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Abstract

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.

"The "saturation" fracture toughness of a specific cast stainless steel, i.e., the minimum

fracture toughness that would ever be achieved for the material after long-term service, is

estimated from the degree of embrittlement at saturation. Degree of embrittlement is

characterized in terms of room-temperature Charpy-impact energy. The variation of the

impact energy at saturation for different materials is described in terms of a material

parameter _, which is determined from the chemical composition and ferrite morphology.

The fracture toughness J-R curve for the material is then obtained from correlations

between room-temperature Charpy-impact energy and fracture toughness. Fracture

toughness as a function of time and temperature of reactor service is estimated from the

kinetics of embrittlement, which is determined from the chemical composition. Examples

for estimating impact strength and fracture toughness of cast stainless steel components



during reactor sen, ice are described. A common "lower-bound" J-lR curve for cast stainless

steels with unknown chemical composition is also defined.

1. Introduction

Cast duplex 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 (280-

320°C). 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-life reactor conditions by accelerated aging at higher temperatures,

viz., 400°C, since the time period for operation of power plant (-40 y) Is far longer than can

generally be considered for laboratory studies. Thus, estimates of the loss of toughness

suffered by cast stainless steel components are based on an Arrhenius extrapolation of the

high temperature data to reactor operating conditions. A program is being conducted at

Argonne National Laboratory (ANL) to investigate the low-temperature enlbrittlement of cast

duplex stainless steels in LWR systems and to evaluate possible remedies for the

embrittlement problem in existing and future plants. The scope of the investigation

includes the following goals: (1) develop a methodology and correlations for predicting the

toughness loss suffered by cast stainless steel components during normal and extended life

of LWRs, (2) validate the simulation of in-reactor degradation by accelerated aging, and

(3) establish the effects of key compositional and metallurgical variables on the kinetics and

extent of embrittlement.



Microstructural and mechanical property data are being obtained on laboratory-aged

material from 25 experimental heats (static-cast keel blocks and slabs) and 6 commercial

heats (centrifugally cast pipes and a static-cast pump impeller and pump casing ring), as

well as on reactor-aged material of CF-3. CF-8, and CF-SM grades of cast stainless steel. The

reactor-aged material is from the recirculating-pump cover plate assembly of the

reactor, which was in service in Gundremmingen, West Germany for --12 yr (--8 yr at a

service temperature of 280°C). The chemical composition, hardness, and [errite content

and distribution of some of the cast materials are given in Table I. The data from Charpy-

impact, tensile, and J-P, curve tests on several heats of cast stainless steel aged up to

30,000 h at temperatures between 290 and 450°C have been presented earller.1-4 A

preliminary assessment of the processes and significance of the thermal aging in cast

stainless steels was also presented.3, 4

The work at ANL and elsewhere has shown that embrittlement of cast stainless steel

components will occur during the reactor life time of 40 years. Different heats exhibit

different degrees of embrlttlement_ In general, the low-carbon CF-3 steels are the most

resistant, and the Mo-containing, hlgh-carbon CF-SM steels are the least resistant to

embrlttle:ment. The extent of embrittlement increases with an increase in ferrite content.

Embrlttlement of cast stainless steels results in a brittle fracture associated with either

cleavage of the ferrite or separation of the ferrite/austenite phase boundary. The degree of

0 embritfleraent is controlled by the amount of brittle fracture, Cast stainless steels with poor

Impact strength exhibit >80°/6 brittle fracture. In some cast steels a fraction of the material

may fail Jn a brittle fashion but the surrounding austenite provides ductility and toughness.

Such steels have adequate impact strength even after long-term aging. 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-carbon 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 parameters in control_ng the

degree or extent of e'mbritflement.

Thermal aging of cast stainless steels at 300 to 450°C leads to precipitation of additional

phases in the ferrite matrix, e.g., formation of a Cr-rich ct' phase by spinodal decomposition

and precipitation of an Ni- and Si-rich G phase, M23C6 carbide, and ?2 (austenite); and

additional precipitation and/or growth of existing carbides at the ferrite/ austenite phase

boundaries s-8. The additional phases provide the strengthening mechanisms that increase

strain hardent_ag and the local tensile stress. Consequently. the critical stress level for

brittle fracture is achieved at higher temperatures.

The effects of materlal variables on the embrittlement of cast stainless steels have been

evaluated. 3,4 The kinetics and extent of embrittlement are controlled by several

mechanisms that depend on material parameters and aging temperature. Materials aged at

459°C show significant precipitation of phase-boundary carbides (also nitrides in high-

nitrogen steels) and a large decrease in ferrite content of the material. 3.4 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 operating conditions, and

extrapolation of the 450°C data to predict the extent of embrittlement at reactor

temperatures is not valid. The chemical composition of the steel and the ferrite content

and spacing are important parameters in controlllng the extent and kinetics of
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embrittlement. Ferrite morphology strongly affects tile extent of embrittlement, whereas

material composition influences the kinetics of embrittlement. Small changes in the

constituent elements of the cast material can cause the kinetics of embrittlement to vary

significantly. The rate of embrittlement for a specific cast stainless steel is controlled by the

kinetics of spinodal decomposition and the synergistic effects of carbide and G--phase

precipitation. The activation energies for embrittlement can range from 65 to 230 kJ/mole.

