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Abstract

A procedure and correlations are presented for predicting Charpy-impact energy,
tensile flow stress, fracture toughness J-R curve, and JIc of aged cast stainless stec!s
from known material information. The "saturation" impact strength and fracture
toughness of a specific cast stainless steel, i.e., the minimum value that would be
achieved for the material after long-term service, is estimated from the chemical
composition of the steel. Mechanical properties as a function of time and temperature
of reactor service are estimated from impact energy and flow stress of the unaged ma-
terial ar, d the kinetics of embrittlement, which are also determined from chemical
composition. The JIc values are determined from the estimated J-R curve and flow
stress. Examples of estimating mechanical properties of cast stainless steel compo-
nents during reactor service are presented. A common "predicted lower-bound" J-R
curve for cart stainless steels of unknown chemical composition is also defined for a
given grade of steel, ferrite content, and temperature.

1 Introduction

Cast stainless steels used in light water reactor (LWR) systems for primary pressure-
boundary components such as valve bodies, pump casings, and primary coolant piping are
susceptible to thermal embrittlement at reactor operating temperatures, i.e., 280-320°C.
Thermal aging of cast stainless steels at these temperatures increases hardness and tensile
strength and decreases ductility, impact strength, and fracture toughness of the material.
The Charpy transition curve shifts t_ higher temperatures. Investigation_ at Argonne
National Laboratory (ANL)I-4 and elsewhere s-ll have shown that thermal embrittlement of
case stainless steels can occur during the reactor design lifetime of 40 y. Different grades
and heats exhibit different degrees of embrittlement. In general, the low--carbon CF-3 steels
are the most resistant to thermal embrittlement and the Mo-bearing hlgh--carbon CF-8M
steels are the least resistant. The extent of thermal embrittlement increases with increased
ferrite content.

Thermal aging of cast stainless steels at <500°C leads to precipitation of additional
phases tn the ferrite, e.g., formation of a Cr-rich a' phase by spinodal decomposition; nucle-
ation and growth of c_'; precipitation of a Ni- and Si-rich G phase, M23C6, and T2; and addi-
tional precipitation and/or growth of existing carbides at the ferrite/austenite phase bound-
aries. 12-18 The formation of Cr-rich regions by spinodal decomposition is the primary
strengthening mechanism for ferrite, which increases strain-hardening and local h'nsile
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Figure I. Decrease in Charpy-impact energy for var_lous
heats of cast stainless steels aged at 400°C

stress. Consequently, the critical stress for brittle fracture, i.e., either cleavage of the ferrite
or separation of the ferrite/austenite phase boundary, is achieved at higher temperatures.

The degree or extent of thermal embrittlement is controlled by the amount of brittle
fracture. A predominantly brittle failure 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 or high-N steels that contain
phase-boundary carbides or nitrides. Consequently, the amount, size, and distribution of the
ferrite in the duplex structure and phase-boundary precipitates are important parameters
that control the extent of thermal embrittlement.

Current assessments of thermal embrittlement of cast stainless steels involve simulation
of end-of-design-life reactor conditions by accelerated aging at higher temperatures, viz.,
400°C, because the time period for operation of power plants (---40 y) is far longer than can
generally be considered for laboratory studies. Estimates of mechanical-property degrada-
tion of cast stainless steel components are based on an Arrhenius extrapolation of hlgh-tem-
perature data to reactor operating conditions.

The temperature dependence of thermal embrittlement is controlled primarily by the
kinetics of ferrite strengthening, i.e., the size and spacing of Cr fluctuations produced by
spinodal decomposition of ferrite. 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, the aging behavior
at 400°C shows significant heat-to-heat variation. The decrease in Charpy-impact energy
during thermal aging at 400°C for various heats of cast stainless steels3-5, 9.11 Is shown in
Fig. 1. The results indicate that all materials reach a "saturation" impact energy, i.e., mini-
mum value that would be achieved by the material after long-term aging. Saturation impact
energy, in general, decreases with an increase in ferrite content or th_ concentration of C or
N in the steel; both of these factors promote brittle fracture.

