vIRZ2-2 Vi 5 e M4 | ¥ 5 44 { ;
4 \ 5 At s . . W 2 48 1 W
v ’ . ¥ | AL N L ' L 4
VILS “ y ¥ rAS : ! ¢ y 4 " | » 4
Vi ¢ ' X ‘ 3 RN 234 y $ 4
VR4 - \ LOX 4 : 2 AN 8NN
v} 4 v LN g » 32 i 2. 39 | v !
VR4-02 1% AN / > - B L% t. £/t P 2
o Vi X W y i 1.344 y
v I o VI X M 9 v Wk 1, 4 40
VR4 - v} X s k ‘ . ) 1 R i 8 2 1
Vi : v LOX 208 ¥ wi 2 414 257 12
V K e VI 3N 258 % £ l.49 24 ' 4
VR3 1 (X 208 ) ’ 2 43 34
« ™ Reat Alg r e . b ' » ¥
¢ g COIe S N VTN e ¥ ¥ j \
vah V = spare pump v ¢
b
A 4 ¢+ b
N Mate 8 MA t )} ar ot ¢ €8
MDAre pump WHS e ' g i ¢ g & 3 v g
i r ente nt hi 5 \ S D
K an Hivicle by 1S58\ ¢
- v “ » i ' A
Y ’
\
" 1A d




Temperature (°F)

500 300 100 100 300 500 700
400 —rrrrrrrm . =
€ - CF-8 Steel 1 200 ~
o B B pmmmemae e g 8
; 300 -_ 7 0 ol -
- - /7 © © o - -
Ty [ Ameded |/ b 1150 >
- : / ° - o
B20f T
! : / - —+ 100
O - / Hot Leg Main Valve | !
100-~E- S b, =5.2% 1 €
g E _,/ By =9.5% 150 i
E = O MAfRows243 E
oh‘lJJ_%l_llllTljl;lilL+iL1J%‘lk %u;qu -
=300 200 -100 0 100 200 300 400
Temperature (°C)
Temperature (°F)
500 300 100 100 300 500 700
“E 'E- CF-8 Steel 1 200 ~
o = - y a
i 300 1_ : / ] 5
Baof O\, g2 — = I
§ - l / ° T 100 i
w : oy ° H in Val
% 300 . e/ ot Leg Main Vaive | L.u_
i E / 5, =5.2% 3 50
C - 8, =9.5% »

E 3 ‘ O MA1 Row 1 . E
0 Ll i ul‘ijx4i#4‘;4h-jo
-300 -200 -100 0 100 200 300 400
Temperawre (°C)

Figure 44. Charpy transition curves for hot-leg main shutoff valve after

=13 y service at 281°C. Row 1 corresponds to inner 15-mm
region and rows 2 and 3 represent 15~ to 50-mm region of

the valve body.
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Table &. Tenstic sl results for cast stainless steel materials from the
Shippingport reactor

Test Engineering Stress True Elonga- Red. in
Specimen Temp. 0.2% Yield Ultimate Fracture Stress tion Area
D& fC)  (MPa) (ksl) (MPa) (ks (MPa) (ksi) (%) {%)

Cold Leg Check Valves®

CA41-TO) 25 2371 3430 5283 7662 1268.7 184.0 635 66.0
CA41-TO2 25 2268 3280 5183 7532 1404.0 2036 579 73.7
CA42-701 25 2187 3172 5326 7125 14660 2126 60.3 68.6
CA41-TO3 200 1232 1787 3786 5491 749 1022 441 57.8
CA42-TO2 200 1322 19.17 3702 5368 - - 327 355
CA42-TO3 200 1600 2464 3063 5748 731.3 1061 359 5.0
Hot IA‘ Main Shutoll Valves®
MAI1-TOl 25 2268 3289 4809 7120 16504 2407 40.2 82.0
MA11-TO2 25 2523 0365 4206 6231 - - 228 309
MA12-TO1 25 21268 3084 4860 7049 1374.7 199.4 274 73.6
MA11-TO3 200 - 2040 2759 4002 - - 10.2 133
MA12-TO2 280 1206 1880 3308 47 99 §20.0 754 326 476
MA12-T03 290 134.6 1962 3830 512 701.4 101.7 312 64.3

W First three digits represent the material identification number.
b In service for =13 y at 264°C.
€ In service for =13 y at 281°C.