The i_ffluence of various precipitation processes on the kinetics of embrittlement is not well

understood.

This paper presents an assessment of thermal aging embrittlement of cast stainless

steels in LWR systems. Mechanical-property results from the present study and data from

other investigations 9-14 have been analyzed to develop a procedure and preliminary

correlations for predicting fracture toughness J-R curves of aged cast stainless steels from

knowll material information. The present analysis has focussed on developing correlations

for the fracture properties in terms of material information that can be determined from the

certified material test record (CMTR} and on assuring that the correlations are adequately

conservative for structurally "weak" materials. Fracture toughness of a specific cast stainless

steel Is estimates of the extent and kinetics of embrittlement. The extent of embrlttlenlent

is characterized by the room-temperature "normalized" Charpy-impact energy (i.e., Charpy

Impact energy per unit area). A correlation for the extent of embrltflement at "saturation",

i.e., the minimum impact energy that can ever be achieved for the material after long-te_n

aging, is given in terms of the chemical composition. The extent of embrittlement as a

function of time and temperature of reactor service is then estinlated from the extent of

embrittlement at saturation and from the correlations describing the kinetics of

embrittlement, which is also given in terms of the chemical composition. The fracture
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toughness J-R curve for the material is then obtained from correlation between room-

temperature Charpy-lmpact energy which ',_._used to characterize the extent of

embrittlement and fracture toughness parameters. A common lower bound j-R curve for

cast materials with unknown chemical composition is also defined.

2. Extent of Embrittlement

The Charpy-lmpact data obtained at room temperature indicate that ibr a specific heat

of cast stainless steel, a saturation value of .minimum impact energy is reached after aging for

3,000 - 10,000 h at 400°C or 30,000 - 60,000 h at 350°C. The variation of this saturation

impact energy CVsat for different materials can be expressed in terms of a material

parameter _ which is determined from the chemical composition and ferrite morphology.

lt is well established that the extent of embrittlement increases with an increase in the

ferrite content of the cast stainless steel. Furthermore, Charpy-lmpact data for several

heats of CF-8 and CF-8M steels indicate that the impact energy decreases with an increase

in the Cr content, irrespective of the ferrite content in the steel. ! I A better correlation is

obtained when the total concentration of ferrite formers (i.e., Cr, Mo, and Si) is

considered. I I A sharp decrease in impact energy occurs when either the Cr content

exceeds 18 wt.% or the concentration of Cr+Mo+Si exceeds 23.5 wt.%. An increase in the

concentration of C or N in the steel "also increases the extent of 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 available, two different methods for estimating the

material parameter and saturation impact energy are presented. The first method utilizes

only the information available in ce_-tifled material test record (CMTR), i.e., chemical
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composition of the material. The second, more accurate, estimate of saturation impact

energy can be obtained when metallographic information on ferrite morphology is also

available, i.e., the measured values _offerrite content and mean ferr:t¢ spacing of the steel

are known.

Method A - when only CMTR is available

The material parameter • can be estimated from the information available in CMTR,

e.g., chemical composition. The ferrite content is calculated in terms of the Hull's

equivalent factors

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

Nieq = [Ni) + 0. II(Mn)- 0.0086[Mn) 2 + 18.4(N) + 24.5(C) + 2.77, (2)

where the chemical composition is in wt.%. The concentration of nitrogen is often not

available in the CMTR; it is assumed to be 0.04 wt.% if not known. Thus, the ferrite content

5c (in %) is given by

8c = 100.3(Creq/Nieq) 2 -170.72(Creq/Nieq) + 74.22. {3)

The measured and calculated values of ferrite content for the various heats used in studies at

ANL 3.4. Frarnatome (FRA)I3, George Fischer Co. (GF)9, Electricite de France (EdF) II, Central

Electricity Generation Board (CEGB) 12, and Electric Power Research Institute (EPRI)IS are

shown in Fig. 1. For most heats the deference between fl_e estimated and measured values

is within :t6% ferrite. The few heats for which the estimated ferrite contents are

significantly lower than the measured values, in general, contain >10% nickel.

7
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Different correlations are used for estimating the saturation impact energy of the

various grades of cast stainless steel. For CF-3 and CF-8 steels, the material parameter ¢ is

expressed as

= _c(Cr+Si)(C.0.4N), (4)

and the saturatlon value of room-temperature impact energy, Cvsat (in J/cre 2) is given by

logl0Cvsat = 1.15 + 1.374exp(--O.0365¢). (5)

The values of saturation room temperature impact energy predicted from Eqs. (4) and (5)

and those observed experimentally for the studies at ANLI FRA, GF, EdF, CEGB, and EPRI

are shown in Fig. 2. The curves shown in dash lines represent +26% deviation from the

predicted values. The difference between the predicted and observed values is <.+_15%for

most of the materials.