Figure 1 also indicates that the time for aging at 400°C for a given decrease in impact
energy varies more than 2 orders of magnitude for the various heats. Production heat
treatment, and possibly the casting pro_ess, influence aging behavior at 400°C and, there-
fore, the kinetics of thermal embrittlement. The log of the aging time at 400°C for a 50%
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• reduction in Charpy-impact energy has been shown to be a useful parameter for characte1_z-
ing the kinetics of thermal embrittlement. 19 Activation energy for thermal embrittlement is
high for steels that show fast embrittlement at 400°C and low for those that show slow em-
brittlement at 400°C.

,,

A procedure and correlations have been developed for estimating mechanical properties
of cast stainless steel components under LWR operating conditions.19 These correlations
have recently been optimized with data on materials that were aged up to _55,000 h at 290-
350°C. 20 The analysis focused on developing correlations for fracture properties in terms of
material information in certified material test records (CMTRs) and on ensuring that the
estimated mechanical properties are adequately conservative for cast stainless steels defined
by ASTM Specification A 351. The correlations do not consider the effect of metallurgical

differences that may arise from differences in production heat treatment or casting process
and, therefore, may be conservative for some steels. This paper describes the procedure for
estimating Charpy-impact, tensile flow stress, and fracture toughness of cast stainless steels
during thermal aging in LWRs.

2 Procedure for Estimating Mechanical Properties

Mechanical properties of a specific cast stainless steel are estimated from the extent
and kinetics of thermal embrittlement. The extent of thermal embrittlement is character-

ized by room-temperature (RT) "normalized" Charpy-impact energy. A correlation for the
extent of embrittlement at "saturation" is given in terms of chemical composition. Ext_nt of
thermal embrittlement as a function of time and temperature of reactor service is estimated
from the extent of embrittlement at saturation and from the correlations describing the ki-
netics of embrittlement, which are also given in terms of the chemical composition of the
steel. The fracture toughness J-R curve for the material is then obtained from the correla-
tion between fracture toughness parameters and the RT Charpy-impact energy u_,ed to char-
acterize the extent of thermal embrittlement. Tensqe flow stress is estimated from initial

flow stress of the unaged material and the kinetics of thermal embrittlement. Fracture
toughness JIc and tearing modulus can then be determined from the estimmed J-R curve
and tensile flow stress. A common lower-bound J-R curve for cast stainless steels of un-

known chemical composition is also defined for a specific grade of steel, range of ferrite
content, and temperature.

A flow diagram for estimating mechanical properties of cast stainless steels during reac-
tor service is shown in Fig. 2. The estimation scheme is divided into three sections on the
basis of available material information. In Section A, "predicted lower-bound" fracture
toughness and Charpy-impact energy are defined for CF-3, CF-8, and CF-8M steels of un-
known chemical composition. The cast stainless steels used in the U.S. nuclear industry
generally contain <15% ferrite. The lower-bound mechanical properties for a specific grade
of steel are based on the "worst case" chemical composition (>15% ferrite) and are thus
very conservative for most steels. More realistic estimates of lower-bound properties can be
obtained if the ferrite content of the steel is known. Different lower-bound J-R curves and

impact energy are defined for steels containing <10%, 10-15%, or >15% ferrite.

Sections B and C of Fig. 2 present procedures for estimating mechanical properties
when CMTR is available. Section B describes the estimation of "saturation" impact energy
and fracture toughness J-R curve. The only information needed for these estimations is the
chemicai composition of the material. The present correlations account for the degradation
of mechanical properties due to thermal aging. They do not explicitly consider the initia]
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Figure 2. Plow diagramf.or estimating mechanical properties of"aged cost stainless
steels in LWR systems

fracture properties of the original unaged material. To take this into account, estimated sat-
uration J-R curves are used only when they are lower than the minimum J-R curve of un-
aged cast stainless steels or J-R curve of the unaged material, if known. When no informa-
tion is available on the initial fracture toughness or initial RT Charpy impact energy for esti-
mating fracture toughness of a material, and when the J-R curve estimated from the chemi-
cal composition is higher than the minimum fracture toughness of unaged cast stainless
steels, the latter is used as the saturation J-R curve of a material. Furthermore, some cast
stainless steels are inherently weak and may have poor fracture properties in the unaged
condition. Estimations of saturation fracture toughness based on chemical composition may
be higher than the fracture toughness of the unaged material. Such cases indicate no ther-
mal aging effects, and thus the fracture toughness of the material would not change during
reactor service.