723 Tensile Properties

Tenslile tests were conducted at room temperature and at 290°C on CA4 and MAl ma-
terfals; results are given in Table 8. The vield stresses of the two materials are comparable,
whereas the ultimate stress of CA4 is higher than that of MA1. Tensile properties were also
estimated from the instrumented Charpy-impact test data. For a Charpy specimen, yield
stress is given by

oy = 1.50PyB/Wb2, (41)
and ultimate stress by
Oy = 2.28PmB/Wh2, (42)

where Py and P are the yield and maximum loads obtained from the load-time traces of
the Charpy test, W is the specimen width, B is the specimen thickness, and b is the un-
cracked ligament. The estimated values of yield and ultimate stress. along with the values
obtained from tensile tests, are shown in Fig 47

The estimated tensile properties are in good agreement with the measured values.
However, specimens MA11-T02 and -TC3, which were tested at room temperature and
290°C, respectively, show low ultimate strength and poor ductility. These specimens were
obtained [rom the inner- 15-mm region of the valve body. The poor tensile properties are
caused by inclusions in the material. As discussed above, the room-temperature impact
energy of Row 1 specimens is also low, e g.. =177 +33 J/cm?, compared to =299 +33 J/cm?
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¢ =-0821 + 0.94710g)0Cvsar. (49)

For a specific cast stainless steel, the values of room- temperature impact evergy as a
function of time and temperature of reactor service and the minimum saturation Impact
energy that would be achieved for the material can be estimated from Egs. 43-49. The In-
formation required for the estimations include the chemical composition, initial impact en
ergy of the unaged material, and the constant 8. Values of 8 are not available for cast con:-
ponents in the field, and can only be obtained by aging archive material for 5,000 to
10,000 h at 400°C. However, parametric studies indicate that the aging response at reactor
temperatures, l.e., 280-320°C (536-308°F), is relatively insensitive to the value of 6.
Varying 6 between 2.3 and 3.3 results in aging behavior almost identical with that observed
at 300°C (572°F). The differences in aging behavior at 280 or 320°C for values of € in the
range of interest are minimal.

Room-temperature impact energy was estimated for thie cast materials from the
Shippingport reactor. The initial tmpact energy of the unaged materials was determined
from the data for recovery-annealed material or material from a cooler region of the cast
ing. A value of 2.9 was assumed for the constant 8. Some materials were aged {urther in
the laboratory at 400, 350, and 320°C (752, 662, and 608°F) to obtain an accurate value of 8
and to validate the estimations of the saturation impact energy Cygar and activation energy
for thermal embrittiement of the materials. The estimated values are given in Table 9.
Estimations for the KRB reactor pump cover plate material are also included in the table.
The estimated impact energics (Column 3 in Table 9) show good agreement with the mea
sured values and are within the experimental scatter band.

The change in estimated Charpy-impact energy with aging time at temperatures be-
tween 400°C and reactor service temperature is shown in Figs. 48 and 49 for KRB, CA4,

Table 9. Measured and estimated Charpy-tmpact properties of cast stainless steel
materials from the Shippingport reactor

RT Impact Energy Estimated Embrittlement
Meusured Estimated Cvin? Cvsat Q
Matertal  W/em?  [J/em? K /em? M/em?  (kJ/mole
1D (fi-1b)) {fi-1b)) s {ft.ib)) (ft:Ib)]  (keal/mole)] B a P

Hot Leg

CAg 145 (86) 156 (92) 2656 1881111 76 [45) 156 (37) 0196 0962 1993

cn? 183 (108) * 2.90 - 139 (62) 174 42) - 1.208 1632

oC4 122 (72) # 2,90 - 132 (78) 169 @0) - 1.187 1.726

PV 322 (190) 347 (205} 200 424 (250) 11367 159 (38) 0287 1,125 1940
Cold Leg

MAL1/23 200(1760 289(171) 320 320 (189) 94 (55) 180 43) G160 1.248 2082

M2 - . 280 - 223 (132 233 [56) 1403 1177
Unaged

MAS 356 (210) - 253 356210 87 (51) 232 (55) 0184 1249

VR 237 {140 - 220 2371140 a3 (55) 218(52) 0202 1.045

KRB Pump Cover Plate®

KRB 131(T 167 (83) 230 217(.28 24 (14) 183 (44) 0481 0480 | 87S

& Determined from material that was aged further at 400°C ar that was assumed to be 2.6

b Determined from matertal from cooler region of the companent or recovery-annealed material

¢ Material obtained from KRR reactor in Gundremmingen, West Germany, which was in service al

284°C for =8 y
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CA4 and hot-leg main valve MA 1
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Figure 52. Estimated fracture toughness J-R curve at room temperature
and at 290°C for pump volute PV

are weaker than the main-valve materials because of the presence of phase-boundary car-
bides. The results show good agreement with estunations based on acc slerated laboratory-
aging studies. The correlations for estimating thermal aging degradation of cast stainless
steels indicate that the degree of thermal embrittlement of the Shippingport materials is
low. After long-term aging of the materials, the minimum room-temperature impact en-
ergdy that would be achieved is estimated to be >75 J/em?; and fracture toughness J;c. »>300

kJ/m2. The estimated activation energies for thermal embrittlement range from 150 to
230 kJ/mole.

Mechanical-property tests are being conducted on long-term-aged materials as well as
on reactor-aged components to validate the correlations. This additional data will be used
to modify the correlations and account for the casting process and macrostructure of the
steel. The correlations for estimating the flow stress of aged steels will be used to predict
the Jic value and tearing modulus of cast stainless steel components during reactor service
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