A different expression for the material parameter is obtained for the Mo-bearlng CF-8M

steels. The material parameter ¢ for CF-8M steels is given by

= 5cCr(C+0.4N)(Ni+Si) 2 / 100, (6)

and the saturation value of room-temperature impact energy, Cvsat, is given by the relation

logloCvsat = 1.15 + 1.532exp(--0.0467_). (7)

The nitrogen content is assumed to be 0.04 wt.% if not known. The observed room-
_=

temperature impact energy at saturation and values predicted from Eqs. (6) and (Tj __e

shown in Fig. 3 for the data from ANL, FRA, GF, and EdF studies. The difference between

observed and predicted values for the CF-8M steel is larger than that for the CF-3 or CF-8

steels. The curves shown by dash lines represent +58% deviation from the predicted values.

8



Method B- when metallographic information is available

A more accurate estimate of saturation impact energy and a common expression for

material parameter for the various grades of steel can be obtained when the measured values

of ferrite content and mean ferrite spacing of the steel are known. In this case the material

parameter • is representative of the structure as well as composition of the steel and is

given by

= _rn2{Cr+Mo+Si){C+0.4N)Ni_,/104, (8)

where km is the measured ferrite content (in %) and X is the mean ferrite spacing (in ]_m).

The saturation value 'of room temperature impact energy, CVsat, is given by the relation

lOgl0Cvsat = 1.386 + 0.938exp(--0.0205¢P). (9)

In the field, 5m would have to be measured with a magne-ga_,e or a ferrite scope

(nonsaturation magnetic induction principle} and _. determined from metallographic]

replicas taken of the actual component. The nitrogen content is assumed to be 0.04 wt.% ff

not known,

Plots of room-temperature impac: energy and material parameter _, calculated from

Eqs. (8) and (9), are shown in Fig. 4. The data from studies at ANL, FRA, GF, CEGB, and

EPRI are also shown in the figures. The curves shown in dash lines represent ±41%

deviation from the predicted values. The saturation impact energies predicted from Eqs.

(8) and (9) for CF-3 or CF-8 steels are comparable to those estimated from Eqs. (4) and (5),

and for CF-8M steel are better than those estimated from Eqs. (6} and (7). The correlations

expressed in Eqs. (4)-(7) do not consider the effects of Nb on embrittlement and, hence,

may not be conservative for Nb-bearing cast stainless steels.

9
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3. Kinetics of Embrittlement

The results from room-temperature Charpy-impact tests on the various experimental
and commercial heats, aged up to 30,000 h at 290, 320, 350, 400, and 450°C, were
analyzed to determine the kinetics of embrittlement. The variation of the Charpy-impact
energy Cv (in daJ/cm 2) with time can be expressed as

lOgloCv = lOgloCvsat + _{I - tanh [(P - e)/ct]}, ( I o)

where Cvsat (also in daJ/cm 2) is the saturation minimum impact energy reached after long-
term aging, 13is half the maximum change in logCv, 0 is the log of the time to achieve
reduction in impact energy at 400°C, t_ is a shape factor, and P is the aging parameter
defined by

[ 1 1 }P = lOglo[t]- 19.143rTs+273 - _7--_ ,
(1 1)

where Q is the actNation energy (in J/mole) and t and Ts are the time (in h) and

temperature (in °C) of aging. Equation (11) considers aging at 400°C as the baseline aging

behavior for the material and parameter P is the log of the aging time at 400°C. The data

obtained at 450°C aging are not representative of reactor operating conditions and, were

therefore excluded from the analysis. Charpy data obtained after 290°C aging often showed

no reduction in impact energy even after aging for 30,000 h; instead, a slight increase in

impact energy was observed relative to the unaged material. The relatively short-time aging

data at 290°C tend to bias the analyses to yield higher values of activation energies;

therefore, the short-term aging results at 290°C were also excluded from the analysis for

some of the heats. The values of the constants in Eqs. (10) and (I 1) are given in Table 2.

The 95% confidence limits for activation energies are large for some heats because of the

relatively small decrease in impact energy and large scatter in the data. Results from GF 9

and FRA 13 studies were also fitted to Eqs. (10) and (11) to obtain a consistent set of values

for activation energy. The chemical composition and the constants in Eq. (10) and (1 I) for

the GF and FRA heats are given in Table 3.

The constant _ in Eq. (10) can be determined from the initial impact energy of the

unaged material Cvint and the saturation impact energy CVsat, i,e., [3 = (logCvint- logCvsat)/2.

10
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The results for the kinetics of embrittlement, Tables 2 and 3, indicate that the shape factor

ct increases linearly with CVsat. The best fit of the data for the various heats yields an

expression

ct 0.126 + 0,9471ogCvsat. [12)

Thus, the constants _ and ct can be readily estimated from known information.