" Estimation of mechanical properties at any given time and temperature of service is de-
scribed in Section C of Fig. 2. The initial impact energy and flow stress of the unaged mate-
rial are required for these estimations. The JIc value and tearing modulus are deter-
mined from the estimated J-R curve and flow stress, The initial impact energy can be as-
sumed to be 200 J/cm 2 ff not known. However, similar to Section _B, when the estimated

fracture toughness is higher than the minimum fracture toughness of unaged cast stairfless
steels, the latter is used as the estimated fracture toughness of a material after service. Also,
some cast stainless steels may not show any thermal aging effects.

3 Predicted Lower-Bound Fracture Toughness

For cast stainless steels of unknown chemical composition, lower-bound fracture

o toughness is defined for a given material grade and temperature. For cast stainless steels
within ASTM Specification A 351, the saturation RT impact energy can be as low as 30, 25,
and 20 J/cm 2 for CF-3, CF-8, and CF-SM steels, respectively. The lower-bound J-R curves
at RT and 290°C for static- and centrifugally cast CF-3, CF-8, and CF-8M are shown in
Figs. 3 and 4. These lower-bound J-R curves are for steels containing >15% ferrite and are
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Table i. Values of the coefficient C and exponent n for the lower-bound J-R curve for
cast stainless steels

Static-Cast Centrifu_ally Cast
Cv Room Temp, 290°C Room Temp, 290°C

Grade _ (J/cm 2) C n C n C n C n
Ferrite Content > 15%
CF-3 40 30 287 0,42 264 0.33 334 0,42 347 0,33
CF-8 48 25 261 0,41 251 0.32 304 0,41 330 0,32
CF-8M 40 20 119 0,35 167 0,30 149 0,35 195 0,30
Ferrite Content 10-i 5%
CF-3 30 42 342 0,45 290 0,35 398 0,45 382 0,35 i_
CF-8 36 34 307 0,42 274 0,33 357 0,43 360 0,33
CF-8M 32 28 149 0,36 192 0,31 186 0,36 223 0,31
Ferrite Content <10%

CF-3 20 67 400 0.47 331 0,38 507 0,50 435 0.38
CF-8 24 55 394 0,46 313 0.35 458 0,46 412 0,35
CF-8M °24 47 211 0,38 238 0,33 264 0,38 276 0,33

thus very conservative for most steels used in the U,S. nuclear industry, The ferrite content
of a cast stainless steel component can be measured in the field with a ferrite scope and a

remote probe. The values of the coefficient C and exponent n representing the lower-bound
J-R curve for aged cast stainless steels with >15%, 10--15%, and <10% ferrite are given in

Table 1. This information may be used as a guideline for establishing the upper limit of fer-
rite content for each grade of steel beyond which thermal aging effects are significant.

4 Mechanical Properties at Saturation

4.1 Charpy-Impact Energy

The variation of this saturation impact energy Cvsat for different materials can be ex-
pressed in terms of a material parameter • that is determined from the chemical composi-
tion and ferrite content of the materials. The ferrite content is calculated in term3 of the

Hull's equivalent factors 21

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

and

Nieq = (Ni) + 0.11(Mn) - 0.0086(Mn) 2 + 18.4(N) + 24.5(C) + 2.77. (2)

The concentration of N is often not available in the CMTR; if not known, it is assumed to be

0.04 wt.%. The ferrite content 5c is given by

5c = 100.3(Creq/Nieq) 2 - 170,72(Creq/Nieq) + 74.22. (3)

Different correlations are used to estimate the saturation impact energy of the various
grades of cast stainless steel. For CF-3 and CF-8 steels, the material parameter _ is ex-
pressed as

= 5c(Cr + Si)(C + 0.4N), (4)

and the saturation value of RT impact energy Cvsat is given by

]ogloCVsat = 1.15 + 1.36exp(--O.035_). (5)

For the Mo-bearing CF-8M steels, the material parameter • is expressed as

= l_c(Ni + Si + Mn)2{C + 0.4N)/5, (6)
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The saturation value of RT impact energy CVsat for steels with <10% Ni is given by

log10CVsat = 1.10 + 2.12exp(-0.041(_), (7)

and for steels with >10% Ni by

lOgloCVsat = 1.10 + 2.64ex-p(-0.064_). (8)

The N content in Eqs. 4 and C can be assumed to be 0.04 wt.% if the valu: is not known.

The RT saturation impact energy is also estimated from the chemical composition of the

steel. For CF-3 and CF-8 steels, Cvsat is given by

lOgloCvsat = 5.64 - 0.0068c - 0.185Cr + 0.273Mo - 0.204Si + 0.044Ni
- 2.12(C + 0.4N), (9)

and for CF-8M steels by

lOgl0Cvsat = 7.28 - 0.0118c - 0.185Cr - 0.369Mo - 0.451Si - 0.007Ni
- 4.71(C + 0.4N). (10)

The saturation impact energy for a specific cast stainless steel is determined by both the

methods given in Eqs. 4--10, and the lower of the two values is used for estimating mechani-

cal properties.

The satL_ration values of RT impact energy for CF-3, CF-8, and CF-8M steels predicted

. by Eqs. 4-8 and those observed experimentally at ANL, 3,4,12,13 GF, 5 Westinghouse (WH), 6

Electricit_ de France (EDF), 7 Central Electricity Generation Board (CEGB), 8 FRA, 9 and

i EPRIII are shown in Fig. 5. The difference between observed and predicted values for the

I
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Figure 6. Correlation between RT Charpy-impact energy and coej_cient C at 290--320°C
and room temperature, The sr.lid and dashed lines represent the correlations used
to estimate the J-R curves for centrifugally and static-cast materials, respectively.

CF-8M steel is larger than that for the CF-3 or CF-8 steels. The correlations expressed in
Eqs. 4--10 do not include NI), and may not be conservative for Nb--bearing steels.

4.2 Fracture Toughness

The saturation fracture toughness J-R curve for a specific cast stainless steel can be es-

timated from its RT impact energy at saturation. The J-R curve is expressed by the power-
law relation Jd = CAa n. The coefficient C at room and reactor temperatures and the RT

Charpy-impact energy Cv for aged and unaged cast stainless steels are plotted in Fig. 6,
Fracture toughness data from ANL, t:,4.12,13 FRA,9, I0 EPRI, ii Materials Engineering Associates

(MEA), 22 and The Welding Institute (TWI) 23 studies are included in the figure. At both
temperatures, the coefficient C decreases with a decrease in impact energy. Separate
correlations were obtained for CF-3 or CF-8 steels and for CF-8M steels; the latter showed a

larger decrease in fracture toughness for a given impact energy. The correlations used to

estimate J-R curves for static--cast materials were obtained by subtracting the value of (_
from the best-fit curve. They are shown as dashed lines in Fig, 6, and help ensure that the
estimated J-R curve is conservative for all material and aging conditions. Best-fit correla-

tions were used for centrifugally cast materials. The saturation fracture toughness J-R curve
at RT for static-cast CF-3 and CF-8 steels is given by

Jd = 49[Cv]°'s2[Aa] n, ( 1 1 )

and for Static--cast CF-8M steels by

Jd = 16[Cv]0'67[Aa] n. (12)