Activation energy for the embrittlement process has been expressed in terms of the

chemical composition of the cast material. The earliest correlation, proposed by

Framatome, was based on the GF 9 data for 16 heats of cast stainless steel. Activation energy

was expressed as a function of the concentrations (wt.%) of chromium, molybdenum, and

silicon in the steel, thus

Q (1tJ/mole) = -182.6 + 19.9 Si + 11.08 Cr + 14.4 Mo. [13)

The activation energy calculated from Eq. (13) for the process of embrittlement ranges from

65 to 105 kJ/mole for the various grades of cast stainless steel. However, the estimated

activation energies for ANL or CEGB heats are a factor of 2 lower than the experimental

values. The GF data set covers a relatively narrow range of compositions and the ferrite

contents of most heats are above 30% and, therefore, is not representative of compositions

defined by ASTM Specification A 351.

The correlations developed by ANL were based on a larger data base. Two separate

correlations were ,proposed; one for the ANL3,4 and FRA 13 data (15 heats), given by

Q (kJ/mole) = 90.54 + 9.62 Cr- 8.12 Ni - 7.53 Mo
+ 20.59 Si - 123.0 Mn + 317.7 N, (14)

and the other for the GF 9 data (16 heats), given by

Q (kj/mole) = -66.65 + 6.90 Cr- 5.44 Ni + 8.08 Mo
+ 17.15 Si + 44.1 Mn + 297.1 N, (15)

11
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where the constituent elements are given in wt.%. For a specjflc materi;_l composition, the

actlva_on energies predicted from Eqs. (13) and (15) are comparable, while those from Eq.

(14) au higher. The ANL data used in developing the correlations represented only th_

high-temperature aging; the results for long-term aging (i.e., 30,000 h) at 290 or 320°C

were not _Icluded in the analyses. Thus, the calculated acUvation energies primarily

re_resent the l_letics of embrittlement at temperatures between 450 and 350°C. These

values are_ ,_5 t_ 20% lower th_un those deterTained from aging data at temperatures between

400 m_d 290°_, Table 2.

The GF heats not only show very low activation energies for embrlttlement, i.e., 65-105

kJ/mole, their aging behavior at 400°C is also significantly different than that/or the ANL or

FRA heats, Tables 2 and 3. The values of the constant 0 in Fq. (10), which represent the log

of the time for half the maximum change in impact energy at 400°C, are bet_veen 3.0 and

4.0 for the GF data set. These values are h_gher than those for the ANL or FI_,A heats, which

range from 2,3 to 3.3. ,The constant 0 for 12 of the 16 GF heats is >3.3. Such high values of

0 are not obserce_ for any other data set. The CEGB data 12 yield 0 values of 2.3-2.6 and

activation energies 185-215 IcJ/mole. The aging behavior of x'ecovery-annealed materlal

from the KRB pump cover plate 4 is also consistent with ANL/FRA/CEGB data, v_.z., t]_e

constant 0 is 2°3 and activation energy is -180 kJ/mole. A low value of 0, ie., 2.1, is also

obse_-<ed for the EPRI heat, Is and Im_Ited data for _le kinetics of embritfl,_ment for the

material ° indicate a relatively high activation energy, -230 IcJ/mole. "I1_elow activation

energies and high 0 values are unique to the GF data set and most likely are due to the

different inltlal heat treatment of the materials. In addition to the production heat

tJreatment of 12 h at 1010 or I050°C, the GF heats were annealed in the laborato .ry for 4 h at

* Unpubttshed work, Argonne National Laboratory.

12
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1050°C and water quenched. GF Heat 280 was also tested in the production heat treatment

condition, designated Heat 280N. 9 The effect of heat treatment is clearly reflected in the

aging behavior of Heats 280 and 280N. The 8 values for Heats 280 and 280N are 3.3 and

2.5, respectively. Activation energy for Heat 280N is -20% higher than for Heat 280. 9 The

kinetics data for the various data sets indicate that cast stainless steels with low actl ation

energy for embrittlement, in general, have _,,high value of 0.

J

A '_eehanistlc correlation baseu on the microstructural cI_aracteristics has also been

proposed for estimating the acth'ation ene_'gy for embritflement regardless of the grade of

mate:lal, range of chemical composition, fabrication process, and thermomechanical history

of the material. 7,8 The activation energy for embllttlement is estimated from the volume

fraction of G phase in the ferrite after aging the material for -30,000 h at 400zC. Separate

correlations are proposed for cast materials in which a large fraction of the ferrite/austenite

: boundaries are covered with carbides than for those without the phase boundary carbides.

The premise being that the overall activation energy for embrittlement is controlled by the

kinetics of spinodal decomposition and the synergistic effect_ of G-phase precipitation in

ferrite and ca,rbide precipitation at phase boundaries. Spinodal decomposition is slower for

materials which show significant G--phase precipitation or Ni-SI clustering, since NI is

depleted from the ferrite matrix. Such effects are more pronounced at 400°C aging, thus,

the activation energy of embrittlement is smaller than the -230 kJ/mole value associated

with spinodal decomposition in binary Fe--Cr alloys, A schematic representation of the

model ,ts shown in Fig. 5. The lines correspond to the aging time at different temperatures

to achieve half the maximum decrease in Charpy impact energy for three hypothetical cases

: of metallurgical trar_sformation. Kinetics of embrittlement controlled only by spinodal

decomposition are represented by solid llne. Activation energy is decreased when G--phase

13
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precipitation and NI-Si clustering accompany spinodal decomposition, shown by chain-dash

line. Precipitation of phase boundary carbides increase the activation energy as represented

by the dash llne.

The data on the kinetics of embrittlement of cast stainless steels are in general

agreement with this model, i.e., cast materials with significant G--phase precipitation show

low activation energies of embrittlement. Furthermore, in Fig. 5 the log of the time at

400°C represents the constant e in Eq. (10). The model indicates that 0 should be high for

cast materials which show low ac.ivatlon energy for embrittlement. The GF, FRA, ANL, and

CEGB data sets are consistent with this behavior. The GF data set with low activation

energies and high 0 values corresponds to the chain dash line, CEGB data set with high

activation energies and low e values corresponds to the solid llne, and the FRA and ANL

d_" _ets fall in between the two cases. Also, the GF heats show significant C,--phase

precipitation, ANL heats show some, and no G-phase is observed for the CEGB heats.

'the factors that promote G-phase precipitation and the exact nature of the

interactions, if any, between G phase and splnodal decomposition are not well understood.

According to the microstructure-based model a high Si content promotes G-phase

. precipitation and NI-Si clustering, and therefbre leads to low activation energy. 7 Figure 5

indicates that thls should also result _ higher values of 8. Table 3 shows that GF Heats 28 I.

282, 283, 284, and 287 contain <0.5 w_.% Si while the others contain >1.3 wt.% Si. Since

the casi_tng process and heat treatment are e_:_entially the ,same fbr these heats, the low-Si

heats should yield higher activation energies and low values of 0. In all cases, 8 values are

higher for the low-Si heats and activation energies are not significantly different than those

for the high-Si heats. Similar inconsistencies are observed for the ANL and FRf"_data sets.

=
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The model also stipulates that depletion of Ni from the ferrite matrix due to G-phase

pr_cipitaUon slows spinodal decomposition. The activation energy is low because C_-phase

precipitation is more pronounced at 400°C than that at lower temperatures. The kinetics of

reembrittlement of recovery-annealed materials are not consistent with thls behavior,§

Annealing c,f fully embrittled material for I h at 55°C and water quenching, dissolves the ct'

precipitates while the G-phase is not affected. Thus, thermal aging of the material should

yield high values of actlvaUon energy since G phase precipitates are already present in the

matrix. Experimental results for CF-3o CF-8, and CF-8M steels indicate that the kinetics of

embrittlement of recovery-annealed material are identical to that for the as-cast materia_

These results sugge,_t that the activation energy for embrittlement is not effected by

differences in G-phase precipitation at different aging temperatures.

Charpy data for the kinetics of embrittlement were reanalyzed to develop a general

correlation for activation energy which would be applicable for all chemical compositions

within the ASTM Specification A 351 and valid for the entire temperature range of

extrapolation, i.e., 400 to 280°C. Activation. energy for embrittlement was expressed in

terms of the chemical composition as well as the constant 0 to Incorporate the effects of

heat treatment and the casUng process, on the kinetics of embrittlement. The best fit of

the data from ANL, FRA, GF, and CEGB studies [36 heats) yield an expression given by

-" Q (kJ/mole) = 10 [74.06 - {7.66 - 0.46 II) 0 - 4.35 Si + 1.38 12 Mo

- 1.67 Cr- (2.22 + 3.56 Ii) Mn + (I08.8- 75.3 Ii) N], (16)

where the indicators Ii = 0 and 12 = I for CF--3 or CF-8 steels and assume the values of 1

and O, respectively, for CF-8M steels. The estimated and or, served values of Q for the ANL,

§ Unpublished work, Argonne National Laboratory.
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FRA• CEGB, and GF heats are plotted in Fig. 6. The error bars represent 95% confidence

limits for the observed values of Q. The dashed lines represent 220% range. The predicted

values are within the 95% confidence limits for all the heats. Equation (16) is applicable for

compositions within the ASTM Specification A 351 with a 1.2 wt.% maximum for Mn

content. Furthermore, the values of Q predicted from Eq. (15) should be between 65

kJ/mole minimum and 250 kJ/mole maximum; Q is assumed to be 65 kj/mole ff 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 presented in Sections 2 and 3. The impact energy at

saturation CVsat is determined from the chemical composition of the cast material. The

saturation value represents the minimum impact energy that would ever be achieved by the

material after long term aging. Estimation of the decrease irl impact energy as a function of

time and temperature of service requires additional information, namely, the initial impact

energy of the unaged material and the aging behavior at 400°C, i.e., the value of constant 0.

The estimated and observed impact energies for some of the ANL, FRA, and GF heats

aged at temperatures between 300 and 350°C, are shown in Figs. 7 and 8. For each heat,

first, hhe impact energy at saturation was determined from Eqs. (1) - (7), i.e., Method A.