At 290-320°C, the J-R curve for static-cast CF-3 and CF-8 steels is given by

Jd = 102[Cv]°'28[Aa] n, ( 1 3)

and for static-cast CF-8M steels by

J(I = 49[Cvl°'41[Aa] n. (14)
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Table 2. Constants in Eq. 15 for estimating exponent

n of the power-law J-R curve

Room Temp. _ 290--320°C

Grade a2 I:>2 a2 b2
CF-3 0.08 0.228 0.14 0.130
CF-8 0.22 0.139 0.22 0,074
CF-SM 0.25 0.077 0.23 0.057

For centrifugally cast steels, the constants in Eqs. 11-14 are 57, 20, 134, and 57, respec-

tively. At Rr, the exponent n for static- or centrifugally cast steels is given by

n = a2 + b21og 10Cv, (15)

where the values of the constants a2 and b2 for different grades of steel and test temperature
are given in Table 2. The J-R curve at any intermediate temperature can be linearly inter-
polated from the estimated values of C and n at RT and at 290°C.

The fracture toughness J-R curve at saturation for a specific cast stainless steel can be '

obtained from its chemical composition using the correlations for CVsat given in Eqs, 1-10
and then using this estimated Cvsat for CV In Eqs. 11-14 to obtain the J-R curve.
Comparisons of the experimental and estimated J-R curves at saturation, i.e., the minimum

fracture toughness that would be achieved for the material by thermal aging, are shown in
Fig. 7. The experimental and estimated J-R curve for tile unaged materials are also shown
for comparison; the J-R curves were estimated using the measured initial RT impact energy

Cvint. The estimated curves show good agreement with the experimental results in most
cases and are essentially conservative. The estimated J-R curve after 32 effective full power
years (efpy) of service at 320°C is also shown in Fig. 7. The results indicate that for 320°C

service, fracture toughness of these materials will reach the saturation value or will be close
to saturation withii_ the 40--y design life.

When no information is available on the initial fracture toughness of a specific material,

the minimum fracture toughness of unaged cast stainless steels is used as upper bound for
the _redicted fracture toughness of the aged material. At temperatures between RT and

320°C, the minimum fracture toughness of unaged static--cast stainless steels can be ex-
pressed as 19

Jd = 400[Aa] 0'4° (I 6)

and of centrifugally cast stainless steels as

Jd = 650[Aa] 0'43. ( 1 7_

Equation 16 or 17 is used when the J-R curve predicted by Eqs. 11-14 is higher than that

given by Eq. 16 or 17.

5 Service Time Properties

5.1 Kinetics of Thermal Embrittlement

i Room-temperature impact energy as a function of time and temperature of aging is es-
e, timated from the Rr saturation impact energy Cvsat and the kinetics of embrittlement. The

II decrease in RT Charpy-impact energy CV with time is expressed as

logloCv = lOgl0CVsat + ll{l - tanh [(P - 9)/ct]}. (18)
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Figure 7. Experimental saturation fracture toughness J-R curves at RT and 290°C and those
estimated from the chemical composition of ANL Heat Pl, FRA Heat L, and EPRI heat

of cast stainless steel _c _ the calculated ferrite content.
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Thermal aging at 400°C is assumed as the baseline aging behavior for a specific material and
the aging parameter P is defined by

1000Qf 1 1
P = loglo[tl -19.143L_rs+273 - _-_-_]. (19)

The constant It can be determined from Cvlnt and Cvsat, thus

II = (lOgloCvtnt- logloCVsat)/2. (20)

The results for the kinetics of thermal embrittlement indicate that the shape factor ct in-

creases linearly with CVsat. The best fit of the data for the various heats yields

ct = --0.585 + 0.7951ogloCvsat. (2 1)

Activation energy for thermal embrittlement is expressed In terms of both chemical

composition and the constant 0 to incorporate the effects of heat treatment and the casting

process on the kinetics of thermal embrittlement. The activation energy Q is given by