The activation energy for embrittlement was obtained from Eq. (16); observed values of 0

were used for all the heats. Then the change in impact energy with time and temperature

of aging was estimated from Eqs. (10) and (11). The shape factor a in Eq. (10) is obtained

from Eq. (12)and the constant _ is. determined from the initial and saturation values of

impact energy. The estimated change ip impact energy shows good agreement with the



observed aging behavior for most of the heats. The shape factor estimated from Eq. (12) is

low for a few heats, e.g., Heat 286. Thus, the predicted decrease in impact energy is slower

than that observed, For some heats, the estimated Cvsat is higher than the observed value,

e.g., Heats P4 and B. Such discrepancies are caused by underestimation of the fenlte

content of the steel. As mentioned earlier, the ferrite contents estimated from Eqs. (I) -

(3) for heats containing _10 wt.% Ni, are always lower than the measured values. A more

accurate estimate of CVsat can be obtained from Eqs. (8) and (9). A nonconservative value for

CVsat can also be avoided by using the lower limit expressions for Eqs. (5) and (7}, i.e., fl_e
J

lower bound curve shown by dashed llne in Figs (2) and (3).

The values of 0 are not available for cast stainless steel components in the field, and can

only be obtained from aging archive material for 5,000 to 10,000 h at 400°C. Fortunately,

parametric studies show that the aging response at reactor temperatures is relatively

insensitive to the values of 0. Impact energies estimated from actual and assumed values of 0

are shown in Fig. 9 for four heats. Varying 0 between 2.3 and 3.3 has an almost identical

aging behavior at 300°C. At 320°C, a low value of 0 predicts slightly faster kinetics. The

reverse is true at 280°C (not shown in Fig. 9}, i.e., a low value of 0 predicts slower kinetics.

However, the differences in the estimated aging behavior at 280 or 320°C for values in the

range of interest are minimal, and a median value of 2.9 for 0 can be used to estimate

embrittlement at reactor temperatures. Charpy impact tests have been conducted on

reactor-aged components from the Shippingport reactor to benchmark the laboratory data

and validate these correlations; the results are presented in a companion paper.t

t "Studies of Aged Cast Stainless Steel from Shippingport Reactor," this conference.
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5. Fracture Toughness

Estimation of J-R Curves

Thermal aging of cast stainless steels decreases their fracture toughness at room

temperature as well as at reactor temperatures, i.e., 280-320°C. The fracture toughness

results are consistent with the Charpy impact data, i.e., unaged and aged materials that show

low impact strength also exhibit lower fracture toughness. The fracture toughness J-R

curve for a specific cast stainless steel can be estimated from its room-temperature impact

energy. The J-R curve is expressed by power-law relation Jd = CAa n, where Jd is

deformation J(tn kJ/m 2) as per _,STM Specifications E 813-85 and E 1152, Aa iS the crack

extension (in mm), and C and n are constants. The coefficient C at room and reactor

temperatures and the room-temperature Charpy impact energy for aged and unaged cast

stainless steels are plotted in Fig. 10. Fracture toughness data from ANL, 3,4 FRA, 14 and

EPRI I5 studies are included in the figure. At both temperatures, the coefficient C decreases

with a decrease in impact energy. Separate correlations are obtained for CF-3 or CF-8

steels and for CF-8M steel, the latter show a larger decrease in fracture toughness for a

given impact energy. Thus, the J-R curve at room temperature for CF-3 and CF-8 steels is

given by

Jd = 37.5[CVsad°'52[Aa] 0'60, ( 1 7)

and for CF-SM steel by

Jd = 8.2[Cvsat]°'S5[Aa] 0"50. ( 18}

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

Jd = 48.5[CVsat]0'45[Aa] 0'45, (19)

and for CF-8M steel by

Jd = 34.3[CVsat]°'52[Aa] 0'45. ( 2 0)

In Eqs. (17)-(20), Jd iS expressed in Icj/m 2. Cv in J/cm 2, and Aa in mm. The low_:r-bound

curves (shown in chain-dash lines in Fig. 10) are used for CF-3 and CF-8 steels to assure
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that the estimated J-R curve is conservative for all material and aging conditions. The

exponent of _a, i.e., 0,60, 0.50, and 0.45 in Eqs. (17)-(20) represents the average value

determined from the experimental J-R curve data for a given material specification and

temperature, Fig. 11, Fracture toughness data at 290°C on long-term-aged material are

sparse. J-R curve tests at 290°C are in progress on several heats of cast stainless steels

aged for 30,000 h at 290, 320, and 350°C. The results wlll be used to optimize and validate

the correlations. The limited data available 14 indicate that J values at any other

intermediate temperature can be linearly interpolated from the values at room temperature

and at 290°C.

The fracture toughness J-R curve for a specific material and aging condition can be

obtained from the correlations expressed in Eqs. (17)-(20) and the procedure for

estimating room-temperature impact energy described in Section 4. Comparisons of the

experimental Jd values at 0.5-, 1.0-, 2.5-, and 5.0-mm-crack extension and those

estimated using Method A to determine room temperature impact energy for various

partially and fully aged cast stainless steels, are shown in Figs. 12 and 13. The estimated Jd

wdues are always lower but within ~50% of the experimental values of Jd. Examples of the

experimental and estimated J-R curve at saturation, i.e., the minimum fracture toughness

that would ever be achieved fox"the material, are shown in Figs. 14 and 15. Examples of the

experimental estimated J-R curves for several partially aF_ed cast stainless steels are shown

in Figs. 16. These results may be compared with the saturation J-R curves for the materials,

Figs. 14 and 15, and the J-R curves for the unaged materials, Fig. 17. The measured room-

- temperature Charpy impact energy was used to estimate the curves in Fig. 17. The

estimated J-R curves show good agreement with the experimental results for most of the

heats and are essentially conservative.
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Lower-bound J-R Curves

For cast stainless steels of unknown chemical composition, a lower-bound fracture
toughness is defined for a given material specification and temperature. Equations (5) and
(7) indicate that for cast stainless steels within the ASTM Specification A 351, the
saturaticn room-temperature impact energy can be as low as 25 J/cm 2 for CF--3 and CF-8
steels to ld 20 J/cm 2 for CF-SM steel. Thus, from Eqs. (17)-(20), a lower--bound fracture
toughness J-R curve at room temperature for CF-3 and CF-8 steels is given by

Jd = 200.0[Aa] 0"60, ' (2 1)

and for CF-8M steel by

Jd = I04.6[Aa]O.5O. (22)

At 290 to 320°C a lower-bound fracture toughness J-R curve for C_3 and CF-8 steels is
given by

Jd = 206.5[Aa] 0'45, (23)

and for CF-8M steel by

Jd = 162.9[Aa] o.45. ( 2 4 )

The J-R curves predicted from Eqs. (21)-(24) are shown in Fig. 18. The cast stainless

steels used in U. S. nuclear industry generally have < 15% ferrite. The lower bound J-R

curves represented by Eqs. (21)-(24) are based on the "worst case" chemical composition,

>20% ferrite, and structurally weak cast stainless steels and, thus, are very conservative for

most steels. Less conservative estimates of lower bmmd J-R curves can be obtained if the

ferrite content of the steel is known. The ferrite content of a cast stainless steel component

can be measured in the field with a ferrite scop_ _sing a remote probe. The values of

material parameter • in Eqs. (4_ and (6) can be scaled with respect to the ferrite content to

obtain more realistic estimates of saturation Charpy impact energy and J-R curves for the

material.

Procedure for Estimating Fracture Toughness

A flow diagram of the sequential steps required for estimating fracture toughness J--R

curves is shown in Fig. 19. In Section A, "lower-bound" fracture toughness J-R curve for

cast stainless steels of unknown chemical composition are defined. Sections B and C

20
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present procedures for estlmaUng J-R curves when some irfformati, _ is known about the

material, e.g., CMTR is available. Section B describes the estimation of *saturation" J-R

curves, i.e., the lowest toughness that would ever be achieved fcr the material after long-

term service. 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 embrittlement, i.e., the rate of decrease of fracture toughness as a

function of reactor-service time.

6. Conclusion

A procedure and correlations are presented for pre:licting fracture toughness J-R

curves and hnlpact 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 embrittlement. Embrittlement of cast stainless steels is characterized in terms

of room-temperature Charpy-lmpact energy. The extent or degree of embrittlement at

"saturation", i.e., the minimum impact energy that can ever be achieved for the material

after long--term aging, is described in terms of a material parameter _, which is determined

from the chemical composition and ferrite morphology. The room-temperature impact

energy as a function of time and temperature of reactor service is estimated from the

kinetics of embrittlement, which are also determined from the chemical composition. "l_e

fracture toughness J-R curve for the material is then obtained from correlations between

room-temperature Charpy-impact energy and fracture toughness parameters. A common

j "lower-bound" J-R curve for cast stainless steels with unknown chemical composition is

also defined. Examples for estimating impact strength and fracture toughness of cast

stainless steel components during reactor service are described. Estimated fracture



toughness J-R curves _ho_v good agreement with the experimental results for most of the

cast materials and are conservative for structurally "strong" materials.

Mechanical-property tests are being conducted on long-term-aged materials as well as

reactor-aged components to benchmark the laboratory data and validate the correlations.