Q = 10 [74.52 - 7.20 0 - 3.46 Sl - 1.78 Cr- 4.35 I1 Mn
+ (148- 125 I1) N- 61 I2 C], (22)

where the indicators I1 = 0 and I2 = 1 for CF-3 or CF-8 steels and assume the values of 1

and 0, respectively, for CF-8M steels. The estimated and observed values of Q for the ANL,
FRA, CEGB, and GF heats are plotted in Fig. 8. The predicted values are within the 95%

confidence limits for ali the heats. Equation 22 ts applicable for compositions within ASTM
Specification A 351, with an upper limit of 1.2 wt.% for Mn content. Actual Mn content ts

used up to 1.2 wt.% and is assumed to be 1.2 wt.% for steels containing >1.2 wt.% Mn.
Furthermore, the values of Q predicted from Eq. 22 should be between 65 kJ/mole mini-

mum and 250 kJ/mole maximum; Q Is assumed to be 65 kJ/mole ff the predicted values are
lower and 250 kJ/mole ff the predicted values are higher.



5.2 Fracture Toughness

The RT Charpy-impact energy of a specific cast stainless steel as a function of service
time and temperature can be estimated from estimated Cvsat [Eqs, 1-10] and the kinetics of
embrittlement [Eqs. 18--22]. Values of CVint and the constant 0 are required for these esti-
mations. If not known, a typical value of 200 J/cm 2 may be used for CVint. Parametric
studies indicate that the aging response at 280--330°C is ,relatively insensitive to the value of
0. ]9 Varying 0 between 2.1 and 3.6 results in almost identical aging behavior at 300°C and
differences in aging behavior at 280--330°C are minimal. A median value of 2.9 for 0 in
Eqs. 18 and 22 can be used to estimate impact energy of cast stainless steel components in
service at 280--330°C. With an assumed ",value of 2.9 for 0, estimations of impact energies
before saturation will be nonconservative at service temperatures >330°C for heats with 0 <
2.9 and temperatures <280°C for heats with 0 > 2.9. To ensure that the estimates axe con-
servative for all materials, a value of 2.5 for 0 should be used for temperatures between 330
and 360°C and a value of 3.3 should be used for temperatures <280°C.

The RT Charpy-impact energy observed experimentally and that estimated from the.
chemical composition and initial impact energy of some of the ANL, FRA, and GF heats aged
at temperatures between 290-350°C, are shown in Fig. 9. A 0 value of 2.9 was used for the
estimations. The estimated change in impact energy at <330°C is either accurate or slightly
conservative for most of the heats. Even the estimations at 350°C show good agreement
With the experimental results because the 0 values for the heats shown in the figure are ei-
ther greater or only slightly lower than 2.9.

The fracture toughness J-R curve for a specific material and aging condition can be ob-
tained by using the estimated RT Charpy-impact energy Cv in Eo_ 18-22. Example of the
experimental and estimated J-R curves for a partially aged (i.e., 30,000 h at 320°C) cen-
trifugaUy cast stainless steel pipe is shown in Fig. 10. The estimated J-R curves show good
agreement with the experimental results.

5.3 Tensile Flow Stress

Thermal aging leads to an increase in yield and ultimate stress and a slight decrease in
ductility. CF-3 steels show the smallest change and CF-8M steels the largest change in
tensile stress. For all grades, the increase in ultimate stress is substantially greater than the
increase in yield stress. Some heats show no change in yield stress. Furthermore, ,speci-
mens aged for short times at high temperatures, e.g., ---3,000 h at 400°C, often show a dc-
crease in yield and ultimate stresses.

Tensile flow stress of aged cast stainless steels can be estimated from correlations be-
tween ratio of the tensile flow stress of aged and unaged cast stainless steels and normalized
aging parameter.2O Flow stress is characterized as the mean of the 0.2% yield and ultimate
stresses, and the aging parameter is normalized with respect to a 0 value of 2.9. The flow
stress ratio R = (Ofaged/Gfunaged) is given by

R = al + bl(P - 0 + 2.9). (23)

Equation 23 is valid for ferrite contents >7% and R values between 1 and a constant Cl.
Values of the constants al, bl, and c] for different grades of steel and test temperatures are
given in Table 3.
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Table 3, Constants in Eq. 23for estimating tensile Jlow
stress of aged cast stainless steels