The correlations will be optimized with respect to casting process and macrostucture of the

steel since the toughness of centrifugally cast steels is generally higher than that of static

cast steels. Correlations are also being developed to estimate the flow stress of service-aged

cast stainless steels. At present, fracture toughness analyses of cast components are based

on the tensile properties of unaged material. This gives conservative estimates of applled J

for load control situations. Typically, thermal aging increases the flow stress by 25 to 300/0 .

for materials that are sensitive to aging.
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Table 2. Activation Energle_ for the Kinetics of Embrlttlement for Cast Stainless Steels

Parameter CVsat Constanta _ Q {kJ/moIe (kcal/molel]

Heat _a (J/cm 2] _ O a Average 95% Confidence Limit

47 12.0 174.2 0.063 2.35 1.40 187 (44.7) 73--300 [17.5--71.8) c
51 10.8 149.2 0.083 3.00 0.76 22], (52.8) 123-320 {29.3-76,4] c
69 12.4 96.9 0.202 3.05 0.93 167 (40,L)] 120-215 (28.7-51.3] c
59 22.2 99.8 o.xse 3.12 1.40 229+:,7) 156-301¢37,4-72.01
60 45,5 52,0 0.288 2.95 0,89 227 [54,2J 186--267 [44,4.--63.9)
68 74.4 46.4 0.348 3.00 0.74 169 [40.5) 136-204 [32.4-48.2)
P1 53.5 58.7 0.282 2.38 0.75 249 (59.6) 210-289 (50.2-69.1)
63 15,8 111,7 0,155 3,20 1,40 119128,4) 67-170 [16,0-40.7)
64 39.4 45.2 0.304 2.75 0.62 156 (37.4) 131-181 (31,4-43.2)
65 40.3 58.5 0.269 2.93 0.94 191 (45.7] 154-228 (36.8--54,6)
66 19.5 106.3 0,149 3.02 1.30 203 [48.4) 125-280 [29.9-66.9)c
75 106.4 34.7 0,422 2.76 0.53 146 (34.8) 127-165 (30.3-39.4)

P4 41.5 53.8 0,325 2,95 0,89 14,_ (34,21 115-171 [27.6--4_
a Calculated from Eq, (8).

b Standard deviation is large because of the relatively sm'dl decrease i_ impact energy and a large -,,carter in dam.

Table 3. Chemical Composition and the Kinetics qf Embrittlement for George Fischer and

Framatome He_ts of Cast Stainless Steels

Chemical Comp0sitio_n_wt.%) Cvsat Constants Q

Heat Cr Mo Si Ni Mn C N [J/cre 2} _ 8 a [kJ/mo|e
((kcal/mole]]

277 20.5 0.06 1.8! 8.13 0.54 0.052 0.019 33,5 0.488 3.65 0.55 88 (21.0)
278 20.2 0.13 1.00 8.27 0.28 0.038 0.030 68.3 0.381 4.05 0.47 63 _15.0]
279 22.0 0.22 1,36 7.85 0.37 0.040 0.032 23.8 0.586 3.21 0.69 92 (21.9]
280 21.6 0.25 1,37 8.00 0,,50 0.028 0.038 24.4 0.591 3.30 0.73 87 (20.7]
281 23.1 0.17 0.45 8.60 0.41 0.036 0.053 26.6 0,560 3.76 0.42 93 [22.1]
282 22,5 0.15 0.35 8.53 0.43 0.035 0.040 30.0 0,525 3.73 0,43 98 (23.4)
283 22.6 0.23 0.53 7.88 0.48 0.036 0.032 23.8 0.580 3,65 0.43 83 [19.8]
284 23.0 0.17 0.52 8.23 0.28 0.025 0.037 23.8 0.560 3.71 0.41 87 (20.9}
291 19.6 0.66 1.59 10.60 0.28 0.065 0.054 121.9 0.235 3.89 0.79 77 [18.5)
292 21.6 O. 13 1.57 7.52 0.34 0.090 0.039 22.2 0.392 3.08 0.46 99 (23.7]
285 18.8 _.35 0.86 9.49 0.48 0.047 0.039 64.3 0.347 3.76 0.34 82 (19.6)
286 20.2 2.44 1,33 9.13 0.40 0.072 0,062 20.5 0.571 3. l I 0.62 106 (25.2)
287 20.5 2.58 0.51 8.48 0,50 0.047 0,033 23.8 0.563 3,52 0.42 92 [21,9)
288 19.6 2,53 1.70 8,40 0.47 0.052 0.022 19.4 0.643 3.02 0.64 106 {25.3)
289 19.7 2.30 1.44 8.25 0,48 0.091 0.032 21.1 0.571 3,,32 0.39 90 (21.61
290 20.0 2.40 I+51 8.30 0,41 0.054 0.050 21.1 0_602 3.49 0. Ii 81 (19.3]

C 20.7 0.13 1,09 8.19 1.09 0.042 0.035 51.0 0.393 3.30 0.45 83 (19.9i
E 21.O 0.08 0.54 8.47 0,80 0.035 0,051 45.0 0.334 2,63 0.65 133 {31.8]
F 19.7 0.34 1,16 8.33 0.26 0.038 0.026 83.0 0.282 2.45 1.23 176 (41.1)
B 20.1 2+52 0.93 10.56 0.83 0.053 0.042 31.0 0.478 2.55 0.47 129 [30.7)

D 19.2 2.44 0.94 10.32 I, 12 0.026 0.063 33.0 0.439 3.30 0.40 90 (21._,! ....
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