Room Temp. 290-320°C

Grade a I b I Cl al bi c]

CF-_3 0,94 0,047 I, I0 0,89 0.059 1.08

CF-8 0.90 0,0'74 I. 16 0.87 0.088 I. 14

CF-8M 0,80 0. I01 1,19 0,71 0,143 1,24

r
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Figure 11. Observed and estimated flow stress of aged cast stainless steel at 290°C and RT

Experimental and estimated tensile flow stress at 290°C and RT for various heats of

aged cast stainless steel are shown in Fig. 11. For each heat, the aging parameter was ob-
tained from Eqs. 19 and 22; because most of the data are for aging temperatures >350°C,
the actual experimental value of O was used for all the heats. Tensile flow stress was then

. estimated from Eq. 23 and the initial flow stress of the materials. The estimated values ai'e

= within 15% of the observed value for most material and aging conditions.

oi The fracture toughness JIc values for aged cast stainless steels can be determined from

the estimated J-R curve and flow stress. The experimental and estimated Jzc for the vari-

, ous heats aged at _<350°C and tested at 290°C and RT are shown in Fig. 12. The chemical
composition and the initial Charpy-impact energy and flow stress of the unaged material
were used for the estimations. The estimated Jzc values show good agreement with the ex-
perimental results; for most cases the estimated JIc is lower but within 30% of the observed
value.

!



b

I '"'I ' ' ' '"" I ,,,,I , , , ,,,,
J 290°C _ Room Temp.

1000 -- o CF..-3,OF--8 ' ' / '_ -_--.o CF-3,CF-8 o Z"

,_-. _. Oo/O3
_o. - o ° ' - - o

_ -yo/o ,,_.
__ .E

i° 1_ 100 " t _--
I I I 111 I ,I

. loo looo loo looo

Measured Jic (kJ/m2) Measured J,c (kJ/m2)

Figure 12. Experimental and estimated values of Jlc for aged cast stainless steels at 290°C
and RT

6 Conclusions

A procedure and correlations are presented for predicting Charpy-impact energy, ten-
sile flow stress, fracture toughness J-R curve, and JIc value of aged cast stainless steels
(ASTM A 351) from known material Information. Mechanical properties of a specific cast
stainless steel are estimated from the extent and kinetics of thermal embrittlement.

I Embrittlement of cast stainless steels is characterized in terms of room temperature (RT)Charpy-impact energy. The extent or degree of thermal embrittlement at "saturation," 1.e.,
the minimum Impact energy that can be achieved for the material after long-term aging, is

i determined from chemical composition of the steel. Charpy-impact energy as a function of: time and temperature of reactor service is estimated from the kinetics of thermal embrit-

| tlement, which is also determined from the chemical composition. The initial impact en-
ergy of the unagcd steel is required for these estimations, Initial tensile flow stress is
needed for estimating the flow stress of the aged material. The fracture toughness J.-R
curve for the material is then obtained from correlations between RT Charpy-impact energy

and fracture toughness parameters. The JIc value is determined from the estimated J-R
curve and flow stress. A common "predicted lower-bound" J-R curve for cast stainless
steels with unknown chemical composition is also defined for a given grade of steel, range of
ferrite content, and temperature. This information can serve as a guideline for establishing
the upper limit of ferrite content for a specific grade of steel beyond which thermal aging
effects are significant.

Fracture toughness J-R curve data have been mostly obtained on 1-T compact tension
specimens. According to ASTM Specification E 1152-87 they are valid only for crack
growth up to 10% of the initial uncracked ligament. However, it is widely accepted that the
J-R curve crack growth validity limits fall between 25 and 40% of the initial uncracked lig-

i ament, or =8 mm of crack extension. In future work under this these extendedprogram,

i validity limits for J-controlled crack growth will be qualified and better defined for cast
I
l
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stainless steels in terms of specimen size, toughness, and crack extension. Representation
of J-R curves by expressions other than power law (e.g., by power-exponential relation) will
also be evaluated for more accurate extrapolation of J-R curve data.
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